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Synopsis

Human beings utilize fire in different ways e.g. in industries, for cooking and heating,
clearing fields for agriculture and getting rid of waste. Geological records suggest the
appearance of fire soon after the appearance of plants (420 million years ago), whereas
evidence of controlled human induced fires for protection from wild animals and cooking
food are found from 1 million to 1.5 million years ago. Despite providing mankind with
economic and ecological support, fire emissions have become a matter of growing concern
post-industrialisation. Large open fires perturb atmospheric chemistry through direct
emissions and photochemical transformation of the direct emissions to secondary gases
and aerosol particles resulting in strong air quality and climate feedbacks. Further they
can serve as both sources and sinks of ambient hydroxyl (OH) radicals, which control the
oxidizing efficiency of the atmosphere and are responsible for removal of major climate
active gases and pollutants. The Indo-Gangetic Plain (IGP) which provides habitat, food
and other resources to more than one-seventh of the world population is vulnerable to
severe air pollution. Similar to several regions of the world, the Indo-Gangetic Plain
(IGP) is impacted by large scale open burning as a result of post harvest fires, periodic
clearing of landfills through controlled burning and small diffused open fires lit for waste
disposal and domestic heating in winter. Research on this topic in this demographically
important region of the world has however been limited to bulk analyses of aerosols,
measurement of long-lived greenhouse gases including ozone and few light hydrocarbons
(C2 — C4 compounds), without adequate knowledge about all relevant volatile organic
compounds (VOCs) and a process based mechanistic understanding of the total ambient
chemical reactivity introduced due to such fires and formation of secondary pollutants.
Hydroxyl (OH) radicals control removal rates of gaseous pollutants. Measurement of total
OH reactivity of air thus provides a robust quantitative measure of the total reactive
pollutant loading of air masses. Lack of direct OH reactivity measurements, as well
as absence of multi-year measurements of major reactive VOCs, carbon monoxide and
nitrogen oxides simultaneously with ozone have prevented quantitative assessments of
ozone production chemistry and the budget of reactive VOCs. In particular we still do

not understand the enhanced chemical reactivity in ambient atmospheric environments
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Synopsis

due to biomass fires. This thesis work addresses some of these key knowledge gaps through
in situ measurements made possible by development and deployment of a new analytical
technique (VOC-OHM) for quantification of total OH reactivity and measurements of a
suite of reactive volatile organic compounds and ozone from a strategic site in the IGP

made continuously for more than a year.

Chapter 1: Introduction

The first chapter of this thesis provides an introduction to atmospheric chemistry and
describes the importance of volatile organic compounds (VOCs) and OH reactivity mea-
surements. An overview of the role of VOCs as precursors of tropospheric ozone, review of
ozone and VOC measurements from the IGP and the need for multi-year in situ measure-
ments characterizing inter-annual and intra-annual seasonal variability and meteorological
drivers is discussed. The novelty and need for direct measurements of OH reactivity to
constrain VOC emissions budgets is accompanied by a summary of the growing dataset
of OH reactivity studies that have been carried out worldwide. After summarizing these
aspects, I present the motivation for my thesis work. The main scientific questions which

I have addressed in this thesis are:

1. How do the concentrations of ozone, carbon monoxide and NO, change in response
to changes in meteorological conditions and anthropogenic perturbations (e.g. agri-
cultural residue fires) in different seasons in the north-west Indo-Gangetic Plain?
Are the temporal patterns and seasonal behavior reproducible for more than one

year?

2. Which VOCs are the major drivers for peak daytime production of tropospheric
ozone in different seasons? Is the peak daytime ozone production limited by avail-
ability of NO, or by availability of VOCs in the N.W. IGP?

3. How do the ambient concentrations of VOCs, OH reactivity due to measured VOCs
and ozone production potential vary over different seasons of the year in the north-

west IGP? Which periods of year are expected to have highest total OH reactivity?

4. How to enable rapid online measurements of VOCs and total OH reactivity using
a single proton transfer reaction mass spectrometer without compromising on the
sensitivity, accuracy and detection limit of both OH reactivity and VOC measure-

ments?

5. How much extra reactivity do the emissions from summertime agricultural residue

fires in the N.W. IGP introduce directly and indirectly (through secondary pro-
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cesses) into the ambient atmospheric environment? Are all the important chemical
constituents involved in this process measured and incorporated in detailed atmo-

spheric chemistry models?

Chapter 2: Influence of post-harvest crop residue fires on surface
ozone mixing ratios in the N.W. IGP analyzed using two years

of continuous in situ trace gas measurements

In this chapter, I report the first simultaneous two-year-long in situ dataset of ozone,
CO and NO, acquired from August 2011 - September 2013 at a representative site in
the N.W. IGP (30.667 °N, 76.729 °E ; 310 m above mean sea level). These criteria air
pollutants affect air quality and tropospheric chemistry but factors that control them in
the densely populated N.W. Indo-Gangetic Plain (IGP) are poorly understood. Hence,
the impact of emissions and meteorology on the diel and seasonal variability of O3, CO
and NO, were investigated in this chapter. Regional post-harvest wheat residue fires were
found to contribute majorly to high hourly averaged ozone concentrations (~ 80 ppb). In
the absence of the wheat residue fires, ozone was much lower (by 19 ppb). Paddy residue
fires also enhanced the peak ozone concentrations by ~ 7 ppb, despite lower radiation and
temperature relative to the “clean” post monsoon period ozone concentrations. d[Os]/dt
(from sunrise till daytime O3 maxima), was highest during periods influenced by post-
harvest fires in post monsoon season (9.2 ppbh™!) and lowest during monsoon season
(4.1 ppbh™!). Analysis of air mass clusters revealed that enhanced chemical formation
of O3 and not transport was the driver of the summertime and post monsoon ambient
O3 maxima. Despite having high daytime NO, (> 12 ppb) and CO (> 440 ppb) in
winter, average daytime O3 was less than 40 ppb due to reduced photochemistry and
fog. Average daytime Oz during the monsoon was less than 45 ppb due to washout of
precursors and suppressed photochemistry due to cloud cover. The 8 h national ambient
air quality standard (NAAQS) for O3 was violated on 451 days (62 % of the total) in
the period August 2011 - September 2013. The results revealed the periods/seasons with
highest ozone pollution during the year and highlighted that substantial mitigation efforts

are required to reduce regional O3 pollution in the N.W. IGP due to agricultural fires.

Chapter 3: Isoprene and acetaldehyde dominate VOC OH reac-

tivities and ozone formation potentials in the N.W. IGP

In this chapter, I report the first year-long high temporal resolution dataset of 23
VOCs from the north-west IGP including several that are reported for the first time

1X



Synopsis

over the Indian region. High surface ozone is a critical environmental issue in the Indo-
Gangetic Plain (IGP) due to frequent exceedance events (> 60 % annually) in the 8 h
average national ambient air quality standard. The reactive VOC precursors of ozone
are regionally poorly understood due to lack of measurements quantifying their diel and
seasonality variability. These VOCs were measured with a PTR-MS at a regionally rep-
resentative suburban site in the N.W. IGP (30.667 °N, 76.729 °E; 310 m above mean sea
level). Detailed analyses of the diel and seasonal variability of VOCs, OH reactivity and
ozone formation potential were performed. The highest ranking VOCs (based on annual
average measured concentrations + 1 ¢ ambient variability) included methanol (32.2 £
19.7 ppb), acetaldehyde (5.9 £+ 3.9 ppb), acetone (5.6 £+ 5.1 ppb), formamide (4.0 +
1.6 ppb), toluene (2.3 £+ 2.8), formaldehyde (2.1 + 0.9 ppb), C-8 aromatics (1.7 + 2.2
ppb), benzene (1.6 £ 1.7 ppb) and isoprene (1.5 + 1.0 ppb). In addition significantly
high concentrations were observed at mass to charge ratios where multiple species may
contribute using the PTR-QMS technique e.g. m/z = 61 (6.9 + 6.3 ppb) and m/z 47
(6.1 £+ 3.5 ppb). Surprisingly high mixing ratios of isoprene were observed throughout
the year with the maximum during clean post monsoon (2.3 ppb) and minimum during
winter (1.1 ppb). The maximum calculated OH concentrations ranged from 2.7 x 10°
molecule cm ™ (winter) to 6.6 X 10° molecule cm™ (summer) and were employed for cal-
culation of ozone formation potentials. The average of peak daytime (11:00 - 14:00 L.T.)
ozone formation potential for different seasons ranged between 10.2 ppbh~! in winter to
31.3 ppbh~! in the clean post monsoon. Crop residue fires caused an enhancement of
7.5 ppbh™! in the summertime ozone formation potential. These fires are found to be
a strong source of acetaldehyde, C-9 aromatics and isoprene which have a strong ozone
formation potential. Isoprene and acetaldehyde contributed majorly towards the daytime
VOC OH reactivity and ozone formation potential, accounting for greater than 38 % of
the total calculated using all the measured compounds. Remarkably, the ozone production
regime varied seasonally in response to emissions and meteorology and was not always
limited by availability of NO, as has been reported till date. Isoprene and acetaldehyde
measurements are extremely rare over the Indian region and their measurements need to

be made a priority for understanding and mitigating ozone formation over the IGP.

Chapter 4: VOC-OHM: A new technique for rapid measurements
of ambient total OH reactivity and volatile organic compounds
using a single proton transfer reaction mass spectrometer

In this chapter I present a novel hyphenated technique called VOC-OHM (for Volatile

Organic Compounds — OH reactivity Measurement) that enables rapid ambient measure-
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ments of both VOCs and total OH reactivity using a single PTR-MS. Ambient measure-
ments of total hydroxyl radical (OH) reactivity and volatile organic compounds (VOC)
are critical for investigating reactive emissions, atmospheric oxidation and formation of
secondary pollutants such as ozone and organic aerosol, all of which have consequences
for atmospheric chemistry, air quality, and health risk assessment studies. Both the am-
bient VOCs and the total ambient OH reactivity can be measured using proton transfer
reaction mass spectrometers (PTR-MS). However, this has always required deployment
of two separate instruments (either two PTR-MS or a GC-PID and PTR-MS), wherein
one instrument measures ambient VOCs and the other instrument measures the total OH
reactivity using the comparative reactivity method (CRM). Due to material (e.g. power,
space) or financial constraints, deploying two PTR-MS instruments is not always possible
and yet it is desirable to quantify both VOCs and OH reactivity. VOC-OHM successfully
couples the typical VOC and CRM experimental set ups without compromising on the
PTR-MS’s ability to measure either parameter. The design of the VOC-OHM system,
its validation, optimization and results of field tests are described in detail. The VOC-
OHM system measures the ambient VOCs and OH reactivity every hour for ~ 20 minutes
duration, with an ambient data gap of ~ 13 minutes between VOC and OH reactivity
measurements. Thus rapid temporal changes in the ambient chemical composition and
reactivity are easily quantified. The technique also demonstrates a new safer and portable
substitute for pressurized zero air bottles that have been required thus far in CRM OH
reactivity deployments. VOC-OHM also demonstrates a new approach to achieve addi-
tional specificity at ppt level in mass spectrometers with a mass resolution less than or
equal to 1 by constraining the rate constant for reaction with hydroxyl radicals, of the
major reactive isobaric contributor to a particular m/z. This is useful for example to
distinguish isoprene from furan at m/z 69. The sampling periods and VOC speciation
achieved using VOC-OHM can be customized depending on user preferences, providing

more options for the majority of users possessing only a single PTR-MS.

Chapter 5: Large missing OH reactivity fueled by agricultural

fires

Agricultural burning is a widespread practice globally, which impacts atmospheric
chemistry, air quality and climate. A fundamental question that is still poorly understood
concerns the extra reactivity that emissions from fires introduce directly and indirectly
(through secondary processes) into ambient atmospheric environments, and whether all
important chemical constituents involved in this process have been identified and incor-

porated in models. In this chapter, by carrying out a novel field study, I investigated the
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impact of summertime agricultural fires by measuring the total ambient OH reactivity
of air and a suite of all major known OH reactants at the IISER Mohali atmospheric
chemistry facility (30.667 °N, 76.729 °E; 310 m a.s.l.), a regionally representative sub-
urban site located downwind of agricultural fields in the north-west IGP from March —
May 2013 during pre-harvest and the post-harvest periods which were influenced by agri-
cultural fires. It was found that the missing OH reactivity fraction increased from 5 %
in pre-harvest (non-fire influenced) summertime air to a massive 40 % in post-harvest
summertime air influenced by large scale agricultural burning, while accounting for the
same set of OH reactants and oxidation products. The increase in the missing OH re-
activity was also accompanied by greater than two-fold increase in absolute total OH
reactivity from 28 s ~! to 64 s ~! between the two periods. Thus, some very reactive com-
pounds resulting from the agricultural burning remain unknown. Increased missing OH
reactivity between the two summertime periods was associated with increased concen-
trations of compounds with strong photochemical source such as acetaldehyde, acetone,
hydroxyacetone, nitromethane, amides, isocyanic acid and primary emissions of acetoni-
trile and aromatic compounds. Currently even the most detailed state-of-the-art atmo-
spheric chemistry models exclude formamide, acetamide, nitromethane and isocyanic acid
and their highly reactive precursor alkylamines (e.g. methylamine, ethylamine, dimethy-
lamine, trimethylamine). As OH chemistry governs the removal rate of climate active
gases and formation of ozone and aerosol, these findings have major implications for un-
derstanding and predicting tropospheric chemistry and air-quality-climate feedbacks in

fire-impacted atmospheric environments.

Thus, overall my thesis work and its findings represent major advancements in ac-
quisition of new strategic knowledge necessary for detailed quantitative understanding
of the impact of open fires on atmospheric composition and chemistry over the north-
west Indo-Gangetic Plain and the chemical speciation and reactivity perturbations that
can be caused by large scale biomass fires, an emission activity that impacts the global

atmosphere and occurs on varied temporal and spatial scales worldwide.
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Chapter 1
Introduction

The ancient Hindu mythology believes that the creation, sustenance and survival of
humans, animals and plants on earth are dependent on the “panchtatva” which are “kshiti
(land or soil)”, “jal (water)”, “pawak (fire)”, “gagan (sky)” and “sameer (air)”, without
which there is no possibility of life (Prasad, 2016).

« farfa, SeT, 9TEw, W, 9HIT

99 ded TEd oTHH T |7

While these “tatvas” interact among themselves, human beings and the other living

beings (e.g. plants and animals) also dynamically interact with these “panchtatva” during
their life span. During the course of evolution, the human beings started taking control
over these “tatvas”, and utilized them for various kinds of constructive activities.
Over the course of past one and half century, the excessive use, intervention and manipu-
lation with natural resources have led to contamination of the essentials, be it water, land
or air. Fire, once thought to be the ultimate destroyer, was controlled (Harari, 2015) and
used for various purpose like bio-fuel burning for heating and cooking (Brain and Sillent,
1988), industrial heating or biomass/garbage burning. Although fires serve humans, yet
it adds up various pollutants in the air which are clearly sensed by either vision, smell and
other means of physical interaction with human body. Pollution unambiguously affects
living organisms be it plants, animals or human beings. A severe implication of such a
pollution event was faced in the 1950s and 1960s when entire Los Angeles was engulfed
with a thick blanket of smog (Haagen-Smit, 1952).

A physical observation of a pollution event can be in form of visibility deterioration,
bad odour, skin irritation or medical condition, but at the same time it is important to
understand the chemical composition and its sources to find a proper cure and mitigation
step. For example, Figure 1.1 shows the photograph of my hostel residence area taken in

the afternoon time (between 2:00 pm and 3:00 pm) on two days in the month of October.
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Chapter 1.

Figure 1.1: Top: Visual observation of my resident institute (in north India) on a normal
day in the afternoon in the month of October and Bottom: Photograph of the same place
taken after 17 days in same month in afternoon time.
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The top panel represents the clear sky condition on a clean day whereas the bottom panel
shows the same area on a polluted day. The smog conditions were associated with deteri-
orated visibility, burning smell and eye irritation. Similar (or even worse) conditions can
be observed quite frequently over north India. There have been previous works and news
articles which attribute the cause of such conditions to prevalent crop residue fires, indus-
trial emissions, vehicular emissions and other types of biomass combustion, e.g. garbage
burning and biofuel combustion. The motivation of this work is to quantitatively under-
stand the effect of these emissions in the atmosphere (the “air” and “sky” components of

the “panchtatva”) from an atmospheric chemistry perspective.

1.1 (as phase atmospheric chemistry

The atmosphere is a mixture of gases and suspended solids and liquids, which surround
the earth from the ground to ~ 110 km. Based on the broad vertical variation of tem-
perature, the atmosphere is divided into four layers, namely Troposphere, Stratosphere,
Mesosphere and Thermosphere. The layer of the atmosphere closest to the Earth’s sur-
face is called the troposphere which ranges upto 18 km over the equator and upto 8 km
over the poles. Though troposphere is the thinnest layer of atmosphere, yet due to higher
pressure near the surface it contains more than 90 % of the mass of the atmosphere. It
is this layer which directly interacts with humans, animals and plants and where rainfall
occurs.

In terms of composition, Nitrogen(Ny) and Oxygen (Os) account for 78 % and 21 %
respectively of the atmosphere. The water vapour content of the atmosphere is highly
variable. All gases present in the atmosphere apart from Ny and O4 are collectively called
traces gases. Among the trace gases, Argon (Ar) comprises 0.9 %, whereas gases like
Carbon dioxide (CO3), Neon, Helium, Methane (CH,), Nitrous oxide (N,O), Ozone (O3)
and Volatile Organic Compounds (VOCs) collectively comprise 0.1 % of atmosphere, out
of which more than 93 % is only CO,. VOCs are defined as class of organic compounds
having high vapour pressure (greater than 0.01 kPa at 25 °C) and low boiling point (50
°C to 260 °C) at 1 atmosphere (1.013 x 10° Pa) (Koppmann, 2007).

While the major components of the atmosphere are important in terms of the compo-
sition, the reactive trace gases are the ones whose concentrations have changed drastically
since industrialization and these are more important in terms of air quality, health effect
and climate effect. According to fourth and fifth IPCC assessment report CO,, CHy
and tropospheric Ozone (O3) are the three most important gases in terms of their global
warming potential (IPCC, 2007, 2013). Radiative forcing of an atmospheric constituent

X is the parameter for assessing the global warming potential, which is defined as re-
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Figure 1.2: Illustrative cartoon of atmospheric chemistry of the troposphere highlighting
the effects of biogenic and anthropogenic emissions and chemical transformations.

sulting flux imbalance in the radiative budget for the earth system caused by total extra
amount added to the atmosphere since 1750 (pre-industrial time). On a per molecule
basis, one of the constituents may have a higher global warming potential than the other,
but for assessing the radiative forcing, both the extra amount in the atmosphere rela-
tive to pre-industrial time and individual global warming potential per unit mass should
be considered. The radiative forcing of reactive trace gases e.g. CO, NO, (sum of NO
and NOy) and non-methane VOCs (NMVOCs) were not included in the fourth IPCC
assessment report (year 2007), but their important contributions were realized in terms of
their indirect radiative forcing and are included in the fifth IPCC assessment report (year
2013). These compound are the precursors of tropospheric Oz, CO, and secondary or-
ganic aerosols (SOA) which have a direct impact on global warming. Moreover these gases
directly affect air quality, public health and crop yields at concentrations above certain
threshold levels. An illustrative cartoon from emission of VOCs and NO, to conversion

in greenhouse gases and aerosols has been shown in Figure 1.2.

While NO,, is emitted mostly from anthropogenic sources e.g. traffic and various types
of burning, VOCs are emitted from both biogenic and anthropogenic sources. During the

daytime, there is always a fast interconversion among NO - NO, - O3 at a time scale of
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few minutes. This interconversion can be represented by reactions [R1] to [R3].

NOs + i 229 NO + 0 (3P) (A < 420nm) [R1]

k() =6.0 x 10734(555)=23

O(°P)+ 0, +M - » O3 + M [R2]

cm® molecule =251

k(ggg) =19 x 10714

NO + 03 > NOy + Oo [R?)]

3

cm® molecule=1s~1

Here M is a molecule present in air (usually Ny and O,) that absorbs the excess
vibrational energy and hence stabilizes the O3 molecule formed. If the role of VOCs is
not taken into account and only these three compounds are considered, reactions [R1]
to [R3] lead to a null cycle and a photostationary state (PSS) between NO, and Oj is
attained. Since reaction [R2] is much faster than reaction [R3], reactions [R1] and [R3]
control the rate of production and loss of ozone. The attainment of photostationary state
(PSS) is characterized by Leighton ratio, “®” (Leighton, 1961), which is defined as

J(NOs) x [NO,]

*= kirs % [O3] x [NOJ (11)

where J(NOg) is the photolysis frequency of NO, and kjgg) is the rate constant of reaction
[R3]. J(NO,) is a function of the NOy absorption cross section (ono,), the quantum yield
of reaction [R1] (gno,) and the actinic flux (7,) in the UV-A range (320 — 420 nm).

J(NOQ) :/AQNoz()\)O'NOQI/\d/\ (1.2)

The actinic flux is defined as the total radiative energy flux incident on a sphere
having unity cross sectional area, irrespective of the beam direction. In the absence of
any competing reaction, that is when ozone is the sole NO to NO, conversion oxidant, ®
becomes 1 and a dynamic equilibrium is maintained between NO, O3 and NOy and the

above mentioned reactions result in no net production of Oz i.e. a null cycle.

In the troposphere, ozone is formed mostly outside the photostationary state between
NO, NO, and O3 which is fuelled by the VOCs. The VOCs (represented as R;H) emitted
from various sources are oxidized by OH radicals (*OH) in the daytime through reactions
[R4] and [R5] forming peroxy radicals (XOy= ROy + HO.) (Finlayson-Pitts and Jr.,
2000).

RiH + OH -225 R,0, + H,0 [R4]

5
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CO + OH -2 HO, + CO, [R5

The rate of production of peroxy radicals depends both on VOCs and OH radical con-
centrations.

Pr,0, = kgu+om [RiH][OH] (1.3)

The peroxy radicals serve as extra oxidant to convert NO to NOs, perturbing the PSS
of NO, and O3 and contributing to enhanced O3 production through reactions [R6] to
[RS]:

RiO3 + NO — R;0 + NO, [R6]

The R;0 radical can react with O,, or can isomerize or thermally decompose. Typically

a carbonyl compound and hydroperoxy (HOs) radical is produced.

R0 + O, — R; CHO + HO, [R7]

R,CHO can either photolyze to produce HO, (OH and HO,) and result in chain
branching or can react with OH to continue the chain propagation. HO, oxidizes NO to

NOs which in turn can produce Os.

k(208)=8.1 x 10712
3

HO, + NO

—— NO, + OH RS

cm® molecule

Here R and R’ can be alkyl/alkenyl/alkynyl groups.
In a high VOC (or NO,, poor) environment, the O3 production reaction chain can be
terminated by loss of HO, radicals from the system by the radicals radical reaction [R9]

k(208)=1.7 x 10712

HO, + HO, S Hy05 4 Oy [RO]

cm? molecule ™1 s~

Under such an environment, ozone production rate (Po,) is linearly dependent on NO,,

concentrations.

P 1
Pos = 2kirg( kHOx)"’”NO (1.4)
[R9)]

Here ( Puo,) represents HO, productions rate and nyo represents NO number density.
However in a polluted environment where NO, concentrations are high, OH radicals

get scavenged by NOy by reaction [R10] producing HNOj3 which is removed from air by

wet deposition. This also leads to competition between VOCs and NO, to react with OH
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leading to suppressed XOs (ROy + HO3) production.

ke =2. —30( _T_y=3.0
OH + NO, + M - 2.0 x 10 (303) s HNO, + M R10]

6

' molecule2 s~ 1

cm

Under such conditions O3z production is limited by supply of hydrocarbons and is

inversely proportional to the NO, concentrations.

_ 2kipay Proxnru

Os (1.5)

k[Rlo]nNoJLM

In this generic reaction scheme, two molecules of ozone are produced by oxidation
of one molecule of VOCs. Even in this simplified reaction scheme, O3z production can
either be linearly or inversely dependent on NO,. concentrations depending on the kind of
regime. The number of molecules of ozone produced per molecule of a VOC oxidized can
be higher for hydrocarbon with higher number of carbon atoms. This will also lead to
further intricacy in dependency of O3 production on VOCs or NO,. After several steps of
oxidation, the VOCs can either get converted to CO5 or become more polar and of high
molecular weight, leading to production of secondary organic aerosols (SOA). Both Oj
and CO, provide positive feedback to radiative forcing, affecting the global warming. SOA
can influence the cloud condensation nuclei (CCN) and affect the quantity and pattern
of rain (Rosenfeld et al., 2008). SOA also leads to deterioration in visibility and poor air
quality. Various atmospheric models utilize the accurate measurement of concentration
of trace gases and radical species, chemical mechanisms including the rate constants and

the meteorological conditions for understanding atmospheric chemistry.

1.1.1 Importance of OH radicals and OH reactivity measure-

ments

OH radicals govern the oxidative capacity of the atmosphere in the daytime and hence
play a central role in the atmospheric chemistry (Levy, 1971). These are named detergent
of the atmosphere (Lelieveld et al., 2008) as they initiate the chain reaction with practi-
cally all the reactive VOCs and trace gases in the atmosphere, make them more polar by
oxidation in order to facilitate easy removal from the atmosphere. The atmospheric life-
time of OH radicals is less than one second and can even be few milliseconds in polluted
environments. Given the large amount of CO and CH4 added to the atmosphere (2.5
billion and 0.6 billion tonnes per year, respectively (Wennberg, 2006), in the absence of

OH radicals, their concentrations would be 10 times higher than the present atmospheric
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levels. During the course of this oxidation process, Oz and secondary organic aerosols
(SOA) are produced which in-turn affect the climate and air quality (Gligorovski et al.,
2015; Berndt et al., 2016).

In the lower troposphere, the primary pathway for production of OH radicals involves

photolysis of ozone molecules to produce excited oxygen atom (reaction [R11]) (Ravis-
hankara et al., 1998)

J(O'D)
—

O3 + hv O('D)+ 0, (A< 330nm) [R11]

O ('D) reacts with water vapour to produce two OH radicals :

k(208)=5.97 x 10724

O ('D) + H,O

> 20H [R12]

3

cm3 molecule~1s~1

Apart from the primary pathway, three important pathways as source of OH radicals
in the troposphere include conversion from HO, radicals by reaction with NO according
to reaction [R8] or by reaction with O3 according to reaction [R13] (Lelieveld et al., 2004),
photolysis of nitrous oxide (HONO) in urban polluted environments with high NO,, levels
and photolysis of HyO5 (Zhou et al., 2002).

k(2098)=2.01 x 10715

HO, + 03 — — 2 O, + OH [R13]
HONO + hv — OH+NO (X < 390nm) [R14]
H,05 + hv — 20H (X < 360nm) [R15]

There are other sources for production of OH radicals in the troposphere like ozonol-
ysis of alkenes and some other biogenic VOCs (Hens et al., 2014) or photolysis of organic
peroxides. Hence the source of OH radicals in the troposphere is generally well under-
stood (Gligorovski et al., 2015). For the accuracy of the atmospheric models, it is quite
important to accurately constrain the total OH sink.

The major sink of OH radicals is via its reaction with VOCs and inorganic trace gases
like NO,, O3 and SO,. The most recent and updated global models classify the OH
sinks among inorganics (NO,, Oz, SO; etc.), CO, CHy, C1 VOCs and C2*(having > 2
carbon atoms) VOCs lumped as a single entity without providing details of their speciation

(Lelieveld et al., 2016). The global budget of OH radicals in terms of production pathways
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Figure 1.3: Annual global mean of tropospheric sources and sinks of OH radicals (Lelieveld
et al., 2016).

and sink reactions are shown in Figure 1.3.
The OH reactivity of an OH reactant is defined as the product of its concentration
[X;] (e.g. X; = CO, O3z, VOCs, NO, etc.) and its rate coefficient for reaction with the

hydroxyl radical (kon.x,), expressed mathematically as:
OH Reactivity = konyx, [Xi] (1.6)

Given the large number of different classes of VOCs, it is practically impossible to
measure all the OH sinks separately. Hundreds of thousands of VOCs (Goldstein and
Galbally, 2007) having various functional groups (Lewis et al., 2000) have been detected
in the atmosphere which are present in concentration ranging from few parts per trillion
(ppt) to parts per million (ppm) and many more remain unidentified. Due to their chemi-
cal diversity, low concentrations and small lifetimes, the accurate quantification of ambient
VOCs continue to pose analytical challenges. Even with the simultaneous deployment of
various state of the art analytical techniques (Heard, 2008), it is usually impossible to

detect and quantify all the VOCs present in the atmosphere.

The total OH reactivity (represented as the first order chemical loss rate of OH radicals
in the air) is defined mathematically as the sum of individual OH reactivities of all the

reactants present in air.

Total OH Reactivity = )  konx, [Xi] (1.7)

Direct measurement of total OH reactivity was first made possible by Kovacs and
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Brune (2001) in the year 1999 by monitoring the decay rate of synthetically generated
OH radicals in a flow tube, using laser induced fluorescence (LIF). Four years later, in
2003, Sadanaga et al. (2004a) developed another instrument which measured total OH
reactivity of ambient air by monitoring the decay rate of OH in flow tube using a laser-
induced pump-probe technique. Both of these instruments are based on in situ detection
of OH which required high power lasers and are typically difficult to deploy on field or
on moving platforms. Sinha et al. (2008) developed a new technique called the compara-
tive reactivity method (CRM), based on chemical ionization mass spectrometry for direct
measurement of total OH reactivity by utilizing the competitive kinetics of reaction of air
and a reagent molecule with synthetically generated OH radicals in a glass reactor. It did
not require in situ measurement of OH, and rather the concentration of a reagent molecule
at concentration of few tens of ppb is monitored at various stages. Being less power de-
manding, more stable and relatively easier to deploy on field, CRM revolutionized the
direct total OH reactivity measurements (Williams and Brune, 2015). Intercomparison
studies of the two LIF based OH reactivity measurement systems and the CRM tech-
nique have been performed in atmospheric simulation chamber (Fuchs et al., 2017) and
in ambient condition (Hansen et al., 2015). These studies have provided important in-
formation regarding possible artefacts and the corresponding corrections required for the
data processing for various instruments which depend on the operating conditions for the
measurements (e.g. alignment of photolysis laser beam and determination of instrumen-
tal zero for the LIF instruments, photolysis of VOCs and correction of artefact due to
high NO concentration in the CRM technique). Table 1.1 compiles the list of the direct

measurements of total OH reactivity reported till date at various places in the world.

Table 1.1: Measured total OH reactivity and the missing

fraction reported at different location in the world.

Measured OH Missing

Location Year reactivity (s~1) fraction (%) Reference
Nashville Summer 1999 11.3 ~30 (Kovacs et al., 2003)
New York Summer 2001 15 - 25 < 10 (Ren et al., 2003)
New York Winter 2004 18- 35 - (Ren et al., 2006)
Mexico Spring 2003 10 - 120 30 (Shirley et al., 2006)
Houston Summer 2000 7-12 — (Mao et al., 2010)
Houston Summer 2006 9-22 - (Mao et al., 2010)
Tokyo 2003-2004 10 - 100 < 30 (Sadanaga et al., 2004a,b)
continued ...
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... continued
. Measured OH Missing
Location Year o ; Reference
reactivity (s ') fraction (%)
Tokyo Spring 2009 10 - 35 < 22 (Kato et al., 2011)
Mainz Summer 2005 10.4 - (Sinha et al., 2008)
Paris Winter 2010 10 - 130 10 - 54 (Dolgorouky et al., 2012)
Lille Autumn 2012 ~ 70 - (Hansen et al., 2015)
Beijing Summer 2013 20 25 (Williams et al., 2016)
Dunkirk Summer 2014 10 - 130 - (Michoud et al., 2015)
Pensylvania Spring 2002 6.1 - (Ren et al., 2005)
Weybourne Spring 2004 4.85 ~ 38 (Lee et al., 2009)
Pearl river
Summer 2006 10 - 120 <50 (Lou et al., 2010)
delta
Yufa, China Summer 2006 10 - 30 - (Lu et al., 2013)
Spain Winter 2008 6.3 - 85 - (Sinha et al., 2012)
Jiilich Summer 2005 6 - 20 ~ 40 (Elshorbany et al., 2012)
Whiteface
. Summer 2002 5.6 < 10 (Ren et al., 2006)
mountain
Michigan Summer 2000 1-12 ~ 50 (Di Carlo et al., 2004)
Suriname Spring 2005 53 - (Sinha et al., 2008)
Hyytiala Summer 2008 3.5 - 60 25 - 75 (Sinha et al., 2010)
Rocky .
. Summer 2008 6.7 29.5 (Nakashima et al., 2014)
mountain
Hyytiala Summer 2010 3-76 58 - 89 (Nolscher et al., 2012b)
Borneo Summer 2008 5-80 ~ 67 (Edwards et al., 2013)
Michigan Summer 2009 1-42 ~ 55 (Hansen et al., 2014)
California
Summer 2009 1.25 ~ 33 (Mao et al., 2012)
forests
Manaus 2012-2013 9.9 -624 49 - 79 (Nolscher et al., 2016)
Haute, France Summer 2014 3-70 - (Zannoni et al., 2016)
Brent, Alabama Summer 2013 4 - 60 d- 32 (Kaiser et al., 2016)

Measured total OH reactivity is shown as averaged values or as ranges of diel variations

11
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... continued

. Measured OH Missing
Location Year . L } Reference
reactivity (s ') fraction (%)

or as ranges of the entire campaign)

Simultaneous measurement of OH reactivity and concentrations of OH reactants en-
ables constraining of VOC budget in an atmosphere. A difference between directly mea-
sured total OH reactivity and OH reactivity due to all the measured species (calculated
OH reactivity) is regarded as the missing OH reactivity and provides valuable informa-
tion about completeness of the measurement suite. Analyses of missing OH reactivity
in various kinds of environments have yielded important information about new emission
processes and chemical transformation previously overlooked or not detected by direct
measurements (Di Carlo et al., 2004; Ren et al., 2006; Nolscher et al., 2012b). Simulta-
neous measurement of OH reactivity and VOCs concentration within a chamber enables
validation of chemical mechanisms and product speciation for a targeted species e.g. iso-
prene (Nolscher et al., 2014).

