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Abstract

700 million Indians have used solid fuétstheir homesfor the last 30 yearsontribuing
substantially to air pollutant emissiorkhe Indian economyand industial, power generation,
and transport sectolgmve grown considerablyver the last decadacreasing emissions @i
pollutans. These air pollutant emissions have caysedentdayconcentrations of ambient BM
and Qin Indiato beamongst the highest in the warkekposure tdahis air pollution is the second
leading risk factom India, contributingone-quarter of the global disease burden attributable to
air pollution exposuréAir pollutant emissions are predicted to grow extensively over the coming
yearsin India. Despite the importance ofrajuality in Indig it remains relatively understudied
andknowledge of the sources and pesses aasing air pollution is limited.

This thesis aims to understand the contributibdifferent pollution sourcet® theattributable
disease burden froambient air pollutiorexposuren India and the effects of future air pollution
control pathwaysThe attributable disease burden from ambient Pbkposure in India is
substantiglwherelargereductions in emissions will be required to reduce the health bdrgen
to the noAinear exposurgesponse relationshifthe attributable disease burden from ambient
Os exposure idargerthan previouslythoughtand is of similar magnitud® that from PM;sin
the future. Key sources contributing to the present day disease burden from amhisané 3
exposure are the emissions from the residential combustion of solid fuels, land transport, and coal
combustion in power plants. The aititable disease burden is estimated to increase in the future
due to population ageing and growstringent air pollution control pathways are required to
provide critical public health benefits in Indima challenging environmenA key focus should

beto reduce theombustiorof solid fuels.
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1. Ambient air quality and human health in India

Air pollution exposureis a leadingglobal risk factor (Cohenet al 2017, GBD 2016 Risk
Factors Collaborators 2017, Indian Council of Medical Resestreh2017b, India StatLevel
Disease Burden Initiative Collaborators 20ERposure to air pollution is the second leading risk
factorin India, contributingpnequarter of the global disease burden attable to air pollution
exposure(Cohenet al 2017, GBD 2016 Risk Factors Collaborators 2017, Indian Council of
Medical Researcht al2017b, India StatLevel Disease Burden Initiative Collaborators 2017)
The disease burden from air pollution is costly, worsening, and disproportionally falls on
susceptible populatiorftandriganet al2017) Despite this importancegsearch on air pollutio
in India is limitedand little is known about the sources and processes that contribute to air
pollution in this regionUnderstanding the causes and processes behind theitmgeltts ofair
pollution exposuracross a range of scalegritical toreducethe substantial and growing disease

burden in India
1.1. Air pollution pathway

Exposure to air pollution is a riglctorthat causes health impa¢g&mith 1993, McGranahan
and Murray 2003, U.S. Environmental Protection Agency 20@aiflemiologicalrisk is the
probability that adisease, injury, oimfection will occur. The risk assessment of air pollution
follows the air pollution pathway(Figure 1)from sourcesthrough emissions, concentrations,
exposures, doses, to health impa¢®nith 1993, McGranahan and Murray 2003, U.S.
Environmental Protection Agency 20098purces are therigin of the pollutant, generally the
guantity and quality of fualised Emissions are aipollutants released frothe sourceandare
characterisedby the environment, transported, and transforn@mhcentrations are the amount
of an air pollutant in space and tinexposures are concentratiook air pollutants thaare
breathedn anddepend on pathways, durations, intensities, and frequerfcamtact with the
pollutant Doses are how much of the exposisrelepositedn the body Hedth impactsaccrue
from dosescan be acutéshortterm) or chronic(longterm), andare norspecific in that they
have many risk factors. Monitoring and intervention can oat@any stage along thigmthway.
Health impacts are the primary risk indicators, though control measures at this stage are often too
lateand complicated due todin non-specific natureDoses are also too late in the air pollution
pathway andare poorly understoodor many pollutants.Control measure and standards

generally focus osourcesemissionsand concentrationgith recent efforts targatg exposures
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Sou.rc<> Emissio{l> Concentratior> Exposure Dose Health impact

Figure 1: Air pollution pathway (Smith 1993, McGranahan and Murray 2008,S.
Environmental Protection Agency 2009a)

11.1. Fundamentals of ambient air pollution

Ambient air pollution is a complerixture of many particles and gaseAir quality is
generally measurdaly a small subset of these particles and gasaspgrticleswith aerodynamic
diameters less than or equal to 2.5 micrometres; Pihd tropospheric ozone {0are two
importantindicators of air qualityPM; s is the most consistent and robust predictor of health
effectsfrom studies of londerm exposte to air pollutionHealth Effects Institute 2018p; has
been associateglith increased respiratory mortaliffealth Effects Institute 2018Jhis thesis is
consistent with thé&lobal Burden of Diseases, Injuries, and Risk Factors Study (GBD) when
quantifying exposure to ambient giollution using PMs and Q as indicatorsThe air quality

community often refers to aerosol mass as particulate matter (PM).
1.1.1.1. Aerosols

An aerosol is a solid or a liquid suspended in a asosolmatterare characteriselgy their
size, shape, and compositi@rasseur and Jacob 2016, Seinfeld and Pandis 284&)sols span
three orders of magnitude in sizgenerally categorised into modes. The nucleation naode
particles with adiameteress than 0.0hm, the Aitken modeareparticles sized between 0i01
0.1mm, the accumulation modareparticles with diameters between 15 mm, and thecoarse
mode are particles with diametleetween2.5 10 nm. Particles less thaf.1 nm are ultrafine
particles less than 2.5m in diametemrefine particulate matter (Pp4), andparticles less than
10 mm (PMy0) combire fine and coarse particleBigure 2 shows the size fifie and coarse PM
relative to human ha{Guarnieri and Balmes 2014jine and coarse particles vary in their origin,
transformation, removal, composition, optical properties, and health in{Baatseur and Jacob
2016, Seinfeld and Pandis 201@&)erosols are physically intricate in shape becoming more
spherical when dissolved or agddowever they ae often assumed spherical for simplicity
(Brasseur and Jacob 2016, Seinfeld and Pandis 2016)
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Figure 2: The sizeof particulate mattefGuarnieri and Balmes 2014)

Aerosols are chemically complgBrasseur and Jacob 2016, Seinfeld and Pandis 2016)
Primaryaerosolsare directly emittedo the atmospheréncluding sea salt (NaCl), mineral dust,
sulphate(SQy), organic carbon (OC), black carbon (BC), metals, anéhbiosols. PrimargQu
arefrom sea spray and fossil fuel combusti®nimary OC and BC are from mobile exhausts,
wildfires, agricultural combustion, amswlid fuel burning. Primary metakre fom volcanoes and
industrial processe®rimary bieaerosols are from viruses and bacteria. Primary organic aerosol
(POA) are directly emittedrganic matter (OM)Organic aerosol (OA) reacts in the gas, particle,

andaqueous phase.

Secondarperosolareformedin the atmospheré&econdary inorganic aerosols (SIA) include
SOy, nitrate (NQ), ammonium (NH), ammonium sulphate (Nf§SQs, and ammonium nitrate
(NH4NQOs). Secondary S@are from the oxidation of sulphur gases.g.sulphur dioxide (S¢)
oxidisesto sulphuric acid (kEBQy) andis neutralised by ammonia (NHto form (NH:).SQ..
Secondary N@arefrom the oxidation of nitrogen oxides (N@artitionng to the particle phase
forming NHiNOs. Secondary NH are from NHs; emissions from agricultur@r industry
Secondary organic aerosols (SCak¢ formedrom the oxidation of/olatile organic compounds
(VOC) and semivolatile and intermediate volatility organic compounds (S/IVO@s)low-
volatility products that condense into the particle phl{@sasseur and Jacob 2016, Seinfeld and
Pandis 2016)SOA formation depends amlatility, hygroscopicity, and reactivitgf the VOCs
and thereacted productdany different organic species contributeOA. POA can dilute and
evaporate forming vapours, whichn react and recondense to S@asseur and Jacob 2016,
Seinfeld and Pandis 2016)

Important aerosol chemical and microphysical processes include nucleation, coagulation,

condensation, ggshase chemistry, heterogeneous chemistry, cloud interactions, dry deposition,
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and wetremoval(Brasseur and Jacob 2016, Seinfeld and Pandis 2806)eation describes new
aerosol formation from gases. Coagulation isptaeess by which two particles collide to form
onelargerparticle.Condensation (evaporation) is the mass exchange between gases and particles.
Chemistry differs by phase, where heterogeneous chemistry involves the dindidolidphase
(Brasseur and Jacob 2016, Seinfeld and Pandis 2CQlé)d interactions depend on aerosol
activation forming cloud condensation nuclei in the presence efsaipirated water vapour. Dry
deposition is direct exchange with the surface. Wet removal is through washout loeidsvarhd

rainout within clouds, where particles that have activated to form cloud condensatiorareiclei

removed

Aerosols have a lifetimef minutes to a weekdepending on particle size, andaifected by
deposition, transport, dispersion, and chemistry. Aerosol hygroscopittigiiptake ofwater, is
affected by the compositioandhasa considerablafluence on optical properti€Brasseur and
Jacob 2016, Seinfeld and Pandis 202@yosols deliquesce at a relative humidity where particles

transition from noraqueous taqueougBrasseur and Jacob 2016, Seinfeld and Pandis 2016)

Nucleation and Aitken mode aerosok formedrom condensed gas and nucleaaedosols,
are lost through coagulation, dominate the total aerosol number, and contribute little to the total
aerosol mass due to their small s{Brasseur and Jacob 2016, Seinfeld and Pandis 2016)
Accumulation modaerosolareformed from condensation asdagulationdominatingthetotal
aerosol surface area and ma®rasseur and Jacob 2016, Seinfeld and Pandis 2016)
Accumulation aerosolsre primarily losthrough rainout and dry deposition. Accumulation mode
aerosols artargelysoluble, hygroscopic, and deliquescent. Accumulation mode aerosols have a
longer lifetime and transport further distances, than ultrafine and coarse a€2oaoée particles
aremainly of primary origin through mechanical naturalprocesses. @arse aerosolare lost

through dry deposition and wash@Btrasseur and Jacob 2016, Seinfeld and Pandis 2016)

Aerosols scatter and absoddration, primarily in the visible wavelength range, influenced by
their size, chemical composition, and shé@msseur and Jacob 2016, Seidfehd Pandis 2016)
This interaction with radiation meansrasols cause visibility impairmeahdmeans aerosol can
affect the climatethrough aerosol radiatiorinteractiors (ARI) (Intergovernmental Panel on
Climate Change 2013Aerosols also alter theiclate indirectly by interacting with clouds
known as aerosdalloud interaction (ACI) (Intergovernmental Panel on Climate Change 2013)
Aerosolradiation interactions can lead to warmihgoughabsorptionof radiation(e.g. BC)or

coolingthroughscatteringe.g. OC, S@) (Intergovernmental Panel on Climate Change 2013)
1.1.1.2. Ozone

Oz is asecondary gaseous pollutgmoduced in the atmosphere; @oduction and loss are
controlled bydifferent mechanisms in the stratosphere and troposgPleotolysisof O, controls

stratospheric © production following the Chapman mechani¢Brasseur and Jacob 2016,
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Seinfeld and Pandis 2018 the troposphere, wheudtra-violet (UV) radiation is not energetic
enough to photolyseoxygen ) directly, production of tropospheric Ois driven by
photochemical oxidation of VO&and carlbon monoxide (CO) in the presence ND,.. O;
production is complex and ndimealy dependant otemperatureradiation intensity, spectral
distribution, precursor concentrians, among many other factofBrasseur and Jacob 2016,
Seinfeld and Pandis 2016 Oy is emitted mainly asitric oxide(NO). NO isoxidised to NQ by
organicperoxy (RQ) or hydreperoxy (HQ) radicals released during VOC oxidatioiOC
oxidation isinitiated mostly by reaction with hydroxyl (OH) radicaldO, photolysis produces

NO and a groundtate oxygen atom, €R), which reacts witlD, to form Q. O; photolysis
produces electronically excited oxygen atomsD](which react with water vapour to produce
the OH radical, which can then further oxidise VOOs can react with NO to produce NO
which is animportant Q sink in urban areas, where NO concentrations are very high, leading to
low Os; abundancesVOCs are biogenic and anthropogenic, including methane)(@hkanes,
alkenes, aromatic hydrocarbons, carbonyl compounds, alcohols, organic peroxides, a
halogenated organic compounds. VOC lifetime eary from an hour to a decafigrasseur and
Jacob 2016, Seinfeld and Pandis 2016)

Chemical production and loss of; Ghow complex dependencies ors @recursor
concentrations. Isopleths arsed to illustrate the dependency afg@oduction of NQand VOC
concentrations, depicting lines of constagp@duction rate and regimes whergi©insensitive
to VOC abundance (N@imited) and relatively insensitive or inversely related todB@undince
(VOC-limited) (Brasseur and Jacob 2016, Seinfeld and Pandis 20b@) majority ofthe
troposphee is NQ-limited. Biogenic and anthrognic VOCs arémportantprecursors in rural
and urban areas, respectively, thougta@d precursorsf Os; canbe transportetbng distances.
Transport of stratospherie@ an additional minor source to troposphericThe dominant sinks
of tropospheric ®@are photochemical losdry depositionas well as direct reactions with KO
and OH(Brasseur and Jacob 2016, Seinfeld and R&2{ell6)

O:; lifetime varies with altitude, latitude, and seagBrasseur and Jacob 2016, Seinfeld and
Pandis 2016)The globalmean lifetme of & is 19 days, though {ifetime is only a few days at
the surface of the boundary layer and a few months in the upper tropodgriasseur and Jacob
2016, Seinfeld and Pandis 201&he gradient 0D; lifetime with altitude drives increasingsO
concentrations at higher altitud&dhe air quality communitys primarily concerned with ©at
the surfaceThe diurnal cycles of rural £roncentrations are less variable as r@apersists
longerthan in urban areas due to less chemical scavenging from other primary pollutants. Urban
Oz diurnal cycles have might-time decrease relative ay-time. Oz has low aqueous solubility
(Brasseur and Jacob 2016, Seinfeld and Pandis 2016)
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11.2 Air pollution s ources
1.1.21. Sectors

Throughout the year in India, there aie pollutantemissions from transport (erand off
road), residential (cooking, lighting, and water heating), industry, power generation, diesel
generators (including agricultural pumps and tractors), open waste burning, natural and
anthropogenic dust (combustion, industmd resuspended road). In winter, there are additional
emissions from residential heating, commercial heating, and agricultural burning. Thelsoare
emissions frominformal industrial activities including brick kilns, food operations, and

agricultural processinf/enkataamanet al2018)

Residential, industrial, and power generation sectors in India all primarily combust solid fuels
(wood, crop residue, dung, andal).Emission factors frorsolid fuel use are oftethreeorders
of magnitude largein residential usegelative to thosén a largescale facility due to advanced
combustion control, fuel quality control, pasimbustion emission control systems, and
legislative and reporting requiremeii&henet al2010, Wanget al2012) Power generation and
industrial activities ardey in eastern and southern Indiehe majority (57%) of electricitys
producedby coal (Global Alliance for Clean Cookstoves and Dalberg Globaldlopment
Advisors 2013)Indian coal has low sulphur contents, high ash and moisture contents, and low
net calorific valueswith implications for S@and PM emissionsApproximatelyone-quarterof
coalis importedinto India(Sahuet al2017) The maj ori ty of | nsddortds t h
adhere to regulationslo not use flugas desulphurisatigrand have low energy efficiencies,
leading to high air pollutanemissions(Venkataramaret al 2018) | ndi adés bri ck |
predominantly traditional technolagis , such as Bull &8s trench kil
using firedbrick walling materials and coé/enkataramart al 2018) Agricultural burningof
solid fuelsis primarily in the northwest (Punjab and Haryamgtural dusts astrongsource of
PM in the northwest near the Thar Desert.

The total vehicle fleet in India is currgnaipproximately 150 milliopwhere between 6B2%
are twewheelers including scooters, motorcycles, and mopeds due to their lo{lPandey and
Venkataraman 2014, Guttikunda and Mohan 20B§proximately onesixth is from four
wheelers including cars and jeeps, and small shares are from other modes of t(Raspleny
and Venkataraman 2014, Guttikunda and Mohan 200H4¢ vehicle fleet is predominately in
urban area@Pandey and Venkataraman 2014, Guttikunda and Mohan.ZU1etg isittle use of
public vehicles,largelydue toalack of infrastructur€Venkataramamt al2018) Between 2000
and 2015the number of households grew by a 1.39% per year, installed capacity of electricity
generation grew by 6.89% per year, industrial cement production grew by 5.06% per year,
passengekilometres increased by 6.5486r yearand freightkilometresincreasedby 3.61% per
year(Venkataramart al2018) The next section focuses asidentialemissions ad solid fuel

use in detail.
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1.1.22. Residential emissions ansblid fuel use

Using solid fuels to create fire rguablythe defining task in humahistory (Wrangham
2010) Until approximately 188, everyoneused solid fuels focooking (Smith 2017b) The
fraction of theglobalpopulation using solitlels decreased to 62%1880and further decreased
to 41% in 201@Bonjouret al2013) The majority of the global population now use clean fuels,
gasand electricity, which is a sign of substantial developmé¢€Bmith 2017b) However, tle
absolute number sblidfuel users has remained the same between 1980 and 2010 (approximately
3 billion globally, with 700 million in IndiaYWorld Health Organization 2015, Bonjost al
2013) The absolute number sblid fuel users ismportantwhen considering absolute emissions.
Substantial development between 1990 and 2@l@edthe number ofextremely pooipeople
(Gapminder 2018andmany in India now have mobile phones and motorb{iasith and Sagar
2014) However, most of the Indian population earn between 2 and 8 dollars g&afayinder
2018) still using traditional Indian stoves (Chulhas) with solid bion{asisnarily brushwood)
(Smith and Sagar 2014gnergy consumption peapita in India is 25% of the global average.

This poverty is dundamental reason faolid fuel use.

As the absolute number sblidfuel users has remained the same for the last 30 years, globally
and in India, waiting for people to come out of poverty has not solved the issoi@dfiel use.
Solid fuel interventions are implemented to address tigbing issue o$olid fuel use.The goal
of solid fuel interventions is to either make thailable clean.e. to combust biomass cleanly in
advanced stoves (move from the bottom left to the top left of the energy,|&dyiee3), or to
make theclean availabld.e. to make clean fuels affordable (move from the top right to the top
left of the energy laddeFigure3) (Smith and Sagar 2018oth types ofkolid fuel intervention
aim to improve population health before they become wealthy
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Figure 3: The energy laddgiWorld Health Organization 2006b, Gordon ¢22814)

A

|l ndi ads Nati onal

Programme on

| mproved

cookstoves into rural areas between 1984 and 2001, 27% pfdhgemmmes ainfHanbar and

Karve 2002, Smitret al 1993) The Indian NPIC focused on fuel efficiency, as the benefits of

clean combustion were not fully understood, anditedas failing due to a tedown approach,
with little feedback, angboor quality materialgGifford 2010, Venkataramaet al 2010) The

NPIC improved cookstoves often had higherpollutantemissions and similar efficiencies to

the traditional stoves they were replac{Sgnith 1989)

Two recent crossectional studie&lefined population at a single pbin time evaluating the

Chu

health benefits of clean fuels and improved stoves in India found improved respiratory and

cardiovascular effectéLewis et al 2017, Sukhsohalet al 2013) Randomised control trials

(RCT), the gold standard of epidemiological evidence, have been used to study the impacts of

solid fuel interventionson reducing air pollutant exposures, mostly the instances of lower
respiratory infection (LRI) in young childréordonet al2017, Jaclet al2015, Cheret al2016,
Schilmannet al 2015, Smithet al 2011, Mortimeret al 2017, Tielschet al 2016, Hannaet al
2016, Alexandeet al 2017, Aunget al 2018) Hannaet al (2016)found no effecbf improved

cookstove use in Indionany health indicators measurede to irregular and inappropriate stove

use, failed maintenance, and declinezhgeover time.Aung et al (2018) found improved

cookstovedoweredsystolic and diastolic blood pressamong exclusive users of the improved

cookstovein India, while the conflence intervals included zer@ookstove stacking (using

multiple fuels or stoves at once) worsened systolic and diastolic blood pregssuget al2018)

Stove stacking can lead to higher emissions than before the intervention, worsening the health
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burden(Pillarisettiet al2014, Maserat al2000, 2007, RuiMercadoet al2011, Pineet al2011,
Gordonet al2014)

However, if correctly implementesblid fuel interventions can havargehealth, climate, and
economic cebenefits (Smith et al 2014b, Wilkinsonet al 2009, Smith and Haigler 2008)
Wilkinson et al (2009) found 150 million advanced cookstoves in Ind@uld avoid 2 million
premature mortalities, 55 milliodisability-adjustedife years DALYs), andemissions oD.5
1.0 billion tonscarbon dioxide©O,) equivalent ovetenyears Venkataramaet al (2010)found
clean household fuel in India could avoid 570,000 premathunalities each year, oftbird of
national BC emissions, and 4% of all natiogadenhouse gasmissions.

Figure 4 shows the recent trends #olid fuel use in India(Energy Sector Management
Assistance Program and Global Alliance for Clean Cookstoves 2015, International Energy
Agency 2016a, Global Alliance for Clean Cookstoves and Dalberg Global Development Advisors
2013, Jairet al2015, Government of India 201Two-thirdsof Indian households primarily use
solid fuels, 26% of urban households compared to 87% of rural households. Thesotitfoé!
use has reniaed high in rural areasince 1990There has been a substantial conversion from
solid fuel use tdiquefied petroleum gas (LPG) in urban areas between 1994 and 2010, where
LPG use has increased from 30% to 6Rhergy Sector Management Assistance Program and
Global Alliance for Clean Cookstoves 2015, International Energy Agency 2016a, Global&llianc
for Clean Cookstoves and Dalberg Global Development Advisors 2013,eflaih 2015,
Government of India 2011)PG growth in India is currently 6% per year, and piped natural gas
(PNG) (gaseous mixtures of hydrocarbons rich in methane) is growingatahnually(Smith
2017b) LPG growth in India has been ongoing for decades, though only enough to cover the
growth of the middle clagSmith 2017a)0f | ndi a 0 solidfiuklQsers,iapptoxincately
90% use traditional stoveSolid fuel useis concentrate¢h the Indo-Gangetic PlainIGP), and
tenstates account for 75% of alid fuel use in IndigEnergy Sector Management Assistance
Program and Global Allianceif Clean Cookstoves 2015, International Energy Agency 2016a,
Global Alliance for Clean Cookstoves and Dalberg Global Development Advisors 2018t Jain
al 2015, Government of India 2011primary fuel use data does not account for fuel stacking.
Otherfuels represent electricity and biogasvo-thirds of the Indian population has electricity
access, 55% in rural areas, and 93% in urban &&abal Alliance for Clean Cookstoves and
Dalberg Gbbal Development Advisors 2013 summary,two-thirds of Indian households

primarily use solid fuels, mostly wood in traditional stoves in rural areas within the IGP.
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The combustion of solid fuels is incomplgeadng to substantiabmissionsof air pollutants
(Chafeet al 2014a, Lelievelcet d 2015, Silvaet al 2016a, Butiet al 2016, Gordoret al 2014,
Naeheret al 2007, Smithet al 2000b) The incomplete combustion éue to low combustion
efficiencies, low-temperaturecombustion, and that the combustion gases are not within the
combustim chamber long enough for complete combustion to ogiaiter and Kariher 2009,
Jetteret al 2012a, Grieshopt al2011, Huanget al2015, Reddy and Venkataraman 2002, Fuzzi
et al2015, Fleminget al2018a) These air pollutants impact human he@idwardset al2014,
Smith 2013, Gordoet al 2014) climate(Ungeret al 2010, Buttet al 2016, Aunaret al 2009,
Huanget al 2018) environment(Bailis et al 2015, Sovacool 2012, Mwampamba 2Q0and
humanwell-being(World Health Organization 2016b, Pachaatral 2013, Rosenthadt al2018)
Solid fuels marka fundamentatlivide on the energy ladder, representiigrge difference in

emissionof incomplete combustion pollutantSmithet al2000a, Jetteet al2012a)

Many people use improved cookstovesopposed, om addition to traditional cookstoves.
Globally, onethird of solid fuel users have improved daioves, withhigher usein China
(~85%) and lowewusein India (~10%)(Energy Sector Management Assistance Program and
Global Alliance for Clean Cookstoves 201Bhproved cookstoves encompass a wide variety of
physical characteristics and performances, tlialy combustion chamber insulation, chimneys,
and fans Many improved designsvere developed before technical standasgse in place
leading to high emissi@(Hutton et al 2006, Energy Sector Management Assistance Program
and Global Alliance for Clean Cookstoves 2015, Roeteal 2009, Karet al 2012, Jetter and
Kariher 2009, Smithet al 2000b, Winjkul et al 2016) Some improved cookstoves have been
found to increase BC emissions relative to traditional st@@asshopet al2017) and these BC
differencesare not currently accountéar within carbon market accourdunget al2016) The
increase in B could potentially worsen health impacts if BGoundto be more toxic than total
PM mass, as suggested Bynith et al (2009a)and Baumgartneret al (2014) coupled to
worsening climate impacts through BC absorbing solar radiatiomrigyis and fans temporarily
reduce busehold exposures by moviag pollutants outsidéSambandaret al2015, Martinet
al 2013, Venkataramaat al 2010) The majority (95%) of improved cookstoves in Indiae
improvedchimney Chulha stove&Energy Sector Management Assistance Program and Global
Alliance for Clean Cookstove®25). Field studies of improved cookstoves vary considerably to
laboratory studie$Edwardset al 2014, Smithet al 2007, Roderet al 2009, Sambandat al
2015, Grieshopt al 2017, Karet al 2012, Patanget al 2015, Muralidhararet al 2015) The
variability is due to nondeal user behaviour, variations in fuel composition, type, size, moisture,
and combinations, cooking patterns, situational and measurement variabilities, seasonal patterns,
and stove deterioratiofiedwardset al 2014, Venkataramaet al2 0 1 0 Led 205nIg e
is very dfficult to burn biomass small, lowcost cookstovesleanly enough to meet the readr
reductions in emissions to improve health (seelm@ar health response to pollution in Section
2.3).
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Kerosenea liquid fuel,is often used in India for lighting by rural populations and those in the
lowest socioeconomic decil@limont et al 2017) Kerosenecan increase specific pollutant
emissions relative to solid fue{Bates and Bruce 2014¢as fuels, in particular LPG, are the
primary alternative to traditional solid fuelslimdia, which improve combustion efficiencies and
reduce emissions, though are limited by the high upfront connection cost, high recurring fuel cost,
andlack of local fuel distributiorfSmith 2015, S. Mehta 2008mithet al2000b, Edwardst al
2014, Ryuet al 2006, Smithet al2000a, Smith and Sagar 2014, Jetteal 2012b, Williamset al
2015, Jainet al 2015) High fuel costs are often overcome by government subsidies
(Venkataramaret al 2010) though only 7% of fossil fuel subsididgve been historically
distributedto the lowest household income quintile gro(fisze del Granadet al 2012, Smith
and Sagar 2015Many people use more than one fuel dependingrice, season, and availability
(Sintonet al 2004) Efficient, cheap, and portable electric induction cookstavegpromotedh

India (Smith 2014)
1.1.3. Emissions
1.1.3.1. Indian emissions

Many studies have analysed the sectoral contributions to emissions ifMadiataramaret
al 2018, Kumaret al 2012b, Sahat al 2017, Saikaweet al 2017, Vadreviet al2017, Mittalet
al 2015) The most comprehensive emission inventory for Indiayéykataramaret al (2018)
found preseniday PM. 5, BC, OC, and NMVOC emissions are primarily from residential solid
fuel, industries, and agricultural burning, while S&hd NQ emissims are primarily from

industriesand power generation using caald land transport (Figure)s
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Figure 5: Indian emissions of PM and precursor gases for 2015 by sector (M)t yr