OH reactivity studies are also helpful for constraining the OH radical budget, for
understanding the ozone production regime and SOA production chemistry (Kubistin
et al., 2010; Sinha et al., 2012; Zhao et al., 2015). Since OH radicals are very reactive
and are present in very low concentration in the atmosphere (< 1 ppt), a steady state
assumption for OH and knowledge of total loss rate of OH (Loy) would also enable

identification of OH production rate (Pop) according to following equation:

d[OH]
dt

= Pou — Loy =0 (1.8)

Since VOCs are primarily oxidized by OH radicals, eventually producing tropospheric
ozone in several reaction steps, the tendency of these VOCs to react with OH radicals
(OH reactivity) has been widely used for assessing the ozone formation potential (Stroud
et al., 2008; Sarkar et al., 2016). Higher ambient concentration of a VOC as compared
to another does not directly translate into its environmental impact in terms of ozone
formation potential. For example, ozone formation potential of isoprene (CsHg) is >
150 times higher than that of CO (Carter, 1994), whereas the ambient concentration of
isoprene is generally 2-3 orders of magnitude lower than that of CO. There are other
scales for assessing the ozone production potential of different VOCs e.g. Maximum
incremental reactivity (MIR)(Carter, 1994) and Photochemical ozone creation potential
(POCP)(Derwent et al., 1996). These provide information of increment in ozone mass

495] ) ynder high NO, condition,

due to addition of a given mass of particular VOC (—d[voc}

12



Chapter 1.

but again are able to do a good job only for measured compounds.

1.2 Present status of ozone and VOC measurements

in the Indo-Gangetic Plain

There are very few long-term in situ measurement studies of ozone and its precursors
performed in the IGP. Surface ozone in the IGP was first reported for the period 1989
- 1990 from Delhi (Varshney and Aggarwal, 1992) and Varanasi (Pandey and Agrawal,
1992). The first continuous online measurements of O3 from IGP was performed during
winter 1993 which reported daytime 30 min average O3 mixing ratios between 34 ppb and
126 ppb at various locations in Delhi (Singh et al., 1997). Short term measurements cannot
explain the effect of changing meteorological conditions and emission over a full year. The
two previous long term in situ datasets reported from the IGP are from Agra (27.18 °N,
78.02 °E, 169 m a.s.l.) (Singla et al., 2011) and more recently from Kanpur (26.46 °N, 80.33
°E, 125 m a.s.]) (Gaur et al., 2014) in the central IGP. While Singla et al. (2011) reported
monthly average O3 mixing ratios ranging between 9 ppb and 45 ppb and NO; mixing
ratios ranging between 15 ppb and 35 ppb, Gaur et al. (2014) reported monthly average Os
mixing ratios ranging between 9 ppb and 41 ppb and NO, mixing ratios ranging between
3 ppb and 9 ppb respectively. Singla et al. (2011) observed the maximum and minimum
daytime eight-hour average mixing ratio of ozone to be 89 ppb in summers and 7 ppb
in winters respectively. Similarly summertime (pre-monsoon) maximum mixing ratio of
ozone was observed by Gaur et al. (2014) with an hourly average value of up to 107 ppb,
but in contrast the minimum hourly average of 1.1 ppb was observed in monsoon season.
Based on the satellite data between 1979 to 1992, the rate of increase in tropospheric
ozone was reported to be twice as high over the IGP as compared to South India (Lal
et al., 2012).

The reported measurements of the precursors of ozone from the IGP are even more
scarce. Whereas Mallik and Lal (2014) reported satellite retrieved monthly average CO
mixing ratios over Delhi between 100 ppb and 300 ppb during the years 2005 - 2010, Gaur
et al. (2014) reported the monthly average CO mixing ratios at Kanpur during years 2009
- 2013 ranging between 520 ppb and 1020 ppb. However, both the studies reported
maximum CO mixing ratio during winter and minimum in monsoon seasons. All these
previous studies from the IGP have emphasized the need of long term measurements of
ozone and its precursors from more sites.

While there are handful of continuous online measurements of O3, NO, and CO from

the IGP, there are no reported online measurements of reactive VOCs from this region
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until 2013. One year long offline measurement of less reactive VOCs (C2 - C5 non methane
hydrocarbons (NMHC)) have been reported by a few measurements over India (Rao et al.,
1997; Mallik et al., 2014; Sahu and Lal, 2006a,b; Swamy et al., 2012). Various other studies
have measured the mixing ratios of aromatic VOCs (benzene, toluene, ethylbenzene and
xylene) or total lumped VOC concentration in three metro cities in India (Delhi, Mumbai
and Kolkata) using offline techniques and reported only seasonal or monthly average
concentrations (Hoque et al., 2008; Khillare et al., 2008; Srivastava et al., 2006; Dutta
et al., 2009; Srivastava et al., 2005). It can be noted that these measurements exclude
reactive VOCs e.g. isoprene, oxygenated VOCs e.g. acetaldehyde and methanol and
acetonitrile which is a chemical tracer of biomass burning. The first online measurement
of VOCs was reported from our research group by Sarkar et al. (2013) where two days of
1-minute time resolution data of acetonitrile and aromatic VOCs e.g. benzene, toluene,
sum of C-8 aromatics and sum of C-9 aromatics was reported. This study was followed
by the work of Sinha et al. (2014) where one month long high temporal resolution data
of nine VOCs including isoprene, aromatics, oxygenated VOCs (methanol, acetaldehyde,
acetone) and acetonitrile in the summer season at a suburban site in the N.W. IGP. High
concentrations of reactive VOCs e.g. methanol, isoprene and acetaldehyde and biomass
burning tracer e.g. acetonitrile was reported by Sinha et al. (2014) in the summertime
air of IGP, which was generally higher than the ambient levels reported anywhere in
the world. More recently, Chandra and Sinha (2016) have reported three years’ online
measurements of aromatic VOCs (benzene, toluene, sum of C-8 aromatics and sum of C-9
aromatics), acetonitrile and isocyanic acid from post monsoon season of the north-west
Indo-Gangetic Plain and documented their enhancement due to paddy residue fires. Few
short term measurements of up to one month have highlighted the important role of VOCs

from other urban locations of western India (Sahu and Saxena, 2015; Sahu et al., 2016)

1.3 Research motivation

The Indo-Gangetic Plain (IGP) is the agricultural nerve of South Asia as it produces
a variety of food crops for the sustenance of the vast human population of 1.67 bn peo-
ple (source: The world bank http : //data.worldbank.org/region/SAS)). Large urban,
agricultural, forest fire and industrial emission from this region add several teragrams of
reactive gaseous pollutants into the atmosphere (Venkataraman et al., 2006; Zhang et al.,
2009). On the other hand, due to longer period of intense solar radiation, high ambient
temperature and high humidity, large oxidant concentrations are also expected in this
region which tend to transform and remove these gaseous pollutants via several chemical

reactions.
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Biomass burning is known to emit a large suite of reactive pollutants in the atmo-
sphere (Crutzen and Andreae, 1990; Andreae and Merlet, 2001). Out of the fourteen
specific radiative forcing components, the emissions from biomass fires affect eight e.g.
ozone, long-lived greenhouse gases, aerosols (direct), aerosols (indirect), surface albedo,
stratospheric water vapour, solar irradiance and linear contrail (Bowman et al., 2009).
Controlled combustion of crop residue under laboratory conditions has revealed emissions
of a complex suite of more than 200 identified VOCs (Stockwell et al., 2015; Gilman et al.,
2015). In the north-west Indo-Gangetic Plain (N.W. IGP) almost 12 Mha area of land
is being used for growing the major cereal crops (e.g. rice and wheat) (Aggarwal et al.,
2004) in a rotation system. After harvesting the wheat crop, there is a narrow time win-
dow to clear the field for sowing the next crop. Due to lack of proper processing units, it
is a usual practice to burn the crop residue to prepare the field for the next crops. The
satellite observation in the year 2005 have estimated > 12000 km ? of paddy and > 5500
km ? of wheat field burnt in the N.W. IGP itself (Badarinath et al., 2006).

Previous studies on crop residue fires from India have mostly focussed on aerosols and
primarily emitted long lived trace gases e.g. carbon dioxide, nitrous oxide, methane and
carbon monoxide (Sahai et al., 2007; Venkataraman et al., 2006). Proton transfer reaction
mass spectrometer (PTR-MS) enables real-time measurements of VOCs at time resolution
of few seconds as it does not require any sample treatment and ambient air is continuously
monitored . Chandra and Sinha (2016) have used PTR-MS to report three years’ dataset
from post monsoon season of the N.W. IGP to document the enhancement and health
effects of several benzenoids and isocyanic acid due to paddy residue fire emissions. This
study only focuses on the post monsoon periods to show the effect of crop residue fires

on few VOCs (mostly benzenoids, acetonitrile and isocyanic acid).

Hence it is very important that long term measurement ozone and aerosols are accom-
panied with the measurement of its precursors including speciated VOCs and meteorolog-
ical parameters. Except for the recent measurements from our group (Sinha et al., 2014;
Chandra and Sinha, 2016; Sarkar et al., 2013) there is hardly any information about the
long-term concentrations and variability of VOCs, specific sources and processes govern-
ing their concentrations and their role towards ozone production in the South Asia. Non
availability of year-long measured dataset of VOCs limits the understanding of impact of
various emission sources (e.g. wood and bio-fuel burning in winter, crop residue burning
in summertime and post-monsoon, biomass and garbage burning active throughout the
year, enhanced biogenic emission during and after the monsoon rain, traffic emissions and
industrial emissions), sink processes (e.g. monsoon rain and winter fog) active during
different seasons of a year, varying meteorology and chemical transformations and fetch

region.
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Figure 1.4: Map of the world showing the location of Mohali and locations where direct
measurements of Total OH reactivity have been reported. The yellow, blue and green

circles show the urban, suburban and forested environments. The blue triangle represents
Mohali.

This also emphasizes the need of direct measurement of total OH reactivity to accu-
rately constrain the total reactive pollutant loading and ozone production regimes. It is
also equally important to obtain simultaneous in situ measurements of VOCs concentra-
tion along with the total OH reactivity for more appropriate scientific outcome in terms
of targeted ozone mitigation strategy. Simultaneous measurements of VOCs, total OH
reactivity and reactive inorganic trace gases e.g. NO,, sulphur dioxide (SO,) and ozone
allows evaluation of instantaneous ozone production regime, identification of major com-
ponents among various VOCs and inorganic trace gases which limit the ozone production
in the daytime and also an estimation of reactive pollutants present in the ambient air
which are not measured. The constraints with the analytical techniques till date allowed
a PTR-MS to perform either VOCs concentration measurements or total OH reactivity
measurements using CRM technique (Sinha et al., 2008). In our laboratory where only
one PTR-MS was deployed, it was desirable to find a way to perform both VOCs and OH

reactivity measurement with the same PTR-MS.

These measurements in this region of the world in periods influenced by large scale
open crop residue fires would also facilitate first assessment of OH reactivity perturbation
of ambient air due to active fires. Analysis of missing OH reactivity would also be helpful

for assessment of unmeasured primary emissions and their oxidation products.
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Chapter 1.

1.4 Thesis outline

With the work presented in this thesis I would like to address the knowledge gaps
highlighted in the preceding discussion by addressing following scientific problems:

1. How do the concentrations of ozone, carbon monoxide and NO, change in response
to changes in meteorological conditions and anthropogenic perturbations (e.g. agri-
cultural residue fires) in different seasons in the north-west Indo-Gangetic Plain?
Are the temporal patterns and seasonal behavior reproducible for more than one

year?

2. Which VOCs are the major drivers for peak daytime production of tropospheric
ozone in different seasons? Is the peak daytime ozone production limited by avail-
ability of NO, or by availability of VOCs in the N.W. IGP?

3. How do the ambient concentrations of VOCs, OH reactivity due to measured VOCs
and ozone production potential vary over different seasons of the year in the north-

west IGP? Which periods of year are expected to have highest total OH reactivity?

4. How to enable rapid online measurements of VOCs and total OH reactivity using
a single proton transfer reaction mass spectrometer without compromising on the
sensitivity, accuracy and detection limit of both OH reactivity and VOC measure-

ments?

5. How much extra reactivity do the emissions from summertime agricultural residue
fires in the N.W. IGP introduce directly and indirectly (through secondary pro-
cesses) into the ambient atmospheric environment? Are all the important chemical
constituents involved in this process measured and incorporated in detailed atmo-

spheric chemistry models?

The first question is discussed in chapter 2, wherein I have presented two year-long
measurement of O3, NO, and CO along with acetonitrile which is a biomass burning tracer
and meteorological parameters from a site in the N.W. IGP. Airmass clusters arriving at
the receptor site were classified into different clusters to pin point the specific impact of
crop residue fires in the summertime and post monsoon on the ambient concentration of
these species. The second and third questions are addressed in 3, wherein I have presented
one year long online measurements of 23 different VOCs whose primary source in the
atmosphere include different classes e.g. biogenic, urban, industrial, biomass burning and
photo-oxidation. The VOC OH reactivity and ozone production is calculated for different

seasons using the measured VOC concentration. The sensitivity of peak daytime ozone
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production is evaluated by comparing the VOCs OH reactivity and NO, OH reactivity.
The fourth question is addressed in chapter 4, wherein I have discussed the development
of a new analytical tool which enables rapid sequential measurements of ambient VOC
concentration and total OH reactivity using a single PTR-MS. It also adds specificity to
a PTR-MS equipped with a quadrupole mass analyzer to differentiate between isobars
by evaluating the kinetics of reaction of a VOC with OH radicals. The field deployment
of this technique provided the first measurement of total OH reactivity from the South
Asia. The final question is addressed in chapter 5 where I have presented the results
of measurement of total OH reactivity together with VOCs and other trace gases from
the NW IGP during normal summertime condition and summertime influenced by wheat
residue fires. A 0-D box model constrained with the measured VOCs and utilizing the
Master Chemical Mechanism (MCM version 3.3.1) was used to evaluate the fraction of
total OH reactivity which could not be explained by the measured set of gases and their
secondary oxidation products during both the periods. Substantial evidence of emission
of several reactive nitrogen containing VOCs from the crop residue fires were obtained

from these measurements.
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Influence of post harvest crop
residue fires on surface ozone mixing
ratios in the N.W. IGP analyzed
using two years of continuous in situ

trace gas measurements

Abstract

Ozone, CO and NO,, are criteria air pollutants affecting air quality and tropospheric
chemistry but factors that control them in the densely populated north-west Indo-Gangetic
Plain (N.W. IGP) are poorly understood. In this chapter, I report the first simultaneous
two-year-long in situ dataset of ozone, CO and NO, acquired from August 2011 - Septem-
ber 2013 at a representative site in the N.W. IGP (30.667 °N, 76.729 °E ; 310 m above
mean sea level). Drivers of the diel and seasonal variability of O3, CO and NO, in terms
of season specific processes (e.g. suppressed transport and efficient wet scavenging of
primary emissions and suppressed photochemistry due to cloud cover during the summer
monsoon, intense photochemistry during summer) and emissions (e.g. crop residue fires
and wintertime open biomass combustion for domestic heating) were clearly elucidated.
In particular the impact of post harvest crop residue fires was found to profoundly impact
the in situ chemistry of ozone formation. Regional post-harvest wheat residue fires were
found to contribute majorly to high hourly averaged ozone concentrations (~ 80 ppb). In
the absence of the wheat residue fires, ozone was much lower (by 19 ppb). Paddy residue

fires also enhanced the peak ozone concentrations by ~ 7 ppb, despite lower radiation and
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temperature relative to the “clean” post monsoon period ozone concentrations. d[Oz]/dt
(from sunrise till daytime O3 maxima), was highest during periods influenced by post-
harvest fires in post monsoon season (9.2 ppbh™') and lowest during monsoon season
(4.1 ppbh™!). Analysis of air mass clusters revealed that enhanced chemical formation of
O3 and not transport was the driver of the summertime and post monsoon ambient Oz
maxima. Despite having high daytime NO, (> 12 ppb) and CO (> 440 ppb) in winter,
average daytime Oz was less than 40 ppb due to reduced photochemistry and fog. Average
daytime Oz concentration during the monsoon was less than 45 ppb due to washout of
precursors and suppressed photochemistry due to cloud cover. The 8 h national ambient
air quality standard (NAAQS) for O3 was violated on 451 days (62% of the total) in
the period August 2011 - September 2013. The results revealed the periods/seasons with
highest ozone pollution during the year and highlighted that substantial mitigation efforts

are required to reduce regional O3 pollution in the N.W. IGP due to agricultural fires.

2.1 Introduction

Tropospheric ozone (Oz), carbon monoxide (CO) and nitrogen oxides (NO,) are cri-
teria air pollutants that affect ambient air quality, human health and climate (U.S.EPA,
1990). In particular, tropospheric O3 is a short-lived climate pollutant (SLCP) (Schmale
et al., 2014). Exposure to high concentration of tropospheric O3 causes significant crop
yield losses (Ashworth et al., 2015; Giles, 2005; Sinha et al., 2015) and pulmonary dis-
eases (Haagen-Smit, 1952; Jerrett et al., 2009). In the troposphere, O3 is the primary
precursor of hydroxyl radicals (Heard and Pilling, 2003). It is also an important at-
mospheric oxidant that forms secondary organic aerosol by oxidizing reactive terpenes
through ozonolysis reactions (Carlton et al., 2009).

CO and NO, pose health risks at elevated concentrations. CO exposure affects the
oxygen carrying capacity of blood and can cause cardiovascular diseases and even death
(Hexter and Goldsmith, 1971; Prockop and Chichkova, 2007). Short-term exposure of
NOy even below 20 ppb can cause respiratory problems in infants whereas elevated con-
centration > 100 ppb of NOy is considered toxic (U.S.EPA, 2008; WHO, 2005). Both
CO and NO,, contribute to the formation of tropospheric O3 through non-linear radical
chemistry (Sinha et al., 2012)and are mainly emitted from anthropogenic sources (Berga-
maschi et al., 2000; Miyazaki et al., 2012). Rapid urbanization and economic growth have
caused an increase in their sources which is detrimental to air quality, crop productivity
and climate (Giles, 2005).

The N.W. Indo-Gangetic Plain (IGP) is the agricultural “bread basket” of South Asia
as it produces a variety of food crops that feed 1.67 billion people (FAO, 2013). Satellite
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data acquired over the years 1979 -1992 indicate that the rate of increase in tropospheric
O3 of 3-5.6 % per decade is more than twice as high as that in the sites in southern India,
which showed an increase of 1.2 - 2 % per decade in the same period (Lal et al., 2012). In
contrast to the sites in western and southern India, where annual maxima of O3 have been
reported in winter (Ahammed et al., 2006; Lal et al., 2000), the annual O3 maxima in the
IGP is typically observed during the early summer or late spring season (Gaur et al., 2014;
Ghude et al., 2008; Ojha et al., 2012). While satellite data are inherently attractive and
useful due to their widespread availability and spatial coverage, they have limitations in
terms of accuracy over regions where they have not been validated using in situ data and
ground truthing. Further, the resolution of satellites (including temporal resolution and
coverage) is too coarse to capture the heterogeneity of short lived pollutants such as NO,,
and Ogz. This is the case over much of the IGP and other understudied regions of the world.
Satellite data for tropospheric O3 retrieval require corrections for stratospheric Oz, which
in turn depends on the accurate resolution of temporal- spatial changes in the height of the
tropopause. Despite the obvious importance and need for quality-assured long duration
in situ data from the N.W. IGP region on Os, carbon monoxide and nitrogen oxides, to
the best of our knowledge no previous long term dataset reporting simultaneous in situ
measurements of these gases from the N.W. IGP has been presented in the peer-reviewed
literature. The only studies reporting more than a year’s data for the aforementioned trace
gases are from Kanpur and Agra, which are located in the central IGP (Gaur et al., 2014;
Singla et al., 2011). High temporal resolution in situ measurements performed over the
duration of more than one year help elucidate the effects of seasonality and diel activity
on atmospheric composition and chemistry and such datasets afford the opportunity to
test whether seasonal variability and extreme events are captured by satellite retrievals

and model simulations.

The spread of mechanized combine harvester technology since 1986 has led to the in-
tensification of post harvest crop residue burning in the N.-W. IGP (> 12000 km? and >
5500 km? was burnt to rid fields of paddy and wheat straw, respectively in 2005 (Badar-
inath et al., 2006). This activity occurs in April - May (primarily for wheat straw) and
October - November (primarily for paddy straw) (Irwine, 2014). Though several pre-
vious studies have highlighted the detrimental impact of agricultural crop residue fires
(e.g., Sahai et al., 2007), no previous work has quantified the influence of agricultural
crop residue fires in the N.-W. IGP on surface O3, CO and NO, concentrations using in
situ data. The objective of the present study is to investigate the impact of emissions
and meteorology on the diel and seasonal variability of O3, CO and NO, with a focus
on regional agricultural crop residue fires. A quality controlled two-year-long high tem-

poral resolution in situ dataset of ozone, nitrogen oxides and carbon monoxide acquired
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from August 2011 to December 2013 at a regionally representative suburban site in the
N.W. IGP was employed for this purpose. Daily MODIS (Moderate Resolution Imaging
Spectroradiometer) satellite-derived fire count data and ancillary in situ acetonitrile data
(a chemical tracer for emissions from biomass fires (Chandra and Sinha, 2016; Holzinger
et al., 1999) were also used for periods affected by the regional crop residue fires. The
two-year-long dataset provided the confidence in characterizing the effect of meteorology
and emissions in different seasons by ruling out effects of anomalous years as this study
analyzes data from August 2011 - September 2013. Analysis of air mass clusters was
undertaken to determine whether regional chemical O3 production or transported O3 was
the major contributor to the high O3 concentrations observed during periods influenced
by the agricultural crop residue fires. An assessment of compliance with the 8 hours aver-
aged national ambient air quality O3 standard of India for the two-year-long dataset was

also undertaken.

2.2 Materials and methods

2.2.1 Site description and measurements

The data presented in this work pertaining to O3z, CO and NO, were measured at the
Indian Institute of Science Education and Research (IISER) Mohali atmospheric chem-
istry measurement facility (30.667 °N, 76.729 °E ; 310 m above mean sea level) from 16
August 2011 to 5 September 2013 at a temporal resolution of 1 minute. Measurement of
acetonitrile (CH3CN), a chemical tracer for biomass fire emissions, was available from 24
August 2011 onwards whereas measurement of co-located meteorological parameters e.g.
wind speed, wind direction, solar radiation, ambient temperature and relative humidity
were available from 25 November 2011 onwards at similar temporal resolution (Chandra
and Sinha, 2016).

The site is a regionally representative suburban location in the N.W. Indo-Gangetic
Plain. A complete description of the site and comprehensive technical details pertaining to
sampling, data quality assurance and calibration protocols have been previously described
in Sinha et al. (2014). Briefly, the nearest neighbouring cities are Mohali, Chandigarh and
Panchkula, which lie in the wind sector north to east of the site. This sector is classified
as the urban sector due to the dominance of urban emission sources. The wind sector
spanning south to north-west is dominated by agricultural and rural land use and is the
most frequent fetch region upwind of the site during the year. To the south and south-
east, the land use is mixed-rural and industrial in nature. The Himalayan mountain
range lies ~ 30 km in the N.W. to S.E. direction. We note further that Sinha et al.
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(2015) conducted a review of multi-year O3 data reported previously from several sites
in north India (see Table 4 of Sinha et al., 2015) which showed that the seasonality and
O3 concentrations measured at our site are regionally representative. In August 2015, a
new highway (Aerocity road) and international airport were commissioned in the urban
fetch region (north east — south), increasing the traffic density near the site for this fetch
region. Under calm wind conditions and when the wind blows from this sector (note it
is not the most frequent direction), the site is now better classified as “urban”. However,
this has no bearing on the data presented in this work which is from 2011 — 2013, when

the site was sub-urban even for this fetch region.

Ambient ozone measurement was performed by UV photometry technique (Huntzicker
and Johnson, 1979) using Thermo Fischer Scientific 49i analyzer. O3 absorbs UV radiation
(A < 320 nm) with an absorption maxima at 253.84 nm. Mercury (Hg) lamp is used as
UV source. The instrument is designed to operate in the Beer Lambert regime where the
absorbance due to ozone molecules is proportional to the number of ozone molecules in
the air sample. The sample drawn through the inlet line passes through a solenoid valve
which divides and alternates the flow between two streams, one of which passes through
MnOs based ozone scrubber and serves as reference. Both the cells containing sample and
reference are illuminated by single lamp and the intensity of the UV light is measured by
photo diode detectors at the end of the cells. With ageing the efficiency of both the UV
light source and the detector can decrease and to account for this and characterize the
instrument’s accuracy, the O3 analyzer was calibrated using a NIST traceable O3z primary
standard generator (Model 491 PS; Thermo Fischer Scientific, Franklin, USA). Between
16 August 2011 and 06 September 2013, a total of 21 span calibrations experiments (in
the range of 25 ppb — 125 ppb) were performed for Oz. The average (+ 1o) of slopes
of linear fits (r* > 0.99) between measured and introduced Oz concentrations in these
calibration experiments was 0.99 £+ 0.06 (range 0.83 and 1.08). The major gaps in the
two-year Oz dataset were a two week period from 6 to 21 July 2012 and a three day period
from 19 August 2013 to 21 August 2013 owing to maintenance issues.

NO, (NO and NOg) measurements were performed by chemiluminescence technique
using a Thermo Fischer Scientific 42i trace level analyzer. The detection principle is based
on the reaction of NO with O3 inside a reaction chamber and subsequent production of
luminescence in the wavelength range of 600 - 3000 nm. Ozone is generated inside the
instrument using an ozonator to provide excess ozone for the chemiluminescence reaction.
The ozone is also required for a dynamic zero during the measurement through a pre-
reactor, where NO reacts with ozone prior to the reaction chamber. A three way solenoid
valve inside the instrument continuously alternates the sample flow to directly reach the

reaction chamber or via pre-reactor unit. The size of pre-reactor is constrained so that
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greater than 99 % of a 200 ppb NO sample reacts before entering the reaction chamber,
and yet is small enough to avoid potential interferents to pass to the reaction chamber.
For measurement of NO,, all the NO, in the sample stream is converted to NO prior to
reaction with Os. This is accomplished by a NOy to NO molybdenum converter heated
at 325 °C. This converter is known to convert other reactive nitrogen species (e.g. nitric
acid (HNOs), nitrous acid (HONO), nitrate radical (NOj), dinitrogen pentoxide(N2Oj),
peroxynitric acid (HNO,), alkyl nitrates (RONOy), peroxyalkyl nitrates (ROONO) and
peroxyacyl nitrates (PAN) (R(O)O2NO,)) into NO as well (Sinha et al., 2014; Wang
et al., 2002). Hence the nitrogen dioxide (NO5) measurements reported in this work
should be regarded as upper limits of the actual ambient NOy (hereafter referred to as
NOy*). Between 16 August 2011 and 06 September 2013, a total of 18 span calibration
experiments (in the range of 10 ppb — 50 ppb) were performed using a custom ordered
NO gas standard (Chemtron Science Laboratories Pvt. Ltd., Mumbai, 6 ppm in nitrogen,
stated uncertainty 5 %). The average (& 10) of the slopes of linear fits (r? > 0.96) between
measured and introduced NO was 1.04 £+ 0.10 (range 0.88 and 1.28) in these calibration
experiments. The major gap in the timeline of NO, data was from 23 to 27 March 2013

due to flow problems.

Carbon monoxide (CO) was measured by gas filter correlation (GFC) non dispersive
infra-red (NDIR) technique using Thermo Fischer Scientific 48i trace level enhanced an-
alyzer. GFC-NDIR technique for monitoring of trace level CO was developed by the
US-EPA project and has been used extensively in other scientific studies (de Gouw et al.,
2009; Andreae et al., 2012). Water vapour and COs are known to cause interferences at
ambient CO levels using NDIR technique, but gas filter correlation provides selectivity
for CO (Chaney and McClenny, 1977). Between 16 August 2011 and 06 September 2013,
a total of 17 span calibration experiments (in the range of 100 ppb — 1500 ppb) were
performed using a custom ordered CO gas standard (Chemtron Science Laboratories Pvt.
Ltd., Mumbai, 22 ppm in nitrogen, stated uncertainty 5 %). The average (£ 1o) of slopes
of linear fits (r* > 0.99) between measured and introduced CO was 1.04 £ 0.10 (range
0.82 and 1.22) for these calibration experiments. There were no breaks from the regular
protocol for daily zero drift checks. The major gaps in the timeline of CO data were from
06 to 20 April 2012 and from 19 August 2013 to 21 August 2013 due to problems with the
internal heater and pressure sensor and maintenance issues and from 11 to 29 September

2012 due to the failure of an internal pump.

Acetonitrile was measured using a high sensitivity proton transfer reaction — quadrupole
mass spectrometer (PTR-QMS) (Model 11-07HS-088; Ionicon Analytik Gesellschaft, Aus-
tria)(Sinha et al., 2014). Between 16 August 2011 and 06 September 2013, 9 calibration

experiments were performed to check the sensitivity of PTR-QMS for detection of ace-
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Figure 2.1: Daily average trend of relative humidity, ambient temperature and peak
daytime (12:00 - 14:00 local time (L.T.)) solar radiation for the measurement period.
Blue lines show data for the period from November 2011 to August 2012 (meteorological
station was installed on Nov 25, 2011) on the left axes and red lines show data for the
period from September 2012 to September 2013 on the right axes. Vertical bars represent
the daily variability as 90* and 10" percentiles of the measured monthly data.

tonitrile (in the range 1 ppb — 20 ppb). The average (£ 1o) of the slopes of linear fits
(r? > 0.99) between detected normalized counts per second (ncps) and introduced ace-
tonitrile (ppb) was 17.90 £ 2.28 ncps ppb~! (range 14.29 and 21.10) in these calibration
experiments (Chandra and Sinha, 2016).

Meteorological sensors (Met One Instruments Inc., Oregon, USA) were co-located with

the trace gas sampling inlets as shown in Figure 5 of Sinha et al. (2014).

2.2.2 Meteorology and classification of seasons

According to the Indian Meteorological Department (IMD), an year is classified into
four seasons: winter, summer (or pre-monsoon), monsoon (rainy) and post monsoon (au-
tumn) (http : //www.imd.gov.in/section/nhac/dynamic/F AQ_monsoon.htm). Based
on this classification, January and February comprise winter, March - May comprise sum-
mer, June - September comprise monsoon and October — December, the post monsoon
seasons. The basis for this classification is the “All-India” ambient temperature and rain-
fall, although regional onset and end of seasons can vary significantly. For meaningful
analysis of the chemical data presented in this work and delineation of seasons, the mea-
sured in situ meteorological datasets and satellite-derived fire counts data were collectively
employed (e.g., Chandra and Sinha, 2016).

Figure 2.1 shows the daily average of relative humidity (top panel), ambient tem-
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perature (middle panel) and peak daytime (12:00 h - 14:00 h local time) solar radiation
(bottom panel) measurements made at the site from November 2011 to September 2012
in blue and from September 2012 to September 2013 (in red). As the meteorological
sensors were installed only on 25 November, 2011 meteorological data is not available
prior to November, 2011. The vertical bars reflect the daily variability (as 10" and 90
percentiles). Table 2.1 lists the dates and durations of seasons at the measurement site in
2011, 2012 and 2013 (06 September 2011 — 05 September 2013). The onset of wintertime
is defined to be when the daily temperature minima and the daily solar radiation maxima
fell below 10 °C and 500 W m ~2, respectively. The wintertime months of December and
January were characterized by dense fog as can be inferred from the high relative humidity
(> 80 % RH) and low solar radiation (Figure 2.1). This dense fog in the winter months
with visibility < 1 km can spread over an area of ~ 1500 km x 400 km as a blanket over
the entire IGP (Gautam, 2014). The end of winter and beginning of summer was defined
to be when the daily ambient temperature minima and solar radiation maxima exceeded
10 °C and 500 W m 2, respectively. Thus in 2011-12, winter was from 10 December 2011
— 29 February 2012 and in 2012-13 it was from 10 December 2012 — 28 February 2013.
Summer is characterized by high daytime temperatures (> 40 °C), intense solar radiation
and dry conditions (< 40 % RH) which are favourable for photochemical formation of
O3. Thus in 2012, summer was from 01 March 2012 — 01 July 2012 and in 2013 it was
from 01 March 2013 — 12 June 2013. The monsoon season followed after summer, and its
start was determined on the basis of the first rain event after the prevailing wind direction
switches from predominantly north-westerly flow to south-easterly flow. In the monsoon
season, the air has high relative humidity (> 60 % RH most of the time), heavy rain-
fall, thunderstorms and diffused solar radiation due to cloud cover, despite temperatures
above 30 °C on most days. Figure 2.1 shows that the variability in peak solar radiation is
highest during the winter and monsoon seasons, which is due to fog and dynamic cloud
cover changes, respectively. In 2012, monsoon was from 02 July 2012 — 18 September 2012
and in 2013 it was from 13 June 2013 — 05 September 2013. The post monsoon season
marks the transition period between the monsoon and winter seasons. Clear sky and less
polluted conditions were observed at the start of the post monsoon season. Due to an-
thropogenic perturbations in the form of large scale post harvest agricultural crop residue
burning in April - May (mainly wheat) and October - November (mainly paddy), the
summer and post monsoon seasons were further sub-divided into two periods (classified

as clean and periods influenced by wheat and paddy residue fires).

Figure 2.2 shows the daily MODIS fire counts data in 2011 - 2012 (blue bars) and 2012
- 2013 (red bars) for the relevant study periods (September 2011 to September 2012 and
September 2012 to September 2013). The daily fire counts data (at > 50 % confidence
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Table 2.1: Classification of seasons and number of measured data points and overall
ambient data coverage for each trace gas from September 2011 - September 2013.

Season

Time Period

NO,

CO

O3

Number of data points (n)

06 September 2011 —

Post Monsoon (clean) 10 October 2011 34560 26382 33310
Post monsoon (paddy 11 October 2011 —
residue fire influenced) 09 December 2011 86400 8317 83678
. 10 December 2011 —
Winter 99 February 2012 118081 116941 113638
01 March 2012 — 30
Summer (clean) April 2012 and 22 June 102241 97978 85290
2012 — 01 July 2012
Summer (wheat 01 May 2012 -
residue fire influenced) 21 June 2012 74879 72783 70092
02 July 2012 —
Monsoon 18 September 2012 113759 100810 84700
19 September 2012 —
Post Monsoon (clean) 10 October 2012 31680 31527 31297
Post monsoon (paddy 11 October 2012 —
residue fire influenced) 09 December 2012 86400 o182 83156
. 10 December 2012 —
Winter 98 February 2013 116639 113820 111060
01 March 2012 —
Summer (clean) " 30 April 2013 87841 73349 82410
Summer (wheat 01 May 2013 -
residue fire influenced) 12 June 2013 61919 60431 08754
13 June 2013 —
Monsoon 18 September 2012 123840 114702 114764
Overall ambient data coverage (%) 94 92 94
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Figure 2.2: Daily fire counts observed by MODIS at greater than 50 % confidence interval
over the region of North West Indo-Gangetic Plain between 28 °N to 33 °N and 72 °E to
79 °E from September 2011 to September 2012 in blue bars and from September 2012 to
September 2013 in red bars.

interval) were obtained using MODIS onboard Terra and Aqua satellites at a spatial
resolution of 1 km x 1 km for the region spanning 28 °N - 33 °N latitude and 72 °E - 79 °E
longitude. Intense fire activities were observed during the post monsoon season from the
second week of October until the end of November in both 2011 and 2012 and in summer
from the first week of May in both 2012 and 2013. Summertime crop residue burning
(mainly wheat) ends with the arrival of monsoon rains which occurred on 21 June in 2012
and 12 June in 2013. Consequently, the summertime crop residue burning occurred on
fewer days in 2013 relative to 2012. For the present analysis, we considered the start of
the period in summer influenced by wheat residue fires (termed “polluted summer”) to be
from 01 May in both 2012 and 2013. The start of the period influenced by paddy residue
fires during the post monsoon season (termed “polluted post monsoon”) was considered
to be 11 October, as explained and justified in Chandra and Sinha (2016) using objective
set of criteria. We note that while the exact dates for the respective periods can be
debated by 1 - 2 days for the wheat/paddy fire influenced periods in individual years,
we chose 01 May/11 October to be the start date for each year and 09 December as the
end date for polluted post monsoon. Note also, that our sensitivity tests carried out by
including or excluding few days does not change any of the scientific conclusions derived

from subsequent analyses presented in this work.