(Venkataraman et al 201.8gmissions of NCare NO.
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Residential emissionsnly account for 10% of global energy u&humet al 2011) but
contribute 2555% of BC and 7278% of OC emissionglobally (Bondet al2013, Luet al2011,
Huanget al 2015) In India,residentialemissions account fab5i 86% of BC emissionsand 68
97%of OC emissiongBondet al2013, Luet al2011, Huanget al2015, Paliwakt al2016) All
speciedadincreased emissioms Indiaover thdastdecad€Sahuet al2017, Saikawat al2017,
Sadavarte and Vé&ataraman 2014, Pandeyal 2014) Over the last two decades, anthropogenic
emissions of BC and OC in India have been rapidly incregsm@t al 2011) with emissions
factors for BC from residential combustion remaining the s@vi@seraet al 2000, Huanget al
2015)

Emissions in India arparticularlyuncertain(Saikawaet al 2017) Residential emissions are
generally based on a combination oélfconsumption rates and emissions fac{@utt et al
2016, Smithet al 2014a) which are uncertain primarily due to emissions factors vamymtp
three orders of magnitudgom fuel type, stove, fuel quality, combustion, and operating
conditions(Rodenet al 2009, Kodroset al 2015, Bondet al 2004, Jetteet al 2012b, Liet al
20009, L& 8 2042y dueker and Liousse 2008he fuel type and activity data within
residentialemission inventories can also vary widdlyao et al 2018) The wcertainty in
published estimates for regional scale BC and OC emissions is typically a factor of two to five
(Lu et al 2011, Kulkarniet al 2015, Winijkulet al 2016, Liet al2016a) Aerosol optical depth
(AOD), BC, and OCare often underestimatday models in regions with high residential
emissions, such as Ind{Bond et al 2013, Buttet al 2016, Paret al 2015) The uncertaintys
potentially due todiscrepancies in activity levels, technologies in use, and emission factors
(Ramachandraat al 2015, Zhonget al 2016a) SOA precursor emissions are uncertain in India
due to dack of speciation measuremefRodenet al2006, Martinssoet al2015, Jayarathnet
al 2018) The emission inventory uncertaintyngportantconsideing India is rapidly developing.
Thelargeuncertainty in residential emissignmarticularly the relative emissions of BC and OC,
leads to uncertainty in the net radiative forcing from residential emissions, where the sign of the
netforcingis unknown(Butt et al2016, Ungeet al 2010, Kodrost al 2015, Aunaret al 2009,
Baueret al2010, Bondet al 2013, Jacobson 2010)he uncertainty in sign poses doubt over the
extent of climateo-benefitsachieved throughhanges in this sect¢Bhindellet al2012, Huang
et al2015, Fuzzet al2015, Gacet al2018)

1.1.32. Air pollution control policies in India

India hasmany national and sumationalpolicies aimedat addresmg the health burden from
air pollution (Sagaret al 2016) Table 1lis a norexhaustivdist of policies in place obeing
discussedvithin Indian ministries and agenciesating to air pollution control in Indidor the
first time, many of these policies are due to be unified within the upcoming National Clean Air
Programme (NCAPJ}Ministry of Environment Forests and Climate Change 20IBg NCAP

provides a framework for air quality management with the aim of attaining Indian air quality
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standards throughout the country. The NCAP identifies 100attainment cities that will be
required to create their own action ganhe NCAP specifies theeed to increase the number of
manual and continuous monitoring statioaspecially in rural areasvith PM..s monitoring
increasing from 670 1,000 stations in 2 year§his thesis will directly compliment the NCAP
by providing ®urcespecific estimates of ambient air quality and the expeasseciated health
affectsat highresolutionin India

The Ministry of Health and Family Welfaptays a key role witihewtargetsbased on the air
pollution pathwayaimed at providing thenostsignificantexposure reductions, insteadasfly
reducing pollutant concentratio(glinistry of Health and Family Welfare 20153hefocus on
exposures igmportantasit considers both ambient and household air pollution, and accounts for
the large variations inintake fraction(U.S. National Research Council 201Zhe Ministry of
Finance has committed to provide clean gas for cooking to 50 million housdiol2@19
(Ministry of Finance 2016)The Ministry of New and Renewable Energy launched the National
Biomass Cookstove Initiative (NBCI) in 2009 to promote improved cookstoves utilising earbon
finance to scalgGlobal Alliance for Clean Cookstoves and Dalberg Global Development
Advisors 2013)NBCI ainms to provide 10.5 million improved cookstoves by 2022, primarily to
rural households. A range of 41 imprdveookstoves approved by the Ministry of New and
RenewableEnergy have been distributedsince 2013. However, many homes remain using
traditional stoves poshtervention resulting in unrealised air pollutant reductighsng et al
2016, Popeet al2017) In 2009, the Rajiv Gandhi Gramin LPG Vitran Yojana (RGGLVY) was
initiated by the Government of India to increase LPG coverage in rural areas. The RGGLVY
scheme commissioned 10,000 connections byidbutwasdiscontinuedn 2015(Tripathi et
al 2015)

Since 2015,he Ministry of Petroleum and Natural Gas alongside three major oil companies
have initiated three programmes to promote LPG to the (dittal et al 2017) addressing #
700 million solid fuel usersaught in theChulha trap(Smith 2017a)The Pratyaksh Hanstaittr
Labh (PAHAL) (Ministry of Petroleum and Natural Gas 201&cheme directlypays fuel
subsidies into peoplebs bank account s, me ani
substantiallyeducing diversion of LPG to the ntwousehold sectdSmith 2017b) ThePradhan
Mantri Ujjwala Yojana {jjwala) (Ministry of Petroleum and Natural Gas 201&xzheme
launched in 201&imsto providegas connections td8nillion poor households byiarch2020
and has alreadorovided50million connections as dtugust2018(Dabadgeet al2018, Ministry
of Petroleum and Natural G2018b) Connections here specifically mean a formal account with
a distributor covering a deposit to then access the subsidiseff3dtd&mbergt al2018) There
is uncertainty regarding the continued use of LPG post connedtierto higher fuel prices
(Kishore 2017)TheGive it Upscheme was designed to persuade midides households to give

up their fuel subsidies to redirect them to poor households, reaching over 10 hallieehold
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by late 2017(Govanment of India 2018)The LPG growth rate in India continues to be 6%,
though for the poor populations too, which is twice the previoug$agth 2017a)The Indian
government aims to provide 10 million PNG connections by 2@l free up LPG connections
for the poor(Smith 2017a)india aims to provide clean cooking t’8@f all households by 2019,
and 90% bythee ar | vy (Qoll@rbeérget al 2018) To emphasig clean here refers to
exposureassociated health impacts, howeveplacing solid fuels with LP@sults in minor C@
emissiong(Haineset al 2017, Smith 2014)The Ministry of Power launched ttigeen Dayal
Upadhyaya Gram Jyoti Yojana (DDUGJY) in 201%ptovide electricity to rural households.

India is involved in many global policies and commitments to reduce the disease burden from
air pollution.Themainainsof | ndi a6s I ntended Nationally Define
the United Nations Framerk Convention on Climate Change is to achieve a 40% share of
electricity generation from renewable sources by 2030, with 175 GW of renewable energy by
2022 and toreducePM emission intensity by 335% by 2030(Government of Inih 2015)
I ndi ads | NDCs include strict gMiniseyofEndronment st andar ds
Forests and Climate Change 20158¢NOy technologies in power generatigMinistry of
Environment Forests and Climate Change 201dimwth in public transpo(National Transport
DevelopmenPolicy Committee 2014, National Institution for Transforming India 20tddhter
vehicle emission standardlinistry of Road Transport and Highways 2016b, Government of
India 2014) and improved energy efficieney industry (Ministry of Environment Forests and
Climate Change 2015land power generatidiMinistry of Power 2015)

Key global policiesncludingIndiaare the air pollutiosrielated sustainable development goals
(SDGs)(World Health Orgaization 2016c)including aimingto eradicate extreme poverty for
all people everywherg@arget 1.1)to end preventable deaths of children under 5 years of age
(targets 1.4 and 3.2p reduce hunger and increase agricultural productivity (target@rgjjuce
premature mortality from necommunicable diseas€¢CDs) by one thirdthrough prevention
(target 3.4)to reduce the disease burden from air pollution (target 3.9), to prawigersal
access to clean household energy (target 7.1), to clean industrial and technological processes
(target 9.4), to provide safe, affordable, accessible, and sustainable trgtesget 11.2)fo
improve urban air quality (target 11,60 provide benefits from reduced climate forcing (goal
13), andreducingdeforestationby eliminating domestic solid fuel uggarget 15.2)(United
Nations 2015, Hainest al2017) India is part of the WHO Soutiast Asia Region who has the
target of a 50% reduction in the proportion of households primarily using solidoye&l625
(World Health Organizatio®outh EasAsia Region 2013)
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Table 1: Recent & pollution related policiedn place or discussedithin Indian ministries
and agenas(Sagaret al2016, Ministry of Finance 2016, Global Alliance for Clean Cookstoves
and Dalberg Global Development Advisors 2013, Ministry of PetroknuiNatural Gas 2018c,
Smith 2017b, Ministry of Petroleum and Natural Gas 2018a, Ministry of Environment and Forests
2009, 2018, Forest Survey of India 2017, Nain Gill 2010, Ministry of Environment Forests and
Climate Change 2015a, Ministry of Road Trans@md Highways 2016a, Government of India
2015, Ministry of Environment Forests and Climate Change 2015b, National Transport
Development Policy Committee 2014, National Institution for Transforming India 2015, Ministry
of Road Transport and Highways 2018bovernment of India 2014, Ministry of Power 2015,
Ministry of New and Renewable Energy 2010, National Institution for Transforming India 2017,

Ministry of Environment Forests and Climate Change 2018)

Ministry Air pollution related policy

Ministry of . ) _ _
) Policies to promotéhevarieduse of crop residue to prevent burnin
Agriculture

o System of Air Quality and Weather Forecasting And Reseg
Ministry of Earth _ _
_ (SAFAR)to inform, forecastand increase awareness.
Sciences ) ) ) o )
National Air Quality IndeXNAQI) qualitative scale ofix pollutants.

National Clean Air Programme (NCAP)
Increaseshare of electricity generation from renewable sources
Stricter emission standards for desulphurisation.
De-NOy technologies in power generation.
Improved industrial energy efficiency.
Ministry of Reduce PM emission intensity
Environment, Measure multiple air pollutants and meteorology through the CP
Forest and Climate Enforcelndian National Ambient Air Quality Standards (NAAQS).
Change The New Environment Protection Amendment Rules.
Continuousemissionmonitoring systens.
Implementation of vironmentimpactassessments on industry.
Enforce the banning of agricultural amGhish burning through th
National Green Tribunal Act.

Emission standards for the brick manufacturing industry

. . Estimate the cost of health impact from air pollution exposure.
Ministry of Finance ) ) o
Provide clean gas for cooking to 50 million househbll2019

Ministry of Health Newtargets aimed at thmost significanexposure reductions.

and Family Welfare Tackle total pollution, considering both ambient and household.
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Ministry of Heavy
Industries and
Public Enterprises

Faster doption andnanufacturing ohybrid andelectric vehicles

Ministry of Human
Resource
Development

Ensure regular chealps for norcommunicable diseases of childrg

Include the health impactd air pollution in the school curriculum.

Ministry of Labour

and Employment

Ensure regular cheakps for noacommunicable diseases of worke

Strengthen hospital capacity to cater for+ssommunicable disease

Ministry of Micro,
Small and Medium

Enterprises

Zero Effect, Zero Defect campaign to increase efficiency, polly

control, and use of renewable energy.

Ministry of New
and Renewable

Launched the NBCI in 2009 to provide 10.5 million impro
cookstoves by 2022, primarily to rutauseholds.
Increasen solar and electric lighting.

Energy Supportintegrated Rural Energy Programme on household pollut
Developa nationalpolicy for clean biofuels.
PAHAL scheme directly pays suldgisintop e opl ed s b a3
Ministry of Ujjwala to providegas connections

Petroleum and

Natural Gas

TheGive it Upscheme to persuade middilass households to give |
their fuel subsidies to redirect them to poor households
Provide 10 million PNG connections by 2019.

Ministry of Power

National Mission for Enhanceinergy Efficiency.

DDUGJY to provide electricity to rural households

Improved energy efficiencthrough Perform, Achieve, and Trade.
The Fly Ash Utilisation Policy

Promote improve cookstoves.

Ministry of Road
Transport and

Highways

Growthin publicand electridransport.
Tighter vehicle emission standards.

Bharat ViIstandardseducing emissions from buses and trucks.

Ministry of Rural

Development

Promote clean air guidelines.

Ministry of Steel

Reduceanthropogenidust emissions.

Ministry of Urban

Development

Disincentives for diesel generators.

Enforcemenbf thebanon trash burning.

Ministry of Women
and Child

Development

Promote awareness of air pollution frawlid fuel use.
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1.1.4. Concentrations
1.14.1. Present day aipollutant concentrationsn India

An increasing share of the glolpapulation is exposed to poor air quality, being driven up by
increasing ambient P concentrations rather than changes in populdiian Donkelar et al
2015, Braueret al 2016, Shaddiclet al 2018b, Coheret al 2017, GBD 2016 Risk Factors
Collaborators 2017 he Indian population is exposed to very high ambient fidncentrations
with annualmean concentrations of up to 1% n12 in thelndo-Gangetic PlairfIGP) (Ministry
of Environment and Forests 2018, Conibeairal 2018a)and episodic winterconcentrations
regularly reaching 806y n13(Ministry of Environment and Forests 2018phese concentrations
are 15 and 32 times larger than IO Air Quality Guideline (AQG) respectively(World
Health Organization 2006&a}ourteerof the top fifteen most polluted cities in the warddjarding
ambient PMs concentrations are in IndigVorld Health Organization 2018alndian cities
entering the most polluted cities list is primarily a consequence of the introduction of air quality
monitoring.Os concentrations in India often exceed W&lO daily maximum 8hour mean ©
concentration of 5@arts per billion gpb).