Figure 2.3(a-f) provides an overview of season-specific wind roses at the site using
wind speed and wind direction data acquired from 25 November 2011 to 06 September
2013. The data pertaining to each specific season in 2011, 2012 or 2013 was consolidated
season-wise to simplify the visualization in Figure 2.3 and get an overview picture of

the period investigated in this study. Note, there, there was hardly any inter annual
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Figure 2.3: Wind rose plot from measured in situ data of wind speed and wind direction
for a) post monsoon (clean), b) post monsoon (paddy residue fire influenced), ¢) winter,
d) summer (clean), e) summer (wheat residue fire influenced) and f) monsoon seasons for
the entire measurement period. The radius axes represent the probability of an airmass
arriving from the particular wind speed and wind direction bin.

variability in the season specific wind flow pattern at the site. It can be seen that the
most prevalent wind direction at the site is from the north-west (e.g. winter, summer and
post monsoon), where the land use is primarily agricultural and rural in nature (Sinha
et al., 2014). About 40 % of the time, the sector spanning from north to west acted as
the fetch region at high wind speeds (between 4 ms~! - 16 ms~'). This renders the
site appropriate for investigating long range transport processes from regions west of the
measurement site (Pawar et al., 2015). In the monsoon season, the wind blows from the
sector spanning south to east. Stagnant conditions are observed more frequently in the
winter and polluted post monsoon, whereas summer, monsoon and clean post monsoon

are characterized by high wind speeds.

Variations in meteorological conditions, such as ambient temperature, solar radiation,
rainfall, wind pattern and relative humidity, which occur over the course of several months,
have impacts on physical and chemical processes and influence the ambient concentrations
of chemical species. The delineation of seasons in the manner described above permitted

meaningful analysis of the O3, NO,, CO and acetonitrile data for assessing the impact of
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agricultural crop residue fires as discussed in the subsequent sections.

2.3 Results and discussion

2.3.1 Variability of nighttime and daytime O3z, NO, NOy*, CO
and acetonitrile from September 2011 - September 2013

Figure 2.4 a and 2.4 b show the time series of the daily average daytime and nighttime
mixing ratios respectively, for Oz (top panel), NOy* (second panel), NO (third panel),
acetonitrile (a chemical marker for emissions from biomass fires; fourth panel) and CO
(bottom panel) during different seasons from September 2011 — September 2013. The
solid lines represent the daytime (night time) average for 2011 - 2012 in blue and 2012
- 2013 in red, whereas the vertical bars capture the daily variability as 10** and 90"
percentiles. Shaded regions of the graph indicate the periods affected by the crop residue
fires. Since the measured dataset does not belong to a normal distribution, we have
carried out the “non parametric Kruskal-Wallis test”, for the measured datasets of CO,
NO, NOy*, O3 and acetonitrile (one minute temporal resolution), to quantify statistical
differences in trace gas concentrations measured during the pre-harvest and post harvest
(influenced by crop residue fires) periods in the summer and post monsoon seasons of 2012
and 2013. For both the years, a Chi-squared approximated p-value of less than 0.0001 at
a significance interval > 99.999 % was obtained for CO, NO, NO,, O3 and acetonitrile
(a chemical tracer for emissions from the biomass fires) for each pair of clean and crop
residue fire affected period. This revealed that the datasets measured in the pre and
post-harvest periods belong to statistically different distributions. Table 2.1 summarizes
the number of available 1-minute temporal resolution ambient measurements for different
seasons and overall ambient data coverage from which the present datasets have been
derived (n > 26000 measurements for each season and n > 952100 measurements for the
full measurement period, for each trace gas).

Each season is characterized by distinct meteorological and/or emission activities as
discussed in Section 2.2.2. Daytime was defined as the period when solar radiation ex-
ceeded 50 Wm ~2 (Gerosa et al., 2007). For the post monsoon period of 2011 when the
measured solar radiation data was not available, daytime was considered between 07:00 to
17:00 Local Time (L.T.) which is consistent with the observed daytime hours during post
monsoon season of 2012. Owing to absence of photolysis and photochemical oxidation
at night, the daytime and nighttime periods had distinct chemical sinks. The primary
emission sources active throughout the year were traffic, garbage fires and biofuel burning

for cooking purpose (Garg et al., 2015). Additional emissions in the polluted summer and
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Figure 2.4: a) Daytime and b) Nighttime daily average mixing ratios of O3z, NOo*, NO,
Acetonitrile and CO for the period 06 September 2011 — 05 September 2012 in blue (left
axes) and for the period 06 September 2012 — 05 September 2013 in red (right axes). The
vertical bars above and below the solid lines show the daily variability as 90" and 10"
percentile. Shaded regions highlight periods influenced by the post harvest crop residue
fires.

polluted post monsoon seasons occurred due to crop residue fires and in winter due to

open burning of combustible material for domestic heating (Garg et al., 2015).
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Table 2.2 summarizes the seasonally averaged daytime and nighttime mixing ratios
of these chemical species. As observed from Figure 2.4 a and 2.4 b, Figure 2.5 and
Table 2.2, the time series of O3 mixing ratios show a similar trend over the course of
two different years. In general, the minimum mixing ratios of daytime Oj (< 45 ppb)
are observed in winter or monsoon seasons followed by post monsoon season and normal
summertime conditions (~ 51 - 56 ppb). The maximum average daytime O3 mixing ratios
are observed during periods influenced by the wheat residue fires in summer (~ 68 - 70
ppb). During winter season, O3 concentrations in the daytime generally reached 40 ppb
whereas nighttime concentrations were usually below 10 ppb in January and below 20 ppb
in February 2012. Figure 2.1 shows that winter months have the lowest temperatures and
lowest solar radiation. These conditions are unfavourable for photochemical formation
of O3, despite significant emissions of precursors such as CO and NO, in the daytime
(comparable to the polluted summer and post monsoon). During the cold winter nights,
open burning of combustible material (leaves, wood, plastic, garbage) for heating purposes
(Garg et al., 2015) in combination with a shallow and stagnant nocturnal boundary layer
results in high concentrations of NO (daytime > 2.2 ppb ; nighttime > 2.8 ppb), NOy*
(daytime > 9.4 ppb ; nighttime > 12.7 ppb) and CO (daytime > 445.7 ppb ; nighttime >
568.7 ppb). This results in fairly efficient nighttime titration of NO with O3 (see Table 2.2
and Figure 2.4 (a-b)). Average acetonitrile concentrations measured during the winter
season were 1.1 £+ 0.7 (1 o ambient variability) ppb. During winter 2012 - 2013 rain
events were also observed on 14 December 2012, 17 January 2013, 18 January 2013, 05
February 2013, 16 February 2013, 23 February 2013, 26 February 2013 and 27 February
2013 whereas winter 2011 - 2012 was drier. Winter rains deter the open burning and
hence comparatively lower concentrations of CO and NO, were observed during winter
2012 - 2013. Although the wintertime mixing ratios of CO and NO,, are lower in 2011 -
2012 as compared to 2012 - 2013, the observed seasonal trends for these species are similar
in both the years (see Table 2.2 and Figure 2.5).

The winter season is followed by the clean summer season in which the air is drier (~ 40
% RH). The need for nighttime fires for warmth reduces when the winter fog lifts and both
daytime and nighttime O3 concentrations increase. The clean summer is followed by the
polluted summer season, which is characterized by large-scale wheat residue burning in the
agricultural fields. In 2012, the polluted summer occurred primarily in May. Sinha et al.
(2014) reported speciated volatile organic compounds (VOCs), CO and NO, during May
2012 and more recently Kumar and Sinha (2014) measured high average OH reactivities
of 53 s 7! (range 20 s 7! - 108 s 1) in May 2013. OH reactivity which is the product of the
rate constant of a pollutant with the hydroxyl radical and the pollutant’s concentration

is a robust measure of the total reactive pollutant loading of ambient air (Sinha et al.,

33



Chapter 2.

8o I | I | I I I I + I LI
1 N R A M N
-
o - i3 aE -
= 4Or— 20112012 T T 7]
2 30— 2012-2013 1 1 _ -1
S 2r — T I I I i I ]
2 0 =1 x = L= —I L T T —7
E 15 |- -1
s 10 -
o - -
2 or : - i " . ]
— 2000 |~ T -
2 1500 |- T -
- 1000 [~ e -1
O 500 E T + —— T ” I e
£ - ¥ 3 T — E —¥¥ — . ]
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Month of year

Figure 2.5: Average monthly trend of O3, NOy*, NO and CO for the period 06 September
2011 — 05 September 2012 in blue and for the period 06 September 2012 — 05 September
2013 in red. Vertical bars represent the monthly variability as 10?* and 90" percentiles
of the measured monthly data.

2012). During May 2013, the high average OH reactivities of 53 s ™! measured at the site
are consistent with high reactive pollutant loading in summer due to emissions from the
wheat residue fires. In addition to the high fire counts observed during this period (see
Figure 2.2), an enhancement of 0.45 ppb was observed in the average concentration of
acetonitrile from the baseline values of 0.8 ppb in the clean summer season which also
indicates enhanced loading of other reactive VOCs co-emitted from the wheat residue fires.
The average concentration of acetonitrile observed during the polluted summer season is
significantly higher than those reported elsewhere in the world during summertime (see
Table 3 of Sinha et al., 2014). May month was characterized by the highest number of
O3 exceedance days in the 8 h national ambient air quality standard (29 days out of 31
in 2012 and 30 days out of 31 in 2013) for any single calendar month during the year.
Peak O3 production is either VOC and NO, limited or NO, limited in summer in the
agricultural regions of the IGP (Sinha et al., 2014) and hence, an increase in O3 precursors
relative to the clean summer (Sinha et al., 2014) would contribute to enhancement in the
ambient average Oz during the daytime. The high daytime regional O3 (~ 80 ppb) also
contributes to high nighttime O3 concentrations (~ 40 ppb).

The monsoon season is characterized by moist air (~ RH > 60 %), cloudy skies and
removal of water soluble precursors of O3 (Gaur et al., 2014). These factors collectively
contribute to the cleanest air of the year with daytime Oz rarely exceeding 45 ppb and
nighttime Oj close to 20 ppb. CO and NO,, are also characterized by their lowest daytime
and nighttime concentrations of the year. The wet conditions likely reduce open burning
for waste disposal (Sinha et al., 2014) so that biomass burning emissions are much lower

compared to other seasons. Since CO, NO and NO, have low solubilities (Henry law’s
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daytime (12:00 h - 14:00 h local time) solar radiation for the period 06 September 2011
— 05 September 2012 in blue and for the period 06 September 2012 — 05 September 2013
in red. Vertical bars represent the monthly variability as 10 and 90" percentiles of the
measured monthly data.

coefficient 9.7 x 1075, 1.9 x 107® and 1.2 x 10~* molm~! Pa~! for CO, NO, NO,, respec-
tively (Sander, 2015)), wet scavenging is not expected to be of major direct consequence
for these species, except close to point sources where their concentrations are high.

The post monsoon season that follows is characterized by drier conditions relative to
the monsoon (mean monthly RH decreases to 60 % RH; see Figure 2.6). Figure 2.2 shows
the daily peak daytime (12:00 - 14:00 local time) solar radiation data for both monsoon
and clean post monsoon periods during 2013. It can be clearly seen that the variability
is much lower during the clean post monsoon and also there are more instances of low
radiation days during the monsoon season supporting our contention. As the vegetation
is no longer water limited, clear sky conditions favour biogenic emissions of species such
as isoprene from vegetation which have high O3 formation potential. Thus, conditions
favour enhanced photochemical production of Os. This is also seen in high d[O3]/dt in
the morning hours as discussed later in section 2.3.2.1. The daytime Oj rises significantly
to concentrations similar to the clean summer (~ 53 ppb). Mixing ratios of CO and NO,
also increase relative to those in monsoon.

The occurrence of paddy residue fires from mid-October until the first week of De-
cember marks the polluted post monsoon season (Chandra and Sinha, 2016). O3 concen-
trations do not decrease despite reductions in radiation and temperature as the emission
of reactive VOCs (see Sarkar et al., 2013; Chandra and Sinha, 2016), NO, and CO under
stagnant meteorological conditions (see Figure 2.3 e and Figure 2.3 f) increase the reactiv-
ity and O3 production efficiency (see discussion in Section 2.3.2.1). Average acetonitrile

mixing ratios observed during this period were 1.6 + 1.1 ppb as compared to 0.9 £+ 0.8
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ppb in the clean post monsoon. Nighttime O3 concentrations in polluted post monsoon
season are lower relative to the clean post monsoon, due to fairly effective titration of Os
with NO emissions from the paddy fires. This is analyzed further in Section 2.3.3.
Primary pollutants have high daytime and nighttime concentrations in winter and
periods affected by paddy residue fires and wheat residue fires due to biomass burning.
The minimum concentration of primary pollutants is observed in monsoon season due to
reduction in biomass combustion (wet conditions) followed by clean summer and clean

pOSt 1101nsoon seasons.

2.3.1.1 Comparison with National Ambient Air Quality Standards of India
(NAAQS)

In order to provide a legal framework to curb air pollution, the Ministry of Environ-
ment and Forests (MOEF), India implemented the revised national ambient air quality
standards (NAAQS) for several air pollutants in the year 2009. The 8 hour average
NAAQS limit for ozone is 100 ugm=2 (~ 50 ppb at Normal Temperature and Pressure
(NTP)). For calculations, the measured 1-minute data was averaged to yield hourly aver-
aged temporal resolution data. A running 8-hour average was then calculated using the
hourly data. Only those days were considered for comparison, for which the measurement
coverage comprised at least 75 % of the day (18 hours). The maximum average O3 mixing
ratio for any continuous 8-hour interval (e.g. between 00:00 - 08:00 local time; 01:00 -
09:00 local time and so on) in a day (U.S.EPA, 1998) was compared with the 8 h NAAQS
for O3, to obtain the number of O3 exceedance days. During the entire measurement pe-
riod, out of 726 such days, the 8 h average O3 mixing ratio exceeded the standard on 451
days (or 62 % of the year). Figure 2.7 shows a calendar of the measurement period colour
coded by the daily 8 h maximum average O3 concentration (Carslaw and Ropkins, 2012).
In addition, we found that 307 O3 exceedance events occurred in the 1 h O3 NAAQS of
180 pgm™3 (~ 91 ppb at NTP), out of which 110 and 98 events (68 % of the total number
of such events) occurred during the polluted summer season of 2012 and 2013 respectively.
The higher number of exceedance events in the 1 hour NAAQS suggests that crop residue
fires further enhance the peak daytime O3 concentration and worsen an already alarming
situation. This is examined in more detail in the subsequent sections.

At the site, the NOo* levels never exceeded the 24 h average NAAQS limit (~ 42 ppb
at NTP) during August 2011 - September 2013. For the entire measurement period, CO
concentrations also never exceeded the 8 h average CO NAAQS limit of ~ 1742 ppb.
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2.3.2 Season-specific diel variability of O3, NO, NOy* and CO

Figure 2.8 (a-d) summarize the diel variation in average mixing ratios of CO, Os,
NO and NO,* in winter (grey), clean summer (red), polluted summer (brown), monsoon
(blue), clean post monsoon (green) and polluted post monsoon (light brown), respectively
combined for the two-year period from September 2011 - September 2013. Diel profiles
help elucidate time dependent emission activity. Irrespective of season, under normal
meteorological conditions at a surface site in the plains, the daytime boundary layer height
is always higher compared to the nocturnal boundary layer (NBL) height (Stull, 1988).
A bimodal profile was observed for CO throughout the year. The sources contributing to
CO in morning hours were 1) early morning flush due to breaking of NBL (Koppmann,
2007) and 2) biofuel combustion. Vertical mixing is suppressed in the shallow nocturnal
boundary layer (NBL) as the increase in potential temperature with height within the
NBL makes it stable. An air parcel lifted up in the NBL will return to its initial position
as it is colder than its surrounding. Dilution in an elevated daytime boundary layer drives
the daytime minima of CO, as its reaction with hydroxyl radicals is too slow on hourly
time scales to account for a significant chemical loss. Sources of the nighttime CO were
inefficient biofuel burning (wood, charcoal and cow-dung cakes) for cooking purpose and
traffic emissions as also discussed by Sinha et al. (2014). Very high peaks between 19:00
- 22:00 L.T. were observed for CO (> 1000 ppb) and NO, (> 30 ppb) during winter and
the polluted post monsoon season, due to widespread biomass combustion for domestic
heating in the former and crop residue burning in the latter (in addition to the normal
sources) and stagnant meteorological conditions. The diel maxima in other seasons also
occurred generally between 19:00 - 22:00 L. T. for CO and NO,. In all seasons, the morning
peaks (< 800 ppb for CO and < 20 ppb NO,) occur between 07:00 - 09:00 L.T. and are
less pronounced than the evening peaks. Sources of CO and NO, are traffic and biofuel
combustion for cooking. The evening peaks are more prominent due to lower boundary
layer in the evening and traffic rush being higher in the evening. Winter and polluted post
monsoon were characterized by the highest concentrations. Traffic emissions contributed
to the observed concentration increases in the evening as well. Bimodal peaks in CO and
NO, have been reported previously from other sites in India e.g. Mumbai (Lal and Patil,
2001) and are typical of urban and suburban surface sites influenced by urban emissions
around the world (Koppmann, 2007).

The daytime Oz maxima was attained by 11:00 L.T. in all seasons (except winter
where it occurred at 15:00 L.T.) and concentrations declined typically after 17:00 L.T.
The monsoon season had the lowest average daytime O3z concentration (< 45 ppb for
peak daytime hours) and difference between daytime and nighttime (< 28 ppb) due to

unfavourable conditions for photochemical formation of Os. Note that during winter
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Figure 2.8: Season specific average diel profiles in the measured concentrations of a) CO,
b) Oz, ¢) NO and d) NOy* calculated using the composite dataset from September 2011
- September 2013 wherein each season occurred twice and in different years. The colour
code in the legend indicates the season.

months despite similar radiation as in the month of August and lower temperatures;
the peak daytime average O3 concentrations still reached 50 ppb, and the peak daytime

concentration was ~ 35 ppb higher than the nighttime values.

The diel profiles of O3 also suggest that accumulation of nocturnal NO, reservoirs
(e.g. HONO) occurs in all seasons. When these species photo-dissociate at sunrise, they
produce NO, which titrates O3 resulting in a minimum of the daytime O3 concentration
just after sunrise (at ~ 06:00 L.T. except for winter and polluted post monsoon when it is
observed at ~ 07:00 L.T.). During the winter and the polluted post monsoon seasons, the
average evening time (19:00 - 21:00 L.T.) NO concentrations of circa 10 ppb efficiently
titrate Og, resulting in nighttime concentrations of Oj at the site of less than 20 ppb
during these seasons. Except the clean summer, polluted summer and clean post monsoon
seasons, where the average nighttime concentrations were rather high (circa 30 - 44 ppb),
the nighttime O3 concentrations were less than 50 % of the daytime concentrations (see
Table 2.2). The difference between average peak daytime and minimum O3 was > 55 ppb

during the fires affected summer and post monsoon periods.

Using diel box and whiskers profiles of CO, acetonitrile and aromatic VOCs, Chandra
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Figure 2.9: Diel box and whiskers plot of measured concentrations of CO, O3, Acetonitrile
and NO, (NO + NO,) for airmasses filtered for the rural/agricultural fetch region (wind
sector south to north-west) and wind speed bin of 1 - 5 ms™! for summer periods influenced
by the wheat residue fires (in brown) and the clean summer (in red) using the composite
data measured in 2012 and 2013.

and Sinha (2016) have shown the contribution of crop residue fires towards enhanced emis-
sions in the post monsoon season. In the summer season too, the diel profile of acetonitrile
concentration in the airmass arriving from rural/agricultural sector at wind speeds less
than 5 ms™! and greater than 1 ms™! (which filters off both long range transport and
stagnant conditions) for the wheat residue fire affected periods show enhancement > 0.500

ppb in the evening and night hours (see Figure 2.9).

2.3.2.1 Analysis of season specific d[O3]/dt between sunrise and peak daytime

hourly average Oj

The rate of change of surface ozone at any site is dependent on its net chemical
production (production-loss), surface deposition and advection (Cazorla and Brune, 2010).
Shortly after sunrise until attainment of the peak daytime O3 mixing ratios, the chemical
production term tends to be the largest at a typical surface site. Using the O3 diel

concentration profiles in Figure 2.8, the rate of change in ambient O3 (d[Os]/dt) during
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Table 2.3: Start and end time of Oz build-up hours and the net rate of change of ozone
during the Oz build-up hours representative for different seasons estimated using two
years of measurement.

Season O3 build-up start hour of O3 peak  d[O3]/dt

start hour (L.T.) daytime plateau (L.T.) (ppbh™!)
Winter 08:00 15:00 4.9
Summer (clean) 06:00 12:00 6.1

ummer (wheat residue

i fire iflﬂuenced) 06:00 12:00 8
Monsoon 07:00 12:00 4.1
Post monsoon (clean) 07:00 13:00 8
Post monsoon (paddy 07-00 13:00 99

residue fire influenced)

the Oz build-up hours (from sunrise till the start of peak daytime plateau region; see
Table 2.3 for the seasonally relevant hours) was calculated for each season. The observed
summertime d[O3]/dt is higher by 1.9 ppbh™! in the periods affected by the wheat residue
fires (8.0 ppbh™!) as compared to normal conditions. Similarly, for post monsoon season,
periods affected by paddy residue fires, d[Os]/dt exceed the unperturbed values of the
clean post monsoon periods (8.0 ppbh™!) by 1.2 ppbh~!. Wintertime d[Os]/dt for the
build-up hours is 4.9 ppbh~! whereas in the monsoon season it is at 4.1 ppbh~!. High
d[O3]/dt for build-up hours observed for the polluted summer and polluted post monsoon
seasons suggest that crop residue fires strongly influence the in situ O3 formation chemistry
due to addition of reactive precursors of Oz (NO,, CO and VOCs) during both polluted
summer (Sinha et al., 2014) and polluted post monsoon season (Sarkar et al., 2013). High
d[O3]/dt of 8.0 ppbh~! in the clean post monsoon is likely to be due to enhanced biogenic
emissions during these seasons as mentioned in Section 2.1. But the influence of paddy
residue fires emission is even stronger as observed by d[O3]/dt value of 9.2 ppbh~! in the
late post monsoon. Naja and Lal (2002) have shown the hourly d[O3]/dt values at different
cities of India e.g. Delhi, Pune, Ahmedabad and Gadanki. The maximum d[Os]/dt at
any hour from sunrise till attainment of peak daytime hourly average O3 was ~ 6 ppbh™!
at Ahmedabad and Gadanki. Thus, values observed at this site during all the seasons
except winter and monsoon (> 6 ppbh™!) are higher. Cloudy and cleaner conditions in
the monsoon and less availability of solar radiation in the wintertime contribute to the

lower d[O3]/dt values in these seasons.
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2.3.3 Impact of regional post harvest wheat and paddy residue

fires on ozone

Large scale regional crop residue fires in the post harvest periods of summer and
post monsoon cause emissions of a suite of gases (Murali et al., 2010; Sahai et al., 2007;
Stockwell et al., 2015; Yokelson et al., 2013) and aerosol particles (Kaskaoutis et al., 2014),

affecting the chemical and radiative properties of the atmosphere.

I note from Figure 2.3 (b,c,e & f), that due to similar fetch regions during the clean and
polluted summer and post monsoon seasons the clean periods can be regarded as “baseline
periods” for assessing the impact of crop residue fires on ambient O3 concentrations. As
O3 is formed by photochemical reactions which depend on radiation and temperature,
we analyze the average diel profiles of solar radiation, ambient temperature and O3 for
clean and crop residue fire influenced periods of the summer and post monsoon seasons.
Figure 2.10 (a) shows the average diel profile of ambient Oz (blue line and markers),
acetonitrile (brown lines and markers), ambient temperature (black line and markers)
and solar radiation (red line and markers) during the clean (broken line) and polluted
(solid line) summer seasons derived from composite measurements of two years. Figure
2.10 (b) shows similar information pertaining to the clean and polluted post monsoon
seasons. Note that in the polluted summer, the peak daytime Oj concentrations (~
85 ppb) are about 19 ppb higher than those observed during the clean summer season
(circa 66 ppb), even though the intensity and available hours of solar radiation are very
similar during both seasons. The noteworthy differences are therefore in terms of the
ambient temperature and enhanced emissions from the biomass fires during the polluted
summer. The ambient temperature difference of 9 °C between the clean summer and
polluted summer is in part due to lower temperatures in March, which cause a temperature
difference of 3.3 °C. The remaining temperature difference is likely as a result of the
fires which could cause warming of the lower troposphere due to emission of absorbing
aerosols and the energy release from the pyrogenic activity (Bowman et al., 2009). An
enhancement > 0.44 ppb can also be seen in acetonitrile mixing ratios during night hours

which indicates co-emission of other VOCs from wheat residue burning activity.

Sinha et al. (2014) have previously shown that during May 2012, plumes from wheat
residue fires also caused a three-fold enhancement in the concentrations of CO, NO,
and reactive volatile organic compounds such as acetaldehyde, isoprene and benzenoids.
Thus, it is plausible that the increase in peak hourly O3 from 66 ppb to 85 ppb is driven
by the changed reactivity and Os production efficiency of air as a result of chemical
composition changes due to the wheat residue fire emissions. As the site experiences

long range transport frequently in summer (Pawar et al., 2015), in the next section we
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Figure 2.10: Average diel profile of ambient ozone, ambient temperature solar radiation
and acetonitrile during the clean (dotted lines) and crop residue fire influenced (solid
lines) periods in a) summer and b) post monsoon season calculated using the composite
dataset from September 2011 - September 2013.

43



Chapter 2.

determine whether regional chemical O3 production or transported O3 was the major
contributor to the high O3 concentrations observed during the polluted summer season.
The measured dataset for summer season was also filtered for rural/agricultural fetch
region (wind sector: south to north-west) and wind speed bin of 1 - 5 ms™'. It should be
noted that effect of local emissions would be significantly reduced by excluding airmass
with wind speed < 1 ms™! from the analysis. Due to maximum contact time of in the air
masses over the burning wheat fields, an enhancement of ~ 22 ppb in the peak daytime O3
concentrations was observed during the period influenced by wheat residue fires relative
to the “clean” pre-harvest periods for these airmasses. This enhancement is much higher
(by 3 ppb) compared to the case where the dataset is not filtered and similar stronger
enhancement occurs in acetonitrile at night when most fires are lit (see Figure 2.9 and
Figure 2.10). The enhancement in the evening and night time acetonitrile is also ~ 0.05
ppb (~ 11 %) higher if the dataset is similarly filtered only for the rural/agricultural
sector. Figure 2.10 (b) shows that the peak hourly daytime Oz mixing ratios during
periods influenced by the paddy residue fires in the post monsoon season were ~ 73 ppb.
Lower solar radiation (~ 140 W m™2 differences in peak values), provide less favourable
conditions for biogenic emissions in the polluted post monsoon. However, the effects of
these factors are compensated by the combination of increased ambient reactivity due
to emissions of CO, NO, and VOCs co-emitted with acetonitrile from the paddy residue
fires (Chandra and Sinha, 2016; Sarkar et al., 2013), leading to enhancement of ~ 7 ppb
in peak daytime O3 concentrations as compared to 66 ppb during the clean periods. The
lower O3 concentration observed at night during the polluted post monsoon is due to
increased titration of O3 by NO at night and is consistent with higher NO, emissions
during the polluted post monsoon season as a result of the paddy residue fires (Sarkar
et al., 2013).

2.3.3.1 Constraining relative importance of transport and ozone chemical

formation by air mass cluster analysis

To determine whether regional chemical O3 production or transported O3 was the
major reason for the high O3 concentrations in summer and post monsoon seasons, we
examined the difference in daytime O3 concentrations between the clean and crop residue
fire influenced periods, for airmass clusters that were least affected by long-range trans-
port. In a study that examined the climatology of air masses at the measurement site over
a two-year period. Pawar et al. (2015) showed that airmasses arriving at the IISER Mohali
atmospheric chemistry facility could be classified into six different clusters. Out of these
six, two, namely the slow westerly and local clusters, were not influenced significantly

by long-range transport in the 72 hours preceding their arrival and spent considerable
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Figure 2.11: (a~d). Average diel profile of ambient ozone, ambient temperature and solar
radiation during the clean (dotted lines) and crop residue fire influenced (solid lines)
periods in summer (top panel) and post monsoon (bottom panel) calculated using the
composite dataset from September 2011 - September 2013 for the airmass belonging to
local cluster (left) and slow westerly cluster (right).

contact time over the agricultural fetch regions of the N.W. IGP.

As the post harvest crop residue fires are widespread over this fetch region (N.W. of
site) during the polluted summer and polluted post monsoon periods, the influence of the
crop residue fires on regional chemical formation of O3 could be elucidated by examining
the “slow westerly” and “local” clusters for the respective clean and polluted periods. The
total number of clear sunny days having airmasses belonging to the slow westerly cluster
for clean summer, polluted summer, clean post monsoon and polluted post monsoon were
29, 31, 20 and 37 respectively, whereas the total number of sunny days for airmasses
belonging to the local cluster were 53, 31, 27 and 61, respectively. Hence, analyses of
the average diel O3 profiles using data associated with airmasses belonging to these two
clusters, for different periods is statistically reasonable. Clear sunny days were defined
as days for which the standard deviation in solar radiation was less than 10 % of the
30-minute average for at least 2 hours between 11:00 LT and 15:00 LT.

Figure 2.11 shows the average diel profile of solar radiation, ambient temperature and

surface O3 in a manner similar to Figure 2.10 for (a) the local cluster and (b) the slow
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westerly cluster air masses during summer. The available hours and intensity of solar
radiation were similar for the polluted and clean periods of summer. The local cluster in
the polluted summer season showed peak daytime Oz concentrations of ~ 91 ppb which
are about 28 ppb higher than concentrations observed during the clean summer season (~
63 ppb). Note that without cluster specific analysis, this enhancement was much lower
(~ 19 ppb), when all airmass clusters including those affected by long-range transport
(Figure 2.10 a) were considered, suggesting that the non-local airmasses tend to lower
O3 concentrations during this period, rather than enhance them. This suggests that the
enhanced O3 concentrations in the polluted summertime are not driven by long-range
transport of O3. We note that the higher temperatures in the polluted period would
contribute to the high daytime O3 by affecting the sinks and photochemical production
of O3 for a given mix of O3 precursor concentrations. However, considering the large
difference in magnitude of 28 ppb observed between the clean and polluted periods for
the local cluster, the contribution of the wheat emissions in enhancing concentrations of
O3 precursors (for both VOCs and NO,; Sinha et al., 2014) and altering the chemical O
production potential is likely to be as significant. This is also supported by the fact that
during the polluted post monsoon season, despite decreases in temperature and radiation
relative to the clean post monsoon period, an enhancement of ~ 7 ppb was observed
in daytime Oj concentrations. For the slow westerly cluster, the enhancement during
the polluted summer is much lower (~ 12.5 ppb) leading to a peak Oz mixing ratio of
86.5 ppb. This is likely due to the fact that air masses belonging to the slow westerly
cluster descend from the free troposphere less than 30 hours prior to their arrival at the
receptor site (Pawar et al., 2015), and have less contact time with the surface air into

which emissions from the burning activity are released.