Global ambient PMsand Q concentrations from th@BD arein Figures6 and7, respectively.
Populationweighted annual ambient BMlconcentrations in India have increased by Zi8m
60 g n13in 1990 to 76wy n12in 2016(Figure § (Health Effects Institute 2018Ambient PM s
concentrations in northern India are amongsthighest in the world (Figuréa). Daily-mean
household PMsconcentrations in India can exceed 1,603, with maximums reaching 5,000
mg n13 (Balakrishnaret al 2013, Matawleet al 2017, Balakrishnaet al 2014b, World Health
Organization 2014b, Smith 2013 opulationweightal seasonal ambients@oncentrations in
India have increased by 27% from 62 ppb in 1990 to 77 ppb in @Md&th Effects Institute
2018) The large ambient £concentrations in India are similar to those found in many other
countries in the world (Figure).7For reference, 1 ppb ofs@s approximatelyequal to 2mg m3
(Fleminget al20181.
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PM. s concentrations within India are highest in the IERnrikssoret al 2011, Davidet al
2018) The IGP, also known as the northern India river plainhiggefertile plain encompassing

38



eastern Pakistan, north and east India, and Bangladesh, via the Indus, Ganges, and Brahmaputra
rivers, with the Himalags to the northThe IGP is home tbalf of the Indian populatiorgver

700 million people(Tiwari et al 2016) mostly combusting solid fuels for their energy needs
(Paliwalet al2016) Aerosol loadings in the IGP can bie8%imes higher than outside the region,

with aerosol optical depth (AOD) regularly over 1, and.Rlbncentrations @r 140ng nt3

(Nair et al 2007, Chowdhury and Dey 2016, Brauwsral 2012, Anenberget al 2010, van
Donkelaaret al 2016, Henrikssoret al 2011, Kumaret al 2014b, Apteet al 2015a, Dey and Di
Girolamo 2010, Ramachandran and Cherian 2008, Jetral2007, Tiwariet al2016) There is
anincreasingrend in AOD across Indjz@onsistent with the trend in BM(Moorthy et al2013a,

Moorthy 2016, Satheest al2002, 2008)

Natural as well as anthropogenic sources impact aerosol concentrations i trediaajor
natural aerosol over India is dust from the andl semiarid regions of soutkest Asia and the
Thar Desert in northwest Ind{®avid et al2018, Deet al2004a, Part al2015, Govardhaast
al 2015, Sharma and Dikshit 201®articularly in the summer (JJA) due to higher wind speeds
(Satheesket al 2002, Kaufmaret al2002, Satheesét al 2008, Moorthy 2016, Henrikssat al
2011, Adhikaryet al2007, Ramanathast al2001, Moorthyet al2013a, Leoret al2001, Cherian
et al2013, Chiret al2009, Streetst al2009, Kumaret al2014b, Kharokt al2011, Prasad and
Singh 2007h)Premonsoon (MAM) dust storms in north India can increase AOD by more than
50%, contributing up to 500y n3to surfacePM, s concentrationfPrasad and Singh 2007a, Dey
et al 2004b, Kumaret al 2014a) Natural aerosols are mostly in areas with low population
densities and are coarser in size relative to anthropogenic aerosols, reducing their health impacts
(Henrikssoret al2011) Anthropogenic aerosabncentrationare maximum in the winter (DJF)
due toincreased emissions from residential solid fuel use and-ficedl power plants
(International Energy Agency 2016a, Choudbtyal 2012, Singhet al 2004, Karaguliaret al
2015) less efficient wet removalnd lower boundary layer heighsloorthy et al 2013a,
Satheeshet al 2002, 2008, Moorthy 2016, Henrikssat al 2011, Adhikaryet al 2007,
Ramanathaet al2001, Kaufmaret al2002, Leoret al2001)

Agricultural fires aremportantaerosol source in the spring (MAM) and posinsoon (ON)
especially in the northwest IGBharma and Dikshit 2016, Reddy and Venkataraman 2002, Jena
et al2015b, Zhonget al 2016b, Vadreviet al 2013, 2011, Badarinatit al 2009, Sharmat al
2010, Paret al 2015, Rajpukt al2014, Jethvat al 2018, Mittalet al 2009, Mishra and Shibata
2012, Kaskaoutist al2014, Liuet al2018, Cuswortlet al2018) Thepostmonsooragricultural
burning, although officially banned through the National Green TribuoabfA2010(Nain Gill
2010) generally occurs foa threeweekperiod in late Octobeo early November. This period
coincides withveak winds, low boundary layer heights, and stagnéhitishra and Shibata 2012,
Singh and Kaskaoutis 201 4)ften resulting irseriousair pollution episoded he annual festival

of Diwali coincides with thgpostmonsooragriculturalburning and is knowto increase ambient
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PMg s concentrations substantiallasir and Brahmaiah 2015, Ralal2014, Kumaret al2016,
Chauhan and Singh 2017)

Therehasbeen limited quantifications of secondary BNh India (Pant and Harrison 2012,
Pantet al 2016) Some studies have focused on specific aerosol components in specific Indian
cities, finding 20'68% of PM s is attributedto secondary OCRam and Sarin 2010, Pagtt al
2015, Villaloboset al2015, Ram and Sarin 2011horganic aerosolsontribute heavily to Pl
throughout most of India, such as S0 the western IGP and northern India, especially during
winter (Venkataramaret al 2018, Sadavartet al 2016, Davidet al 2018, Kumar and Sunder
Raman 2016, Rastogt al2016, Ram and Sarin 201 5OA concentrations are high in the IGP
and eastern India, especially during the dayiibevid et al2018, Ram and Sarin 2011, Rastogi
et al 2016) SOA concentrationfom biomass burning sources are langesastern India ithe
springand the northwest IGP in autur{iDavid et al2018) BC and OC concentrations are high
over the IGP and northern India, especially in winter and at r{ightn and Sarin 2011,
Venkataramaret al 2018, Sadavartet al 2016) OC concentrations argten muchlargerthan
BC concentrations. NHand NQ concentrations arkargeacross the northwest IGP in autumn,
andNOs concentrations ar@rgein the summer across much of Indiarge dust concentrations
are foundn west and northern Indi@avid et al2018)

1.14.2. Meteorologicaland geographical impacts on Indian air pollution

The complex geography, meteorology, and topography of Inflienceair quality through
changing ventilation, dilution, washout, photochemical reaction rdtest,emissionshiogenic
emissions, deposition, atmospheric circulation, stagnation frequaneng other influences
(Jacob and Winner 2009, Fioe¢ al 2012, Moorthy 2016, Kumagt al 2015a, Guttikunda and
Gurjar 2012, Weset al 2009b, Lawrence and Lelieveld 2010, Kaufrneral 2002, Panget al
2009, Zhangt al2015, Haret al2015) Seasons are cgrised by winter (DJF), sprifty]AM),
summer (JJA), and autumn (SONJhe summer monsoon seasin characterisedy the
northward migration of the intertropical convergence zone (ITCZ) across the Ockamn where
onshore winds provide moisture from theeanover land leading to 7080% of the annual
precipitation (Dixit and Tandon 2016Bollasinaet al 2011) The winter monsoon season is
characterised by offshore winds bringing dry conditions and transporting aerosols from land to
ocean(Lawrence and Lelieveld 2010Fhe climate classifications of Indae equatorial in the
south, changing tarid, warm temperate, snow, apdlar further north(Kottek et al 2006)

Temperatures adargelyhigh, apart from in the far nortfKottek et al2006)

In summer, largscale precipitation(washout), strong winds (entrainment), and large
boundary layer heights (dilution) lead to aerosol concentratioima (Kumar et al 2015c,
Tiwari et al2016) In winter,there is little rain, weak winds, low boundary layers, and temperature
inversions trapping pollutigieading to aerosol concentration maxitdashiet al 2016, Singh
et al 2004, Moorthyet al 2005, Subramanian 2016, ¥ al2011) There are stronger seasonal
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variations in aerosol concentrations over India than interannual variéitimusthy et al 2001,

Jodhi et al 2016, Henrikssoret al 2011, Verma 2015, Lodret al 2013, Ramachandran and
Cherian 2008, Kediat al2014) Air pollution in the IGHSs often trappetby shallow atmospheric
boundary layers and the topography of ltimnalayasand is rarely inflenced by marine inflow

or the relatively cleaner air in the soutkar et al 2010, Davidet al 2018) The prevailing
northwesterly winds transport air pollution from the northwest IGP to the easte(D&uH et

al 2018) High Os; concentrations are often found durisgmmer highpressuresystems when
reduced wind speed and cloud cover develop stable conditions and reduce the mixing of O
precursorgU.S. Environmental Protection Agency 2013b)

Land use change influences air qualitfadrevuet al 2017, Healdand Spracklen 2015)
Substantial areas of India are cropland, with some foshstiblandand barren land. The area of
harvested agriculture has recently stagnated, while there has been cdatigeigtowth in
nitrogen fertiliser use across South A@fadrevuet al2017, Xuet al2018) Therehasbeenarge
(and often unplannedjrban growthin India, for example the population of Delhi has doubled
since 2000 to 22 million people, arid projected to further increase 0% by 2050
(Subramanian 2016)

India has experienceldrge reductions in forest cover between 1930 andrtieg1 9 9,0 6 s
mainly attributed to the expansion of agriculture for the growing populéSiodhakar Reddgt
al 2016) In the 199006s, gover nment Ilamgelybdcaudeiofv e s
afforestation, reforestation, and tree plantati¢im®od and Agriculture Organization of the United
Nations 2012) The forest survey of India from the Ministry of Environment and Forest reports
recent net gains in forest co&orest Survey of India 2017)he net gains in forest cover do not
differentiate between natural forests and plantatiPngravaucet al2010) Since 2000 in India,
natural forests have decreag@itegerseret al2011, Sudhakar Reddyt al 2016, Ravindranath
et al2012, Hansept al2013)and plantations have increagédod and Agriculture Organization
of the United Nations 2012peforestatioris cancentratedn the northeast of IndiéSudhakar
Reddyet al2016) A strongdriver for the reduction in natural forestsdid fuel use(Puyravaud
et al2010) When biomasss harvestedenewablythere iso contribution to C@concentrations.
However, a considerable portiontlmbmassds not harvested renewably, leading to @@issions
and deforestatio(Bailis et al 2015) The clearing of biomass through fires causes extensive air
pollution in India(Mittal et al 2009, Mishra and Shibata 2012, Kaskaoatisl 2014, Liuet al
2018, Cuswortlet al2018, Jethvat al2018) A reduction in forest cover may lead to a reduction

in biogenic VOC emissions.

Aerosol in India has been found to irdhce clads, radiation, rainfall amount, rainfalhset,
Himalayan glaciersand atmospheric stability, which can all feedback to aerosol loa(Kegisa
et al2016, Foswet al2017, Lawet al2008, Ramanathaet al2005, Bollasinat al2011, Jacobson
2012, Koch and Del Genio 2010, Lohmann and Feichter 2005, Haywood and Boucher 2000, Fiore
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et al2012, Sarkaet al 2006, Intergovernmental Panel on Climate Change 2013, Spraatidén
2005, Ramanathan and Carmichael 2008, Jacob and WA@@8r Reddingtoet al 2015, Dave

et al2017) Kediaet al (2018)found aerosols and gas chemistry enhanced rainfall by 20% in the
Himalayan regionGaoet al (2018)found aerosols in India result an overallnegative direct
radiativeforcing (-3.18 Wn) at the top of the atmosphe€&aoet al(2018)found strong negative
radiative forcing from the power sectoffsets thepositive radiative forcing fromesidential
emissionsin India. Residential cooking and aguiltural burningcontribute to Atmospheric
Brown Clouds (ABCsJGustafssoret al2009) which cover mah of Asia and the Indian Ocean.
ABCs contributeto climate warming through their effects on clouds, precipitation, and water
availability (Ramanatharet al 2005) ABCs can substantially alter the South Asian monsoon
(Bollasinaetal 2011)and accelerate the melting of the Himalajfainetan glacieréRamanathan

and Carmichael 2008, Laat al 2008) which are central ttndian meteorology and air pollution
removal(Fioreet al2012, Jacob and Winner 2009, Reddingtbal 2015)

Regional transport of aerosolstinand out of India ismportant Transport of pollution is
highest in northwest Indi@/enkataramaset al2018) lowest in southern Indi@/enkataramaet
al 2018) and there itargeaerosol transport from East Asia in the auty®adavartet al2016)
Os from East Asian sources affects South Asiautumn(Chakrabortyet al2015)

1.15. Exposures
1.1.51. Association and causation

Epidemiology ighe quantitativestudy of the distribution, determinants, and control of health,
disease, or injuryGlasset al 2013) Epidemiology retrospectively observes and detects trends,
attributing causes using toxicology to assess biological mecharigidemiological studies are
at the population level, rather than the individual lefgrunekreefet al 2007) The classic
approachof air pollution epidemiology is to question what is the association between pollution
and health through a cohort study, and if the association is qiglar and Dominici 2014,
Glasset al2013) Causal inferencesre derivedrom observational studies, without the need for
RCTsthat could be unethical (e.g. smokingimpractical, or too time&onsuming for policy
making(Glasset al 2013) Various methods are used to judge the causality of hipaithcts of
air pollution exposure. These incluttee consistency and strength of the observed associations
between independestudies in different locains from different researchers. Causality cannot
be based solely on a single epidemiologic st@dherence between epidemiological associations
from experimental, cohor{chronic) timeseries (acute) controlled human expose, and
toxicological studiesrerequired for causal inferen¢®stro and Chestnut 1999, Brunekretél
2007, Hennemaret al 2017, U.S. Environmental Protection Agency0208) Biologicaly
plausible mechanismand awell characterisecexposureesponse (concentratimasponse)
relationship, where health effects increase with exposure and du@#oalso needed to infer

causality (U.S. Environmental Protection Agency 2009Bhe United States Environmental
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Protection Agency (EPA) Integrative Science Assessnfel®. Environmental Protection
Agency 2009b, 20131 largely basedn the classic approach categorising evidencediely,
inadequate suggestive likely, andcausal(Zigler and Dominici 2014, Glasst al 2013) The
WHO International Agency for Research on Cancer (IARC) is gisnoinded in the classic
approach through its monograph revi¢@lasset al 2013) The classic approach igsed to
determire the healthmpactsattributable taair pollutionexposuraused in this thesis.