The bottom panel of Figure 2.11 shows the average diel profile of surface Os, solar
radiation, and ambient temperature for the local cluster (c) and slow westerly cluster air
masses (d) during the post monsoon season. Paddy residue fires in the post monsoon
season caused enhancement of ~ 9 ppb (as compared to clean post monsoon) in the peak
daytime Oz concentration of 66 ppb in the airmass arriving from the local cluster, despite
having lower radiation and temperature. The lower absolute increase in O3 concentration
in post monsoon periods as compared to the summertime condition suggest that the
emission of O3 precursors due to the paddy fires are able to compensate for lower radiation
and temperature, leading to the peak O3 mixing ratio of ~ 75 ppb. A corresponding
enhancement of ~ 7 ppb was observed for the slow westerly cluster during the post
monsoon season. The higher contact time of the local cluster airmasses with regions
affected by the paddy residue fires can be discerned from up to 15 ppb lower nighttime O3

mixing ratios in these air masses when compared to the slow westerly cluster airmasses.
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2.4 Conclusion

This study has examined the impact of season specific emissions (e.g. wheat residue
fires in summer, paddy residue fires in post monsoon) and meteorological conditions (e.g.
availability of solar radiation, ambient temperature) on ambient concentrations of Os,
CO and NO, at a regionally representative suburban site in the N.W. IGP, over a two-
year-long period from August 2011 - September 2013. The prevalence of agricultural crop
residue fires in the summer and post monsoon seasons resulted in high d[Oz]/dt. In the
summer season this caused ~ 29 % enhancement in Oz, whereas, in the late post monsoon
season, it caused an enhancement of ~ 10 % in peak hourly O3 concentrations despite
lower radiation and temperatures compared to the early post monsoon. The enhancement
in O3 mixing ratios in the summertime was largest for air masses belonging to the local
cluster, as they spent maximum contact time over the burning agricultural fields. The
net rate of change of O3 (d[O3]/dt) from sunrise until attainment of peak daytime plateau
region of diel profile was also observed to be the highest (9.2 ppbh™!) during the fire
influenced post monsoon seasons followed by 8.0 ppbh~! during the clean post monsoon
and fire influenced summer seasons. Exceedance of the 8 h average O3 national ambient
air quality standard (NAAQS) on 451 days during August 2011 - September 2013 (~ 62
%) suggests that regional surface O3 pollution is serious and has been largely overlooked
Junreported due to lack of in situ data from the region. Assessment of VOC specific Oy
production potentials using speciated VOC measurements will provide insights on VOCs
responsible for high O3 episodes and must be investigated on a priority basis. Deployment
of new instruments capable of directly measuring the in situ chemical production of Oj
will improve apportionment of in situ chemical O3 production and transported O3 to
ambient O3 enhancements. Regulation of crop residue fires would certainly mitigate O3
pollution and bring co-benefits for crop productivity, in particular for wheat, which is
sown during winter in the N.W. IGP. The high summertime O3 is not serious in terms of
crop productivity as there are no standing crops at that time of the year, but impairs the

regional air quality.
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Isoprene and acetaldehyde dominate
VOC OH reactivities and ozone

formation potentials in the N.W.
IGP

Abstract

High surface ozone is a critical environmental concern in the Indo-Gangetic Plain
(IGP) due to frequent exceedance events (> 60 % annually) in the 8 h average national
ambient air quality standard. The reactive VOC precursors of ozone are regionally poorly
understood due to lack of measurements quantifying their diel and seasonality variability.
In this chapter, I report the first year-long high temporal resolution dataset of 23 VOCs
from the north-west IGP including several that are reported for the first time over the
Indian region. These VOCs were measured with a PTR-MS at a regionally representa-
tive suburban site in the N.W. IGP (30.667 °N, 76.729 °E; 310 m above mean sea level).
Detailed analyses of the diel and seasonal variability of VOCs, OH reactivity and ozone
formation potential were performed. The highest ranking VOCs (based on annual average
measured concentrations £ 1 o ambient variability) included methanol (32.2 £ 19.7 ppb),
acetaldehyde (5.9 4 3.9 ppb), acetone (5.6 + 5.1 ppb), formamide (4.0 + 1.6 ppb), toluene
(2.3 £ 2.8), formaldehyde (2.1 4+ 0.9 ppb), C-8 aromatics (1.7 & 2.2 ppb), benzene (1.6 +
1.7 ppb) and isoprene (1.5 &+ 1.0 ppb). In addition significantly high concentrations were
observed at mass to charge ratios where multiple species may contribute using the PTR-
QMS technique e.g. m/z = 61 (6.9 £ 6.3 ppb) and m/z 47 (6.1 £ 3.5 ppb). Surprisingly

high mixing ratios of isoprene were observed throughout the year with the maximum dur-
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ing clean post monsoon (2.3 ppb) and minimum during winter (1.1 ppb). The maximum
calculated OH concentrations ranged from 2.7 x 10° molecule cm™ (winter) to 6.6 x 10°
molecule cm ™ (summer) and were employed for calculation of ozone formation potentials.
The average of peak daytime (11:00 - 14:00 L.T.) ozone formation potential for different
seasons ranged between 10.2 ppbh~! in winter to 31.3 ppbh~! in the clean post monsoon.
Crop residue fires caused an enhancement of 7.5 ppbh~! in the summertime ozone forma-
tion potential. These fires are found to be a strong source of acetaldehyde, C-9 aromatics
and isoprene which have a strong ozone formation potential. Isoprene and acetaldehyde
contributed majorly towards the daytime VOC OH reactivity and ozone formation po-
tential, accounting for greater than 38 % of the total calculated using all the measured
compounds. Remarkably, the ozone production regime varied seasonally in response to
emissions and meteorology and was not always limited by availability of NO, as has been
reported till date. Isoprene and acetaldehyde measurements are extremely rare over the
Indian region and their measurements need to be made a priority for understanding and

mitigating ozone formation over the IGP.

3.1 Introduction

Tropospheric ozone is one of the criteria air pollutants affecting public health, air
quality, plant productivity and climate (Giles, 2005; Haagen-Smit, 1952; Sinha et al.,
2015). High surface ozone is a serious concern over the demographically important Indo-
Gangetic Plain (IGP), where the observed ozone concentrations can exceed the national
ambient air quality standard limit frequently. A recent study showed exceedances as
often as 62 % of the time in a year from a suburban site in the north-west IGP (Kumar
et al., 2016). Moreover, a strong variability is also observed in the mixing ratio of ozone
where daily daytime average ozone mixing ratios ranged from below 10 ppb to 92 ppb
during the course of a year (Kumar et al., 2016). Although the only known chemical
mechanism of production of ozone in the troposphere is photolysis of NO,, volatile organic
compounds (VOCs) fuel this process and make it non-linear and complicated. VOCs play
an active role in the tropospheric ozone production by facilitating oxidation of NO to NO,
in several reaction steps (Derwent et al., 1996; Kleinman et al., 2002; Jacob, 1999). The
ozone formation potential of a VOC is governed by the rate with which it reacts with OH

radicals. It is directly related to its OH reactivity according to the following equation:

Ozone production potential = kopivoc[VOC] x [OH] x n (3.1)
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here “konivoc|VOC]” represents the OH reactivity of the VOC, [OH] is the OH radical
concentration and “n” represents the number of NO to NO, conversions occurred during
the OH initiated oxidation of the VOC molecule (Sinha et al., 2012).

The direct and the indirect importance of VOCs towards the radiative forcing budget
has also been realized and consequently, these were included as climate forcers in the fifth
IPCC assessment report (IPCC, 2013). Because of their high reactivity with OH radicals,
they also control the atmospheric lifetime of certain greenhouse gases e.g. methane. VOCs
have both primary and secondary sources in the atmosphere. Among primary sources,
emission from biogenic sources (~ 1150 TgC per year) dominate anthropogenic emissions
by a factor of 10 on the global scale, but in urban atmosphere anthropogenic emissions
often dominate (Piccot et al., 1992). Biogenic VOCs, e.g. isoprene, monoterpenes and
their oxidation products e.g. formaldehyde, acetaldehyde, methanol, acetone, methyl
vinyl ketone and methacrolein are the dominant VOCs in forested environment (Yanez-
Serrano et al., 2015; Ammann et al., 2004; Karl et al., 2009b; Eerdekens et al., 2009)
whereas aromatics and oxygenates dominate the VOC budget in urban and suburban
environment (Sarkar et al., 2016; Dolgorouky et al., 2012; Fortner et al., 2009; Karl et al.,
2009a).

The reported long-term atmospheric trace gas measurements in the IGP are limited
only to ozone and only a few of its precursors e.g. NO, and CO (Gaur et al., 2014;
Kumar et al., 2016; Singla et al., 2011). However, a paucity of long-term measurement
of speciated VOC concentration poses severe limitations towards understanding of the
individual precursors and processes governing high ozone concentrations and formation of
other secondary pollutants over the IGP. Monitoring of VOCs across 18 rural and urban
sites in Canada and examination of OH reactivity of these VOCs enabled evaluation of air-
quality models apart from identification of the major VOCs towards ozone production in
NO,-rich and NO,-poor atmospheric environments (Stroud et al., 2008). Characterizing
the variation in individual VOC concentrations and their total OH reactivity in response to
changes in fetch region, emission sources and meteorology are important for understanding
secondary pollutant formation chemistry as well as for validation and improvement of non-
methane VOC (NMVOC) emission inventories regionally which remain poorly constrained
(Yoshino et al., 2012; Ren et al., 2008; Mao et al., 2010, 2009). From a region like
the IGP where both emissions and meteorology change significantly during the course
of a year (Kumar et al., 2016; Chandra and Sinha, 2016; Pawar et al., 2015), it is all
the more important to acquire year-long or more in situ VOC data. Though various
emission inventories e.g. REAS (Regional Emission inventory in ASia), MACCity (MACC
CityZen), RETRO (REanalysis of the TROposhperic chemical composition), EDGAR
(Emission Database for Global Atmospheric Research) and MEGAN (Model of Emissions
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of Gases and Aerosols from Nature) contain information about anthropogenic and biogenic
emissions from the IGP, these have limitations in terms of spatial resolution, mutual
agreement and uncertainties due to assumed emission factors and parametrizations. For
example, over the N.W. IGP, while the total emission of aromatic VOCs was estimated to
be 0.65 Tgyear~! and higher than other compound classes according to MACCity 2008
(Granier et al., 2011), emissions of aromatics were estimated to be 1.28 Tgyear~! which
is almost half of the total NMVOC (excluding hydrocarbons, aldehydes and aromatics)
emission according to REAS 2008 (Kurokawa et al., 2013).

In this work I report the first long-term measurement of a suite of 23 VOCs using
a PTR-MS from the Indo-Gangetic plain for a period from 01.03.2012 to 27.02.2013.
The variability in the measured concentrations as a result of changing meteorology and
emissions over six seasons is discussed in section 3.3.1. The VOC OH reactivity and
the important VOCs contributing to the reactive pollutants are discussed in section 3.3.2.
Finally, the contribution of measured VOCs towards the ozone production and the depen-
dence of peak daytime ozone production on VOCs and NO, has been studied in section
3.3.3.

3.2 Experimental

3.2.1 Measurement of VOCs with the PTR-MS

The measurement of ambient volatile organic compounds (VOCs) was performed at
a representative suburban site at Mohali in the north-west IGP (30.667 °N, 76.729 °E
; 310 m above mean sea level) for a one year long period from 01 March 2012 — 27
February 2013 using a high sensitivity proton transfer reaction mass spectrometer (PTR-
MS) equipped with a quadrupole mass analyzer (Model 11-07HS-088; Ionicon Analytik
Gesellschaft, Austria). A detailed site description, the prevalent meteorological conditions
during the course of a year, classification of seasons and emissions processes active during
different seasons are described in Chapter 2 of this thesis. PTR-MS technique has been
used extensively for ambient VOC measurements from varied platforms e.g. ground,
ship, vehicle and aircraft and in laboratory studies (de Gouw and Warneke, 2007; Sinha
et al., 2014; Crutzen et al., 2000; Nolscher et al., 2014). Analytical detail of the PTR-
MS instrument used in this work, its operating conditions and calibration protocols are
available in Sinha et al. (2014) and Chandra and Sinha (2016). PTR-MS is a soft chemical
ionisation based mass spectrometric technique which employs hydronium ion (HzO™") as
reagent ions. Volatile organic compounds with a proton affinity greater than that of

water (165.2 kcalmol~!) are ionised by proton transfer with the reagent H3O" ions and
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the products are detected using a quadrupole mass spectrometer (Lindinger et al., 1998).
A pure stream (> 95 % purity) of HsO™ ions are produced inside the ion source by plasma
discharge of water vapour. Proton transfer from H;O™ to analyte VOC molecules takes
place within the drift tube and the protonated VOCs move in an electric field towards the
detection system of the instrument. For acquiring the data reported in this work, PTR-
MS was operated at a drift-tube voltage of 600 V, pressure of 2.2 mbar and temperature
of 333 K which corresponds to an E/N ratio of ~ 135 Townsend (Td). The impurity
ion signals due to NO' and O,1 were always less than 0.6 % and 3.9 % respectively, of
the primary ion signal. The quadrupole mass analyzer separates the product ions based
on their m/z ratio and the secondary electron multiplier amplifies and detects the ion
signal. The measured ion signals (/(RH")) in counts per second (cps) are normalized
to a sum of primary ion (HzO™) signal (I(H307)) and first water cluster ((H,O)H30T)
signal (I(H30"(H20))) of 1.0 x 10¢ cps, drift tube pressure (Pyig) of 2 mbar and drift
tube temperature (Tyye) of 25 °C using the following normalization equation previously
discussed in Sinha et al. (2009); Tani et al. (2004)

I(RH*") x 10° " 2 " Tavite
[(H;0%) + I(H;07 (H,0)) ~ P . 298.15

neps = (3.2)

The normalized signals (normalized counts per second or ncps) are then converted to
ppb using the sensitivity factors derived from the calibration experiments. Calibration
using dynamic dilution at four different target concentrations in the range of 3 ppb — 10
ppb at different RH (0 % to 90 %) was performed on 6 May 2012 and another 5 point cal-
ibration at two different RH (0 % and 70 %) was performed on 13 December 2012 with a
custom ordered VOC standard (Apel-Riemer Environmental, Inc., Colorado, USA). Sev-
eral other three point calibrations were performed on 22 February 2012, 17 April 2012, 14
May 2012, 16 August 2012, 7 November 2012, 13 December 2012, 9 January 2013 and 7
February 2012. The standard calibration gas mixture containing 13 VOCs (methanol, ace-
tonitrile, acetaldehyde, acetone, dimethylsulphide (DMS), isoprene, methyl vinyl ketone
(MVK), methyl ethyl ketone (MEK), benzene, toluene, p-xylene, 1,2 4-trimethylbenzene
and alpha-pinene) at a mixing ratio of ~ 500 ppb was dynamically diluted by mixing
with zero air (class 5, Sigma gases) passed through the heated catalytic converter of gas
calibration unit (GCU 2.0). Figure 3.1 shows example of calibration plots for acetoni-
trile, acetaldehyde, isoprene, methyl ethyl ketone, benzene and toluene at 70 % RH, in
which the measured normalized counts per second at their corresponding m/z channels

(on Y-axis) is plotted against the introduced mixing ratio (X-axis).

The slope of the calibration plot (ncpsppb ~!) represents the sensitivity of PTR-MS

instrument at m/z corresponding to the measured VOCs. The instrumental background
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Figure 3.1: Example plot showing calibration sensitivity and linearity of acetonitrile,
acetaldehyde, isoprene, methyl ethyl ketone, benzene and toluene signals in a PTR-MS
calibration experiment at 70% RH. The horizontal error represent the root mean square
propagation of errors due 6 % uncertainty in the VOC standard and 2 % error for each
of the two mass flow controllers used for calibration. The vertical error bars represent 2
o instrumental precision error while sampling the standard gas at each dilution mixing
ratio.

o4



Chapter 3.

at different m/z channels was also determined by sampling the zero air through the
instrument at the same operating conditions. The detection limit of the PTR-MS at
different m/z channels was calculated by dividing the 2 o variability while sampling zero
air (in the normalized counts per second) by the corresponding sensitivity factors. The
detection limits at various m/z channels for which a corresponding VOC standard was
available was less than 130 ppt except methanol for which it was 460 ppt. The total
uncertainty corresponding to individual measured VOCs was calculated using root mean
square propagation of individual uncertainties like the 6 % accuracy error inherent in the
VOC gas standard concentration, the 2 ¢ instrumental precision error while sampling 6
ppb of the VOC and error in the flow reproducibility of the two mass flow controllers. The
total uncertainty was less than 15 % for the measurements of VOCs for which standards

are available.

The sensitivity factors obtained at 70% RH corresponding the m/z at which these
VOCs are detected are listed in Table 3.1 for the two calibration experiments. Figure 3.2
shows an example of trend in sensitivities of acetonitrile, acetaldehyde, isoprene, methyl
ethyl ketone and toluene during PTR-MS calibration experiments conducted over the
study period. The drift in the sensitivity factors obtained in the calibration performed
on 06 May 2012 and 13 December 2012 was less than 16 % for all the VOCs present in
the standard apart from acetaldehyde for which it was ~ 23%.

The VOC measurements were performed in selected ions monitoring mode in which
23 VOCs were monitored at a time resolution of 1 minute. The dwell time at each
m/z channel corresponding to the individual VOCs in the ion-selective monitoring mode
was 1 s. The sensitivity factors (normalized counts per seconds per ppb or ncps ppb~)
obtained for 70% RH at various m/z channels were used to derive the mixing ratios (in
ppb) of the corresponding VOCs from measured normalized counts per seconds (ncps).
For compounds that were not present in VOC gas standard, the sensitivity factors were
determined theoretically according to following equation which takes into account the
electric field across the drift tube and transmission efficiencies of VOCH™ ions and H;O™
ions (de Gouw and Warneke, 2007):

kugot1voc - L % E % Tyocu+ (3.3)

Sensitivity (ncpsppb 1) = 1072 x
’ J o No E Tho+

Here, ky,o+4voc = Rate constant of proton transfer from hydronium ion to a VOC
L = Length of drift tube (9.2 cm)

o = Reduced mobility of H30" ions (2.76 cm?V ~!1s~!) (Dotan et al., 1976)

N = Number density of gases in the drift tube

E = Electric field across the drift tube
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Figure 3.2: Trend in sensitivities of acetonitrile, acetaldehyde, isoprene, methyl ethyl
ketone and toluene during PTR-MS calibration experiments conducted over the study
period. Vertical bars at each point correspond to the 1 o uncertainty.

Tyocut
TH30+
The values of ky,o+voc for different VOCs were taken from Zhao and Zhang (2004)

and the transmission efficiencies at different m/z channels provided by Ionicon Analytik

= Ratio of transmission efficiencies of protonated VOC ion and hydronium ion

Gesellschaft, Austria for our instrument were used for calculation of respective sensitivity
factors. For compounds that were present in the VOC gas standard, I compared the
differences between the sensitivity factors derived using calibration experiments and the
theoretically derived sensitivity factors. These were less than 30 % in each case (see Figure
3.3 and Table 3.1).
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Figure 3.3: Comparison of theoretically calculated and experimentally obtained sensitivity
factors from calibration experiments for VOCs detected using the PTR-MS at different
m/z channels.

o7



Chapter 3.

(F00g) Sueyy pue ovyy WOIJ USR],

¢OFO0TT 10+ ¢¢l 66 LVL0  ¢-01 X00°¢ souodi1ojouoly  L€T
COFFIL  CTOFGII g L88°0 -0 X 0F'¢ OUZUAQIAYPWIT-F'ZT  TgT
€0+ 0¢l 1°0 + 6¢l SVl €96°0 0L X LC'C owolAx-d 20T
¢0+F 971 10+ v¢el it I 0Ll XL.LIC ouaN[OT, €6
00+ IT¥L 1°0 + €¢I 0¢cl €60 0L X261 oudzZuoH 6.
¢0+Fc¢e 70 F 861 1'1¢ €160  -0T X Q¥'€ MHIN €L
60+ €LI 70+ ¢8I 9'¢c 106°0  4-0T X 6L°€ MAN 1L
¢0+F+E¢6 ¢0+2e8 L'TT 688°0 0L X661 ouaados] 69
€0+ LVI 1°0 + 9°¢I eVl 168°0 401 X ¢49'¢C SINA €9
0T + 8¢ G0+ L0c¢ G'I¢ 7280 -0 X¥6°€ SleleRic o) v 6S
90 + 6°¢CC 70+ 9L 1'ST Cel’ 0 0T XPLE OpPAYOP[LIIY Gy
¢'¢+FE8l 6'TF 991 G'¢c GIL0 60T X VLV I[LINUOYIY (47
10+ 101 10+ 101 0¢cl ¢l90 40T X69¢C [OURIOIN €e
-Z1- -G~ aje[noye AouoaId1Jo S . WD

NHow@ﬂﬂwﬂ&omvﬂqumowmwmnzhﬁpmh@% . commmmamwmme *ooww+%mmx soadg paanses]y  z/w

‘S[outeyd z,/w

JUSIOJIP e Pa32a1ap SOOA 10J SI030R] AJATJISUSS poure}qo A[[ejuowiiodxo pue paje[noes A[[esr}aioalfy jo uostreduwon) :1°¢ o[qe],

58



Chapter 3.

A Proton Transfer Reaction Mass Spectrometer equipped with a quadrupole mass
analyzer (PTR-QMS) cannot resolve nominal isobaric compounds (ions with the same
nominal m/z) with its unity mass resolution and hence identification of compounds based
only on the m/z values can in principle provide the upper limit of the true ambient
concentrations of compounds. However, reviews (de Gouw and Warneke, 2007; Blake
et al., 2009) of several studies and inter-comparisons between PTR-MS and other more
specific analytical techniques (e.g. gas chromatography based instruments) in diverse
environments and plumes have shown that for compounds such as methanol, acetonitrile,
acetaldehyde, acetone, dimethylsulphide, methyl ethyl ketone, sum of C-8 aromatics,
sum of C-9 aromatics and sum of methyl vinyl ketone and methacrolein, only minor
contributions from other isobaric compounds have been observed in ambient atmospheric
environments. Hence one can be confident of the compound assignment for these species
using PTR-QMS.

3.2.2 Ancillary measurements

CO measurements were performed using an online gas filter correlation (GFC) non-
dispersive infrared (NDIR) spectroscopy based analyzer. NO, (sum of NO and NO,) was
measured online using chemiluminescence based trace level analyzer. NO, is first con-
verted in NO using a molybdenum converter heated at 350 °C and which further reacts
with high concentration of O3 generated within the instrument to produce a chemilumi-
nescence. The working principle, detection limit, measurement uncertainties, calibration
protocol and major interferences for these measurements are discussed in Chapter 2 of the
thesis. Total solar radiation (spanning the wavelength range from 280 nm to 2800 nm)
was measured continuously every minute using a pyranometer (Model 095 pyranometer,
Met One Instruments Inc., Oregon, US) (Kumar et al., 2016).

3.2.3 Calculation of OH number density and ozone production

potential

The calculation of ozone production potential using equation 3.1 requires the hydroxyl
radical concentrations (OH number density) and “n” in addition to the VOC concentra-
tions and the relevant rate constants of reaction of VOCs with OH radicals (Hewitt, 1999).
For the calculation of ozone production potential using equation 3.1, the parameter “n”
was taken to be 2 for all the VOCs apart from CO, for which it was taken to be 1 (Sinha
et al., 2012). Previous studies reporting the ozone production potential e.g. by Sinha
et al. (2012) and by Sarkar et al. (2016) assumed a constant OH number density equal to

the global mean average OH number density of 1.0 x 10 molecules cm™3 for this calcu-
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lation. However, for studies covering multiple seasons involving change in solar radiation
(and in turn J(O!'D) and OH production), the seasonal variability of the OH number
density needs to be taken into account. Hence, direct measurements of global solar ra-
diation were used to constrain the OH number density calculations. Using a five-year
long measurement period, Rohrer and Berresheim (2006) previously demonstrated that
OH number density can be determined using a single parameter J(O'D) as a power-law

function independent of any chemical composition changes.

J(O'D)

OH =a x (10—55—1

) +c (3.4)

The OH number density at our site was estimated using the above equation using the
coefficients for the relation taken from the Hohenpeissenberg meteorological observatory
(a=24x10°cm™3, b=1and c=0.13 x 10° cm™3). The coefficients a, b and ¢ depend
on the environmental conditions of a site and are observed be constant for a longer period
of up to 5 years (Rohrer and Berresheim, 2006). These coefficients will differ for our
measurement site, but the bias caused in OH concentrations will be a systematic offset
hence I do not expect these to affect the analysis for seasonal differences in the ozone
production potential, which is the present objective. The calculation of OH number
density can be further improved by taking into account the HONO concentrations, which
can be included in future measurement. The J(O'D) values are derived from J(NO,) using
an empirical relationship derived between the two using TUV model, which is discussed in
subsequent paragraph. J(NO,) is calculated using directly measured global solar radiation
at our site and site dependent UV-A surface albedo (0.05 at the measurement site (Feister
and Grewe, 1995))(Trebs et al., 2009). It should be noted that directly measured global
solar radiation (which a parameter used to the scaling of J(NO,) itself is sensitive to
solar zenith angle (SZA) under varying atmospheric conditions. Model calculations for
J(O'D) and J(NOg) were performed for one full month (March 2012) at one-hour time
resolution using version 5.2 of the NCAR TUV model (Madronich and Flocke, 1999)
for the measurement location. The model inputs of cloud optical depth, ozone column,
aerosol optical depth, surface temperature and NO, column over the study area for the
calculation of J(O!'D) and J(NO,) were accessed using Giovanni 4 www interface (http :
//giovanni.gs fc.nasa.gov/giovanni/). A sensitivity study was carried out to check the
dependence of the J(O'D) on the ambient range of model input parameters e.g. solar
zenith angle, cloud optical depth, ozone column, aerosol optical depth, NOy column and

surface temperature.

Figure 3.4(a-f) show the variability of J(O'D) individually on solar zenith angle (SZA),

cloud optical depth, ozone column, aerosol optical depth (AOD), NO5 column and surface
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angle, b. uniform cloud optical depth, c. aerosol optical depth, d. NOy column, e. Oz
column and e. surface temperature) keeping the other parameters fixed.
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Figure 3.5: Variation of the model derived J(O'D) for different values of J(NO,) and a
second order polynomial fit between J(O'D) and J(NO,).

temperature while keeping the other parameters fixed. At a smaller SZA, the incoming
solar radiation has to travel a smaller path which reduces the scattering and absorption
of these radiations by gases and particles in the atmosphere. Hence J(O'D) has higher
values at low SZA. With the increase in cloud optical depth, less solar radiation reaches
the surface resulting in lower J(O!D). Similarly, at higher AOD and higher ozone column,
increase in scattering and absorption respectively of the incoming solar radiation results in
smaller J(O'D) values. NOg column within the general atmospheric range does not have as
significant effect on J(O'D) compared to other input parameters discussed previously. The
quantum yield for the photo-dissociation increases with an increase in surface temperature
as more number of molecules possess higher internal energy which is close to that required
for photo-dissociation (Shetter et al., 1988). Hence the J(O'D) values increase with
increase in surface temperature. An empirical relationship between J(NOy) and J(O'D)
was estimated by fitting a second order polynomial between their calculated values at our

site values which is
J(O'D)) = 0.427 x J(NO3)? — 3.380 x 107* x J(NOy) + 1.988 x 10~ "s7* (3.5)

Figure 3.5 shows a scatter plot of J(O'D) vs J(NO;) and the second order polynomial
fit for the data points. The constant a, b and c in the fit represent the second order
coefficient, first order coefficient and the constant term respectively.

Figure 3.6 shows the diel profile of OH radical concentration estimated for different

seasons for which the maximum daytime hourly average concentration ranges between
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Figure 3.6: Average diel profile of calculated OH concentration at different for the different
seasons during the study period.

2.7 x 10° moleculecm™ and 6.6 x 10° moleculecm™ for different seasons of the year.
The maximum is observed in the summer seasons because of the maximum intensity
and available hours of the solar radiation while the minimum is observed in the winter
season because of lower solar radiation. Overcast conditions in the monsoon seasons
cause smaller OH number density as compared to clean post monsoon even though there
is greater availability of water vapour in the air. The shape and range of diel profile of
estimated OH radicals concentration (daytime maxima of 6.6 x 10° moleculecm™3) are
comparable to that reported during dry summers at Bakersfield, California, which is an
urban location surrounded by agricultural fields (Brune et al., 2016). The range of OH
radical concentration is in agreement of those reported at various location in the world

during different seasons (Stone et al., 2012).

3.3 Discussion

3.3.1 Time series and season-wise diel concentration profiles of
VOCs

Figure 3.7 shows the time series of the measured data at 8 hour temporal resolution
from March 2012 - March 2013 of the mixing ratios (ppb) of methanol, acetaldehyde, ace-

tone in the top panel; sum of monoterpenes, sum of methyl vinyl ketone and methacrolein,

63



>
(2]
>0
o
2
g @
o2
o
@
7]
2 —
€9 Al
2= Tt T -1
2 . .
S+ - I Yy, S . L q2%0 =
Sy 1. . L L TP W on, A 15z @
53 ; SR . w_.-.# e l.,:_fﬁz._;_,. ',_‘,q_! L0 . 1o§X
== 5 ?, : '“&@ﬁ%-. . 1 g‘.ﬂl 0-5 -
g Soiuhan ~a
c 2 . —4 o
s o - " . . 8 = >
5 o e oAl L 1,928
T % -t .t . '-‘..:-'h—.-'.. |i,:__. HE. . . T8
% o s peleg R WlNeRe Sy fLnoll i 283
e e A L Sl e T I DU g
X - PR T g v g PR =
5 X 3 o A $ PRt s i, R L] M1 ®
o =
@2 0
10 00
b o
2o & oo
NS 6 33
53 s 33
2 28
o 2 o0
0 w »
03/12 04/12 05/12 06/12 07112 08/12 09/12 10112 112 12112 01/13 02/13 03/13

Local Date and Time (UTC + 5:30)

Figure 3.7: Time series of eight hours resolution measured mixing ratio of methanol,
acetaldehyde, acetone (top panel), sum of monoterpenes, sum of methyl vinyl ketone and
methacrolein, methyl ethyl ketone (second panel), sum of isoprene and furan, acetonitrile
(third panel) and benzene, toluene, sum of C-8 aromatics, sum of C-9 aromatics (bottom
panel).

methyl ethyl ketone in second panel; sum of isoprene and furan, acetonitrile in third panel

and benzene, toluene, sum of C-8 aromatics, sum of C-9 aromatics VOCs in bottom panel.

The classification of year-long measurement period in seasons at Mohali has been dis-
cussed in Chapter 2 and the corresponding dates for these seasons are: clean summer
(01 March 2012 — 30 April 2012 and 22 June 2012 — 01 July 2012), polluted summer (01
May 2012 — 21 June 2012), monsoon (02 July 2012 — 18 September 2012), clean post
monsoon (19 September 2012 — 10 October 2012), polluted post monsoon (11 October
2012 — 09 December 2012) and winter (10 December 2012 — 28 February 2013). Highest
concentrations of VOCs were observed over extended periods in the polluted periods of
summer and post-monsoon (shaded in yellow in Figure 3.7) when the N.W. IGP region is
influenced by the widespread crop residue fires (Chandra and Sinha, 2016; Kumar et al.,
2016; Badarinath et al., 2006). The composition of the measured VOC suite is dominated
by oxygenated VOCs with methanol mixing ratios (5"* and 95 percentiles) ranging from
16.6 to 66.3 ppb, acetaldehyde from 2.2 to 13.2 ppb and acetone from 2.3 to 12.5 ppb for
the entire year long period. The second most dominant class of VOCs in terms of their
measured concentrations are aromatics for whom the 5th and 95th percentile of the mixing
ratios range between 0.3 to 4.3 ppb for benzene, 0.4 to 6.8 ppb for toluene and 0.3 to 4.8

ppb for sum of C-8 aromatics during the entire year. Isoprene concentrations range from
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Figure 3.8: Time series of measured solar radiation (on the right axis) and mixing ratios
of isoprene and acetaldehyde (left axis) for a one week period from 29 September 2012 to
06 October 2012 highlighting their strong biogenic sources.

0.5 to 3.3 ppb (5™ and 95" percentile). High isoprene seasonal average concentration >
1.1 ppb is observed throughout the year at our measurement location. Among all seasons
the maximum daytime (periods when solar radiation 50 W m =2 (Gerosa et al., 2007)) con-
centration of isoprene (2.9 ppb) was observed in clean post monsoon when ample amount
of soil moisture is present after monsoon rains and clear sky conditions are observed due
to the absence of clouds. The major isoprene emitting tree species in the study region are
poplar (Populus deltoides, a non-native species introduced in 1950), eucalyptus (Eucalyp-
tus tereticornis) and mango (Mangifera indica) (Sinha et al., 2014). The concentrations
of acetonitrile (a chemical marker compound for biomass burning) ranged from 0.5 to 3.3
ppb (5 and 95" percentiles). Very high concentration of acetaldehyde and isoprene con-
centration are observed from 29 September 2012 to 06 October 2012. The trends of the
measured mixing ratio of both isoprene and acetaldehyde as shown in Figure 3.8, strongly
follow that of solar radiation confirming their strong biogenic emission in this period.
Biomass burning active seasons in the N.W. IGP were polluted post monsoon (paddy
residue fires), polluted summer (wheat residue fires) and winter (biofuel combustion for
domestic heating), when very high acetonitrile concentrations (seasonal average concen-
trations of 1.5 ppb, 1.2 ppb and 1.1. ppb respectively) and high concentrations of aromatic
VOCs are observed. Several other biomass burning events (e.g. garbage burning, leaf lit-
ter burning) spanning a smaller time scale of one day or less are observed in other seasons,
which are evident from peaks in mixing ratios of measured VOCs (for example on 18 March
2012, 31 March 2012 and 18 April 2012 in clean summer and 13 July 2012, 06 August 2012
and 06 September 2012 in monsoon). Lower concentration of all the VOCs are observed

in the monsoon season which is due to reduced emission and photochemical production
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for VOCs having biogenic and photo-oxidation sources respectively. Biomass burning
sources are also least active in the monsoon season, which results in smaller concentration
of aromatic VOCs, acetonitrile and other VOCs (e.g. oxygenated VOCs and isoprene)
which are emitted from biomass fires apart from their primary production pathway. Very
low methanol and acetone concentrations are observed in the winter season when a thick
blanket of fog is prevalent over the entire IGP and in monsoon season. The water droplets
appear to act as a strong sink of methanol and acetone due to its high water solubility
(Henry’s law constant : 2.0 molm ™3 Pa~! for methanol and 0.3 molm~3 Pa™! for acetone)
(Sander, 2015)). Lower concentrations of the measured VOCs are also observed on the
winter days when strong fog events are observed (e.g. 18 December 2012- 20 December
2012, 02 January 2013 and 18 January 2013). The range of mixing ratios and the seasonal
variability of VOCs observed at Mohali is summarized in Table 3.2.

The top twelve VOCs according to their measured annual average concentrations were
methanol (32.2 £+ 19.7 ppb), acetic acid (6.9 £ 6.3 ppb), formic acid (6.1 £+ 3.5 ppb),
formamide (4.0 &+ 1.6 ppb), acetaldehyde (5.9 &+ 3.9 ppb), acetone (5.6 £ 5.1 ppb), acrolein
(2.6 £ 2.3 ppb), toluene (2.3 £ 2.8), formaldehyde (2.1 £ 0.9 ppb), C-8 aromatics (1.7 +
2.2 ppb), benzene (1.6 + 1.7 ppb) and isoprene (1.5 + 1.0 ppb).
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3.3.1.1 Season-wise diel concentration profile of measured VOCs

For the analysis of their season-wise diel concentration profiles, the measured VOCs
are classified into two groups based on their major sources in the atmosphere. These are
1. VOCs with primary emission sources only (Acetonitrile, Benzene, toluene, C-8 aromat-
ics, C-9 aromatics, styrene, isoprene, monoterpenes and dimethylsulphide (DMS)) and 2.
VOCs that have equally strong primary and secondary sources through photo-oxidation
of precursors (acetaldehyde, methyl vinyl ketone (MVK), hydroxyacetone, formaldehyde,
phenol, 2,3-butanedione, methanol, acetone, acrolein, methyl ethyl ketone (MEK), ethanol,
acetic acid, formamide and acetamide. Figure 3.9(a-i) show the average diel concentration
profiles of these primary VOCs which are measured at the sub-urban site.

While acetonitrile is emitted from biomass burning (Holzinger et al., 1999), aromatic
VOCs e.g. benzene, toluene, C-8 aromatics, C-9 aromatics and styrene are representative
of anthropogenic emissions i.e. e.g. traffic and biomass burning. Isoprene and monoter-
penes are mostly known to be emitted from biogenic sources (Guenther et al., 2006, 1991;
Yanez-Serrano et al., 2015) apart from contribution from biomass burning (Akagi et al.,
2011; Sinha et al., 2014; Christian et al., 2003), whereas DMS is a marine airmass tracer
and also known to be emitted from biomass fires (Sinha et al., 2007; Stockwell et al., 2015;
Charlson et al., 1987). Bimodal shape of diel profile of acetonitrile, which is a chemical
tracer for biomass burning is observed in all the seasons. The biomass and biofuel burn-
ing is used for cooking in all the seasons and additionally for domestic heating during
winters. Open crop residue fires in the post monsoon and winter lead to the maximum
evening time mixing ratio of acetonitrile. All the primary aromatic species show a clear
bimodal profile in all the seasons with the evening time peaks more prominent than morn-
ing time. These peaks are due to emission of aromatic VOCs from the vehicular traffic
and biomass/biofuel combustion. Rapid chemical oxidation and dilution in an elevated
daytime boundary layer result in the minimum daytime concentrations of these VOCs.
Massive emissions of these carcinogenic benzenoids were reported by Sarkar et al. (2013)
and Chandra and Sinha (2016), which is also evident from the highest evening time peaks
in the polluted post monsoon season. A unimodal shape of the diel profile of isoprene
concentrations with an enhancement in the daytime is observed in all seasons except the
summer seasons. Biogenic emission of isoprene is strongly dependent on leaf tempera-
ture. Guenther et al. (1991) have observed increased isoprene emission with increasing
temperature up to ~ 36 °C for the eucalyptus plants, and a further increase in tempera-
ture ceases the isoprene emissions. During the summer seasons in the IGP, the daytime
temperature readily reaches more than 40 °C in the daytime (Kumar et al., 2016), hence
a decreased emission which is readily oxidized by OH radicals in the daytime and diluted

in a daytime boundary layer of > 2.4 km in height (Sinha et al., 2014) results in daytime
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Figure 3.9: (a-i): Diel profile of average measured mixing ratio of the VOCs (Acetoni-
trile, Benzene, toluene, C-8 aromatics, C-9 aromatics, styrene, isoprene, monoterpenes
and DMS) which have primary emission sources for the different seasons during the mea-
surement period.
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minima of isoprene concentrations. The morning time temperatures are more favourable
for biogenic emissions in the summertime, which can also be inferred from early morning
(06:00 - 08:00 L.T.) enhancement in the diel profile of isoprene concentration. Evening
time enhancement in isoprene is most prominent in crop residue burning influenced pe-
riods of summer and post-monsoon highlighting their direct emission from these fires.
Monoterpenes concentration do not show daytime enhancements in any of the seasons
which is consistent with the fact that monoterpenes emission from biogenic sources oc-
curs during both daytime and nighttime. At our site, we think that due to lack of strong
monoterpenes emitting trees, emissions from direct sources such as biomass burning and
dilution effects driven by boundary layer dynamics are the driver for its bimodal behaviour
in all seasons (Stockwell et al., 2015). Since the measurement site is not close to marine
environments, low concentration (< 400 ppt) and small diel variation is observed for DMS

which is mainly due to boundary later dynamics.

Figure 3.10(a-n) show the average diel concentration profiles of the VOCs for dif-
ferent seasons which have strong primary and secondary emission sources. Acetalde-
hyde, methyl vinyl ketone (MVK), hydroxyacetone, formaldehyde, acetone and methanol
are atmospheric oxidation products of isoprene and other hydrocarbons. Acetaldehyde,
formaldehyde, acetone and methanol have a strong primary biogenic source also (Millet
et al., 2010; Jacob et al., 2005), apart from significant contribution from anthropogenic
sources also e.g. biomass fires and industrial emissions (Stockwell et al., 2015). Phenol and
2,3-Butanedione are formed as atmospheric oxidation of aromatic VOCs e.g. benzene and
C-9 aromatics (Rasmussen and Khalil, 1983; Bandow and Washida, 1985). Formamide
and acetamide can be directly emitted from fires apart from being formed as oxidation
products of alkylamines which are in turn also emitted from biomass fires and animal
husbandry (Ge et al., 2011; Nielsen et al., 2012).

High daytime mixing ratio (> 6 ppb) and a diel profile similar to that of isoprene is
observed for acetaldehyde in the clean post monsoon season highlighting strong biogenic
contribution towards its emissions in this season. Increased daytime concentrations of
acetaldehyde, hydroxyacetone, MVK and formaldehyde are observed in all seasons except
the summer seasons. The magnitude of the diel variation is minimum in the monsoon
season. Similarly 2,3-butanedione, formamide and acetamide show daytime increase in all
the seasons except summertime due to their photochemical production. Both formamide
and acetamide show enhanced nighttime concentration in winter nights also, which could
be due to direct emissions from wood burning used for domestic heating. In addition to
the daytime enhancements, comparable peaks are also observed in the evening hours dur-
ing the summer and post monsoon seasons influenced by crop residue fires consistent with

primary emission of these VOCs from the open fires. The boundary layer height is maxi-
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the study period.
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Figure 3.11: Diel profile of average calculated OH reactivity due to measured VOCs
(including CO) for the different seasons during the measurement period.

mum in the summer among all the seasons of the year, and hence the enhanced dilution
in the summer could be overwhelming the production due to photo-oxidation, resulting in
daytime decrease in concentration of these VOCs. A bimodal shape in diel profile of mea-
sured methanol concentrations for all the seasons suggests that anthropogenic sources
dominate its emission at our site. Bimodal profile is also observed for acrolein mixing
ratios for all the seasons except monsoon and clean post monsoon seasons for which a rel-
atively flatter diel profile was observed. This suggests that acrolein at the measurement
site has major contribution from anthropogenic sources (e.g. biofuel/biomass burning
or vehicular emissions) and not from oxidation of unsaturated hydrocarbons (e.g. 1,3-
Butadiene)(Destaillats et al., 2002).

3.3.2 Seasonal and diel variability of VOC OH reactivity

The calculation of VOC OH reactivity takes into account both the concentration of
VOCs and their reaction tendency with OH radicals and hence represents the reactive
VOC loading of the air. The season-wise diel variability of hourly averaged VOC OH

Lin the afternoon (clean

reactivity is shown in Figure 3.11. It ranged between 8.3 s~
summer season) to 40.1 s~ during the night time hours of the polluted post-monsoon
season.

It shows a bimodal shape with peaks in the morning and evening hours and minima
during afternoon hours for all the seasons except clean post monsoon and monsoon sea-
sons. The higher VOC reactivity is caused due to higher emissions from biofuel /biomass

burning and traffic in the morning and evening time further amplified by a shallow bound-
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ary layer. Stronger chemical loss due to atmospheric oxidants and dilution in an elevated
daytime boundary layer leads to an overall low concentration of VOCs and hence a low
VOC OH reactivity in the daytime during these seasons. Figure 10 of Sinha et al. (2014)
also show bimodal characteristics in the diel profile of measured VOCs concentration with
peaks in the morning and evening hours and minima in afternoon time during a repre-
sentative month in summer. In the polluted post monsoon and polluted summer seasons,
crop residue burning in the evening hours result in higher reactivity compared to other
seasons. Kumar et al. (2016) have previously observed comparable mixing ratios of pri-
mary criteria air pollutants e.g. NO, and CO during evening and night time (20:00 —
23:00 LT) hours of polluted post monsoon and winter, but the VOC OH reactivity during
the night hours of polluted post monsoon season is ~ 17 s~! higher than that in the
winter season (18.9 s™'). This difference mainly arises due to enhanced contribution of
isoprene, C-9 aromatics, acrolein and acetaldehyde towards the measured OH reactivity
in the polluted post monsoon seasons (18.1 s™!) as compared to the winter season (8.5
s71). The large spatial extent (> 12000 km? area in Punjab only for paddy crop (Badar-
inath et al., 2006)) and the amount burnt ( > 48 Tg of cereals crop waste in the western
IGP (Venkataraman et al., 2006)) makes crop residue fires in the polluted post monsoon
a stronger source of these VOCs than wintertime biofuel burning. Both the clean and
polluted period of summer follow similar characteristic in diel profile of calculated OH
reactivity, but the levels were always high in polluted summer. The difference in the diel
profile of hourly average values of VOC OH reactivity between the clean and polluted

1in the afternoon time which increases to up to ~ 9 s=! in the late

summer is ~ 4 s~
evening and night hours. As mentioned previously in this section and also by Kumar
et al. (2016), the crop residue fires which are more active in the evening hours increase
the reactive pollutant loading of the atmosphere and in turn the total OH reactivity.
Dilution of the emitted pollutants and efficient removal of reactive VOCs by oxidation
in the daytime tend to cease the difference in the OH reactivity between the polluted
and clean summer. The clean post monsoon season witnesses high OH reactivity in the
afternoon period. The soil moisture availability, the optimum daytime temperature of
~ 35 °C and cleaning of leaf surfaces after monsoon rains provide favourable conditions
for biogenic emissions of isoprene, acetaldehyde and other alkenes and formation of their
oxidation products e.g. formaldehyde, acetaldehyde, hydroxyacetone and methyl vinyl
ketone (Kesselmeier and Staudt, 1999). Minimum values and relatively flat diel profile
is observed of the calculated OH reactivity in the monsoon season apart from minor en-
hancement in the nighttime. This is because the diel variability for the individual VOCs
was also minimum in the monsoon season. The ranking of different seasons according to

their average VOC OH reactivity in descending order is polluted post monsoon (22.1 +
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11.6 s7') > polluted summer (17.9 &+ 9.8 s7!) > clean post monsoon (17.4 + 5.2 s7!) >
winter (13.9 + 7.4 s71) > clean summer (12.0 4+ 6.6 s~!) > monsoon (11.3 4+ 4.1 s71).

3.3.2.1 Contribution of measured VOCs towards the OH reactivity

Figure 3.12 shows the percentage contribution of different VOCs listed in Table 3.2 to
the VOC OH reactivity for the morning (06:00-09:00 Local Time (L.T.)), afternoon (13:00-
16:00 L.T.) and evening (20:00-23:00 L.T.) hours in different seasons of the year. The
individual contributions calculated using average values over the full year is represented

in the pie chart of Figure 3.12.
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The top five VOCs in terms of their relative contributions are isoprene, acetaldehyde,
CO, acrolein and sum of C-9 aromatics, accounting for ~ 67 % of the VOC OH reactiv-
ity. Irrespective of the season, isoprene and acetaldehyde are the dominant OH reactant
contributing together to more than 38 % of the afternoon time VOC OH reactivity. The
maximum contribution of these two compounds was observed in the post monsoon sea-
sons (~ 64 % for clean and ~ 60 % for polluted period). Oxygenated VOCs contribute
to more than 37 % of the VOC OH reactivity in all the seasons with the maximum of 49
% in the afternoon time of post monsoon seasons (both clean and polluted). Although
CO contributes to more than 70 % of the total measured reactive carbon content in all
the seasons, it accounts for less than 21 % of the VOC OH reactivity in all the seasons
(maximum CO contribution was observed during winter nights). Among the terpenes, the
contribution of isoprene is maximum during afternoon time of clean post monsoon season
(38 %), whereas the contribution of monoterpenes is maximum on summer afternoons
(6-7 %).

Significantly high daytime contribution (44 %) of isoprene and acetaldehyde in the
measured VOCs budget have recently been observed in the Kathmandu valley also in the
subcontinent during the wintertime (Sarkar et al., 2016). Keeping the forested environ-
ments aside, most of the studies observe very low mixing ratio (and reactive contribution)
of isoprene in the wintertime (Langford et al., 2010; Dolgorouky et al., 2012; Yoshino
et al., 2012). It is remarkable that in the Indian subcontinent, isoprene is a significant
VOCs even in the wintertime (Barletta et al., 2002; Sarkar et al., 2016).

3.3.3 Ozone production potential

Unlike the OH reactivity, the ozone production potential takes into account both the
reactive VOC loading and the OH radical concentration, both of which are important
factors for formation of ozone in the troposphere. Figure 3.13 shows the diel profile of
calculated instantaneous ozone production potential due to measured VOCs and CO for
the different seasons marked by different colored lines and markers. The diel average peak
daytime (11:00 L.T. — 14:00 L.T., when the when the maxima in the diel profile of solar
radiation and ozone production is observed at this site) ozone production potential was
found to be maximum in the clean post monsoon seasons at 31.3 ppbh™! and minimum
was observed to be 10.2 ppbh~! in the winter season. The calculated ozone production
potential for the peak daytime hours was 15.3 ppbh~! under normal summertime condi-
tion, but it increased by 7.5 ppbh™! when wheat residue burning was active in the region
during summer. The direct effect of enhanced ozone production potential was shown in

Chapter 2 where ~ 19 ppb enhancement was observed in the polluted period in summer
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Figure 3.13: Average diel profile of VOC ozone production potential for different seasons
of the study period from March 2012 to March 2013.

from the baseline ozone mixing ratio of ~ 67 ppb in clean conditions.

The maximum instantaneous ozone production potential due to VOCs for the peak
daytime hours did not correspond to the maximum observed ozone mixing ratio (please
refer Figure 5 of Kumar et al. (2016)), and it is rather observed in crop residue fires
affected periods of summer and post-monsoon. The disagreement is possible because of

two reasons:

1. A large fraction of unmeasured VOCs in the crop residue fires affected period which

leads to an underestimation of ozone formation potential during these seasons.

2. Different instantaneous ozone production regime (OPR) in the clean post monsoon

seasons as compared to other seasons of the year.

The instantaneous ozone production regime (6) is defined as the ratio of the lifetime
of OH radicals against reaction with VOCs to that of NO, (Kirchner et al., 2001). Since
the life lime is inversely proportional to the OH reactivity, the ozone production regime

is also represented as

NO,OH reactivity

ozone production regime(f) = VOC OH it
reactivity

(3.6)

For 6 < 0.01 the ozone production regime (OPR) would primarily be limited by the
availability of NO, whereas for # > 0.2 (£ 0.1) the instantaneous ozone production regime

would be VOC-limited. For 0.01 < 6 < 0.2, the ozone production regime will be dependent
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Table 3.3: Peak daytime (11:00-14: L.T.) ozone production regime indicator ¢ values for
different seasons of the year.

Season OPR indicator (0)
Summer (clean) 0.22
Summer (polluted) 0.20
Monsoon 0.17
Post monsoon (clean) 0.07
Post monsoon (polluted) 0.13
winter 0.27

strongly on both VOC and NO,, concentrations. The peak daytime time (11:00-14:00 L. T",
when the when the maxima in the diel profile of solar radiation and ozone production
is observed at this site) values of @ for different seasons are shown in Table 3.3 and it
ranges between 0.07 (clean post monsoon) and 0.27 (winter) for different seasons. The
VOC OH reactivity term used to calculate 6 only includes the contribution from measured
VOCs listed in Table 3.2 and CO which will be significantly lower than the actual directly
measured total VOC OH reactivity. Additionally, the NO, reactivity in the numerator
also slightly overestimated, as the NO, measurements using chemiluminescence technique
provides an upper estimate of the total NO, (Sinha et al., 2014). Hence, actual 6 is
expected to be lower than what is reported in this study.

Hence in the clean post monsoon season, the daytime ozone production potential is
expected to be limited by the availability of NO, whereas, for all other seasons, it is
strongly dependent on both VOC and NO, mixing ratio. In a NO,-limited regime, the
ozone production potential is least affected by the availability of VOCs and hence a higher
VOC ozone production potential will not translate into significantly higher mixing ratio
of ozone and it will rather be dependent on NO, concentrations, which is already low
during clean post monsoon. During the polluted post monsoon season, even a lower
daytime ozone production potential of 11.6 ppbh~!, the dependency of ozone production
on both VOC and NO, and their high concentration, results in observed ozone mixing

ratio comparable to that in the clean post-monsoon (see Figure 5 of Kumar et al. (2016)).

3.4 Conclusion

This work presents the first continuous long-term online measurement of a suite of 23
VOCs using a PTR-MS from the north-west Indo-Gangetic plain in Mohali for a period
spanning from 01 March 2012 to 27 February 2013. In terms of their measured concen-
tration, oxygenated VOCs are the most important among the measured VOCs with an

annual average concentration of methanol, acetaldehyde, and acetone at 32.2, 5.9 and 5.6
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ppb respectively. Despite being a suburban location, the annual average concentration of
1.6 ppb of isoprene is observed which is primarily due to biogenic emissions in the daytime
and biomass burning emissions in the nighttime. Crop residue burning in the summer and
post-monsoon seasons is found to cause approximately two-fold enhancements in evening
and night time concentrations of acetonitrile, isoprene, aromatics and oxygenated VOCs.
Very high seasonal average concentration of carcinogenic aromatic VOCs e.g. benzene
and toluene at 1.5 and 2.5 ppb for the polluted summer and 2.4 and 3.5 ppb for polluted
post monsoon respectively are observed. Favourable conditions for biogenic emissions e.g.
soil moisture availability and uninterrupted sunlight in the clean post monsoon season
results in maximum daytime observed concentrations of isoprene and acetaldehyde.

The average diel profile of OH reactivity due to measured species ranges between
8.1 s7! and 40 s ! in different seasons. Crop residue fires increase the night time VOC
OH reactivity from 17.4 s™! in the clean post monsoon to 34.8 s™! and from 17.3 s}
to 24.5 s7! in the summertime. Isoprene and acetaldehyde are found to be the major
contributor of reactive pollutant loading contributing to more than 38 % of the daytime
VOC OH reactivity and ozone production potential in all the seasons. In terms of their
OH reactivity contribution, among the different class of VOCs, oxygenated VOCs are the
most important, contributing to more than 37 % of the total in all the seasons. The
maximum VOC ozone production potential averaged for the peak daytime hours (11:00-
14:00 L.T.) was observed to be 31.3 ppbh™! in the clean post monsoon and the minimum
was observed to be 10.2 ppbh~! during winter. Crop residue fires in the summertime
cause an increase of 7.5 ppbh™! in the VOC ozone production potential from a baseline
value of 15.3 ppbh™!. The maximum calculated ozone production potential in the clean
post monsoon does not correspond to the maximum observed ozone concentration. While
the peak daytime ozone production is limited by the availability of NO, in the clean
post monsoon, both VOC and NO,, availability strongly control the peak daytime ozone
production in all other seasons. Direct measurements of OH radical concentration will
reduce the limitation induced due to use of estimated OH concentration for the calculation
of ozone production potential as discussed in section 3.2.3. Future studies should include
direct measurement of total OH reactivity and ozone production potential in all the
seasons to accurately quantify the contribution of unmeasured VOCs towards the ozone

production.

79



Chapter 3.

30



Chapter 4

VOC-OHM: A new technique for
rapid measurements of ambient total
OH reactivity and volatile organic
compounds using a single proton

transfer reaction mass spectrometer

Abstract

Measurements of total hydroxyl radical (OH) reactivity and volatile organic com-
pounds (VOC) are necessary for improving our understanding of reactive emissions and
atmospheric oxidation in air pollution and atmospheric chemistry studies. Proton trans-
fer reaction mass spectrometers (PTR-MS) can measure ambient VOCs and the total
ambient OH reactivity. However, till date this has always required deployment of two
PTR- MS instruments, wherein one instrument measures ambient VOCs and the other
instrument measures the total OH reactivity using the comparative reactivity method
(CRM). Due to material (e.g. power, space) or financial constraints, deploying two PTR-~
MS instruments is not always possible and yet it is desirable to quantify both VOCs and
OH reactivity. Here, I present a novel hyphenated technique christened VOC-OHM (for
Volatile Organic Compounds — OH reactivity Measurement) that enables rapid ambient
measurements of both VOC concentration and total OH reactivity using a single PTR-
MS. The technique also demonstrates a new safer and portable substitute for pressurized
zero air bottles that have been required thus far in CRM OH reactivity deployments.
VOC-OHM successfully couples the typical VOC and CRM experimental set ups without
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Till Date .....

One measurement
Two PTR-MS — one each for

every minute with
~ asingle PTR-MS

otal OH Reactivit Ambient VOC Ambient VOC ' Only 13 minute
measurement measurement ) time gap between
different modes

VOC-OHM : Maximizes the capability of one PTR-MS to approach that of two PTR-MS

Figure 4.1: Graphical abstract showing the importance and applicability of VOC-OHM.

compromising on the PTR-MS’s ability to measure either parameter. The design of the
VOC-OHM system, its validation, optimization and results of field tests are described
in detail. The VOC-OHM system measures the ambient VOCs and OH reactivity every
hour for ~ 20 minutes duration each, with an ambient data gap of ~ 13 minutes in be-
tween. Thus rapid temporal changes in the ambient chemical composition and reactivity
are easily quantified. This technique also demonstrates a new approach to achieve addi-
tional specificity at ppt level in mass spectrometers with a mass resolution poorer than 1
amu. This technique constrains the hydroxyl radical specific rate constants of the major
reactive isobaric contributor to a particular m/z in the mass spectra, which can be used
as second means for identification of the m/z mass peaks. The sampling periods and VOC
speciation achieved using VOC-OHM can be customized depending on user preferences,

providing more options for the majority of users possessing a single PTR-MS.

4.1 Introduction

OH radicals are the primary oxidants of the atmosphere (Heard and Pilling, 2003) .
Due to their high reactivity with ambient trace gases, they act as the cleansing agents of
the atmosphere. This is accomplished by oxidizing most of the primary emissions in the
presence of oxygen, to products that can be more easily removed from the atmosphere

(Lelieveld et al., 2004) because the products are less volatile and more water soluble. Along
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with volatile organic compounds (VOCs), OH radicals drive the formation of secondary
pollutants such as ozone and secondary organic aerosol (Parry et al., 2007; Levy, 1971).
The total OH reactivity is defined as the summation over products of the concentration
of the OH reactant [X;] (e.g. X; = CO, VOCs, NO; etc.) and its rate constant with the

hydroxyl radical (konyx,), mathematically described as equation 1.7:

Direct measurements of the total OH reactivity of ambient air in combination with
measurements of major reactive volatile organic compounds permit investigation of miss-
ing reactive emissions (Sinha et al., 2010; Di Carlo et al., 2004) in atmospheric chemistry
field studies. Moreover the total OH reactivity is a robust proxy for the total reactive
pollutant loading of air masses and when combined with measurements of nitrogen ox-
ides, permits derivation of instantaneous ozone production regimes (Kovacs et al., 2003;
Sinha et al., 2012). The sources of hydroxyl radicals depend on only few photochemical
reactions and hence are better constrained if the measurements of photolysis frequencies
(e.g. J(O('D)), J(HCHO), J(H50,), J(HONO)) and precursors (e.g. HONO, peroxides
and alkyl peroxy radicals) are available. However, the total OH reactivity which repre-
sents the collective sink term is more difficult to constrain as it depends on the multitude
of reactive species present in ambient air. Thus, direct measurements of the total OH
reactivity also permit an accurate assessment of the atmospheric hydroxyl radical bud-
get (Hofzumahaus et al., 2009), which represents a key test for our understanding of
atmospheric chemistry in different environments. For direct measurements of total OH
reactivity, there are three well established methods, two of which (namely Total OH loss
measurement (Ingham et al., 2009; Kovacs and Brune, 2001) and pump-probe method
(Sadanaga et al., 2004a) are based on laser induced fluorescence (LIF) and derive the OH
reactivity of ambient air by detecting the decay of artificially produced OH radicals in a
flow tube injected with ambient air. The third method, namely the Comparative Reactiv-
ity Method (CRM)(Sinha et al., 2008), uses a proton transfer reaction mass spectrometer
or a gas chromatograph equipped with a photo-ionization detector (GC-PID)(N&lscher
et al., 2012a) for detection of pyrrole ( a reagent molecule) during an in situ competitive

kinetics experiment.

In terms of cost and logistical constraints (power consumption, size, weight and laser
stability), which are very important considerations for instrumental deployment in field
studies, laser induced fluorescence based systems are generally more difficult to deploy
than proton transfer reaction mass spectrometers. However, even proton transfer reaction
mass spectrometers are expensive and cost upwards of 200,000 euros each. Till date in
all the field studies either two PTR-MS systems or a GC-PID and a PTR-MS have been
required to perform ambient measurements of VOCs as well as the total OH reactivity.
As far as the CRM method is concerned, the PTR-MS remains a better choice for the
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detector as the GC-PID has many limitations for this application (N6lscher et al., 2012a).
It would thus be extremely beneficial, to be able to deploy a single PTR-MS system
configured for rapid measurements of both reactive VOCs and the total OH reactivity,
so that meaningful information pertaining to diel VOC and OH reactivity profiles can be
obtained using only one instrument.

In this work, I present a new technique, termed VOC-OHM (Volatile Organic Compound-
OH reactivity Measurement), that enables a single PTR-MS instrument to be employed
for direct and rapid sequential ambient measurements of total OH reactivity and reac-
tive VOCs in a semi-automated manner. The technique was tested in the laboratory for
analytical constraints specific to both CRM OH reactivity measurements and ambient
PTR-MS VOC measurements, and optimized. Successful acquisition of ambient data at a
site in India where the ambient chemical composition shows pronounced diel variability in
response to emission activity and meteorological factors is also demonstrated. Finally, the
advantages and limitations of VOC-OHM, in comparison to the traditional two PTR-MS

systems’ deployment is discussed.

4.2 Experimental

4.2.1 Measurement of ambient volatile organic compounds and

pyrrole using a proton transfer reaction mass spectrome-
ter (PTR-MS)

A high sensitivity quadrupole proton transfer reaction mass spectrometer (PTR-QMS)
(Model 11-07HS-088; Ionicon Analytik Gesellschaft, Austria) was used to perform sequen-
tial measurements of ambient VOCs and pyrrole (the reagent molecule measured in the
comparative reactivity method)(Sinha et al., 2008). Analyte molecules can be detected in
the PTR-MS if their proton affinity (P.A.) exceeds that of water vapour (Lindinger et al.,
1998) (P.A. = 165.2 kcal mol™'). A pure flow of the hydronium reagent ions (> 95 %
purity) is produced in the ion source region of the PTR-MS using a plasma discharge in
a hollow cathode which are then directed towards the drift tube. A potential difference
of 600 V is applied across the drift tube where a constant pressure of 2.2 mbar and tem-
perature of 60 °C is maintained. This corresponds to an E/N ratio of 134.8 Townsend,
which inhibits the formation of complex clusters inside drift tube. Within the drift tube,
analyte VOCs with a proton affinity greater than that of water vapour react with reagent
hydronium ions (H30") to form protonated molecular ions (with m/z = molecular ion +
1). With the exception of few classes of compounds (e.g. higher alcohols where [molecular

ion — 17] peaks also occur), fragmentation of the molecular ion does not complicate the
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mass spectra at the typical drift tube conditions of the PTR-MS (E/N < 140 Townsend)
for several volatile organic compounds. The ions are then separated based on their m/z
ratio using a quadrupole mass analyzer and detected using a secondary electron multi-
plier. The measured m/z ion signals in counts per second (cps) were then converted to
normalized counts per second (ncps) at a drift tube pressure (Piye) of 2 mbar and drift

tube temperature (Tgy) of 25 °C using the following normalization equation previously
discussed in chapter 3 (Sinha et al., 2009; Tani et al., 2004),

I(RHT) x 10° 2 Tavite
X X
[(H,07) + I[(Hs0" (H,0)) ~ Panre . 298.15

ncps = (4.1)

The normalized signals were then converted to ppb using the sensitivity factors de-
rived from the calibration experiments. The applications of proton transfer reaction mass
spectrometry for quantifying ambient VOCs and pyrrole have been discussed extensively
elsewhere (de Gouw and Warneke, 2007; Sinha et al., 2009). A comprehensive description
of the data quality assurance, calibration protocols for ambient VOCs and technical de-
tails of the PTR-MS and other instruments used in this work have already been provided
in Sinha et al. (2014).

Table 4.1 lists the detection limits and uncertainties for the ambient VOCs measured
in this work along with the m/z ratios at which they were detected. The instrument
was calibrated for the measured compounds (range 0.3 ppb — 20 ppb) using a custom
ordered VOC gas standard (Apel-Riemer Environmental, Inc., Colorado, USA; ~500 ppb
for each VOC, stated uncertainty = 5 % ) containing compounds listed in Table 4.1. The
calibrations were performed by dynamic dilution of the gas standards as described in Sinha
et al. (2009, 2012). The instrumental background was determined by sampling VOC-free
zero air generated using a Gas Calibration Unit (GCU-A, Tonimed Analytik). A catalytic
converter inside the GCU-A oxidizes VOCs to carbon dioxide. The detection limit for
the measured VOCs was defined as 2 o of the measured normalized signal divided by the
sensitivity at that m/z, while measuring zero air. The overall uncertainty was calculated
using the root mean square propagation of i) 5 % accuracy error inherent in the VOC
gas standard, ii) 2 ¢ instrumental precision error while measuring 6 ppb of VOC and iii)
2 % flow fluctuation due to each of the two mass flow controllers (MFCs) used in the

calibration.

Pyrrole (C4HsN; M.W.: 67 g mol™!) is the reagent molecule used in the comparative
reactivity method for total OH reactivity measurements. It is not normally present in
ambient air and can be detected accurately in the PTR-MS at m/z = 68, as most species
in ambient air form protonated ions that are detected at odd m/z ratios (Sinha et al.,
2008). Humidity changes from extremely dry air (~ 0 %RH) to values above 30 % RH
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Table 4.1: Nominal protonated m/z, detection limits and uncertainties of VOCs measured
during the study period.

Measured Species Nominal protonated F)e.tection Uncertainty
m/z (Th) limit (ppb) (%)
Methanol 33 0.46 10.3
Acetonitrile 42 0.03 10.1
Acetaldehyde 45 0.12 10.1
Acetone 59 0.61 10.3
Isoprene 69 0.06 15.8
Methyl vinyl ketone 71 0.02 11.6
Methyl ethyl ketone 73 0.04 10.5
Benzene 79 0.03 10.1
Toluene 93 0.05 11.5
Sum of C-8 107 0.04 124
aromatics*®
Sum of monoterpenes’ 811 §$5(Z§ f;)a§£§$e)n?§ld 0.03 12.1
Sum of C-9 121 0.09 11.0
aromatics*
*Calibrated using p-Xylene, Calibrated using a-Pinene, *Calibrated using 1,2,4-
Trimethylbenzene
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Figure 4.2: Plot showing sensitivity and linearity of pyrrole signal under both dry (~0 %
RH) and wet (~80 % RH) conditions.

can cause differences in the detection sensitivity (Sinha et al., 2009) and were taken into
account. Figure 4.2 illustrates the sensitivity and linearity of the pyrrole signal under both
dry (~ 0 % RH) and wet (80 % RH) conditions. The calibration was performed using a
custom ordered pyrrole gas standard (Westfalen A.G., 9.8 ppm; stated uncertainty 10 %
) dynamically diluted with zero air at 0 % RH and 80 % RH to yield five different mixing
ratios in the range of 15 - 102 ppb. These concentrations represent the dynamic range and
conditions under which pyrrole is measured in the comparative reactivity method. Under
dry conditions, the sensitivity of the PTR-MS for pyrrole was 17 ncps ppb~! while it was
18 ncps ppb~! at 80 % RH. The horizontal error bars represent the accuracy error, which
is the root mean square propagation of i) 10 % accuracy error inherent in the pyrrole
standard used for calibration and ii) 2 % flow fluctuation due to each of the two mass flow
controllers used in the calibration. The vertical error bars in Figure 4.2 represent the 2 o

instrument precision error at each dilution point.

4.2.2 Total OH reactivity measurements using the Comparative
Reactivity Method (CRM)

Total OH reactivity measurements were performed using the comparative reactivity
method (CRM) developed by Sinha et al. (2008). In this technique, in situ competitive

kinetics is performed inside a 14 cm continuous flow glass reactor between pyrrole and
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OH reactants present in ambient air, for a known concentration of synthetically generated
OH radicals. OH radicals are generated by passing humidified nitrogen over the mercury

vapour lamp inside the glass reactor according to following reaction :

H,0 22" OH + H [R16]

A proton transfer reaction mass spectrometer coupled to the glass reactor is used for
fast and accurate measurements of the changing pyrrole concentrations inside the reactor.
In Section 4.2.3, I describe the flow schematic and technical details of the experimental set
up. Below I describe only the salient features of the three key stages involved in the CRM,
and the steps involved in obtaining the OH reactivity from the pyrrole measurements
during each stage. The three key stages in the CRM for OH reactivity measurements are
also referred to as the C1, C2 and C3 stages of measuring pyrrole (see for e.g. Figure 1
of Sinha et al. (2009)):

1. Stage 1: In this stage, pyrrole is measured inside the reactor in a flow of dry zero
air and dry nitrogen while a mercury vapour lamp (LOT-Quantum Design GmbH,
P/N 90-0012-01) emits UV radiation (with emission wavelengths at 184.9 nm 253.6
nm, 312.5 nm, 365 nm and 435.8 nm). Due to the photon flux from the lamp, some
of the pyrrole photolyzes (typically 10 - 25 %, more details are available in Section
4.2.1 of Sinha et al. (2008)). So, the pyrrole concentration available for chemical
reactions (referred to as the C1 concentration of pyrrole) during the subsequent
stages 2 and 3 is accurately known. It should be noted that during stage C1, both
hydroxyl radicals and ambient air are absent. Unless flows are changed or the lamp
flux output changes (which occasionally occurs over time scales of a week), the
concentrations of pyrrole measured during the C1 stage do not vary and hence it is

sufficient to measure the pyrrole concentration in the C1 stage once in 7 days.

2. Stage 2: In this stage, hydroxyl radicals are generated synthetically but ambient air
is still absent. This stage is a chemical titration and the decrease in the measured
concentration of pyrrole from C1 to the new lower concentration termed C2, yields
the OH radical concentration available for competitive reactions between pyrrole

and ambient air.

3. Stage 3: In this stage, pyrrole is measured in the presence of both the hydroxyl
radicals and OH reactants present in ambient air. Competition between pyrrole
and the OH reactants for the hydroxyl radicals (the concentration of which is known

from stage 2), causes the measured signal of pyrrole to increase from C2 to a higher
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concentration C3. The increase (C3 — C2), depends on the collective OH reactivity

of the OH reactants present in ambient air.

The total OH reactivity of the ambient air (R,;.) is then obtained using 4.2, a deriva-
tion of which is available in Sinha et al. (2008):

C3—-C2

o =513

k,C1 (4.2)

In the above discussion, It can be noted that stage 2 (C2) and stage 3 (C3) are
the “active mode” and rapid switching between both stages is necessary for accurate
quantification of the total ambient OH reactivity, as the C2 measurements “before and
after” a C3 measurement are used to interpolate the C2 corresponding to that particular
C3 stage for use in equation 4.2. From equation 4.2 it can also be seen that the total
OH reactivity depends only on the pyrrole concentration in different stages (C1, C2 and
C3) and the rate constants for the reaction of pyrrole with the hydroxyl radical (k,),
which is well known (Dillon et al., 2012; Atkinson et al., 1984). Corrections are applied
for deviations from pseudo first order kinetics as described in Section 4.1 of Sinha et al.
(2008) depending on the pyrrole /[OH] ratio given by C1/(C1-C2) (Sinha et al., 2008). The
concentrations of C1 and [OH] for the measurements reported in this work were ~ 68 ppb

(or 1.6 x 10'* moleculescm™2) and ~ 26 ppb (or 6.2 x 10! molecules cm™3

, respectively.
Based on numerical simulations (Curtis and Sweetenham, 1988), the correction factor
was:

Ripye = —0.0004(Ryneas)? + 0.84(Rypeas) — 0.20 (4.3)

where Ry... is the corrected OH reactivity and R,,..s is the measured OH reactivity

obtained by using equation 4.2. The units of Ryqe and Ry,eqs are s~ L.