Confounding is &ey issue for the classic approach, whislcommonly mitigatedhrough
measurement and statistical adjustméBtass et al 2013 Cole and Hernan 2008All
confounders aanot be known and measured, although no unmeasured confounding is commonly
assumedCole and Hernan 2008Tonfounderscan have dynamic feedbacks on the exposure
confoundingGlassetal 2013) Inferred causality can be later found to be weaker or invalid after
additional data, updated methods, and control for furtbefocinders(Dockery et al 2013,
Hennemaret al2017, Moolgavkar 2016, Cox 2017, Cox and Popken 2015gPakt010, Kelly
et al 2011, van Erp and Cohen 200®@ausation from mechanistic toxicology is different to

attributable burden from associational epidemiology.
1.1.5.2. Intake fraction

This thesis, similar to most previous studies, ysmkitant concentrationssaurrogates for
meanpopulation exposurélhe key difference betweerxposuresand concentrationss dueto
intake fractions(Bennettet al 2002) The intake fraction, previously knowas exposure
effectiveness, is the amount bresdhin by the exposed populati@vinistry of Health and Family
Welfare 2015b, Fantket al2017) The intake fraction varies by a factor of 100 from power plants
to indoor stoves, and the same again to active smgkdngstry of Health and Family Welfare
2015b, Fantkeet al 2017, Apteet al 2012) Intake fractionsare influencedby population,
proximity, and persistenc&enerally, a small fraction of the total perdayursare spenin areas
where ambient levels represent actual expofurs. National Research Council 20,18)eto
activity level variation, for examp)dime indoors, in offices, and at schobBbr ambient air
pollution, exposure to household emissions are likely to have a higher intake fraction than many
sources of ambient pollution, due to their proximity and duration, and are on similar levels to
vehicle emissiongHealth Effects Institute International Scientific Oversight Committee 2010)
Apte et al (2011) studied exposure in Delhi and found-mad commutersire exposedo 1.5
times the concentratioof ambient PMs. Exposures aralsodependent on the escape fraction,
which is the extent to which particlase depositedn surfaces before being incorporated into the
ambient air(Chafeet al 2014b, Lamet al 2012) The implication of using concentrations as
surrogates for exposures is thatdl sources are likely to be underestimated and remote sources
are likely to be overestimatedhis thesis accounts for intake fractions implicitlydmcounting

for population size, popation density, and meteorology
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For household air pollutionxposure levels are mostly lower than household concentrations
due to stove location, cooking duration, a division of tasks, the presence of a flue, the ventilation
rate, the volume of the home, and the proximity of the home to other households and sources
(Balakrishnanet al 2014b, Smithet al 2014a, Bruceet al 2015b, Edward®t al 2014, Ruiz
Mercadoet al2011) Household & pollutant exposures haveen measured India since 1981
(Smith et al 1983) Solid fuel conbustion in traditional stoves leads to exposures between that
experienced bgeconehandsmoking and active smokir@ope llletal 2011, Smith and Peel
2010) Traditional cooking with solid fuels is approximately equivalent to 400 cigarettes per hour
in terms ofPM, s exposurdrom seconehandsmoke(Smith 1987) Household air pollution ia
severehealth issue in IndigBalakrishnanet al 2014a, 2013)Household air pollution is not
directly quantified in this thesis, though the contribution from household air polluisiadéntial
emissions) to ambient air pollution is quantified. Ambient and household air pollution interact
and exchangé€Zhou et al 2015, Hanet al 2015, Gordonet al 2014, Rehmaret al 2011,
Balakrishnaret al2011, Chafest al2014b)

1.1.6. Doses

The dose is the pollutant concentration in body tissues, such as the lung, after repeated
exposure PM dosimetry is the deposition, translocation, clearance, and retention of particles
within the respiratory tracfU.S. Environmental ProtectioAgency 2009h) The dose of PM
depends on the concentration, duration, ventilation, and particle charactdristisie is &«ey
characteristic controlling deposition, translocation, and clearance of paditéesexposure
(Figure8). PM depositioris primarily by diffusion, impaction, and sedimentation. Diffusion is
the dominant mechanism for ultrafine P(@.01 0.1 nm), and sedimentation and impagn
dominate coarse PNR.5 10 nm). Thoracic particles are coarse particles that reach the lung
airways past the larynx. Respirable particles are fine particles those that reachdkehgage
region of the lungsThe IER makes assumptions about the dosing rates between ambient air
pollution, household air pollution, second hand smoking, and astiaking. For example, the
dose from one cigarette is equivalent to an exposure ta®67 of ambient PMs for 24-hours
(Burnettet al 2018, 2014)
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Os dosimetry within the respiratory tract is affected by concentration, duration, respiratory

tract morphologybreathing characteristics, the physicochemical properties,ax@acellular
lining fluid, and tissue layer@J.S. Environmental Protection Agency 2013Bpproximately
80% of the amount inhaled irreversibly reacts at the airway surface and is defi®siteterg
2016)

1.1.7. Health impacts

Exposure taair pollutionis a leading risk factoior human healtl{Cohenet al 2017, GBD
2016 Risk Factors Collaborators 2017, Indian Council of Medical Resetal?017b, India
StateLevel Disease Burden Initiative Collaborators 201F)gure 9shows the GBD2016
estimates of global premature mortalitiesngjorrisk factor and cause in 20{GBD 2016 Risk
Factors Collaborators 201 7)otal pollution caused 16% dhetotal global deaths in 201&BD
2016 Risk Factors Collaborators 201&ir pollution caused 72% of the disease burden filoen
total of all pollution (GBD 2016 Risk Factors Collaborators1Z). Ambient PM s exposure,
household air pollution, and ambient Exposure causedpproximately 5%, 4%, and 5%,
respectively of the disease burden from air pollu{iG®BD 2016 Risk Factors Collaborators
2017) India contributes approximately 250% of the global disease burden frompoflution
while having B% of the populatiotGBD 2016 Rsk Factors Collaborators 2017)

45



=
BN
J

=
\e)
|

z
g1[)—
£ [
£
g 8+
. o
=
U
£ o
£ 44
o
° |
2 I
0 1 ! | [
I I

[ S I [ & Q< I A
0 ) & & S & $ FH O
N g S 5 & D S &V Q
& & NG & * F @ N
AR o ¥ N N E . & S
G ¢ S ¥ Gy > B 5
<& Y & ®'}° &F 20O <
< A ¥ <« S
& & &
@ N 9
G &
& R
o S
?\Q \'QQ

Risk factors and causes

Figure 9: Global premature mortalities bgnajor risk factor and cause in 2015. Plot from
Landrigan et al (2017)singdata from GBD2016GBD 2016 Risk Factors Collaborators 2017)

Various other air pollutants are associated with health effects such @s &&nvironmental
Protection Agency 2010)lead (U.S. Environmental Protection Agency 2013&0O« (U.S.
Environmental Protection Agency 2018ulphur oxides (S (U.S. Environmental Protection
Agency 2017)and polycyclic aromatic hydrocarbons (PAl@rosovskyet al1999) This thesis

does not explore the health impacts of these other air pollutants.
1.17.1 Health impacts ofPM.sexposure

Healtheffects of ambient Pk exposurare norspecific in that the causes have multiple risk
factors(Pope lll 2007) Health effectgslepend on concentrations and duratifPape Il 2007)
Longterm exposures havarger, more persistent cumulative effects than sktemin exposures
(Pope 111 2007)Observational epidemiological studies healthimpacts ofPM; s exposureare
primarily baseddn studis in North AmericaEurope and parts of AsigApte et al 2015a, Pope
Il et al 2009, 2011) Table 2summariseshe healthimpacts oflong- and shordterm PM:s
exposurefrom epidemiological, controlled human exposure, and toxicological stdi&s
Environmental Protection Agency 2012, 2009b, Brebkl 2010, Newbyet al 2015, Loomiset
al 2013, Gordoret al2014, Andersort al 2012, Pope Il and Dockery 2006, Naebeal 2007,
Edwardset al2014, Brucest al 2015b, Smitret al2004,Bruceet al2015a, Krewsket al 2009,
Cohenet al 2017, Pope 11l 2007, Bebt al 2004, Stielket al 2003, World Health Organization
2013, World Health Organization Regional Office for Europe 2013,8&ll2013, Achilleoset
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al 2017, Liet al2016b, Atkinsoret al2012, Hérouxet al 2015, Atkinsoret al2014, Levyet al
2012)

Longterm PM; s exposureis a cause ofll-causemortality, cardiovascular mortalityand
cardiovascularmorbidity, a likely cause of respiratory effects, andsuggestive cause of
reproductive and developmental outcontgisortterm PM s exposure is a cause mbrtality and
cardiovascular effects, and a likely cause of respiratory effects. PM is an IARC group 1
carcinogen. The classificatiofikely and suggestie causes are due to limited consisteacyl
coherence across studies, and the lackzsfresolvedPM exposure cancer studi€usceptible
populations to the health effects of PM exposure are those with underlying cardiovascular and
respiratory illnesseslder adults for cardiovascular morbidity, children for respiratory effects,
and those with lower socioeconomic status including reduced access to health care, low
educational attainment, and residential locafidrs. Environmental Protection Agency 2009b)
There is no clear evidence ofav safe threshold apecificlag period from shotterm PM s
exposure for cardiovascular or respiratory effe@dtisS. Environmental Protection Agency
2009b)
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Table 2: Health impacts ofPM.s exposure(U.S. Environmental Protection Agency 2012,
2009b, Brook et al 2010, Newby et al 2015, Loomis et al 2013, Gordon et al 2014 oArgters
al 2012, Pope Il and Dockery 2006, Naeher et al 2007, Edwards et al 2014, Bruce et al 2015Db,
Smith et al 2004, Bruce et al 2015a, Krewski et al 2009, Cohen et al 2017, Pope 111 2007, Bell et
al 2004, Stieb et al 2003, World Health Organization 20¥8rld Health Organization Regional
Office for Europe 2013, Bell et al 2013, Achilleos et al 2017, Li et al 2016b, Atkinson et al 2012,
Héroux et al 2015, Atkinson et al 2014, Levy et al 2012)

PM2s
Duration  Effect Evidence Mechanism
strength
All -cause
mortality Causal All -cause
Cardiovascular Ischaemic heart disease (IHD)rebrovascula
morbidity and Causal disease (CEV) aherosclerosis, coagulatio
mortality hypertension, and vascular reactivity.
Chronic obstructive pulmonary disease (COP
lower respiratory infection (LRJ)impaired lung
function, impaired lung growth increaseg
Respiratory Likely respiratory symptoms, asthma, altered pulmor
Long- effects cause function, mild inflammation, oxidativ¢
term, responses, immune suppressi
chronic histopathological changes, and exacerb:
(months allergic responses.
to years) Reproductive
and Suggestive

Low birth weight and infant mortality.
developmental cause

outcomes
Lung cancer (LC)
Limited evidence for bladder cancer, lu
adenoma, enhanced frequencies of chromosg
Cancer Causal _ _ o
aberrations and micronuclei in lymphocyt
genetic and DNA damage, genetic mutatig
altered gene expressicand DNA methylation.
All -cause
Short- ) Causal All -cause
mortality
term, . . .
Cardiovascular Hospital admissions from IHD and congest
acute Causal _ _ _
effects heart failure, cardiovascular disease, altg
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(hours to vasomotor function, altered vessel to
weeks) microvascular reactivity, myocardial ischen
(reduced blood flow), heart rate variabilit
systemic oxidative stress, altered blood presg
blood coagulation, and systemic inflammation
Hospital admissions from COPD and respirat|

] _ infections, asthma, alterggulmonary function

Respiratory Likely ) _ o

pulmonary inflammation, oxidative respons

effects cause _ _ _
exacerbations of allergic responsealjergic

sensitigtion, and airway hypeaesponsiveness.

The biological mechanisms of ambient PMxposure are complex, vary with the duration of
exposire, and are yet tioe fully explainedFurther biologically plausible mechanisms have been
observed including modulated host defence and immunity, hypoxemia, the sequestration of red
blood cells,vascular thrombogenic effects, altered endothelial funcéomong many others
(Seatoret al 1999, 1995, U.S. Environmental Protection Agency 2009b, Pope Il and Dockery
2006, Health Effects Institute Review Panel on Ultrafine Particles 20Mi8)iple mechanisms
can overlay th@atterns of response and can interact with other risk factors. The health effects of
air pollution exposure are considered to be systematic (throughout the whole body) and consistent
with accelerated ageing.

New diseases and conditions are continuadling associateavith exposure to air pollution
(Grandjean and Landrigan 2006, Landrigainal 2017) Figure D shows the diseaseand
conditions plausibly affected by air pollution, where the ones in boldasgeurrently included
in GBD categorie¢Thurstonet al2017) The GBD estimates the health impacts BEposure
for four nonrcommunicablaiseases (IHD, CEV, COPD, an€).and one communicable disease
(LRD. IHD is associated with a reduction of blood supply to the heart, potentially leading to
heartattack(Global Burden of Disease Collaborative Network 2017, World Health Organization
2018c, Thurstomrt al2016) CEV is a group of brain dysfunctions related to disease of the blood
vessels supplying the brain, including str¢iobal Burden of Disease Collaborative Network
2017, World Health Organizatn 2018c) COPDis theincompletely reversiblebstruction of the
airways defined bythreemain characteristicgmall airways obstructiofithickening cell walls)
emphysemginflammation) and chronic bronchitigcough and phlegm)(Global Burden of
Disease Collaborative Network 2017, World Health Organization 2018c, Pesai2015) LC
is the abnormal change of cells in the lung, categorseprimary or secondargnd norsmall
cell or small cell(Global Burden of Disease Collaborative Network 2017, World Health
Organization 2018c)LRI are a broad group of infections in the airways and lursgeh as

pneumonig Global Burden of Disease Collaborative Network 2017, World Health Organization
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2018c) This thesis is consisteniith the GBD and estimates health impaaftthese five diseases
when studying longerm PM s exposure.