4.2.3 VOC-OHM system for rapid switching between OH re-
activity and ambient VOC measurement modes using a
single PTR -MS

Figure 4.3 shows the schematic of the VOC-OHM system developed and deployed
in this work for rapid sequential measurements of ambient OH reactivity and VOCs.
Ambient air was sampled using a Teflon inlet line (length: 15 m; inner diameter 0.31 c¢m)
equipped with a particle filter at the inlet entrance for protection from floating debris and
particles. The ambient air was then either made to flow through directly to the PTR-MS
without passing through the CRM reactor (termed VOC mode) or introduced into the

glass reactor (termed OH reactivity mode or OHM). In order to accomplish rapid and
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To PTR-MS

Figure 4.3: Top: Switching time between different stages of OH reactivity mode and VOC
mode, below: flow schematic of VOC-OHM technique.

automatic switching between the ambient VOC and total OH reactivity measurement
modes, two automatic Teflon three way valves (Parker VAC -20 PSIG), shown as v2 and
v3 in Figure 4.3 were employed. Note these additional valves are also the key differences
from the CRM flow schematic used in (Sinha et al., 2008) in terms of hardware.

Table 4.2 summarizes the valve configurations during different measurement stages.
The additional valves were programmed using the PTR-MS Control v2.7 software which
is used to operate the PTR-MS and powered using two of the six analogue output slots
available on all commercial PTR-MS instruments. The valve configuration corresponding
to different stages in measurement is logged with distinct “flags” in the data file, for
subsequent separation and analysis of data pertaining to the ambient VOC mode and
C2, C3 stages of the OH reactivity measurement mode. Other differences from previously
published variants of the CRM technique (Nélscher et al., 2012b; Dolgorouky et al., 2012;
Sinha et al., 2010) are that, the zero air (for the C1 and C2 steps) was generated using a
Gas Calibration Unit (GCU-A, Ionimed Analytik, Innsbruck, Austria). This affords two
distinct advantages. The first is that humidification of zero air to ambient air’s relative
humidity is readily achieved during the C2 stage, as the scrubber inside the GCU does
not change the relative humidity but only removes VOCs by oxidation. Also for the C1
stage, the zero air that is generated using the GCU is dry (~ 0 % RH), as one can remove
water vapour using the GCU. The GCU is equipped with a dew point mirror (DPM) that
allows the gas passing through it to be set to a desired RH. The peltier cooler inside the
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Table 4.2: Valve configuration in different measurement mode.
Valve V1 Valve V2 Valve V2

Measurement mode

position position position
0 0 0 Ambient VOC measurement
1 1 0 OH reactivity (C1)
0 1 0 OH Reactivity (C2)
0 0 1 Not used
0 1 1 OH Reactivity (C3)

O=normally open (NO) mode (no potential difference applied), 1=normally closed
mode (NC) (24 V applied)

DPM cools the air the required dew point temperatures. The second advantage is that the
GCU is safer and more convenient (especially for field deployment) as it replaces the need
for pressurized zero air cylinders, which have been used in previous CRM deployments
(Nolscher et al., 2012b; Dolgorouky et al., 2012; Sinha et al., 2010). The pressurized zero
air cylinders are bulky to carry, difficult to stock and classified as dangerous goods.

The zero air flow from the GCU is introduced through a Teflon T-connector at over
pressure so as to ensure that room air is not sucked into the reactor. The total flow in
the reactor of ~ 275 standard centimeter cube per minute (sccm) is maintained by the
suction of the PTR-MS and exhaust pump (see Figure 4.3). The incoming flow in the
reactor is due to pyrrole, nitrogen gas and zero air (while measuring C2) or ambient air
(while measuring C3). Ambient air (169 sccm) is diluted inside the reactor by a factor
of 1.6 as it mixes with the nitrogen flow (106.0 sccm) and pyrrole flow (2.2 sccm). A
flow meter traceable/calibrated to NIST (BIOS Drycal definer 220) was used for all flow

L while

measurements. For the data reported in this work, the detection limit is ~ 4.5 s~
the overall uncertainty (Sinha et al., 2008) is 18.8 % of the measured values. Various tests
for the optimization of sampling time between ambient VOC mode and OH reactivity
mode and to eliminate the hysteresis effect due to the stickiness of pyrrole and alternation
between high (upto 100 ppb) and low concentrations (< 50 ppt) in the sampling lines were

necessary. These are discussed in Section 4.3.

4.2.4 Measurements of CO, NO;, NO and SO,

Simultaneous measurements of OH reactants other than VOCs were also performed
in this study. Diel profiles and time series profiles of the OH reactants are a useful
qualitative indicator for changing ambient chemical composition and reactivity. Moreover
they provide a check on the data quality of the directly measured OH reactivity values

as the total calculated OH reactivity due to the measured OH reactants should always be
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lower than or equal to the directly measured OH reactivity, depending on the fraction of
the total OH reactant suite that has been measured. Technical details of the instruments,
sampling, calibration and quality assurance protocol of data for the CO, NO; and NO
measurements are discussed in chapter 2 in greater details and also in Sinha et al. (2014).
Therefore these are discussed only briefly here.

CO was measured using gas filter correlation (GFC) non dispersive infra-red (NDIR)
technique (Thermo Fisher model 48i)and NO, (NO + NO;) was measured using the
chemiluminescence technique (Thermo Fisher model 42i). Measurement of sulphur diox-
ide (SOg) was carried out by pulsed UV fluorescence technique using Thermo Fischer
Scientific 43i trace level enhanced analyzer. SO, is excited at 214 nm (absorption max-
ima) and the intensity of fluorescence is recorded at 350 nm (emission maxima). For the
measurement of low concentration of SO,, excitation by pulsed UV light is more efficient
because of high intensity and better signal to noise ratio (Omenetto et al., 1977). The
hydrocarbons (e.g toluene, o-xylene, m-xylene, p-xylene, m-ethyltoluene, ethylbenzene
and 1,2 4-trimethylbenzene) present in ambient air are removed by passing the sample
through a hydrocarbon kicker, as they can cause interference by also fluorescing at 350 nm
(Luke, 1997). Another possible interference is due to nitric oxide (NO), which fluoresces
in a range close to that of SO,. Previous studies have shown that 500 ppb NO gives an
equivalent response of 1 ppb SO, (Okabe et al., 1973). The maximum uncertainty in SO,
measurements due to the presence of NO in Mohali is always < 0.3 ppb. This method
has also been used previously for ambient SO, measurements (Wang et al., 2002). Zero
drift checks and 5 point span calibration experiments were performed for SO5, CO and
NO, analyzers on 30 April 2013, 06 May 2013 and 11 May 2013 respectively, according
to the protocol described in Sinha et al. (2014). The detection limits for SO, CO and
NO,, measurements reported in this work were 1 ppb, 28 ppb and 114 ppt respectively.

Ambient NO concentrations above 10 ppb can cause underestimation of the measured
OH reactivity in the comparative reactivity method (Sinha et al., 2008). The average
NO concentration during the measurement period was 0.2 ppb, and ranged from below
detection limit (<0.8 ppb) to 1.6 ppb except for two sharp peaks of circa 16 ppb at 07:50
local time and 23:30 local time on 16 May 2013. On both these occasions, the PTR-MS
was not in the ambient OH reactivity mode (C3 stage), so no corrections were necessary

for the OH reactivity measurements.

4.2.5 Safety Consideration

It should be noted that UV radiation (e.g. 184.9 nm) is used for generation of OH
radicals inside the glass reactor. So UV protection goggles should be used during the
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measurements. Apart from this, a pressure build-up in the glass reactor can cause acci-
dent. As a safety feature, the Teflon T-connector mentioned previously in the section 4.2.3
(through which zero air from GCU is introduced) prevents build-up of pressure inside the
reactor, in case one or more of the other flows fail. Still it is advisable to monitor the
output flow through the open end of this Teflon T-connector regularly at different stages
of measurement. This also helps in checking the constancy of the total flow through the

glass reactor.

4.3 Results and Discussion

4.3.1 Laboratory tests using propane standards of known OH

reactivity

To assess the accuracy of the OH reactivity measurements using our system, tests
were performed using a propane gas standard (Sigma gases, New Delhi., 32.0 ppm in
nitrogen; stated uncertainty 5 %). The results of the tests are summarized in Figure 4.4,
which shows the total measured OH reactivity (vertical axis) against the introduced OH
reactivity due to the standards (horizontal axis). The method shows excellent linearity
(r? = 0.99) and good accountability (slope = 0.97) over the full range of introduced OH
reactivities (12 s7! - 69 s7!). It should be noted that a reactivity of 69 s™! inside the

reactor is equivalent to an ambient OH reactivity of 110 s=*

, considering the dilution factor
of 1.6 in the CRM reactor. The propane standard was dynamically diluted with zero air
to generate propane concentrations of 0.4 ppm, 0.7 ppm, 0.9 ppm, 1.4 ppm, 1.8 ppm and
2.3 ppm corresponding to introduced OH reactivities (Atkinson et al., 2006) of 12 s71,
21 s71, 27 s71, 42 s7! and 69 s7! respectively inside the reactor. The total uncertainty
in the measured OH reactivity was ~ 18 % which is represented by the vertical error
bars in Figure 4.4 of the supplementary information. This was derived as the root mean
square propagation of the following: i) uncertainty in the pyrrole standard (10 %); ii)
uncertainty in the pyrrole + OH rate constant (13 %); iii) flow fluctuation due to five
mass flow controllers (2 % each due to mass flow controllers for nitrogen, propane, pyrrole,
zero air from GCU and reactor exhaust pump) and iv) 6 % due to instrumental precision
error. The horizontal error bars represent the overall uncertainty in the reactivity of the
introduced standard derived as the root mean square propagation of i) the uncertainty
in the propane standard’s concentration (5 %), ii) uncertainty in propane + OH reaction
rate constant (18 %) and iii) flow fluctuations due to the mass flow controllers (2 % each
due to mass flow controllers corresponding to nitrogen, propane, pyrrole, zero air from

GCU and reactor exhaust pump).
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Figure 4.4: Accuracy of total OH reactivity measurements tested using propane standards
of known reactivity.

4.3.2 Optimization of switching time between VOC and OHM

modes using the real time data

Figure 4.5 shows the real time measured data (11 seconds time resolution) for pyrrole
(red crosses and lines) on the left vertical axis and benzene (black crosses) on the right
vertical axis for more than 3 hours (3 complete cycles) of measurement. I have plotted both
pyrrole (tracer for OH reactivity mode) and benzene (a tracer for the ambient VOC mode)
to assess how well the system worked for both modes. The regions shaded in grey in Figure
4.5 mark the periods when the system was in ambient VOC measurement mode while the
regions shaded yellow and white mark the periods for C3 and C2 stages, respectively
during the OHM mode. Also shown are the interpolated C2 values (as green lines in
Figure 4.5 which are required for deriving the ambient OH reactivity using equation 4.2
(as discussed in Section 4.2.2). It can be seen that during the C2 stages (prior and
subsequent to the C3 stage), the pyrrole concentration do not change and remain close to
~ 44 ppb (1 o < 0.9 ppb). Also note that the pyrrole concentration in the ambient VOC
mode (regions shaded grey in Figure 4.5) were close to zero (below the detection limit),
as pyrrole is not normally present in ambient air. The measured mixing ratios for pyrrole
and benzene during the different modes and stages in Figure 4.5 confirm that the system
worked well as the chemical data reflects the sampling changes. Thus, benzene mixing
ratios were always highest during the ambient VOC mode, followed by the C3 stage and
finally lowest (close to detection limit) in the C2 stage when zero air was sampled. On

the other hand pyrrole was always highest in the C3 stage, followed by the C2 stage and
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Figure 4.5: Example plot showing mixing ratio of pyrrole (red) and benzene (black) in
different stages of measurement (OHM and VOC modes).

lowest (below detection limit) in the ambient VOC mode. Nonetheless while switching
between the ambient VOC and OH reactivity modes as well as between different stages
of the OH reactivity mode (e.g. C2 to C3 or C3 to C2), spikes occurred in the first few
measurements after switching. The spikes arise from the combined effects of transient
pressure changes that propagate when the valves are switched, changes in the flow paths
between different modes, and due to the dead volume of air trapped in the lines, which
starts moving on activation of that particular flow line giving rise to a lag effect. Wall
effects in the inlets and reactor due to large concentration differences between the ambient
VOC and OH reactivity modes would also contribute to the spikes. For example, while
switching between the OH reactivity mode and the ambient VOC mode the signal of
pyrrole (m/z=68) changes by ~ 44 ppb while the concentration of benzene changes by
~ (0.7 ppb in just a few seconds. In order to determine the optimal “conditioning” time
between the different stages in the system, I examined the time taken for stabilization
after the change in either the modes (VOC and OHM) or the stages (C2 and C3 within
OHM mode).

Figure 4.6 provides a detailed zoom of one complete sequence for the switching be-
tween ambient VOC mode and the OH reactivity mode along with the C2 and C3 stages.
To examine whether the humidity in the CRM reactor remained at similar concentration
during both C2 and C3 stages of the OH reactivity mode, the hydrated hydronium ion
signal (Hy0)H30™" m/z =55) (as blue dots in Figure 4.6) was also plotted. The hydrated
hydronium ion signal is a proxy for the humidity of the air (Ammann et al., 2006) sam-
pled into the PTR-MS. A difference in absolute humidity between stage C2 and C3 of
measurement can cause artefact in the OH reactivity measurement by changing the con-

centration of hydroxyl radicals in the reactor (Sinha et al., 2008; Nolscher et al., 2012a).
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Clearly the system works well as the absolute humidity between C2 and C3 stages are
almost constant. From Figure 4.6, it can also be seen that it takes ~ 216 s for signals to
stabilize after a switch. While switching from C2 mode of measurements to ambient VOC
mode, there were spikes in the concentration of benzene followed by an exponential decay
as flows and inlet conditions stabilized to the new concentration. Fitting an exponential
decay function to the decaying benzene signal (Y) against time (t) yielded a lifetime ()

of 72 seconds as shown in Figure 4.6. The exponential function had the following form:

t—1
Y=Y,+A- e:rp(TO) (4.4)

In this function the constants “Y,” and “ty” represent the offset and the start time of
the decay, whereas the fit coefficients “A” and “7” represent the amplitude and lifetime of
the decay. For an exponential decaying curve, the initial concentration reduces by 99.95 %
in 3 lifetimes (that is 3 x 72 s = 216 s). Note that the pattern of spikes is reproducible in
each cycle and other measured VOC signals (e.g. acetone, acetaldehyde, acetonitrile etc.
which are not shown in Figure 4.6) also “stabilized” to the new concentration levels. On
the other hand it was found that 120 seconds were sufficient for signals to stabilize between
the C2 and C3 stages of the OH reactivity measurement mode. As the concentrations
changes between C2 and C3 for pyrrole are not big (few ppb instead of tens of ppb
between C2 and ambient VOC mode), less time is required for stabilization to the new
concentration levels by the system. Thus for the settings in our system (e.g. flow rates
and sampling) it was sufficient to omit the initial 4 minutes of data after switching from
the C2 mode to the ambient VOC mode and 2 minutes of data after switching between
C2 and C3 stages, for analysis of ambient VOCs and OH reactivity. I would like to point
out however that for a similarly designed system that uses different settings for the flows
and sampling, one would have to determine the relevant “stabilization” timings, as has

been done in the present study.

The system described in this work is quite flexible and can be customized depending
on preferences and the ambient conditions during deployment. However each new system
would have to be tested and characterized suitably. Thus in principle, it is possible to
vary the time periods for each measurement stage. One can also opt for measuring more
masses in the selected ion monitoring VOC mode than were measured in this work or
even perform mass scans. However, this will extend the time interval between ambient
OH reactivity and VOC modes, affecting the robustness of the inter-comparison between
the OH reactivity calculated using the measured VOCs, and the directly measured OH
reactivity. Still, if the ambient air chemical composition does not vary significantly on

time scales less than the interval of switching between the OH reactivity and VOC modes,

96



Chapter 4.

300

g
=)
i

80| Ambient VOC

mode 1250

)
I
”
T

T

g
o
T

-1

pyrrole (nmol mol )
IS
o

N
o
TTTTTT

-2
o
TTT TTTI 7T

lifetime (t) =72 s 1200

1150

4
benzene (nmol mol
s &
S ERmEmm

o
o
T

1100

o _—,,-"-«.'\-.-'-',m-_-z._.-.' i

=

=)
T

o

15-05-2013 Local Date and Time (UTG+5:30)

Figure 4.6: Zoom of pyrrole (red), benzene (black) and (Hy0),H30™" (blue) levels during
different stages of measurement for one complete cycle.

a meaningful analysis of the OH reactivity budget at the site would still be possible.
Moreover if a time of flight mass analyzer is used in the PTR-MS instead of a quadrupole
mass analyzer, then reduction in VOC speciation would not arise as all ions would be
quantified simultaneously. A longer duration in C3 stage would imply longer time duration
for ambient OH reactivity data but in case ambient humidity vary on time scales that are
less than the duration of the C3 stage, the interpolation of C2 stages for the corresponding
C3 stage would have reduced accuracy. The limitations of the VOC-OHM system in terms
of “missing” VOC or OH reactivity mode data would be felt more acutely aboard fast
moving platforms. Hence it is advisable to frame the measurement strategy depending
on the primary objectives and ambient environment. Nonetheless if only a single PTR-
MS can be deployed in a study, the VOC-OHM system makes it feasible to investigate
the diel profiles of both VOCs and OH reactivity in a meaningful manner at the site
of deployment, as the system can acquire more than 20 minutes each of ambient VOC
measurements and total OH reactivity measurements every hour, at an impressive time
resolution of 1 minute. This is sufficient for quantitative characterization of the diel
profiles, case studies of synoptic events and establishing the impact of upwind sources on

both VOC concentration and OH reactivity at the measurement site.

4.3.3 Performance of system during field deployment

In this section I present 48 hours of ambient data for both VOCs and OH reactivity
acquired by deploying the VOC-OHM system at a suburban site in India influenced by
both urban and agricultural emission sources. Previous measurements conducted in May

2012 at the same site yielded comprehensive information regarding diel profiles of the
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reactive VOCs and major emission sources (Sinha et al., 2014). So the ambient deployment
was a good test for assessing whether the VOC-OHM system could capture the typical
diel and temporal trends well. Here I present the ambient measurements from 15 May
2013 - 17 May 2013. The focus here is only on the performance of the system. A full
interpretation of these data together with additional data is is reported in Chapter 5.

Figure 4.7 shows the VOC data for methanol, sum of acetone and propanal, acetalde-
hyde (top panel), isoprene and acetonitrile (middle panel) and toluene, benzene, sum of
C-8 aromatics and sum of C-9 aromatics (bottom panel) acquired using the VOC-OHM
system. By plotting these compounds, the response of the system to different chemical
classes (e.g. different functional groups and structure) such as oxygenated VOCs, acetoni-
trile, isoprene and aromatic compounds is easily ascertained. It can be seen from the data
that system was able to capture the changing temporal levels of ambient VOCs through
25 minutes of measurements, in each VOC mode cycle. The measured data captured
the bimodal diel profiles typical of several VOCs at the site. For example, morning and
evening maxima were observed for benzene, toluene, C-8 aromatics and C-9 aromatics due
to their traffic related emissions sources as well as for acetonitrile, a compound known
to be emitted from biomass combustion. Mixing ratio of the measured VOCs ranged
from 2.2 to 2.9 ppb for aromatic VOCs, 2.0 to 51.3 ppb for oxygenated VOCs, 1.5 ppb
for acetonitrile and 2.5 ppb for isoprene. These are comparable to the range observed
in the complete time series reported in May 2012 (Figure 6; Sinha et al. (2014). Peaks
in methanol and isoprene both during day and night can be seen in Figure 4.7. This
phenomena was already investigated and explained in Sinha et al. (2014) and attributed
to industrial waste water treatment and chemical sources for methanol and both biogenic
emission sources and nighttime biomass burning sources for isoprene (see Section 3.3 and
3.4 of Sinha et al. (2014)). Thus the general temporal trends in VOCs are captured well
by the system which confirms that the system responds well to changing atmospheric

composition.

Figure 4.8 shows the measured one minute time resolution (as grey dots) and 3 minute
averaged (as black diamonds) ambient OH reactivity data on the left vertical axis. One
minute (as light blue dots) and 3 minute averaged (as dark blue diamonds) total calculated
OH reactivity profile due to the measured OH reactants are shown on the right vertical
axis. The total calculated OH reactivity was obtained by applying equation 77 to the
measured concentrations of all the VOCs listed in Table 4.1 as well as sum of that due
to CO, NO and SO,. The average (+ 1 o variability) of the total OH reactivity and
the calculated OH reactivity for the period shown in this work are ~ 53 (+ 17) s~!
and ~23 (4 8) s !, respectively. Therefore it can be noted that the 1 o variability
in both is more than 30 %. An OH reactivity level of 53 s ! corresponds to an OH
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Figure 4.7: Time series of one minute data of ambient VOCs for two days measured using
VOC-OHM.

life time of 19 ms. In an environment with such low OH lifetime, the OH reactivity is
expected to vary significantly within time scales of few seconds. The measured total OH
reactivity in Figure 4.8 clearly shows such variability in the 20 minute cycles of ambient
OH reactivity measurements. Similar variability is also observed on some occasions in
the 20 minute cycles of the calculated OH reactivity data (e.g. on 15 May 2013 from
20:12 - 20:33 local time and on 17 May 2013 from 05:03 - 05:15), which includes the
contribution only due to the measured OH reactants. For the entire period, the measured
OH reactivity is much higher than the calculated OH reactivity. This is not surprising
considering that several reactive VOCs known to be present in suburban air near cities
(Hewitt and Jackson, 2003) such as the reactive alkanes and 1,3 - butadiene were not
measured. Also, it is reassuring that the calculated OH reactivity profile is never higher
than the directly measured OH reactivity, which would have clearly signified that the
direct OH reactivity measurements were inaccurate. One of the limitations of this method
is that instantaneous measurements of the total and calculated OH reactivity cannot be
compared, but for obtaining a diel profile, this method works quite well. The general
temporal trends in the measured and calculated OH reactivities are similar confirming
that the system responded well to changing ambient VOC and OH reactivity levels. To
illustrate this even more clearly, I have also plotted the time series of the OH reactivity
calculated using measured concentrations of CO, SOy and NO, (which did not have data
gaps) in Figure 4.8 (green dots on right vertical axis). The green dots can be used as

indicators of the changing chemical composition of air masses during periods when VOC
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Figure 4.8: Time series of one minute data of total OH reactivity (grey dots) and cal-
culated OH reactivity (light blue dots) for two days measured using VOC-OHM. The
diamonds show 3 minute average total OH reactivity and the deep blue diamonds show 3
minute average calculated OH reactivity. The green dots show the continuous calculated
OH reactivity only due to CO, NO, and SO,.

data was unavailable. General trends in the directly measured total OH reactivity (OHM
mode) and the calculated OH reactivity due to CO, SO, and NO,, are quite consistent in
reflecting the changing chemical composition over the two day period. Thus, the objectives
of deploying the VOC-OHM system on a single PTR-MS for yielding meaningful data on
both VOCs and OH reactivity and inter comparing the trends in both have been met.

4.3.4 Novelty of the method in elucidating identity of reactive
compounds contributing to the same nominal m/z channel
in PTR-MS

The levels of the VOCs in the ambient VOC measurement mode and in C3 stage of
measurement can be used for cross verification of identity of a VOC by estimating its rate
constant of reaction with OH radical for the times when there is very little variability in
levels of ambient VOCs. This is of particular significance for the nominal m/z channels
where more than one compounds can be detected. For example protonated ions of both
isoprene and furan have m/z 69. As at our measurement location, ambient levels of VOCs
have minimum variability in the afternoon period (Sinha et al., 2014), I have estimated
the rate constant of reaction of detected species at m/z 69 with OH radical using the
following formula (Kato et al., 2011).

In(Xo/xcs)

kom+x = TIn(CYcs) - kp (4.5)
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where kon4x) is rate constant of reaction of any species “X” with OH radicals, X, and
X3 are the ambient concentration and concentration in the stage C3 of the measurement
respectively and £, is the rate constant for the reaction of pyrrole with the hydroxyl
radical. The concentration of the species measured during C2 stage (X¢2) provides the
background and hence needs to be subtracted from both X, and Xc3. Since the ambient
air entering into the reactor is diluted by a factor of 1.6 in our setup, (X — X¢2) should
be divided by this factor before using equation 4.5. After applying these corrections,
equation 4.5 is modified as .

konix = % <k (4.6)
where X = (Xo — X¢2)/1.6 and X3 = Xc3 - Xeo. Using the data from the time
period shown in Figure 4.6 (15:05 L.T — 16:05 L.T. on 15 May 2013) the rate constant for
reaction of compound detected at m/z 69 with OH radical estimated with this method

is 1.18 x 1071% em? molecule ™ ts™!

. The reported values of rate constant of reaction of
isoprene and furan with OH radicals are 1.01 x 107!% ¢cm® molecule ! s™! (Atkinson and
Arey, 2003) and 4.01 x 107! ¢cm?® molecule™! s™! (Atkinson et al., 1983) respectively. This
confirms that at our location, isoprene is the main contributor at m/z 69 and it is not furan,
which was also emphasized by Sinha et al. (2014). Using this method I have also calculated
the rate constant for reaction of benzene (m/z 79) and 1,2,4-trimethylbenzene (m/z 121)

Land 6.90 x 107" ecm? molecule™'s™!. Tt can

which were 8.46 x 107!2 cm? molecule™ s~
be observed that, for a more reactive species more accurate rate constant can be obtained
whereas for a less reactive species correct order of magnitude for the rate constant is
achievable. This is because for a more reactive compound, the difference (X¢3 - Xeg) can
be quantified more accurately as compared to a less reactive compound. This method
cannot be used verification of rate constant of oxygenated VOCs, because they can be

formed inside the reactor as a result of photo-oxidation of other species.

4.4 Conclusion

A new technique called VOC-OHM that enables rapid sequential measurements of am-
bient VOCs and total OH reactivity has been developed, validated and tested in the field
with promising results. Whereas VOC-OHM is not a complete replacement for studies
in which two PTR-MS systems can be deployed, as simultaneous measurements of both
VOCs and OH reactivity are not possible with the system, its ability to measure both
parameters with a gap of only few minutes (~ 13 minutes in this work) does open up new
possibilities. VOC-OHM adds specificity to the PTR-MS equipped with a quadrupole

mass analyser to distinguish the isobaric compounds by enabling direct measurement of
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their rate constants for reaction with OH radicals. There are several research groups
and institutes in the world which possess only a single PTR-MS. This work provides a
promising analytical technique to use the single PTR-MS for both total OH reactivity
and ambient VOC measurements, and maximize the scientific outcome using available re-
sources. This work also demonstrates a better and safer substitute for pressurized zero air
bottles in the form of the gas calibration unit (GCU-A) which can be deploying for CRM
OH reactivity field measurements. This system is a promising option for ground based
air pollution and atmospheric chemistry studies, enabling instantaneous ozone production
regimes (Sinha et al., 2012) and VOC speciation to be determined for policy makers. In
addition to air pollution and atmospheric chemistry studies, the VOC-OHM system can
also be applied for VOC headspace sampling studies in the food and flavour industry
(Biasioli et al., 2011; Boscaini et al., 2004) and in chamber studies. Similar to ambient
atmospheric chemistry field studies, by comparing the calculated OH reactivity due to
the measured VOCs and the directly measured total OH reactivity in the headspace or
chamber air, it would be possible to test whether the full suite of compounds present in
the headspace or the chamber has been quantified or a sizeable fraction of compounds

remain unmeasured.
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Large missing OH reactivity fueled

by agricultural fires

Abstract

Biomass fires impact global atmospheric chemistry. The reactive compounds emitted
and formed due to biomass fires drive ozone and organic aerosol formation, affecting both
air quality and climate. A fundamental question that is still poorly understood concerns
the extra reactivity that emissions from fires introduce directly and indirectly (through
secondary processes) into ambient atmospheric environments, and whether all important
chemical constituents involved in this process have been identified and incorporated in
models. Direct hydroxyl (OH) reactivity measurements quantify total gaseous reactive
pollutant loadings and comparison with measured compounds yields the fraction of un-
measured compounds. Here, I quantified the magnitude and composition of total OH
reactivity in the north-west Indo-Gangetic Plain. More than 120 % increase occurred in
total OH reactivity 28 s 7! to 64 s ~! and from no missing OH reactivity in the normal sum-
mertime air, the missing OH reactivity fraction increased to ~ 40 % in the post-harvest
summertime period influenced by large scale biomass fires highlighting presence of unmea-
sured compounds. Increased missing OH reactivity between the two summertime periods
was associated with increased concentrations of compounds with strong photochemical
source such as acetaldehyde, acetone, hydroxyacetone, nitromethane, amides, isocyanic
acid and primary emissions of acetonitrile and aromatic compounds. Currently even
the most detailed state-of-the-art atmospheric chemistry models exclude formamide, ac-
etamide, nitromethane and isocyanic acid and their highly reactive precursor alkylamines
(e.g. methylamine, ethylamine, dimethylamine, trimethylamine). As OH chemistry gov-
erns the removal rate of climate active gases and formation of ozone and aerosol, these

findings have major implications for understanding and predicting tropospheric chemistry

103



Chapter 5.

and air quality-climate feedbacks in fire-impacted atmospheric environments.

5.1 Introduction

Biomass burning is a widespread practice globally (Crutzen and Andreae, 1990), which
causes soil nutrient loss and impacts atmospheric chemistry, air quality and climate (An-
dreae et al., 2004; Yevich and Logan, 2003). Among all forms of biomass burning, agri-
cultural waste burning is completely anthropogenic and its adverse environmental effects
are exacerbated due to the short time period (few weeks) and large area, over which the
activity occurs. More than 3700 Tg of agricultural residue is produced every year glob-
ally (Lal, 2005), of which 10 - 25 % is burnt over a range of spatial and temporal scales
(Crutzen and Andreae, 1990) injecting several hundred teragrams of reactive pollutants
into the atmosphere (Andreae et al., 2004; Yevich and Logan, 2003). Out of the 347 Tg
of crop residue produced pan India in 1985, 23 % was estimated to undergo open burning
in the fields adding 35 Tg of carbon in the atmosphere (Yevich and Logan, 2003). In
the agriculturally productive region of north western Indo-Gangetic Plain alone, more

2 cropland annually

than 67.7 Tg of crop residue is estimated to be burnt over 9593 km
(Venkataraman et al., 2006). Chemical speciation studies of emissions of greenhouse gases
and criteria air pollutants including carbon monoxide, nitrogen oxides, volatile organic
compounds (VOCs) and aerosol particles have been investigated previously through cham-
ber studies and in ambient plumes, revealing a large diversity of compounds in terms of
their reactivity, health effects and secondary pollution potential (Stockwell et al., 2015;
Andreae et al., 2004). Till date, the community tools have been limited to two types
of methods for such investigations, namely, 1) controlled laboratory combustion of dif-
ferent types of bio-fuels for speciation of the compounds emitted from such fires and 2)
ambient field studies that in addition to quantifying known major emissions from the
fires also measure and model formation of known secondary pollutants such as ozone and
secondary aerosol through analyses of intercepted ambient fire plumes. Obviously, the lim-
itations of these approaches, is that they cannot reveal information on the contribution
of unmeasured /unknown compounds as there is no direct measure of the total reactivity.
Controlled combustion of various biomass fuels under laboratory conditions have revealed
emissions of > 500 different volatile organic compounds (VOCs) (Stockwell et al., 2015;
Gilman et al., 2015; Hatch et al., 2017) differing in their reactivity, health effects and
secondary pollution potential (Ortega et al., 2013). Grab sampling experiments which in-
volve collection of ambient smoke plumes directly from the fires in the agricultural fields
in pressurized glass flasks/stainless steel canisters followed by subsequent analysis in the

laboratory, further allow comparison of laboratory and field determined emission ratios

104



Chapter 5.

and emission factors for specific kind of biomass fuels (Chandra et al., 2017). Consider-
able uncertainty still remains concerning the identity and photochemical transformations

of these emissions in ambient atmospheric environments.

The removal of pollutants from the atmosphere depends primarily on their reactivity
with hydroxyl radicals (OH) (Levy, 1971; Hofzumahaus et al., 2009; Lelieveld et al., 2004).
Thus, the presence of additional /unmeasured compounds that can deplete hydroxyl radi-
cals, also has implications for the chemical lifetime of greenhouse gases such as methane,
for which the main removal pathway is reaction with hydroxyl radicals (Lelieveld et al.,
2004). Moreover, gas to particle conversion of reactive gases can influence the growth and
properties of cloud condensation nuclei, thereby potentially affecting even the hydrological
cyclel (Rosenfeld et al., 2008). Direct measurement of the total gas phase OH reactivity
(mentioned as OH reactivity henceforth) provides a measure of the total gaseous reactive
pollutant burden (Sinha et al., 2009) and fraction of unmeasured reactive VOCs in an
atmospheric environment by comparison with the calculated OH reactivity due to the
measured OH reactants (Di Carlo et al., 2004).

This is analytically a very challenging measurement as there can be thousands of OH
reactants in most atmospheric environments. A comparison of directly measured total OH
reactivity with the calculated OH reactivity due to the measured OH reactants provides
a measure of the fraction of unmeasured reactive VOCs in an atmospheric environment
(Di Carlo et al., 2004). While previous OH reactivity measurements in forested, urban
and suburban sites have improved understanding of emissions in these environments (Yang
et al., 2016; Di Carlo et al., 2004; Hofzumahaus et al., 2009; Whalley et al., 2016), no
such investigation of the effects of open agricultural fires using direct OH reactivity mea-
surements in ambient environments exist. Considering the dual effect of fire emissions on
production and loss of hydroxyl radicals, their impact on tropospheric oxidation chemistry

is still not well understood.