Respiratory disease mortality Stroke

Respiratory disease morbidity Meurological development
Lung cancer Mental health

Pneumonia Neurodegenerative diseases
Upper and lower respiratb
Airway inflammation
Decreased lung function
Decreased lung growth

symptoms
Cardiovascular disease mortality
Cardiovascular disease morbidity
Myocardial infarction

Arrhythmia

Congestive heart failure

Changes in heart rate variability
ST-segment depression

Insulin resistance
Type 2 diabetes
Type 1 diabetes

Bone metabolism Skin ageing

High blood pressure
Endaothelial dysfunction
Increased blood coagulation
Systemic inflammation
Deep venous thrombosis

Premature birth

Decreased birthweight
Decreased fetal growth
Intrauterine growth retardation
Decreased sperm quality
FPre-eclampsia

Figure 10: Overview of diseases, conditions, and biomarkeectedtl by ambient air pollution
(Thurston et al 2017)

Shortterm exposure to coarse PM (218 mm) has suggestive causality withrdiovascular
effects, respiratory effects, and mortality mainly from epidemiological evidence with a limited
number of controlled human exposure and toxicological stdi€s Environmental Protection
Agency 2009b)Shortterm exposure to ultrafine PN0.Q1 0.1 mm) has suggestive causality for
cardiovascular effects from a range of studies and respiratory effects primarily from cdntrolle
human exposure studi€d.S. Environmental Protection Agency 20098)rafine particles can
diffuse into the bloodstream and translocagethe circulationUltrafine PMareassociated with
brain inflammation due to translocation to the brain via the olfactory ngfealth Effects
Institute Review Panel on Ultrafine Particles 20B)search has suggested that the toxicity of
PM. is more directly related to particlairface area than to mag@berdorsteret al 2005,
Maynard and Maynard 20023uggesting that ultrafinparticles would be more damaging to
health. However,he current scientific consensus is that the health effects from-tehwort
exposure to ultrafine PM are not dramatically different from those of sRNealth Effects
Institute Review Panel on Ultrafine Particles 2013, Atkinsioml2015) There have not been any
epidemiologic studies of loAgrm exposures to ambient ultrafine PWitrafine PM number
concentrations are highly variable and are more prone to exposure error than larger particles
(Health Effects Institute RevieRanel on Ultrafine Particles 2013, Atkinsetral2015) Particle

number health studies find positive associations that oveelaggAtkinsonet al2015)
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Epidemiological evidence is limiteidh resolving what specific characteristics, components,
and sources of air pollutiarausespecific health effeci@Vestet al2016) Currently, the scientific
consensus treats all fine particles as equally toxic without regard to their staeeyolatility,
and chemical compositigihelieveldet al2015, World Health Organization 2006a, Burredtal
2014, U.S. Environmental Protection Agency 2008¢viousstudies suggest that carbonaceous
aerosohave strong associations with health impg&€tsomistoet al 2008, Atkinsoret al2019
and that particles from fossil éicombustion are more toxic than particles from other sources
such as biomass burnin@hurstonet al 2016) Secondary sulphates, nitrates, and crustal
materals have been found to Hess toxic than average BMTuomistoet al 2008, Kelly and
Fussell 2012)There is insufficient evidenamn the toxicity ofmetals(Atkinsonet al2015) Many
previous studies use a single pollutant apprdaickingle diseaseproviding limited insight into
the toxicity of particle constituentd_evy et al 2012, Atkinsonet al 2015) There are no

epidemiological studies that estimate the joint effects of ambient and household air pollution.
1.17.2. Health impacts ofO; exposure

Table 3summarises the lor@nd shorterm healthmpacts ofO; exposurerom controlled
human exposure, epidemiological, and toxicological stu@idésrld Health Organization 2013,
U.S. Environmental Protection Agency 2013b, Jeatetl 2009, Zanobetti and Schwartz 2011,
Smith et al2009b, Turneet al2016, Atkinsoret al2016) Shortterm Q exposure is a cause of
respiratory effects, a likely cause of cardiovascular effects alhdause mortality, with
suggestive causality for central nervous system effeotsgterm Oz exposure is a likely cause
of respiratory effects, withsuggestive causality of cardiovascular, reproductive and
developmental effects, central nervous system effectsalkedusemortality. Previous studies
have highlighted the limite@nd confoundeckvidence forshortterm cardiovascular effects
(Goodmanet al 2014) conflicting evidence fotong-term health impact§Committee on the
Medical Effects of Air Pollutant2015, Atkinsonet al 2016, U.S. Environmental Protection
Agency 2013h)and thdimited evidence fouse of low concentration threshol@ommittee on
the Medical Effects of Air Pollutants 2019)here have been three, recangjorstudies of long
term G exposure and human health adding to the orighmakrican Cancer Society Cancer
Prevention Study Il (CR8) by Jerrettet al (2009) the updated CRB study by Turneret al
(2016) the Harvard Medicare studipDi et al 2017) and the Canadian Census Health and
Environment Cohort (CanCHEC) stu@@rouseet al 2015) All studies found @health effects
on allcause mortalityunconfounded byM.s or NO,, with some finding health effects for
cardiovascular, diabetes, and respiratory mortéligyrettet al2009, Turneet al2016, Diet al
2017, Crouset al2015)
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Table 3. Health impacts of Os exposure (World Health Organization 2013, U.S.
Environmental Protection Agency 2013b, Jerrett et al 2009, Zanobetti and Schwartz 2011, Smith
et al 2009b, Turner et al 2016, Atkinson et al 2016)

Os
_ Evidence _
Duration Effect Mechanism
strength
Respiratory ] COPD, respiratory symptoms, neanset
Likely cause . )
effects asthma, and respiratory mortality.
Cardiovascular _ _
Suggestive cause Increased vascular disease
effects
Long- Reproductive
term, and _ Decreased sperm concentration, redu
_ Suggestive cause ] )
chronic  developmental birth weight, and restricted fetal growth
(months effects
to years) Alterations in neurotransmitters, motg
Central nervous _ o
Suggestive cause activity, memory, sleep, an

system effects )
neurodegeneration.

All -cause _
_ Suggestive cause All-cause
mortality

Hospital admissions from respirato
infections, COPD, asthmarespiratory

) tract inflammation, altered lung functio
Respiratory

Cause inflammatory  responses, epithel
effects . .
permeability, airway hyper
responsiveness, and host defe
Short- impairment.
term, Autonomic nervous system, oxidati
acute _ stress, inflammationdecreased cardig
Cardiovascular )
(hours to = Likely cause function, altered heart rategenhanceg
effects
weeks) ischemia injury, and disrupted vascu
reactivity.
All -cause _
_ Likely cause All -cause
mortality

Alterations in neurotransmitters, motg
Central nervous _ o
Suggestiveause  activity, memory, sleep, an
system effects

neurodegeneration.
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Biologically plausible mechanisms for the adverse health effectss; @x@osure include
pulmonary function decrement, lung permeability, and many otBeceptible populations to
the health effects from {&xposure are those with asthma, children, elderly, individuals lacking
certain nutrients (e.g. vitamins C and E), outdoor workers, and individuals with gene variations
(U.S. Environmental Protection Agency 2013be lag of health effects relative to exposure to
Oz is dependent on age and fardstingconditionsand is consistently found to be within the first
few days for morbidity and mortality endpoirftd.S. Environmental Prettion Agency 2013b)
The health effects of £exposureare confoundetly temperaturéWilson et al2014, Pattenden
et al2010)and other pollutast(Committee on the Medical Effects of Air Pollutants 2015)

11.7.3. Risk essessment® estimate the burden of disease

Risk assessments quantify the disease burden of air pollutieerms ofmortality and
morbidity. This thesis follows the methodology of the comparative risk assessment from the GBD.
The first GBD study was in 1993, commissioned by the World B&ahk World Bank 1993)
The first comprehesive ambienair pollution study wasor 2000 publisheih 2004through the
WHO and the World BankCohenet al 2004, Pandey@0), which was updated in 2009 by the
WHO (World Health Organization 2009 The GBD progressed in 2010 through funding by the
Bill & Melinda Gates Foundation and support from¥EelO to studya huge scope ofsk factors
and causes throughotlte world.This led to the publications of GBD2010 in 20@@BD 2010
Risk Factors Collaborators 2012pBD2013 in 2015§GBD 2013 Risk Factors Collaborators
2015) GBD2015 in 201§GBD 2015 Risk Factors Collaborators 201,&ayd GBD2016 in 2017
(GBD 2016 Risk Factors Collaborators 2017)

There are five key inputs tnosk assessmesitto estimate the burden of disease from air
pollution exposurepollutant concentrations, thmunterfactual level, the population exposure,
baseline mortality rates, antiexposureresponse functio(Ostroet al2018) The input nethods
vary with approache.g.improvements téhe exposureesponse function. The input data vary in

time, e.g.the age and size of the population exposed or the pollutant concentration.

Accurate representation of air pollutioonentrationgs critical. The pollutant concentrations
are estimatethrough chemical transport mod¢anget al 2013, Lelieveldet al2013, Silvaet
al 2013, Ghudeet al2016, Buttet al2016, Chafeet al2014a, Lelievelet al2015,Anenberget
al 2010) satellite observation@pte et al 2015a, Braueet al 2012, van Donkelaast al 2010,
2016, Evan=t al 2013) and ground measuremen{€ohenet al 2004, Nagpureet al 2014,
Guttikunda and Goel 2013, Chatal 2013) Modelsallow for air pollutant estimations where
ground measurements are limited in space and satellite obsenaolimited in time. Many
ground measurements within the WHO ambient air pollution database, used by the GBD, derived
PM;s from PM using conversion factor@Vorld Health Organization 2018aRecent GBD
studies(GBD2015 and GBD2016have combinedill the abovesources within a Bayesian

hierarchical modelthe data integration model for air qualifpIMAQ), along with land use
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regression models, population, monitor type .Btd PMio conversion factors, land uskevation,
and the concentrations 8, NOs, OC, and NH(Shaddicket al2018b) The error in predicted
PM;s concentrationsvas greatly reducethrough the addition ofhe local population as a
covariate(Ostroet al2018)

The counterfactual level, also known as theoretical minimum rislexposure level or the
low-concentration cudff, is a minimum pollutant concentratiavhere no health effects occur.
For longterm PM s exposure, thdiseasespecificcounterfactual in th&BD2010and GBD2013
ranged from 5.88.9 ng n13, andin theGBD2015and GBD2016angel from 2.4 5.9ny ne. For
long-term QG exposure, the counterfactual varied per study and percentile applied betwéen 26.7
41.9 ppb.The population exposure is the specific group exposed to the pollutant concentration.
Baselire mortality rates are the occurrence of the calrsady preserin that specific group. The
exposureresponse functiguse epidemiological data to relate a specific pollutant concentration
to a relative risk of diseasé significant advance in exposuresponse function was the
development oftte integrategexposure response (IER) functigiirnettet al2014)as part of
the GBD2010 projectGBD 2010 Risk Factors Collaborators 2018) long-term exposure to
ambient PMs concentrationsThe IER functions combinepidemiological evidence from
ambient air pollution, household air pollutiosgconehand smoking and active smoking to
estimate the health response to exposures across a @idege of pollutant concentrations.
Exposures to Pk from air pollution and secorddand smoking are substantially smaller than
those from active smokin@Pope lllet al2018) The IER functionsare a pragmatic approach,
including additional epidemiological evidence with each GBD stublye IER functions are
detailed in Section.2 and used in Chaptersafhd5. The exposureesponse functionf®r long-
term Q exposure (detailed in Sectioand used in Chapté) use risk estimates per increment
in pollutant concenttén.

Mortality is measuredby the number of premature mortalities, whiahe considered
preventable if the risk were to halveen eliminatedlhe estimates are specifically f@remature
mortality, as death is postponed or brought forward rather than av@daetekreefet al 2007)

Morbidity is measuredy years of life lost (YLL) due to the agpecific premature mortality

relative to ahealtly life expectancy. Years lost due to disability (YLD) accbior the incidence

and prevalence of disease, which can be added to YLL per cause to give the total disease burden,
known asDALYs (World Health Organization 2018b)

The economic impact of air pollution burden is difficult to assess as evaluation methods vary
dramatically inthe literature, including metrics of aslohealthy life yeanyillingness to payand
ones based on incon{i@/orld Health Organization 2003) recent study by The World Bank and
the Institute for Health Metrics and Evaluation (IHME3timated the cost of air pollution
following a willingness to pay approach and an incdérased approac{fihe World Bank and

Institute for Health Metrics and Evaluation 2016pr the willingness to pay approach, total air
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pollution cost 7.4% ofgross domestic produ¢GDP) in South Asia, where ambient BM
household Pis, and ambient ©cost 3.1%, 4.9%, and 0.4%, respecti@liie World Bank and
Institute for Health Metrics and Evaluation 201Bpr the incoméased approach, costs were
lower thanthosefrom the willingness to pay approach, thowgtrestill substantial in India ($66
bil |l i on1%ohGDP)arheydue to the young populatigithe World Bank and Institute
for Health Metrics and Evaluation 2016)

Estimates of the disease burden attributable to air pollution exposure from 1990 to the present
day are updatedvith each GBD studyThe global estimate of premature mortalitynfréong
term ambient Pis exposure was3,223,540 (98 uncertainty interval (95Ul): 2,828,864
3,619,148¥or 2010in GBD2010(GBD 2010 Risk Factors Collaborators 20129%26,000 (95Ul:
2,777,0003,066,000)for 2013 in GBD2013(GBD 2013 Risk Factors Collaborators 2015)
4,241,000 (95UI: 3,698,0004,777,000)for 2015 in GBD2015 (GBD 2015 Risk Factors
Collaborators 2016apnd4,092,692 (95U13,624,4424,575,023)or 2016in GBD2016(GBD
2016 Risk Factors Collaborators 201¥he inputs used between GBD2010 and GBD2013 are
similar, as are those from GBD2015 and GBD2(Qétroet al2018) The increase iestimates
for GBD2015 and GBD2016 wedriven mostly by the exposuresponse function (~55%) and
the derived PM s concentrationgrom the DIMAQ (~20%), with contributions from changes in
demographics andbsoluteexposure(Ostroet al 2018) The GBD2010 estimatiethe disease
burden from LRI in childreonly, while all subsequent GBD studies estimated the disease burden
from LRI in adultsas well(Ostroet al2018) Recent GBD studies (2015 and 2016) increased the
historicalPM; s concentrations over Indid 990 2016)(Ostroet al2018) suggesting that earlier
GBD studies (2010 and 2013) underestimated fidncentration in India. ReceliR functions
(2015 and 2016) shifted the disease breakdown, reducing the contributiorrefia(iHD) and
brain (CEV) disease bignpercentage points each, and increasing the contribution from COPD
by 20 percentage points relative to earlier IER fuomdi(2013)Ostroet al2018)

The GBD estimates the joint effects of ambient:BMousehold air pollution from sadlifuel
use, and ®@exposure through a complex combination of their population attributable fractions
under an assumption of independemagher than summing their impa¢topezet al 2006, Hill
et al 2017) This assumption of independence is unlikely for India, where thexdarge
interactiors and exchangebetween ambient and household air pollutiGBD MAPS Working
Group 2018)

11.74. Disease burden fronair pollution exposureat theglobal scale

The most recent estimates of tlggobal burden of disease attributable ambient PM;s
exposure are from GBD2016 (Figurel)l In 1990, theglobal estimate ofannual premature
mortality attributable to ambient Pld exposurewas 3,317,956 (95Ul: 2,913,0743,750,917)
with dominant contributions of 27% by China (901,282UI: 752,834 1,067,969) and 21% by
India (698,245 95Ul: 594,235807,575) (Cohen et al 2017, GBD 2016 Risk Factors
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Collaborators 2017)In 2016, theestimats of annual premature mortaliffom exposure to
ambient PM;sincreasedloballyby 23% to 4,092,69206Ul: 3,624,4424,575,023),n Chinaby
19% to 1,075,039B6UI: 940,395 1,221,813) and in India by 48% to 1,034,420 (95Ul: 893,676
1,176,954)Cohenet al 2017, GBD 2016 Risk Factors Collaborators 20THhe large increase
in the burden of disease in Indmetween 199 and 2016means that China and Indimth
dominate the contribution to the global burdemch contributing onquarter. The large
populations of India and Chinare important factors to thelarge disease burdenFor the
mortality rate per 100,000 pofation, which is independent of population size, the Eastern
European countries of Bulgaria (126) and Ukraine (118) stand out relative to théenrhtdia
(79) and China (79n 2016(Cohenet al2017, GBD 2016 Risk Factors Collaborators 20Thg
decremat in life expectancy from ambient BMin South Asia is 1.56 yeafépte et al2018)
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Figure 11: The global burden of disease from ambientB®kposure in 201§a) Number of
premature mortalities per countryb) Mortality rate per 100,000 population per country
(Institute for Health Metrics and Evaluation 2018)
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Figurel2 shows the drivers of the changes in premature mortality attributable to ambignt PM
exposure by cautry from 1990 to 2018Cohenet al2017) The23%increase irthe globadisease
burdenbetween 1990 and 201¥#ss driven by population ageing41%) and population growth
(+26%), partially offset by improvements in baseline mortality rate4). There are substantial
variations inthedrivers between countries, where India experiemecke substantiampacts of
population growth (+50%) and China had strong opposing influences between population ageing
(+69%) and improving baseline mortality raie79%). Thestrongroles ofthe demographic and

epidemiological transitions are clear, and often dominate the changes due to variations in

exposure.
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Figure 12 Drivers of changes in estimated premature mortality associated amitbient
PM: s exposure by country from 1990 to 2qQC®hen et al 2017)

Figure B shows the global burden of disease from exposure to amhbiemt2016. In 1990,
the global estimate of annual premature mortality attriiiatdo ambientOz exposure was
153,732 (95Ul: 54,52267,745), with dominant contributions of 44% by China (68,395, 95UI:
24,740 120,304) and 27% by India (41,709, 95UI: 15)172285)(Cohenret al2017, GBD 2016
Risk Factors Collaborators 201'By 2016, the global estimate of annual premature mortality
from exposure to ambientz@hcreased by 52% to 233,628 (95UI: 90,1885,303), increasing
substantially by 116% in India to 90,253 (95Ul: 34,6646,570), while only increasing by 2%
in China to 69,707 (95Ul: 26,76315,134) (Cohenet al 2017, GBD 2016 Risk Factors
Collaborators 2017 he large increase in the disease burden frgex@osure in India between
1990 and 2016 mearthat India dominates the contribution to the global bu88fg. The
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mortality rate per 100,000 in India increased by 43% between 1990 andn20lE6there was a
15% reductionin China(Cohenet al 2017, GBD 2016 Risk Factors Collaborators 20THe
decremaet in life expectancy from ambient:@ South Asia is 0.10 yea(épte et al2018)

Figure 13 The global burden of disease from ambieate®posure in 201§a) Numberof
premature mortalities per country(b) Mortality rate per 100,000 population per country
(Institute for Health Metrics and Evaluation 2018)

The global burden of disease from household air pollution from solid fuel use in 1990 was
3,738,921 (95UI: 3,255,984,301,372) premature mortalities globally, wittiominant
contributions of 34% byChina (1,285,110, 95UI:,@81,5371,521,215) and 26% bindia
(989,826, 95UI: 844,050,153,357)Institute for Health Metrics and Evaluation 20118)2016,
the global estimate of premature mortality reduced by 31% to 2,576,361 (95Ul: 2,215,953
2,968,891), with a substantial reduction of 53% in Cl@t%b,098, 95Ul 500,437 35,840) and
a smaller reduction in India of 21% (782,905, 95Ul: 652[942,484)(Institute for Health
Metrics and Evaluation 2018There were large reductions in the mortality rate per 100,000
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population of 51% globally, 49% in Indiand 61% in ChindlInstitute for Health Metrics and
Evaluation 2018)The decremet in life expectancyrom household air pollution in South Asia
is 1.22 year¢Apte et al2018)

Overall, the main trends from 199Bigure Ma)to 2016(Figure14c) are that the number of
prematuremortalities from ambient PM exposure increased globally, and especially in India.
The mortality rate per 100,000 population for ambient P&kposure remained stakéigure
14b and14d), indicating thathe growth in the number of premature mortaditveas primarily
driven by populatiorcharacteristicsThere werelarge decreases in the number of premature
mortalities and the mortality rate from household air pollution from solid fuels, highlighting the
importantdevelopment relating to this issue thas occurred between 1990 and 2016, although
a substantial burderemains globally and in Indialhe burden of disease from exposure to
ambient Q has remained relatively small compared to exposure to ambientd?d household

air pollution.
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Figure 14: The disease burden from air pollutigia) Annualpremature mortality estimates
in 1990. (b) Mortality rate per 100,000 population in 199@) Annual premature mortality
estimates in 2016(d) Mortality rate per 100,000 popuiimn in 2016.Data from GBD2016
(Institute for Health Metris and Evaluation 2018)
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Figure B showslindia is uniquely in the middle of the environmental risk transi{®mith
and Ezzati 2005).e. therisk overlap(Smith 1995) where therareboth substantial riskfrom
traditional (household solid fuel) and modern (ambient F}Miseases. Ratant concentrations
have been increasing between 1990 and 2016 for ambieryd?d Q, while solid fuel use (the
common surrogate for estimating household air pollution) has remained the same. The reduction
in deaths per year for household solid fug$largely comdrom improvements in LRI, while the
largeincrease for ambient PMis from IHD in older ageg¢Figure Ba). The infant (<5 years)
YLL in India from LRI due to ambient air pollution exposure decreased by 30% between 2010
and 2015, highligting the epidemiological improvemeitelieveldet al2018) The reduction in
DALYs per year for both ambient Pl and household solidfuel haslargely comefrom

improvements in LRI in childre(Figure 15b).
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Figure 15 Environmental risk transition estimatésr India from GBD2016 for ambient
PM; 5, Os, andhousehold solifuels from 19902016(Institute for Health Metrics and Evaluation
2018) (a) Numberof deaths pegear. (b) Number of DALYs per year. {dprtality rate per
100,000 per year. (dpALYs ate per 100,000 per year.
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1.1.75. Disease burden from air pollution exposure within India

In 2016, & pollution was the second leading rigkctorin India, behindchild and maternal
malnutrition andup from third in 199@India Statel.evel Disease Burden Initiative Collaborators
2017) Four out of the top five leading causes of dis@asediaarecaused in part by air pollution
exposurgIndia StateLevel Disease Burden Initiative Collaborators 20Figure B shows the
Indian burden of disease from exposure to ambientsHiM2016.Within Indiain 2016 the
denséy populated state of Uttar Pradesh in the central IGP dominates the contribution (21%) to
the national burden of disease from ambient Pdkposure, ahead of West Bengal, Maharashtra
andBihar all contributing 9% eadfindian Council of Medical Researehal2017a) Regarding
the mortality rate per 100,000 population, states througlthe IGP havemassie burdens,
especiallyPunjab (105), Haryana (103), Uttar Pradesh, @West Bengal (95)indian Council
of Medical Researcht al2017a) The disease burden in Delhi from exposure to ambientsPM
is 11,517 @5UI: 9,757 13,331) premature mortalitiger year witha mortality rate of 5795Ul:

48 66) (Indian Council of Medical Researehal2017a)
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Figure 16: Thelndian burden of disease from ambient Pdexposure in 201§a) Number
of premature mortalities pestate (b) Mortality rate pe 100,000 population per staigndian
Council of Medical Research et al 2017a)

Figure I7 shows the Indian burden of disease from exposure to antbignt2016. Uttar
Pradesh dominates the contributitthambient @ with 27% of the national burderfindian
Council of Medical Researdtt al 2017a) States in the western IGP have the highasttality
rate per 100,000 populatiavith Uttarakhand (12) and Himachal Pradesh (11), followed by Uttar
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Pradesh (11andRajasthan (10jindian Council of Medical Researeh al 2017a) Delhi has a
mortality rateof 2 per 100,00Indian Council of Medical Researeth al2017a)

@ EIENV R

r

i 2K |HME 6k 8k 10k 12k 14k 16k 18k 20k 22k

b

?

L 1IBVR
e
e B IHMB 4 5 [3 7 8 ] 10 1 12

Figure 17: The Indianburden of disease from ambient €posure in 2016a) Numberof
premature mortalities per statéb) Mortality rate per 100,000 population per stafidian
Council of Medical Research et al 2017a)

In 2016, Uttar Pradesh dominates the contribution (23%) to the national burden of disease

from household air pollution fromolid fuel use, with Bihar contributing 11% secondIndian
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Council of Medical Researdatt al 2017a) Regardinghe mortality rate per 100,000 population,

states across northern India have substantial burdens, of 86 in Rajasthan, 82 in Uttar Pradesh, and
76 in Bihar(Indian Council of Medical Researeh al 2017a) Themortality ratein Delhi from
household air pollution froreolid fuel use idow (3) (Indian Council of Medical Researeh al

2017a)

Overall, the disease burden from air pollution in India is highest in states across the IGP. States
across the IGP are behind in the epidemiological transition, despite massive progress between
1990 and Q16 (India StateLevel Disease Burden Initiative Collaborators 2017The
epidemiological transition is from communicable, maternal, neonatal, and nutritional diseases
(CMNNDs) to NCDs (India Statel_evel Disease Burden Initiative Collaborators 20INEDs
are not transmittable by infectious agents and are chronic in their development o\(&ztatie
et al 2018, Health Effects Institute Household Air Pollution Working Group 208&jjor
improvement in the epidemiological transition between 1990 and 2016 in India means the disease
burden from NCDs in all Indian states now outweighs that f@MNNDs (India Statelevel
Disease Burden Initiative Collaborators 2Q1ZardiovascularlfiD) and chronic respiratory
NCDs rates in India are more than double rates in-tnighme Western countri€gzzatiet al
2018)

1.1.7.6. Source contributions to the burden of diseasem air pollution

Estimates of premature mortality from exposure to ambientsitMndia vary by a factor of
three between 392,000 to 1,090,000 per y&alva et al2013, Chowdhury and Dey 2016, GBD
2016 Risk Factors Collaborators 2017, Cobkeial 2005, Afe et al 2015a, Ghudet al 2016,
Giannadakiet al 2016, GBD 2013 Risk Factors Collaborators 2015, Lelieeelal 2015, GBD
2010 Risk Factors Collaborators 2012, Sital 2016b, GBD 2015 Risk Factors Collaborators
2016a, World Health Organization 201&&lieveld 2017)with differences due to variations in
ambient PM;s estimates, health functions, population datasets, and methodological approaches.
Previous global modelling studies find emissions from residential energy use dominate the
contribution to PMs exposure associated prenorat mortality in India (Figure )8 Lelieveld et
al 2015, Lelieveld 2017, Silvat al 2016b) In cortrast, air pollutant emissions from energy,
industry, agriculture, and land transport domiriatBurope and the USfLelieveldet al 2015,
Lelieveld 2017, Silvaet al 2016b, Jansserddaenhoutet al 2015). Residential combustion has
been found to be the dominant source contributor to global premature mortality from ambient
PM; s exposurgLelieveld et al 2015, Lelieveld 2017)with a substantial fraction of the global
burden in India(Smith et al 2014a) Previous globaimodelling studies have estimated that
emissions from residential energy use causiveen73,000 to 460,500 prematureortalities
across India each ye@uttet al2016, Chafeet al2014a, Lelievelet al2015, Silvaet al2016b,
Lelieveld 2017)
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Figure 18 Source categories responsible for tlaegestimpact on premature mortality
associated with ambient air pollution in 201Delieveld et al 2015)Source categees are
industry (IND), land transport (TRA), residential (RCO), biomass burning (BB), power
generation (PG), agriculture (AGR), and natural (NAT). The white areas are where anaaal

PM: s concentrations are below the theoretical minimum risk expdsuet.

All previousglobal modellingstudiesestimating the source contributions to the disease burden
(Lelieveldet al2015, Lelieveld 2017, Silvet al2016b)usedglobal models vih relatively coarse
resolution which may not resolve the high BMconcentrations in Indjaand wee limited by
lack of gound measurements before 200hapter4 is the first study to ushigh-resolution
simulations, evaluated by new ground measuremémtsstimate the contribution of different
emission sectors to ambient RPiconcentrations and thattributable disease burden from

exposure across India.