Here, I investigated the impact of agricultural fires by measuring a suite of OH re-
actants and direct total OH reactivity at IISER Mohali atmospheric chemistry facility
(30.667 °N, 76.729 °E ; 310 m a.s.l), a regionally representative suburban site located
downwind of agricultural fields in the north-west IGP during the summertime pre-harvest
non crop-residue fire influenced (NCFI) and post-harvest crop-residue fire influenced (CFI)
periods from March — May 2013. Detailed analyses of the composition and fraction of
missing OH reactivity was undertaken for both periods using a state of the art chemi-
cal box model. Further grab sampling and analyses of the chemical emissions from an

agricultural biomass fire at the source were also employed for interpretation of the results.
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5.2 Materials and methods

5.2.1 Site description, fetch region, meteorology and criteria for
classification of Non Crop-residue Fire Influenced (NCFT)
and Crop-residue Fire Influenced (CFI) periods

The ambient VOC and trace gas measurements reported here were conducted from
28 February 2013 till 31 May 2013 at the IISER Mohali atmospheric chemistry facility
(30.667 °N, 76.729 °E ; 310 m a.s.l), a regionally representative suburban site located in
the north-west Indo-Gangetic Plain (N.W. IGP), which has been described in detail in
previous works (Sinha et al., 2014; Pawar et al., 2015). The three-month long period in
2013 captured the summertime pre-harvest and post-harvest conditions in the N.W. IGP.
The year 2013 was not anomalous in terms of emissions and meteorological conditions
compared to other years as demonstrated through analyses of multi-year chemical and
meteorological data from the site in Chapter 2. Direct OH reactivity measurements were
performed during two measurement intensives: from 10 April 2013 till 21 April 2013 to
quantify the pre-harvest summertime OH reactivity and from 11 May 2013 till 17 May
2013 to quantify the post-harvest summertime OH reactivity.

The most prevalent wind direction at the site was from the north-west, where the land
use is primarily agricultural and rural in nature (Sinha et al., 2014) and wheat crop is
grown extensively (~ 3.5 million hectares in the state of Punjab) (Bahuguna, 2015). The
black circle in Figure 5.1 shows the location of the site. The N.W. IGP is influenced by
the crop residue fires in May, a practice that gained popularity with the introduction of
mechanized combine harvesters in 1986. Satellite fire counts data over the region detected
by the Moderate Resolution Imaging Spectroradiometer (MODIS) (Davies et al., 2009)
installed on two sun-synchronous polar orbiting satellites called Aqua and Terra are shown
as red dots in Figure 5.1. In the spatial extent of fires observed by the MODIS satellite,
large scale fires are only observed in the states of Punjab and Haryana which majorly
consist of irrigated croplands. Significant fires are not observed in the states of Jammu &
Kashmir, Himachal Pradesh and Uttarakhand which comprises of forested regions (Pawar
et al., 2015), so the occurrence of large scale forest fires during our study period is highly
unlikely. As no major highway or industry was reported to have been commissioned in
the fetch region upwind of our measurement site during the study period, it is also highly
unlikely that the traffic related emission sources changed considerably between pre-harvest
and post-harvest summertime periods. The start and end periods of post harvest wheat
residue fires could be ascertained from the daily satellite fire counts data (shown in inset

of Figure 5.1) and were found to be consistent with enhancements in chemical tracers of
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Figure 5.1: Temporal and spatial extent of fire counts detected (at > 80 % confidence
interval) during NCFI (10 April 2013 to 21 April 2013) and CFI periods (11 May 2013 to
17 May 2013) as detected using the MODIS satellite over the north-west Indo-Gangetic
Plain. Black circle shows the location of the measurement site (30.667 °N, 76.729 °E ; 310
m a.s.l).
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Figure 5.2: Wind rose plots showing the fractional contribution of different sectors from
which airmasses arrived during the pre-harvest NCFI and post-harvest CFI periods.

biomass fires such as acetonitrile (see Table 5.2 and Figure 5.8) (Kumar et al., 2016).

Figure 5.2 shows the wind roses indicating the fetch region for the pre-harvest and post-
harvest periods reported in this work along-with the temperature and relative humidity
values (average + 1 ¢ ambient variability). The most frequent fetch regions, temperature
and relative humidity were similar for both periods. Clear sky condition was observed
during both pre and post-harvest measurement periods except the period from 11 May
2013 (afternoon) till 12 May 2013 (noontime) when cloudy conditions and 16 mm of
rainfall occurred. This can also be observed in the solar radiation data shown in Figure
5.5. To ensure that the only significant difference in terms of emissions is due to crop
residue fires and meteorological conditions do not drive the differences between the two
measurement periods, the periods with overcast condition and rainfall (shown as blue
shaded region in Figure 5.5) were excluded from further analyses. Henceforth, we refer
to the period from 10 April 2013 to 21 April 2013 as the pre-harvest Non Crop-residue
Fire Influenced period (NCFI) and the period from 11 May 2013 to 17 May 2013 (except
11 May 2013 15:30 to 13 May 2013 11:30 local time) as the post-harvest Crop-residue
Fire Influenced period (CFT). These two periods were representative of the extended
pre-harvest and post-harvest summertime conditions when the crop residue fires were
absent (extended NCFT period: 28 February 2013 to 30 April 2013) and when post-
harvest crop residue fires occurred (extended CFI period: 01 May 2013 to 31 May 2013),
respectively. This is supported by the similarity in the diel concentration profiles derived

from measurements performed during the intensives (Figure 5.3) and profiles of the same
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Figure 5.3: Diel box and whisker plots of measured concentrations (in ppb) of acetonitrile,
sum of C-9 aromatics, acetaldehyde and acetone in the pre-harvest (NCFI) and post-
harvest (CFI) period of summer 2013. The box represents inter-quartile range (25" - 75t
percentile) whereas the whiskers represent 10" and 90 percentiles. Average and median
are shown as solid circle and dashed line, respectively.

compounds, namely acetonitrile, sum of C-9 aromatics, acetaldehyde and acetone, for
extended NCFI and extended CFI periods (Figure 5.8).

5.2.1.1 Sampling details

All the instrument inlets were co-located at ~ 20 m above ground (Sinha et al., 2014).
The inlets were made from Teflon tubing of inner diameter 3.18 mm and protected from
dust using inline Teflon particle filters, which were changed every seven days. The facility
is positioned on the rooftop and the short inlets resulted in inlet residence times < 8
s. The PTR-MS instrument was housed in a separate room on the first floor and had a
longer Teflon inlet line (12 m) with combined inlet residence and sampling time of ~ 135

S.
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5.2.2 Measurements of ambient total OH Reactivity and Volatile
Organic Compounds using a Proton Transfer Reaction

Mass Spectrometer

Ambient total OH reactivity and VOCs were measured using the VOC-OHM (Volatile
Organic Compounds — OH reactivity Measurement) system described and characterized
in detail in Chapter 4. This technique enables rapid sequential measurements of both
ambient VOC concentrations and total OH reactivity at a temporal resolution of 1 minute.
The VOC and OH reactivity measurement modes are alternated every ~ 13 minutes using
the same proton transfer reaction mass spectrometer (PTR-MS). The schematic and flow
layout for sequential measurements of VOCs and OH reactivity can be found in Figure 4.3
of Chapter 4. Details pertaining to VOC measurements using the PTR-MS technique can
be found in several comprehensive reviews (Hofzumahaus et al., 2009; Lindinger et al.,
1998; Blake et al., 2009; de Gouw and Warneke, 2007; Chandra and Sinha, 2016; Sinha
et al., 2014) and details of the OH reactivity technique can be found in previous works
(Sinha et al., 2008; Hansen et al., 2015). Hence these are described briefly herein.

VOC measurements using PTR-MS are based on the principle of “soft” chemical
ionization mass spectrometry in which hydronium ions H;O" act as the primary reagent
ions within the instrument. VOCs having a proton affinity greater than that of pure water
(165.2 kcalmol™) can typically be detected at a nominal mass to charge ratio (m/z)
equal to their molecular weight + 1, generally without fragmentation for small organic
ions. The specific PTR-MS instrument used in this work has already been characterized
in detail in previous works from our group (Sinha et al., 2014; Chandra and Sinha, 2016).
The instrument was operated at a drift-tube voltage of 600 V, pressure of 2.2 mbar and
temperature of 333 K corresponding to E/N ratio of ~ 135 Townsend. The primary ion
was greater than 7.5 x 10° (counts per second) and the impurity ions e.g. NO* and O,*
were less than 0.3 % and 3.9 % respectively of the primary ion. The dwell time at m/z
channels corresponding to the individual VOCs was 1 s. The measured counts per second
(cps) at each m/z channel was normalized to a total primary ion count of 1.0 x 10° cps as
the sum of the primary (HzO") and the first water cluster ions ((HoO)H30%), drift tube
pressure of 2 mbar and drift tube temperature of 298 K. Dynamic dilution of VOC gas
standards (Apel-Riemer Environmental, Inc., Colorado, USA) containing a mixture of 12
VOCs at ~ 500 ppb was used to experimentally obtain the sensitivity in normalized cps
per ppb, for methanol, acetonitrile, acetaldehyde, acetone, isoprene, methyl vinyl ketone
(MVK), methyl ethyl ketone (MEK), benzene, toluene, p-xylene, 1,2 4-trimethylbenzene
and alpha-pinene (Sinha et al., 2014). For other compounds reported in this work, the

sensitivities were determined theoretically as discussed in Chapter 3 (equation 3.3).
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I found that the differences between the sensitivity factors derived using calibration
experiments and theoretically derived sensitivity factors for the compounds were within
30 % of each other. This is consistent with the predicted accuracy of PTR-MS mea-
surements as proton transfer reactions typically occur at the collisional-limit and without
specific calibration standards, the accuracy is better than 40 % (Karl et al., 2010). The
detection limit of PTR-MS was typically less than 100 ppt (Kumar and Sinha, 2014).
The measurement uncertainty was less than 16 % for all VOCs where experimentally
determined sensitivities were obtained through calibrations. Assignment of m/z ratios
(Tables 5.2 and 5.3) to specific compounds was done after careful consideration of the
known fragmentation issues at certain m/z, potential isobaric interferences (discussion in

section 5.2.2.1), ambient profiles, and changes in instrumental background.

OH reactivity measurements by VOC-OHM technique are based on the comparative
reactivity method (Sinha et al., 2008). An initial concentration (C1) of a reagent molecule
(pyrrole, C4H5N) is allowed to react with zero air and ambient air respectively in different
steps in the presence of synthetically generated OH radicals inside the glass reactor. In
the step where only pyrrole, nitrogen and zero air enter the reactor, pyrrole completely
titrates OH radicals generated inside the reactor, and its concentration is C2 in this stage.
The difference in pyrrole concentration between stage C1 and C2 yields the net available
OH radical concentration inside the reactor. When the incoming flow of zero air inside the
reactor is replaced by an equivalent flow of ambient air, there is a competition between
compounds present in the ambient air and pyrrole for reaction with the net available OH
radicals. The pyrrole concentration in this stage (termed C3) is higher than that in the
previous stage (C2). Solving for competitive kinetics inside the glass reactor yields the
total OH reactivity of the ambient air (Rg;-) which is only dependent on the measured
pyrrole concentrations in different steps of the experiment and the rate constant for the

reaction of pyrrole with OH radicals (k,).

C3—-C2

Bor = o103

k,C1 (5.1)

The measurement in the C3 stage is preceded and followed by C2 measurement. Hence
for estimation of total OH reactivity using equation 5.1, interpolation of the C2 measure-
ments performed before and after the C3 are necessary. In the C3 stage, ~ 170 sccm
of ambient air was sucked into the reactor which was diluted by the total flow through
the CRM reactor (~ 275 sccm). Hence the OH reactivity obtained using equation 5.1
was multiplied by the dilution factor (~ 1.6) to quantify the total OH reactivity of am-
bient air. Since the total OH reactivity is determined for pseudo first order conditions,

a correction factor is applied for slight deviations. This correction factor is calculated
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Figure 5.4: Accuracy of total OH reactivity measurements tested using propane standards
of known reactivity during the NCFI and CFI measurement periods. The horizontal error
bars represent the uncertainty in the OH reactivity due to the introduced standards (11.2
%) and the vertical error bars represent the total uncertainty (18.8 %) of the measured
OH reactivity.

numerically (Curtis and Sweetenham, 1988) by allowing different concentrations of an
OH reactant (e.g. propane) to react with OH radicals at the pyrrole/OH concentration
ratio used during the experiments (Kumar and Sinha, 2014; Sinha et al., 2008). During
the two measurement periods reported in this study, the pyrrole/OH ratio varied between
1.8 and 2.7. The accuracy of the method was being checked using propane standards of
known reactivity during both the measurement periods. Figure 5.4 shows the results, in
which the measured OH reactivity (Y axis) is plotted against the introduced OH reactiv-
ity due to standards (X axis), It can be seen that there is good reproducibility, linearity
(r* = 0.98) and accountability (slope = 1.06) for the introduced reactivity over the entire
dynamic range for experiments performed on 19 April 2013 during the NCFI period and
on 17 May 2013 during the CFI period. Note that the maximum introduced reactivity of
91 s ~! during these tests actually represent 146 s ~! under ambient condition taking into
account the dilution of ambient air inside the reactor. The detection limit for the OH

L and the total uncertainty was 18.8 % for the setup

reactivity measurements was 4.5 s~
employed herein (Kumar and Sinha, 2014).
OH reactivity measurements performed using CRM method on which our VOC-OHM

system is based are known to have interferences due to following two factors:

1. Humidity difference between C2 and C3 steps of measurement which results in
different amount of net available OH radicals inside the reactor for reaction with

pyrrole and zero air (C2 step) and pyrrole mixed with ambient air (C3 step).

2. OH recycling due to the reaction between HO5; and NO in an environment where

112



Chapter 5.

ambient NO concentrations exceed 10 ppb. Use of an advance Gas Calibration Unit
(GCU-A, Tonimed Analytik) for generation of zero air directly from the ambient air,
matches the humidity to that of ambient air and no significant humidity difference
between C2 and C3 steps were observed during our measurements using the VOC-
OHM method (Kumar and Sinha, 2014). During the measurement periods reported
in this work, ambient NO concentrations were generally less than 2 ppb barring
seven short peaks in which concentrations reached ~ 10 ppb (20 April 2013 19:37 -
19:43, 21 April 2013 14:30 - 14:35, 13 May 2013 11:48 - 14:19, 14 May 2013 13:00
- 13:55, 14 May 2013 06:00 - 07:30, 16 May 2013 07:50 - 08:00 and 16 May 2013
23:30 - 23:40 L.T.). During most of these events, the VOC-OHM system was in C2
step when ambient air was not being sampled or in the ambient VOC measurement
mode. The OH reactivity data removed due to NO peaks of 10 ppb was therefore
less than ~ 4.5 % of the total measured OH reactivity data.

OH reactivity due to measured OH reactants was calculated as follows (Sinha et al., 2008):

Calculated OH Reactivity = Z kon+x, [ Xi (5.2)

where [X;] is the measured concentration of OH reactants listed in Table 5.2 including Og
and SO,, and kog is the relevant rate constant for reaction of [X;] with hydroxyl radicals
which were taken from Atkinson et al. (2004, 2006).

5.2.2.1 Discussion of Potential interferences in mass identification using PTR-

MS and uncertainty on the major conclusions

VOC measurements using PTR-MS are based on the principle of “soft” chemical
ionization mass spectrometry in which hydronium ions (H3O") act as the primary reagent
ions within the instrument. VOCs having a proton affinity greater than that of pure water
(165.2 kcal mol ~') can typically be detected at a nominal mass to charge ratio (m/z) equal
to their molecular weight+1, generally without fragmentation for small organic ions. A
PTR-MS equipped with a quadrupole mass analyzer (PTR-QMS) cannot resolve nominal
isobaric ions with its unity mass resolution and hence identification of compounds based
only on the m/z values can in principle result in overestimations of the true ambient
concentrations of compounds. However, reviews (de Gouw and Warneke, 2007; Yuan
et al., 2017) of several studies and inter-comparisons between PTR-MS and other more
specific analytical techniques (e.g. gas chromatography based instruments) in diverse
environments and plumes have shown that for compounds such as methanol, acetonitrile,

acetaldehyde, acetone, methyl ethyl ketone, sum of C-8 aromatics, sum of C-9 aromatics
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and sum of methyl vinyl ketone and methacrolein, only minor contributions from other
isobaric compounds have been observed in ambient atmospheric environments. Hence
one can be confident of the compound assignment for these species using PTR-QMS. The
potential interferences in the mass identification of rarely measured VOCs using PTR-
QMS are discussed below

e Butane-2,3-dione: Methacrylic acid, crotonic acid, pentanal, pent-2-one, pent-3-
one can interfere with butane-2,3-dione at m/z 87, but these compounds have been
reported to cause interferences only in the forested environments (Williams et al.,
2001). Previous studies reporting PTR-MS measurements from suburban locations
or from biomass burning plumes have attributed m/z 87 to butane-2,3-dione only
(Stockwell et al., 2015; Sarkar et al., 2016).

e Formamide and acetamide: The signal for acetamide was corrected for 3.4 % of
acetone landing at m/z 60 due to *C isotope (Ievgeniia et al., 2008). This accounted
for ~ 15-20 % correction in acetamide concentration in general. Similarly, the signal
for formamide was corrected for the 2.5 % contribution of acetaldehyde due to 3C

isotope at m/z 46.

e Hydroxyacetone: Butanol isomers, diethyl ether and propionic acid also con-
tribute to m/z 75 when measured with a PTR-MS, but previous studies have found

hydroxyacetone to be a main contributor (Williams et al., 2001; Sarkar et al., 2016).

e Isoprene: With a PTR-QMS both isoprene and furan are detected at m/z 69.
However, with the deployment of VOC-OHM technique in the month of May at
our measurement site, we have shown that the VOC detected at m/z is primarily
isoprene (Kumar and Sinha, 2014). However, even if the contribution of furan at
m/z 69 increases due to crop-residue fires, the calculated OH reactivity will decrease
due to the lower rate constant of furan (4.01 x 107" cm? molecule™ s7!) (Atkinson
et al., 1983) for reaction with hydroxyl radicals. Hence the missing OH reactivity
fraction will only increase further and not affect our conclusion that crop residue

fires lead to a large unexplained OH reactivity.

5.2.3 Grab sampling of fire plumes from wheat residue fires at

an agricultural field

Samples of plumes from flaming (modified combustion efficiency = 0.99) and smolder-
ing (modified combustion efficiency = 0.43) stages of wheat residue fires were collected

in pressurized glass flasks wrapped with aluminium foil (Chandra et al., 2017) directly at
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an agricultural field in Raipur Khurad, Mohali (30.652 °N, 76.709 °E, 305 m a.s.l.) on 2
May 2015 in the evening time (17:30 - 18:00 local time). Ambient air samples were also
collected in separate glass flasks from the field before the fires were lit after ensuring there
were no active nearby fires, to establish the background concentrations at the field site.
All the whole air samples collected in the glass flasks were then transported and analyzed
within 5 hours of sample collection at the IISER Mohali Atmospheric Chemistry Facility
using the PTR-MS instrument in ion selective mode with a dwell time of 1 s. The emis-

sion factors of VOCs were calculated for flaming and smoldering stages as described in
Chandra et al. (2017).

5.2.4 Ancillary measurements

Carbon monoxide (CO), sum of nitrogen dioxide and nitric oxide (NO,), sulphur
dioxide (SO3), ozone (O3) and meteorological parameters such as solar radiation, ambient
temperature, relative humidity, wind speed and wind direction were measured continu-
ously at a time resolution of one minute. CO, NO, and O3 measurements from the site
have already been analyzed and reported from September 2011 to September 2013 (Kumar
et al., 2016), along with a detailed description of the sampling methodology and calibra-
tion protocol (Sinha et al., 2014; Sarkar et al., 2013; Kumar et al., 2016). Briefly, CO,
NO,, SO, and O3 measurements were performed using gas filter correlation non-dispersive
infra-red (GFC-NDIR) technique (Model 48i), chemiluminescence technique (Model 42i),
pulsed UV fluorescence technique (Model 43i) and UV absorption photometry (Model 49i;
Thermo Fischer Scientific, Franklin, USA) respectively. Data for meteorological parame-
ters were acquired from meteorological sensors (Met One Instruments Inc., Oregon, USA)
installed at the measurement site and located within 2 m of horizontal distance from the
instrument inlets. CO calibrations were performed on 08 April 2013 and 06 May 2013,
NO, calibrations were performed on 26 April 2013 and 22 May 2013, O3 calibrations were
performed on 28 April 2013 and 23 May 2013 and SO, calibrations were performed on 30
April 2013. The uncertainties in measurements of CO, NO,, SO, and Oz are less than 6
% and the detection limits of these instruments were 28 ppb, 114 ppt, 1 ppb and 1 ppb
respectively. Carbon dioxide and methane concentrations in the grab samples were mea-
sured using a high precision Cavity Ring Down Spectroscopy (CRDS) analyzer (Model
G2508, Picarro, Santa Clara, USA) as described in Chandra et al. (2017). These were

used for calculation of emission factors
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Table 5.1: Concentrations of C2-C5 alkanes and C2-C4 alkenes for the pre-harvest NCFI
and post-harvest CFI periods calculated using their prescribed emission ratio to CO for
crop residue fires (Andreae and Merlet, 2001) and the average measured CO concentration

in the respective periods.
Hydrocarbon  Pre-harvest (NCFI) Post-harvest (CFI)

Ethane 2.43 3.89
Propane 0.89 1.42
i-Butane 0.02 0.03
n-Butane 0.08 0.12
n-Pentane 0.03 0.04
Ethene 3.76 6.01
Propene 1.79 2.86
1-Butene 0.17 0.28
i-Butene 0.11 0.17
cis-2-Butene 0.07 0.11
trans-2-Butene 0.05 0.09
Ethyne 1.04 1.66

5.2.5 Estimation of C2 - C5 alkane and C2 - C4 alkene concen-

trations

For estimating the concentrations of C2 - C5 alkanes and alkenes which were not
directly measured during our study (Table 5.1), I multiplied the hydrocarbon/CO emission
ratios reported by Andreae and Merlet (2001) in agricultural residue fires with the average
CO concentration measured during the CFI period. The hydrocarbon concentrations
during the NCFI periods were then estimated by dividing the CFI period concentrations
by 1.6, which was the average enhancement ratio of the directly measured VOCs between
the CFI and NCFI periods.

5.2.6 OH Reactivity calculations using the Framework for 0-D
Atmospheric box Modeling (FOAM) Model

A zero-dimensional atmospheric box model FOAM (Wolfe et al., 2016) was set up
for calculating the OH reactivity using the measured and estimated compounds and their
oxidation products. The model employs Master Chemical Mechanism (MCM) 3.3.1 chem-
istry (Jenkin et al., 1997; Saunders et al., 1997, 2003). The NO, photolysis rate constant
J(NO2) was calculated using the measured solar radiation (Trebs et al., 2009). Other
model prescribed photolysis frequencies (e.g. J(O('D)), J(HCHO), J(H,0,), J(HONO)
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etc.) are corrected using a factor derived using the FOAM “hybrid” method derived
J(NO2)(Wolfe et al., 2016). The MCM setup included a total of 1363 species and 4205
chemical reactions. The rate constants used in the model are taken from the reviewed
rate constants published by Atkinson et.al. (Atkinson et al., 1983; Atkinson and Carter,
1984; Atkinson and Aschmann, 1984; Atkinson, 1986; Atkinson and Arey, 2003; Atkinson,
2003; Atkinson et al., 2006). If unavailable in the former they were taken from the NIST
chemical kinetics database (Manion et al., 2015). The model was constrained with hourly
averaged concentrations of all the directly measured VOCs listed in Table 5.2, VOCs
measured in the extended NCFI period (Table 5.3) whose chemistry is present in MCM
3.3.1, O3, NO,, SO, J(NOy), estimated concentrations of hydrocarbons as described in
previous section (Table 5.1), relative humidity and ambient temperature (Lou et al., 2010;
Kaiser et al., 2016). Methane (CH4) and hydrogen (Hs) mixing ratios are held constant
at 1.8 ppm and 550 ppb respectively. The model calculated concentrations of secondary
species at the end of each hour were used as the initial concentration of model run for
the second hour. The simulations are performed in steady state conditions with a spin-up
period of three days. A dilution in the background air with zero concentration of all the
model calculated species was considered for the model setup (Wolfe et al., 2016). The
dilution is parametrized according to the following first order loss equation:

I — Kullx) - (1) (5.3)
Here [X] is the concentration of the species and [X], is the concentration in background
air which is assumed to be zero. Ky; is the first order dilution constant which is chosen to
be 1/86400 s ~! corresponding to an atmospheric lifetime of 24 hours was assumed to avoid
build-up of unrealistically high concentration of model calculated secondary species. Note
that the following measured compounds namely isocyanic acid, formamide, acetamide, 2-
furaldehyde, nitromethane and acetonitrile are not included in the MCM 3.3.1, the box
model calculation do not take into account their chemistry. Also alkylamines, which are

precursors of nitromethane, amides and isocyanic acid are not included in the MCM 3.3.1.

5.3 Results and Discussion

5.3.1 Time series of OH reactivity and other measured species

Figure 5.5 shows the time series of measured OH reactivity on the top panel in red
and calculated OH reactivity due to in situ measured species in deep blue at a time

resolution of 3 minutes for the pre-harvest NCFI (light green shaded region) and post-
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harvest CFI periods (light orange shaded region). The second panel shows mixing ratio
of acetaldehyde, isoprene, toluene and acetonitrile while the third panel shows the NO,
and O3 mixing ratios. The bottom panel shows daily fire counts data over the area close
to study region (28 °N — 33 °N and 72 °E — 79 °E) at a confidence interval > 80 % and in
situ measured solar radiation data. The blue shaded region shows the period when rain
and overcast conditions were observed.

In NCFT period, the measured three minutes time resolution data OH reactivity ranged
between below detection limit (4.5 s ~') to upto 94 s ~! except for a period in late evening of
15 April 2013, when it reached upto 180 s ~*. During this period, enhancements in mixing
ratios of acetonitrile, acetaldehyde, toluene and NO, were observed, which also resulted
in significant enhancement in measured and the calculated OH reactivity. Ambient OH
reactivity data for 19 April 2013 was not available as the response of the VOC-OHM
system was being check using standards of known reactivity. In CFI period, the measured

OH reactivity varied between below detection limit to 188 s 1.

The average measured
total OH reactivity was 28.0 s 7! in NCF1I period and 64.1 s ~! in CFI period corresponding
to an average OH radical lifetime of 38 ms and 16 ms only. The measured values of
total OH reactivity during NCFI period are comparable to those reported in the urban

I and

environment of Beijing in 2013 (Williams et al., 2016) at an average of ~ 20 s~
of New York in 2001 (Ren et al., 2003) at an average of 19 s ~'. The high values of
measured OH reactivity in CFI period are comparable to those observed during rush
hours of extremely polluted Mexico City, in transported continental airmass sampled in
Paris (Shirley et al., 2006; Dolgorouky et al., 2012) and during the dry conditions in
the central Amazonia (Nolscher et al., 2016). Higher variability was also observed in
the directly measured total OH reactivity during the CFI period, consistent with rapidly

changing VOC concentrations in sampled pollution plumes (Lou et al., 2010).
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Table 5.2 lists the average, range of peak concentrations (75" — 90 ** percentiles) and
enhancements which occurred at a confidence interval greater than 99.9 % of key measured
OH reactants including acetonitrile, a chemical tracer of biomass-fires. Enhancement
ratios ranging from 1.5 — 2.0 were observed for several reactive VOCs such as methyl
ethyl ketone, isoprene, acetaldehyde, and sum of C-9 aromatics. Table 5.3 similarly
lists the enhancement ratios of additional reactive compounds measured in the same
season during the extended NCFI and CFI periods which also ranged from 1.5 — 2.2 for
most compounds. A non-parametric Mann—Whitney U test was performed separately for
daytime and nighttime hours to check the confidence interval at which the measurement
in the two periods represent dataset with different median. The measured VOCs and NO,,
pass this test at a confidence interval > 99.95 %, whereas for CO the confidence interval
for distinct median is 99.9 % for daytime and 97.0 % for nighttime data.

5.3.2 Diel variability of total OH reactivity and contribution of
OH reactants

Fig. 5.6 shows the magnitude and variability of the total measured OH reactivity (red)
and calculated OH reactivity (black) due to measured OH reactants for both NCFI and
CFI periods. The pie charts show the contribution of the individual OH reactants and
the fraction that could be accounted for by the measured compounds. Both the measured
and calculated OH reactivity increased significantly during CFI periods relative to NCFI
periods, with greater than two-fold increase in the average measured OH reactivity (28
s~ to 64 s71 ), accompanied by 40 % increase in average calculated OH reactivity (15
s7! to 21 s7' ). The missing OH reactivity was the highest in the afternoon (49 %)
followed by evening (30 %) and morning (27 %) hours during the NCFI period. However,
during the CFI periods, surprisingly the unaccounted fraction of OH reactivity was always
higher than that accounted for by the measured OH reactants ranging from as high as 69
% during morning and noon hours to 55 % in the evening hours. Typically agricultural
burning of the wheat straw occurs in the evening (Chandra and Sinha, 2016) resulting in
large contribution of primary emissions to pollutant loadings. The contribution of non-
oxygenated VOCs (isoprene, aromatics, monoterpenes) and CO in the CFI period was
less than 27 %, the maximum of which occurred during evening hours. This points to
presence of many new/unmeasured VOCs during the CFI periods, with likely significant
contribution from oxidation products.

The calculated OH reactivity only accounted for the directly measured OH reactants
(total of seventeen gases), which does not include several reactive oxidation products such

as pinonaldehyde, formaldehyde, propionaldehyde, glyoxal, methylglyoxal and acrolein
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Table 5.2: Average concentration &= 1 ¢ ambient variability; (75" — 90" percentile) and
enhancement ratios of the VOCs and trace gases (in ppb) directly measured along with
the total OH reactivity during the pre-harvest non crop-residue fire influenced (NCFI)
and post-harvest crop-residue fire influenced (CFI) periods.

Pre-harvest (NCFI) Post-harvest (CFI) Enhancement
Species Average + lo Average + 1o ratio

(75 — 90" percentile) (75" — 90™ percentile)
AcetoneV 6.6 1.6 (3.2 10.1)  13.1 + 25 (145 - 18.2) 2.0
Methyl ethyl ketoneV 1.4 + 0.4 (1.8 — 2.1) 2.7 £ 0.6 (3.1 - 3.5) 1.9
Sum of C-9 aromatics¥ 1.3 + 0.6 (1.5 -2.2) 2.3+ 1.4 (2.6 -4.6) 1.8
Acetonitrile 0.8 +£ 0.6 (0.9 — 1.5) 1.4 £0.8(1.7-2.1) 1.8
MonoterpenesY 0.6 £ 0.3 (0.8 -0.9) 1.0 £ 0.3 (1.2 -1.4) 1.7
IsopreneY 1.6 + 0.7 (1.9 — 2.4) 2.5+ 0.6 (2.9 - 3.3) 1.6
MVK + MACRY 13404 (1.3-05) 2.0+ 0.4 (2.4 2.7) 1.5
Benzenev 14411 (1.7-27) 21+13(28-38) 1.5
Acetaldehydev 8.6+ 34 (11.3-13.2) 128 £36(153-17.0) 15
Sum of C-8 aromatics¥ 2.1 + 1.2 (2.2 - 3.3) 2.6 £ 1.6 (3.0 -4.8) 1.2
TolueneY 2.6+21(3.3-45)  32+£22(41-57) 1.2
MethanolV 42.6 + 8.3 (48.8 —62.4) 49.9 £+ 10.0 (59.8 - 70.7) 1.2
NOY 85+ 7.5 (10.7-16.5) 144 +9.6 (18.7 - 27.1) 1.7
cov 326 + 223 (370 - 530) 395 &+ 190 (510 — 770) 1.2

VSpecies included in the box model.

*Species not included in the box model.
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Table 5.3: Average concentration + 1 o ambient variability; (75" — 90" percentile) and
enhancement ratios of the rarely measured VOCs (in ppb) for the extended NCFI and
extended CFI periods of summer 2013.

Pre-harvest (NCFI) Post-harvest (CFI) Enhancement
Species Average + 1o Average + 1o ratio
(75" — 90" percentile) (75" — 90" percentile)
Nitromethane” 05+01(06-08)  11+£02(L3 15) 2.2
Hydroxyacetonev 1.6 £ 0.8 (2.0 - 2.5) 3.4+1.6 (42 -5.8) 2.1
Acetic acidV 13.0 +£ 7.3 (16.8 — 21.2) 27.4 £ 12.3 (36.0 - 42.9) 2.1
Butane-2,3-dionev 1.2 £ 0.6 (1.6 — 2.0) 23+ 1.1(29-3.9) 1.9
2-Furaldehyde/ 0.7+ 0308 1.1) 12406 (1.6 - 2.2) 1.7
2,5-Dimethylfuran™
Acetamide/ 1.8+ 0.7 (20 - 26) 3.0+ 1.4 (2.6  4.0) 1.7
Trimethylamine™
Ethanol 145+ 48 (17.1 - 20.5) 2414+ 9.1 (29.4 - 35.8) 1.7
Formic acidv
Acrolein/ 1-ButenevV 3.9 £ 2.3 (44-6.2) 5.9+ 3.1 (6.8 8.5) 1.5

Formamide/Ethylamine 1 4 o696 105) 102+ 3.1 (1.6 - 14.8) 14

/Dimethylamine*
StyreneV 0.3+ 03(0.3-04)  0.4=£05(0.4-0.5) 1.3
Tsocyanic acid* L7406 (2.2-26) 22407 (27— 3.3) 1.3

VSpecies included in the box model.

*Species not included in the box model.
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Figure 5.6: Diel box (25"-75!" percentiles) and whiskers (10", 90" percentiles) profiles
of the directly measured total OH reactivity and the calculated OH reactivity due to
measured species in the NCFI period (top) and CFI period (bottom). The average and
various percentiles of the data in between a given 2 hour time interval are plotted against
the start hour of the interval. The pie charts show partitioning of the measured OH
reactivity among top ten measured OH reactants in 4-hour windows (shaded in the Figure)
of the morning (06:00 — 10:00 Local Time (L.T.)), afternoon (12:00 — 16:00 L.T.) and
evening time (20:00 — 24:00 L.T.).
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Figure 5.7: Pie charts showing the missing OH reactivities and average contribution of
measured OH reactants, estimated hydrocarbons and model calculated oxidation products
to the total measured OH reactivity for NCFI and CFI periods.

which are formed from the measured organic compounds. As oxygenated VOCs are known
to contribute significantly towards OH reactivity of biomass burning plumes, it is impor-
tant to account for them in the OH reactivity calculation (Gilman et al., 2015). Further,
several compounds known to be emitted from biomass fires such as C2-C5 alkanes/alkenes
and their oxidation products were missing from the set of directly measured OH reactants.
To account for the contribution of all these important species that were not directly quan-
tified, T therefore applied a 0-D steady-state box model (Wolfe et al., 2016) employing
MCM 3.3.1 chemistry containing 1363 species (Jenkin et al., 2015), for analyzing the OH
reactivity budget in both NCFI and CFI periods. The model was constrained with diel
hourly average concentrations of seventeen measured chemical species, methane and hy-
drogen during respective periods, twelve approximated C2-C5 alkanes and alkenes (Tables
5.1, 5.2 and 5.3) and meteorological parameters. Figure 5.7 summarizes the results which
show that the average total OH reactivity in the NCFI period can be fully explained (~
95 %) by the species present in the model (within measurement uncertainty of ~ 20 %),
whereas using the same set of OH reactants and chemistry, the model is able to explain
only ~ 60 % of the total OH reactivity during the CFI periods. Thus a large unexplained
missing OH reactivity fraction of ~ 40 % persists. Overall, the contribution of oxidation
products predicted by the model doubled from 5.6 s ' (NCFI) to 10.2 s ! (CFI), pointing

to increased role of photochemically formed reactive compounds.
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For many of the rarely measured VOCs (Table 5.3), a calibration gas standard was
unavailable and so the total uncertainty of the measurement for these VOCs is ~ 30
%. To assess how much the 30 % concentration uncertainty for rarely measured VOCs
could affect the OH reactivity calculations and hence the conclusion of the large missing
OH reactivity during the CFI periods, model runs were performed for the NCFI and
CFT periods with 30 % higher concentrations of rarely measured VOCs compared to
measured values currently used for the calculations. I found that doing so only reduces
the missing reactivity fraction to 3 % (from 5 %) in NCFI period and to 37 % (from
39 %) in CFI period. Thus, my conclusion that there is a large fraction of unexplained
OH reactivity in the CFI period remains unchanged. Model sensitivity runs were also
performed assuming minimum and maximum rate constants for the lumped species (e.g.
sum of C-8 aromatics, sum of C-9 aromatics and sum of monoterpenes) to provide upper
and lower bounds (assuming the least reactive or most reactive compound contributed to
the entire measured m/z) of the missing OH reactivity. The change in values of missing
OH reactivity relative to present values reported in Fig. 5.7 (5 % missing in NCFI and
39 missing in CFI), still resulted in no missing OH reactivity in NCFI period (within
uncertainty of measurements) and less than 6 % reduction in missing OH reactivity for
the CFI period. Thus, the conclusion concerning a large fraction of unexplained OH
reactivity in the CFI period remained unaffected. For estimating the concentrations of
(C2-C5 alkanes and alkenes which were not directly measured, I did not subtract the
background CO concentrations. Generally enhancements in CO are used to estimate
concentrations of hydrocarbons when multiplying by the VOC/CO emission ratios. In
order to assess the magnitude of change in missing OH reactivity due to this, we undertook
the following calculation. Given that the measured average CO in CFI period was 395 ppb
(Table 5.2) and the 10th percentile of CO data (reasonable to consider as the background
CO) in CFI period was 150 ppb, the resulting increase in missing OH reactivity due to
lower approximated C2-C5 alkanes/alkenes concentrations, was found to be less than 3 %
in CFI period and less than 2 % in NCFI period. Thus, no significant bias arises in the
missing OH reactivity fraction during CFI and NCFI periods due to the current method
of estimating the C2-C5 hydrocarbon concentrations. In addition to the C2-C5 alkanes
and alkenes, larger alkanes/alkenes and furans are known to be emitted from agricultural
residue fires (Andreae and Merlet, 2001). Using the emission ratio with respect to CO
and the concentration enhancement in CO, we have estimated the concentration and
subsequently the OH reactivity of 4-methyl-1-pentene, 1-hexene, n-hexane, isohexane,
heptane, octene, 2-methylfuran, ethylfuran, dimethylfuran, tetrahydrofuran, benzofuran
and furfural in the CFT period. The total OH reactivity due these species during the CFI
period is 0.35 s ~* which is ~ 0.5 % of the directly measured total OH reactivity. Again
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the missing OH reactivity fraction remains virtually unchanged.

5.3.3 Emnhanced emission and photochemical formation of rarely

measured VOCs as a result of crop residue fires

Figure 5.8 shows the strong enhancements that occurred during the CFI period in the
concentrations of acetonitrile (biomass-burning tracer), sum of C-9 aromatics (trimethyl-
benzenes), as well as acetaldehyde and acetone which are emitted from crop residue fires
but are also formed photochemically due to oxidation of precursor compounds emitted
from the fires such as C2 - C5 alkanes and alkenes (Millet et al., 2010). Surprisingly, I
also observed much higher photochemical formation rates in rarely measured VOCs like
hydroxyacetone and butane-2,3-dione and strong enhancements in ambient concentrations
of photochemically formed nitrogenous compounds e.g. nitromethane and isocyanic acid
(HNCO) during the CFI periods.

The slope of the line fit from sunrise (05:00 local time) till attainment of peak daytime
concentrations for hydroxyacetone increased from 0.27 ppbh ~! in the NCFI period to
0.54 ppbh ! in the CFI period whereas that of butane-2,3-dione increased from 0.19
ppbh ! to 0.43 ppbh ~! between NCFI and CFI periods. The removal of HNCO from
the atmosphere takes place primarily through wet and dry deposition, since the two major
gas phase pathways, reaction with hydroxyl radical (OH) and photolysis are slow (Roberts
et al., 2014). The solubility of HNCO and its kinetics imply lifetimes due to heterogeneous
removal on the order of days to a few weeks, which would be even slower under the
extremely dry conditions of the Indian pre-monsoon summer season (RH as low as 15
% in the daytime). Thus HNCO would have a high accumulation tendency under such
conditions. The precursor of isocyanic acid through hydroxyl radical initiated oxidation
is formamide which in turn can be formed from hydroxyl radical initiated oxidation of
methylamine (Reactions [R17] to [R24]).

CH;3NH, + OH — CH,NH, + H,0 [R17]
CH,NH, + Os + M — OOCH,NH, + M [R18]
OOCH,NH, + NO —3 OCH,NH, + NO, [R19]

OCH,NH, + O, — HCONH, + HO, [R20]
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Figure 5.8: Diel box (25 - 75" percentiles) and whiskers (10 ™, 90 * percentiles) profiles
of the measured concentrations of (a-d) acetonitrile, sum of C-9 aromatics, acetaldehyde
and acetone, in the CFI (red) and NCFT (black) periods and (e-h) hydroxyacetone, butane-
2,3-dione, nitromethane and isocyanic acid in the extended CFI and NCFI periods of

summer 2013.
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HCONH, + OH — C(O)NH, + H,0 [R21]
HCONH, + OH — HC(O)NH + H,0 [R22]
C(O)NH3 + Oy — HNCO + HO, [R23]
HC(O)NH + O, — HNCO + HO, [R24]

Further, formation of nitromethane can occur from ozone initiated oxidation of trimethy-
lamine, (reactions [R25] - [R27] (Nielsen et al., 2012)) which also have high OH reactivity
(Table 5.4).

(CHg)sN 225 [CH5N*O™]* ——— (CH;)oNO [R25]
(CHs).NH _O—é; [(CH3)2N(H)"O™]* — [(CH;)>NOH]" ﬁ) (CH3)oNO  [R26]
(CH3)sNO ——2*— CH3NO, [R27]

With the PTR-MS technique dimethylamine, ethylamine and formamide can be de-
tected at m/z 46 after protonation. Similarly trimethylamine and acetamide can be
detected at m/z 60 after protonation. Since dimethylamine, ethylamine and trimethy-
lamine cannot be formed photochemically, I attributed the signals to be majorly due to
oxidation products of amine oxidation i.e. formamide at m/z 46 and acetamide at m/z 60
for the daytime data (Figure 5.9). However for the night time data, there could certainly
be equally significant contribution from both the alkylamines and amides. The diel vari-
ation of m/z 46 and m/z 60 (Figure 5.9) measured with the PTR-MS clearly show strong
evening time secondary peaks only during the CFI periods. These peaks would coincide
very nicely with the timing of the fire activity (evening). Further it is known from labora-
tory studies and has been reported by Stockwell et al. (2015)(Supplement) that burning
of many agricultural residues (e.g. African grass, wheat residue, paddy residue, alfalfa,
hay, sugarcane and sawgrass) emits several alkylamines. It appears that higher concentra-
tions of both amines and amides emitted at night during CFI periods tend to accumulate
and just after sunrise trigger photochemical production of the oxidation products such
as amides, nitromethane and isocyanic acid. As the concentrations of the precursor com-

pounds are higher in the CFI periods, the rate of photochemical formation which depends
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Figure 5.9: Diel box (25-75!" percentiles) and whisker (10, 90 percentiles) plots of
measured concentrations (in ppb) of m/z 46 (mainly formamide in daytime) and m/z 60
(mainly acetamide in daytime) during the extended pre-harvest NCFI (28 February 2013
to 30 April 2013) and extended post-harvest CFI period (1 May 2013 to 31 May 2013)

on the concentration of the precursor compounds is also higher in CFI period.

5.3.4 Potential contributors to the missing OH reactivity

The photochemical formation of nitromethane is likely driven by ozone initiated atmo-
spheric oxidation of compounds such as trimethylamine which also has high OH reactivity
(Table 5.4). Significant photochemical formation of formamide and acetamide was also
observed in the daytime data during CFI period. The photochemical formation of several
first and second generation photochemical oxidation products of amines e.g. formamide,
acetamide, nitromethane and isocyanic acid strongly suggest that their precursor com-
pounds such as alkylamines are also being emitted from crop residue fires. Both agricul-
tural biomass fires and animal husbandry activities (Ge et al., 2011; Stockwell et al., 2015)
are recognized as major atmospheric sources of alkylamines. Considering that the fetch
region was similar during both the NCFI and CFI periods, and there was no evidence
for substantial increase in animal husbandry activities between the two periods, I surmise
that the agricultural biomass fires are a likely source for the emission of alkylamines.
While the OH reactivity contribution of nitromethane, isocyanic acid, butane-2,3-dione
and hydroxyacetone is collectively less than 2 s = in the CFI period, their reactive pre-
cursors such as alkylamines have very high OH reactivity (see Table 5.4) and could help

explain a significant fraction of the missing OH reactivity.

Fig. 5.10 shows the correlation of the increased OH reactivity between CFI and

NCFT periods with absolute concentration increases between CFI and NCFI periods of
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Table 5.4: Rate constants (cm?® molecule™ s7!) of reaction with OH radicals and O3 with
the alkylamines (Atkinson and Carter, 1984; Atkinson, 1986).

Alkylamine kon (298) ko, (298)
Methylamine 2.20 x 10711 2,13 x 1072
Ethylamine 2.77 x 10711 2,76 x 10720

Dimethylamine  6.54 x 10711 2.61 x 10718
Trimethylamine 6.09 x 10711 9.73 x 10718

photochemically formed and nitrogen containing compounds such as hydroxyacetone, ni-
tromethane, sum of formamide and C-2 amines, sum of acetamide and trimethylamine,
acetone and acetonitrile. The individual points in the different panels were derived by cal-
culating the differences between CFI and NCFI periods using the average diel profile data
of measured OH reactivities (shown in Fig. 5.6), hydroxyacetone, nitromethane, acetone
and acetonitrile (shown in Fig. 5.8) and the data for sum of formamide and C-2 amines
(m/z 46), sum of acetamide and trimethylamine (m/z 60) shown in Fig. 5.9. Acetonitrile
being a chemical marker for biomass burning is a proxy for primary fire emissions and its
good correlation with the enhanced OH reactivity observed during CFI periods indicates
that primary fire emissions which could not be measured likely contributed to the high
OH reactivity in CFI period. The highest correlation (r > 0.8) was observed for sum of
formamide and C-2 amines (m/z 46), sum of acetamide and trimethylamine (m/z 60),
suggesting that nitrogen containing compounds may be playing a key role in driving the
enhanced OH reactivity during the CFI period. Further, the good correlation (r > 0.6)
of the enhanced OH reactivity in the CFI periods with hydroxyacetone, nitromethane,
and acetone, all compounds which were observed to have a strong photochemical source
in our measured dataset, also suggests that oxidation products of precursor compounds

emitted from the fires contributed to the high measured OH reactivity in the CFI period.

Based on chamber oxidation studies of OH radical initiated oxidation of trimethy-
lamine, 1 ppb of trimethylamine can yield 0.75 ppb of formaldehyde (HCHO) and trace
amounts of less reactive nitrogen containing VOCs (amides and N-nitroamines) (Pitts
et al., 1978). Using the product yields and the relevant rate constants for reaction
of these oxidation products with OH radicals, the presence of an additional 14 ppb of
trimethylamine like reactive compounds and the extra photo-oxidation products formed
thereof, could account for the entire missing OH reactivity fraction of ~ 40 % (25 s 1)
observed during the CFI period. While I am not suggesting that a high concentration of
14 ppb of only trimethylamine would be present in ambient air, the point is that given

that dimethylamine, ethylamine and methylamine have rate constants with the hydroxyl
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Figure 5.10: Linear regression lines showing correlation of the increased OH reactivity
between CFI and NCFI periods with the absolute concentration increases between CFI
and NCFI periods of a) hydroxyacetone, b) nitromethane, ¢) Sum of formamide and
C-2 amines, d) Sum of acetamide and trimethylamine, e) acetone and f) acetonitrile
(biomass burning tracer). The individual points in the different panels were obtained by
calculating the differences between CFI and NCFI periods using the average diel profile
data for measured OH reactivity shown in Fig. 5.6 and hydroxyacetone, nitromethane,
acetone and acetonitrile shown in Fig. 5.8 and Sum of formamide and C-2 amines (m/z
46), Sum of acetamide and trimethylamine (m/z 60) shown in Fig. 5.9
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radical which are of the same order of magnitude (107! c¢m? molecule™ s™1; Table 5.4),
and the observed diel profiles of m/z 46 and m/z 60 show values as high as 12 ppb and
3 ppb at night (m/z at which methylamine and ethylamine can contribute significantly
at night), and the consideration that approximately 150 amines have been detected in
ambient air (Ge et al., 2011) with smoke being a major source of amines, it is plausible
that collectively amines could explain a major fraction of the missing OH reactivity in
the crop residue fire impacted periods.

Grab sampling of wheat residue fires in a nearby agricultural field (30.652 °N, 76.709
°E, 305 m a.s.l.) under ambient smoldering (low modified combustion efficiency (MCE))
and flaming wheat straw fire stages yielded extremely high emission factors of several
compounds during the smoldering stage of the fire (Table 5.5). Biomass combustion ex-
periments conducted in laboratory studies (Stockwell et al., 2015) are based primarily
on data from flaming stage fires. In the real world, such smoldering fires can persist
for hours and the “poor” combustion conditions are rarely captured and characterized in
laboratory studies. Considering that the temperatures are really high (~ 40 °C) during
May in north-west IGP, in order to keep fires from spreading out of control, I noted that
farmers do sprinkle water at the border of certain patches in their field. This practice
could certainly contribute to smoldering fires characterized by low combustion efficiency
at-least for several patches in a large agricultural field. Moreover the straws are less than
1 foot above the ground and root-bound at the time of fire, which can contribute to a
lowering of the MCE. As the VOC emission factors of flaming stage fires are significantly
lower than the smoldering stage, I believe my grab sampling experiment results support
the contention that several compounds may be underestimated /unreported as emissions
from biomass fires. Additionally, the high reactivity due to photochemically formed pol-
lutants in the ambient atmospheric environments would escape notice in the laboratory
studies focused on characterizing the primary emissions. The relevance of the reported
emission factors for the smoldering stage fires in our study is that they demonstrate that
several compounds with negligible emission factors in the flaming stage can have really
high emission factors in the smoldering stage. As we could not sample statistically signif-
icant number of fires, it would be inappropriate to use them as representative values, but
they are sufficient evidence for the primary point, that the reduced nitrogen compounds
can be emitted in large quantities and this is the new insight of the emission factor data

reported here.
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Table 5.5: Emission factors (grams of VOC emitted per kg of dry fuel weight burnt) of
different VOCs obtained from source sampling of emissions from open burning of wheat
residue in the flaming and smoldering stages.

Emission factor (g/kg of fuel burnt)

m/z Major contributors Flaming Smoldering
(MCE = 0.99) (MCE = 0.43)
33 Methanol* 0.2 41.3
45  Acetaldehyde” 0.2 23.3
97  2-Furaldehyde/ 0.1 16
2,5-Dimethylfuran”
75 Hydroxyacetone” 0.2 15.9
59  Acetone” 0.07 13.2
69  Isoprene/furan’ 0.09 11.5
87 Butane-2,3-dione” 0.2 10.7
61 Acetic acid® 1.9 9.2
57  Acrolein/1-Butene? 0.1 7.8
73 MEKY 0.05 6.2
71 MVK + MACR” 0.04 5.2
42 Acetonitrile” 0.02 4.4
93 Toluene® 0.03 2.8
79 Benzene’ 0.05 1.6
107 Sum of C-8 aromatics”  0.02 1.5
46 Formamide/Ethylamine 0.02 0.6
/Dimethylamine’
60  Acetamide/ < 0.01 0.6
Trimethylamine’
121 Sum of C-9 aromatics®  0.01 0.6
105  Styrene” 0.01 0.4
31 Formaldehyde® 0.01 0.2
44 Isocyanic acid® 0.03 0.2
63  Dimethylsufide 0.01 0.2
137  Monoterpenes” 0.002 0.2
47 Ethanol/Formic acid’ 0.01 0.1

Modified combustion efficiency (MCE)=ACO,/(ACO; + ACO),*(Warneke et al., 2011)
(Akagi et al., 2011),7(Stockwell et al., 2015), °(Sarkar et al., 2016)
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5.3.5 Implications for regional air quality and climate

Total OH reactivity provides a measure of all gaseous reactive pollutants that are
directly emitted and formed by atmospheric oxidation of the emissions. The large missing
OH reactivity during periods affected by agricultural fires has major implications for
understanding the formation of tropospheric ozone and other secondary pollutants in
biomass fire impacted atmospheric environments (Fig. 5.11). It reveals that in the biomass
fire impacted periods almost half of the reactive atmospheric chemical composition is
unknown and therefore their chemical feedbacks are not considered in typical models and
field studies. For example, atmospheric oxidation of hydroxyacetone forms HO, radicals,
which may be an important atmospheric pathway for reforming hydroxyl radicals and
sustaining/enhancing oxidizing efficiency in a polluted environment (reactions [R28] -
[R29)]).

CH,C(0)CH,OH + OH 27 ¢11,¢(0)CHOH + H,0 [R28]
CH;C(0)CHOH + Oy — CH;C(0)CHO + HO, [R29]

It has previously been shown that the maximum number of exceedance events in the
8 h NAAQS for ozone in India (100 pgm™3) occurred in the north-west Indo-Gangetic
Plain during the month of May, which is strongly affected by the crop residue biomass
fires. It was also observed in Chapter 2 that the ozone enhancement increased from 19
ppb to 28 ppb between pre-harvest and post-harvest summertime air of the north-west
IGP for the air masses with high residence time over the burnt agricultural fields.
Several previous studies from the Indo-Gangetic plain region (for example Rajput et al.
(2014) and Ram et al. (2010) have also reported direct emissions and secondary formation
of carbonaceous aerosol particles such as elemental carbon and organic carbon including
polycyclic aromatic hydrocarbons from the agricultural residue fires. Based on the esti-
mates by Rajput et al. (2014) circa 26 % and ~ 7 % of the PMy 5 mass fraction is organic
carbon and elemental carbon respectively in the wheat residue emissions from the IGP
region. PM data from IISER Mohali atmospheric chemistry facility, during the period
of this study show that between the NCFI and CFI periods, the average mass concen-
tration of PM, 5 increased from 57 pgm™3 to 100 pgm™2 whereas for PMyj it increased

from 128 pgm™3 to 213 pgm=3.

Wheat residue fires in the summertime have already
been reported to increase the number of NAAQS exceedance events for both PM;y and
PM, 5 in the north-west IGP (Pawar et al., 2015). Garg et al. (2015) have previously also
reported co-emission of black carbon in three wheat residue fire plumes in May 2013. Cal-

culation of the Secondary Organic Aerosol (SOA) production potential due to measured
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Non Crop-residue Crop-residue
Fire Influenced Fire Influenced

Known Unknown

Figure 5.11: Diagram summarizing effects on air quality and climate relevant processes
due to the large unknown suite of reactive compounds emitted directly and formed pho-
tochemically as a result of large scale agricultural crop-residue fires. The radius of the
pie chart is scaled as per the observed total measured OH reactivities. SOA stands for
secondary organic aerosol.

concentrations of toluene, benzene, xylene, isoprene and monoterpenes using the method
used in Sarkar et al. (2016), showed a 40 % enhancement in SOA production potential
due to these compounds between the NCFI (4.1 pgm™3) and CFI period (5.8 pgm™3).
Detailed studies of SOA formation processes in similar biomass fire impacted atmospheric
environments, also considering the role of amides and alkylamines which can participate
in particle formation and growth processes (Tao et al., 2016) may be very important and

will require further investigations.

Exposure to elevated concentrations of isocyanic acid has been documented to pose
health risks (Roberts et al., 2011) and it is worth noting that the average hourly con-
centrations were always > 1 ppb during the CFI periods. While alkylamines and amides
can cause irritation in eye, skin and respiratory system upon high exposure, atmospheric
oxidation of alkylamines in the presence of nitrogen oxides can also produce carcinogens
like dimethylnitrosamine and dimethylnitramine ((Reactions [R30] - [R32]) (Ge et al.,
2011)), which together with benzene, another known carcinogen emitted from the fires
could pose enhanced health risks (Sarkar et al., 2013; Chandra and Sinha, 2016).
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(CHg)gN + N02 — (CHg)QN—NOQ [R31]

Currently even the most detailed state-of-the art atmospheric chemistry models ex-
clude formamide, acetamide, nitromethane and isocyanic acid and their highly reactive
precursor alkyl-amines (e.g. methylamine, ethylamine, dimethylamine, trimethylamine).
Thus, a larger suite of compounds and chemical reactions needs to be considered for air
quality modeling of the resultant pollution haze. The large missing OH reactivity during
periods affected by agricultural fires has major implications for understanding the for-
mation of tropospheric ozone and other secondary pollutants in biomass fire impacted

atmospheric environments (Figure 5.11).

5.4 Conclusion

This work reports the first ambient OH reactivity measurement in an atmospheric
environment impacted by active fires from the under-studied north-west Indo-Gangetic
plain. I have used the VOC-OHM technique for performing the measurement of ambi-
ent total OH reactivity and VOC concentrations. Crop residue fires in the summertime
cause an enhancement in measured total OH reactivity from 28.0 s71 to 64.1 s71. A corre-
sponding increase was also observed in the calculated OH reactivity (due to measured OH
reactants) from 15.0 s™ to 21.0 s7'. The measured OH reactants and their model calcu-
lated oxidation products were able to completely explain the total OH reactivity (missing
OH reactivity was 5 % of the total which is well within the measurement uncertainty) in
normal summertime condition while the same set of species could only explain 61 % of
the total OH reactivity. Enhanced photochemical formation of several nitrogen contain-
ing oxygenated VOCs which are not included in current atmospheric chemistry models,
was observed in the crop residue fire influenced period which confirms emission of their
reactive precursors from the crop residue fires. The enhancement in their concentration
from non crop residue fire influenced to crop residue fire influenced period correlated with
the corresponding increase in the missing OH reactivity. As fire emissions are similar
for same type of crop residue irrespective of their origin, to understand the impact of
fires globally on atmospheric photochemical processes, it is necessary to focus attention
on measurement of such compounds and and include them in the atmospheric chemistry

models for accurate assessment of fire emission on the global atmospheric environment in
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future studies. The concentrations of these VOCs are expected to increase in other areas
of the world too, with their use in much-emphasized carbon capture and storage (Nielsen
et al., 2012).

All the major compounds detected in the wheat stubble fires are also emitted from a
large variety of biomass fuels burnt across various parts of world (Stockwell et al., 2015),
including different types of crop residue, natural grasses and wood. However, the variation
in the modified combustion efficiency and fuel type does change the emission factors of the
VOCs. Emission factors during the flaming stage are not particularly high for wheat when
compared to other fuel types. Thus while designing the ambient studies, it is important
to take into account the major known emissions as highlighted in previous works (e.g.
Stockwell et al. (2015) and Akagi et al. (2011)) and also discussed in this work. Emission
factor recommendations for model predictions (Andreae and Merlet, 2001) typically use
emission factors over the MCE range of 0.80 — 0.99. In order to accurately account for
the emissions from the smoldering stages of biomass fires globally, emission factors at
lower MCE, which can be significantly higher for some compounds should also be studied
in detail in laboratory chamber studies of fires (if possible) and included in emission
inventories used for model predictions.

As shown in this study incorporating direct OH reactivity measurements aids in ac-
counting for the total gas phase reactivity and missing compounds. Future studies in the
biomass burning affected regions including direct measurements of OH radicals and major
OH radical production pathways in addition to the OH reactivity, could be very interest-
ing also from the perspective of whether “shifts” in chemistry (Hofzumahaus et al., 2009;
Lelieveld et al., 2008) occur and if so determining the net impact on the oxidation capacity
of such perturbed atmospheric environments. As OH chemistry governs removal rate of
climate active gases and formation of ozone and aerosol, these findings have major impli-
cations for understanding and predicting tropospheric chemistry and air-quality-climate

feedbacks in fire-impacted atmospheric environments.
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Chapter 6

Conclusions: Major findings and

outlook

The Indo-Gangetic plain (IGP) which is home to more than one seventh of the world
population faces serious environmental issues especially related to deteriorating air quality
and consequent socio-economic and health impacts. This study reports the first two year-
long (from August 2011 - September 2013) online in situ measurements of O3, CO and NO,,
at a regionally representative suburban site in the N.W. IGP. I have examined the ambient
concentrations of Oz, CO and NO,, and the impact of season specific emissions (e.g. wheat
residue fires in summer, paddy residue fires in post monsoon, biofuel combustion in winter)
and meteorological conditions (e.g. availability of solar radiation, ambient temperature).
The prevalence of agricultural crop residue fires in the summer and post monsoon seasons
resulted in high d[Os3]/dt. In the summer season this caused ~ 29 % enhancement in
O3, whereas, in the late post monsoon season, it caused an enhancement of ~ 10 % in
peak hourly O3 concentrations despite lower radiation and temperatures compared to the
early post monsoon. The enhancement in O3 mixing ratios in the summertime was largest
for air masses belonging to the local cluster, as they spent maximum contact time over
the burning agricultural fields. The net rate of change of Oz (d[O3]/dt) from sunrise
until attainment of peak daytime plateau region of diel profile was also observed to be
the highest (9.2 ppbh™!) during the fire influenced post monsoon seasons followed by 8.0
ppbh~! during the clean post monsoon and fire influenced summer seasons. Exceedance
of the 8h O3 national ambient air quality standard (NAAQS) on 451 days during Aug 2011
- Sep 2013 (~ 62 %) suggests that regional surface O3 pollution is serious and has been
largely overlooked /unreported due to lack of in situ data from the region. Assessment of
VOC specific O3 production potentials using speciated VOC measurements will provide
insights on VOCs responsible for high O3 episodes and must be investigated on priority

basis. Deployment of new instruments capable of directly measuring the in situ chemical
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production of Oz will improve apportionment of in situ chemical O3 production and
transported O3 to ambient O3z enhancements. Regulation of crop residue fires would
certainly mitigate O3 pollution and bring co-benefits for crop productivity, in particular
for wheat, which is sown during winter in the N.W. IGP. The high summertime Oj is not
serious in terms of crop productivity as there are no standing crops at that time of the

year, but impairs the regional air quality.

This work presents the first continuous long-term online measurement of a suite of 23
VOCs using a PTR-MS from the north-west Indo-Gangetic plain in Mohali for a period
spanning from 01 March 2012 to 27 February 2013. In terms of their measured concen-
tration, oxygenated VOCs are the most important among the measured VOCs with an
annual average concentration of methanol, acetaldehyde, and acetone at 32.2, 5.9 and 5.6
ppb respectively. Despite being a suburban location, the annual average concentration of
1.6 ppb of isoprene is observed which is primarily due to biogenic emissions in the daytime
and biomass burning emissions in the nighttime. Crop residue burning in the summer and
post-monsoon seasons is found to cause approximately two-fold enhancements in evening
and night time concentrations of acetonitrile, isoprene, aromatics and oxygenated VOCs.
Very high seasonal average concentration of carcinogenic aromatic VOCs e.g. benzene
and toluene at 1.5 and 2.5 ppb for the polluted summer and 2.4 and 3.5 ppb for polluted
post monsoon respectively are observed. Favourable conditions for biogenic emissions e.g.
soil moisture availability and uninterrupted sunlight in the clean post monsoon season

results in maximum daytime observed concentrations of isoprene and acetaldehyde.

The average diel profile of OH reactivity due to measured species ranges between 8.1
s and 40 s7! in different seasons. Crop residue fires increase the night time VOC OH

Lin the clean post monsoon to 34.8 s~! and from 17.3 s7! to 24.5

reactivity from 17.4 s~
s~!in the summertime. Isoprene and acetaldehyde are found to be the major contributor
of reactive pollutant loading contributing to more than 38 % of the daytime VOC OH re-
activity and ozone production potential in all the seasons. In terms of their OH reactivity
contribution, among the different class of VOCs, oxygenated VOCs are the most impor-
tant contributing to more than 37 % of the VOC OH reactivity and ozone production
potential in all the seasons. The maximum VOC ozone production potential averaged
for the peak daytime hours (11:00-14:00 L.T.) was observed to be 31.3 ppbh™! in the
clean post monsoon and the minimum was observed to be 10.2 ppbh™! during winter.
Crop residue fires in the summertime cause an increase of 7.5 ppbh~! in the VOC ozone
production potential from a baseline value of 15.3 ppbh™!. The maximum calculated
ozone production potential in the clean post monsoon does not correspond to the maxi-

mum observed ozone concentration. While the peak daytime ozone production is limited
by the availability of NO, in the clean post monsoon, both VOC and NO, availability
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strongly control the peak daytime ozone production in all other seasons. Future studies
should include direct measurement of total OH reactivity and ozone production potential
in all the seasons to accurately quantify the contribution of unmeasured VOCs towards

the ozone production.

A new technique called VOC-OHM that enables rapid sequential measurements of am-
bient VOCs and total OH reactivity has been developed, validated and tested in the field
with promising results. Whereas VOC-OHM is not a complete replacement for studies
in which two PTR-MS systems can be deployed, as simultaneous measurements of both
VOCs and OH reactivity are not possible with the system, its ability to measure both
parameters with a gap of only few minutes (~ 13 minutes in this work) does open up new
possibilities. VOC-OHM adds specificity to the PTR-MS equipped with a quadrupole
mass analyser to distinguish the isobaric compounds by enabling direct measurement of
their rate constants for reaction with OH radicals. There are several research groups
and institutes in the world which possess only a single PTR-MS. This work provides a
promising analytical technique to use the single PTR-MS for both total OH reactivity
and ambient VOC measurements, and maximize the scientific outcome using available re-
sources. This work also demonstrates a better and safer substitute for pressurized zero air
bottles in the form of the gas calibration unit (GCU-A) which can be deploying for CRM
OH reactivity field measurements. This system is a promising option for ground based
air pollution and atmospheric chemistry studies, enabling instantaneous ozone production
regimes (Sinha et al., 2012) and VOC speciation to be determined for policy makers. In
addition to air pollution and atmospheric chemistry studies, the VOC-OHM system can
also be applied for VOC headspace sampling studies in the food and flavour industry
(Biasioli et al., 2011; Boscaini et al., 2004) and in chamber studies.

This work reports the first ambient OH reactivity measurement in an atmospheric
environment impacted by active fires from the under-studied north-west Indo-Gangetic
plain. I have used the VOC-OHM technique for performing the measurement of ambi-
ent total OH reactivity and VOC concentrations. Crop residue fires in the summertime
cause an enhancement in measured total OH reactivity from 28.0 s7! to 64.1 s71. A corre-
sponding increase was also observed in the calculated OH reactivity (due to measured OH
reactants) from 15.0 s7! to 21.0 s~!. The measured OH reactants and their model calcu-
lated oxidation products were able to completely explain the total OH reactivity (missing
OH reactivity was 5 % of the total which is well within the measurement uncertainty) in
normal summertime condition while the same set of species could only explain 61 % of
the total OH reactivity. Enhanced photochemical formation of several nitrogen contain-
ing oxygenated VOCs which are not included in current atmospheric chemistry models,

was observed in the crop residue fire influenced period which confirms emission of their
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reactive precursors from the crop residue fires. The enhancement in their concentration
from non-crop residue fire influenced to crop residue fire influenced period correlated with
the corresponding increase in the missing OH reactivity. As fire emissions are similar
for same type of crop residue irrespective of their origin, to understand the impact of
fires globally on atmospheric photochemical processes, it is necessary to focus attention
on measurement of such compounds and and include them in the atmospheric chemistry
models for accurate assessment of fire emission on the global atmospheric environment in
future studies. The concentrations of these VOCs are expected to increase in other areas
of the world too, with their use in much-emphasized carbon capture and storage (Nielsen
et al., 2012).

All the major compounds detected in the wheat stubble fires are also emitted from a
large variety of biomass fuels burnt across various parts of world (Stockwell et al., 2015),
including different types of crop residue, natural grasses and wood. However, the variation
in the modified combustion efficiency and fuel type does change the emission factors of the
VOCs. Emission factors during the flaming stage are not particularly high for wheat when
compared to other fuel types. Thus while designing the ambient studies, it is important
to take into account the major known emissions as highlighted in previous works (e.g.
Stockwell et al. (2015) and Akagi et al. (2011)) and also discussed in this work. Emission
factor recommendations for model predictions (Andreae and Merlet, 2001) typically use
emission factors over the MCE range of 0.80 — 0.99. In order to accurately account for
the emissions from the smoldering stages of biomass fires globally, emission factors at
lower MCE, which can be significantly higher for some compounds should also be studied
in detail in laboratory chamber studies of fires (if possible) and included in emission

inventories used for model predictions.

As shown in this study incorporating direct OH reactivity measurements aids in ac-
counting for the total gas phase reactivity and missing compounds. Future studies in the
biomass burning affected regions including direct measurements of OH radicals and major
OH radical production pathways in addition to the OH reactivity, could be very interest-
ing also from the perspective of whether “shifts” in chemistry (Hofzumahaus et al., 2009;
Lelieveld et al., 2008) occur and if so determining the net impact on the oxidation capacity
of such perturbed atmospheric environments. As OH chemistry governs removal rate of
climate active gases and formation of ozone and aerosol, these findings have major impli-
cations for understanding and predicting tropospheric chemistry and air-quality-climate

feedbacks in fire-impacted atmospheric environments.

Thus, overall my thesis work and its findings represent major advancements in ac-
quisition of new strategic knowledge necessary for detailed quantitative understanding

of the impact of open fires on atmospheric composition and chemistry over the north-
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west Indo-Gangetic Plain and the chemical speciation and reactivity perturbations that
can be caused by large scale biomass fires, an emission activity that impacts the global

atmosphere and occurs on varied temporal and spatial scales worldwide.
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