Previous global modelling studies have estimakeddontribution of sources to the disease
burdenfrom ambient @ exposurdn India usingthe earlierCPSII risk estimategMalley et al
2017, Silvaet al 2016b, Lelieveldet al 2015) These risk estimates have been recently updated
(Turner et al 2016) Substantial contbutions were found to be from power generatidand
transport andresidentialemissiongMalley et al 2017, Silvaet al2016b, Lelieveldet al 2015)
Previous studies of the to@mhdsourcespecific disease burden associated wilexposure have
used global, offline chemical transport models at relatively coarse spatial res(ietiwaer0.5°
x 0.67° and 2.0% 2.5°)(Malley et al2017, Silvaet al2016b, Lelievelcetal 2015) Tropospheric
Oz has a nodinear dependence on precursors concentrations, with production on short timescales
(Liang and Jacobson 2000, Carey Jahgl 1995, Wild and Prather 2006, Sharetaal 2017b)
Coarse spatial resolution models dilutgp@cursors, causing simulated centrations to diverge
from observationgLiang and Jacobson 2000, Carey Jah@l 1995, Wild and Prather 20086,
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Sharmaet al 2017b) The nodel resoldion also affects estimates of the €posure relative
disease burdgifunger and West 2013, Thompsdal 2014, Thompson and Selin 2019nline
coupled modelling explicitly accounts for feedbacks between chemistry and metedfaietyy

et al 2004, Baklanowet al 2014) which can be important when considering emission changes
through different scem@s. Chapter6 is the first study to estimate the sousgecific disease
burdenfrom ambient @ exposure in Indiat high spatial resolution, using the updated -@PS
risk functions(Turneret al2016)

1.1.7.7. Future disease burdefrom air pollution in India

Under a businesasusual scenaricemissions are predictéalincrease in India relative to the
present day substantial(GBD MAPS Working Group 2018)with PM.s, SQ, and NQ
emissions approximately doubling by 2050 relative to 2@%Barma and Kumar 2016,
International Energy Agency 2016bihcreasing PMs concentrations by 67%Pommieret al
2018) This increase in pollutd concentrations, alongside population growth and ageing,
increaseghe disease burdeinom ambient air pollution exposur@igure 19 (Lelieveld et al
2015, Anenbergt al 2012, GBD MAPS Working Group 2018, International Energy Agency
2016a)

Longitude

Figure 19: Increase in premature mortality associated with ambient air pollution exposure

from 2010 to 2050 under a businessusual scenaridgLelieveld et al 2015)

Alternative air pollution ontrol pathwaygscenarios)or India have been developed and
evaluated inpreviousstudies(Sharma and Kumar 2016, International Energy Agency 2016b,
Pommieret al 2018, International Energy Agency 2016a, GBD MAPS Working Group 2018)
The International Enegy Agency (IEA) developed the dw Policy Scenario (NPS) which
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considers all relevant existing and planned policiesf @916and the GanAir Scenario (CAS)
which represents aggressive policy action using proven energy policies lamol dgtes tailored

to national circumstancémternational Energy Agency 2016b, 201&aissions of S NG,

and PM;sunder theNPS increased on average by %6 2040 relative to 2015, while the
prematuremortality estimate increased by 53%aternational Energy Agency 2016b, 2016a)
Emissions of S@ NO,, and PMsunder the @S decreased on average by 6692040 relative

to 2015, while thgorematuremortality estimate decreased by gkiternational Energy Agency
2016b, 2016a)The GBD MAPS Working Group studied a businassisual reference scenario,

an ambitious scenario reflecting stringent emission standards, and an aspirational scenario all
through to 205QVenkataramaret al 2018, GBD MAPS Working Group 2018population
weighted ambient P4 concentrations across India in 2050 under the reference, ambitious, and
aspirational scenarios changay +43%, +10%, aned35%, respectively relative to the reference
scenario in 201%Venkataramaret al 2018, GBD MAPS WorkingGroup 2018) Premature
mortality from ambient PMs exposure would increase under the reference, ambitious, and
aspirational scenarios by 234%, 194%, and 125% in 2050 relative taq\28dkataramaret al

2018, GBD MAPS Working Group 2018 oth the IEAand GBD MAPS Working Group studies

highlight thesubstantialmpact of the demographic transition in India.

The pevious studies that evaluated IndiscenarioqInternational Energy Agency 2016b,
2016a, Pommieet al 2018, GBD MAPS Working Group 2018sed relatively coarse spatial
resolution 0.5° x 0.5° or 0.5° x 0.67°) chemical transport models to estimate the impacts en PM
concentrations per scengrishich may not resolve the high RN concentrations in IndidNo
previous studies have analysed the impacts of fugurpollution control pathways on ambient

O3z and the associated disease burden.

Chapter 5and6 analy® the impacts ofnultiple air pollution control pathwayscenarios)n
Indiaon ambient PMsand Q concentrations and associated disease burdens, respectively. Both
chaptersuse a higher resolutiof30 km, 0.3° horizontal) regional numerical weather prediction
model onine-coupled with atmospheric chemistryith the laest exposureesponse functions
and diseasspecific baseline mortality ratésr 2015 and 205oth chapters are individually
the first high-resolutionanalyse of the impacts ofuture scenarios orambient PMs and Q

concentrations and resulting disease burden in Inelspectively
1.2. Summary and Aims

Two-thirdsof Indian households primarily use solid fuels, mostly wood in polluting traditional
stoves in rural areas within the IGP. Tatesolte number ofsolid fuel users has remainedable
for the last 30 yearsontributing substantially to air pollutant emissiolmglia experiencelirge
growth in the economy, industry, power generation, and transport sectors over the last decade
leading toa largegrowth inemissionf air pollutantsEmissionsof air pollutantsare predicted

to grow substantially over the coming yeardndia. These & pollutant emissions have caused
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very highconcentrations of ambient Biand Q in India. Exposureo theseair pollutantsis the
second leading risk factor in Indi@BD 2016 Risk Factors Collaborators 2017, India Stageel
Disease Burden Initiative Collaborators 2Q1ijlia contributes ongquarter and onthird of the
preseniday global disease burden attributalbbeambient PMs and Q exposure, respectively
(GBD 2016 Risk Factors Collaborators 2017, India Stateel Disease Burden Initiative
Collaborators 2017)ndia isuniquelyin the middle of the environmental risk transitiovhere
there is both substantial risk from household air pollution and ambient air pollGigid 2016
Risk Factors Collaborators 2017, India Sta¢wel Disease Burden Initiativ€ollaborators
2017)

Despite the importance of air quality in Indid remains relatively understudie@nd
knowledge of the sources and processes causing air polkutiorited. It is critical to understand
the contribution of different emissi@ources to ambient air pollution to design effective policies
to reduce this substantial disease burddis thesis aims to understand the source contritaition
to theattributable disease burden frambient air pollutiorexposurén India and thesffects of

futureair pollution control pathways

The thesis has three main objectivieisstly, quantifythe contributios of different emission
sources to ambieRtM. s concentrationand the related disease burden across Indlee present
day. Secondlyestimate the impact frodifferent future air pollution control pathwagaambient
PM; sconcentrations and human heaittindia Thirdly, understanthe current and future disease
burden from ambient £exposure in India, identifyingritical contributing emission sourcesd
the impacts offuture policy scenariosTheseobjectivesare achievedoy combining high-
resolution computer simulationshew andextensive observationsand the latestexposure
response relationships. Thkigh-resolution, onlinecoupled, regional numerical weather
prediction (NWP) model, Weather Research and Forecasting Model with Chemistry (WRF
Chem) is used throughout these chapters.

1.3 Outline

Chapter 1 imbduces the research topic, aim, objectiaasl outline. Chapter 2 discusses the
methods.Chapter 3 discussdbe model evaluation.Chapter4 estimates the contribution of
different emission sources to ambient 2Moncentrations and the related disease burden across
India. Chaptel5 estimates the impacts of differeat pollution control pathwaysn ambient
PM;s and human health in India. Chaprstudies the source contributions of ambient O
concentrations in India, the exposuetated disease burden, and the changes undee fatlicy
scenarios. Chapt@rsummarises and discusses the work undertaken, highlighting areas of future

work.
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2. Methods

This chapter describes the methods and models used in this thesis. Section 2.1 summarises the
background of air quality modelling. Secti2r2 describethe air quality model used thethesis.
Section 23 and 24 describe the exposuresponse functionfor PM;s and Q, respectively.
Section 2 describes the population data used. Secti®explains the methadisedto estimate
the sectosspecific disease burden. Sectioid @iscusses uncertainties in the methods.

2.1 Air quality modelling

Satelliteobservations are limited in either space or time. Ground measurements are limited in
space, especially over India. Models can addiessetgaps in space and tigejng insight into
driving processes and mechanisms of air qualitye main purpose of ta model used in this
thesis was to simulate total PMs and Q concentrations accuratelgnd to attribute total
concentrations to different emission sectditserearea wide variety of models. The discussion
here, and the term model used subsequently, applies to-dilmeasional, mathematical
(describing fundamental atmospheric processes), Eulerian (fixed grid), atmospheric models
(Seinfeld and Pandis 2016)

The essentialcomponents of a model are emissions, transport, and phyggid
transformations(Brasseur and Jacob 2016Ylodels are basedon the nonlinear primitive
equations including the momentum equation, thermodynamic equation, continuity equation, and
the ideal gas layBrasseur and Jacob 2018he primitive equations have no analytical solution,

andnumerical methods are requir@@rasseur and Jacob 2016)

Aerosol schemeare required toesolve thdarge aerosol size range for the chemical and
microphysical processes throughividual modulegBrasseur and Jacob 2018grosol schemes
representaerosol size, mass, and numifBrasseur and Jacob 201@ulk aerosolschemes
resolve aerosol mass, assume the size distribution, are numerically efficient, and are useful when
focusing on gaphase chemistriBrasseur and Jacob 201Modal aerosol schemes carry aerosol
mass and number, representing aerosol size by overlapping intervals assuming a lognormal
distribution(Brasseur and Jacob 2016gctional aerosol schemes discretise aerosol size into bins
carrying mass anchumber (Bras®ur and Jacob 2016Aerosol schemes can interact with
radiation, photolysis, and clou@rasseur and Jacob 201&he continuity equations solved for

aerosol mechanisms are the same as for gas mechgBissseur and Jacob 2016)

Models use gaphase mechanisms to simulate chemical produet@oss (Brasseur and
Jacob 2016, Seinfeld and Pandis 2018asphase mechanisms use an ensemble of chemical
reactions to calculate chemical production and loss using rate laws, aqueous chemistry using
cloud type, and phase equilibriunsijgHe nr y 6 s | a wBrassew &nfl Dacob 016, s
Seinfeld and Pandis 2018pasphase mechanisms simplify large, complex organic comg®

by classifying them by functionality or volatility, which are then represented by a surrogate
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specier lumped specie@rasseur and Jac@®16, Seinfeld and Pandis 2018)ore complex
gasphase mechanisms explicitly resolve chemigByasseur and Jacob 2016, Seinfeld and
Pands 2016)

Models include emissions through inventories or calculate them qiEmasseur and Jacob
2016) Bottomup emissions inventories use knowledge of the underlying processes such as
emission factors, activity rate, and scaling factors, with or withoutdtmmn constraints from
observationgBrasseur and Jacob 201B)odels include emissions from anthropogenic, biogenic,
biomass burningyolcanic, and mechanical sour¢@asseur and Jacob 2018egional models
alsorequire initialand boundaryconditionsoften supplied from a global modé&Palmer and
Williams 2010) Models are particularly sensitive to the initial conditigRalmer and Williams
2010)

2.2. Weather Research and Forecasting Model with Chemistry

The simulations performed for this thesis used the Weather Research and For@aaEng
model(Skamaroclet al2008) WRFwas designetbr regional and numerical weather prediction
by the National Center for Atmospheric ResearctNCAR), the National Oceanic and
Atmospheric Administration (NOAA), the National Centre for Environmental Prediction
(NCEP), the Wwited State Air Force, the Naval Research Laboratory, the University of
Oklahoma, and the Federal Aviation Administratié¢RF was publically released in 20@hd
has since beeextended for many Earth system applicatjosisch asatmospheric lsemistry
(WRF-Chem), lydrology (WRFHydro), fire (WRFFire), hurricanes (HWREFE) urban
meteorology (WRFJrban), solar and wind energy (WF3elar), turbulence (WREES), and
polar environments (POLAR WRKPowerset al 2017) This thesis sed WRFChem version
3.7.1(Grell et al2005, Faset al 2006)

The workflow of WREF follows preprocessing, forecast modelling, and postprocessing.
Preprocesig input datais performedvia the WRF preprocesginsystem (WPS)WPS first
configures thehorizontaldomain interpolating statiqgeographicaldata (geogrid) WPS then
reads, reformatand extractmput datgungrib, wesely and exo_coldefsWPS then ingests and
interpolatesinput data creatingnitial and boundarymeteorologicalconditions (metgrid).
Emission inventory variableare mappeanto WRFChem variables for biogenic (bio_emiss),
anthropogenic (anthro_emiss), and fire (fire_emessjssionsThe last step of preprocessing is
to createnitial and boundary chemistry conditions (mozbid)e ACOM laboratory of NCAR

provided the preprocessors (bio_emiss, anthro_emiss, fire_emiss, and.mozbc)

This thesis usethe WRFotrorscriptsdeveloped by Christoph Knote automate WRfEhem
simulations \ith re-initialised meteorology. WRFotron is split into preprocessing (pre.bash),
main execution (main.bash), and postprocessing (post.bash). WRFotron alloweGh&REO

create optimal initial conditions in the spip period using data assimilation, tibamodel free
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runs for a sgperiodto allow for sophisticated physics without drifting. The input data for nudging
has a &hour update interval, and valuasre interpolateéh-between. Nudging was only applied
to selected variables (horizontal wind, teal wind, potential temperature, and water vapour
mixing ratio) and with a nudging coefficient that still allows for WRRem to create itswn
dynamic, finescale, meteorology.

WRF-Chem is fully onlinecoupled(Grell et al 2005) Online-coupled models account for
interactions andeedbacks between air quality and meteorolg@yell et al 2005) These
interactions can include impacts on radiation, cloud condensation nuclei, remumesges, and
transporiGrell et al2005) Offline models treat air quality and meteorology independently using
archived meteorology, losingaluableinformation about atmospheric proces¢€sell et al
2005) WRFChem useshe Advanced Research WRF (ARWW)id flow solverto calculate air
quality and meteorology components using the same transport, grid coordinatgsd sdale
physics, and timestefSkamarock and Klemp 2008\RW is fully compressibleallowing for
significant changes in fluid densifkamarock and Klemp 2008ARW is nonhydrostatic,
calculating the full vertical momentum equatiq@kamarock and Klemp 20Q8)ully
compressible, nehydrostatic, numerical solvers allow explicit representation tafctires
previously parameterisg@kamarock and Klemp 2008)\RW hasa Eulerianmass conserving
dynamical cordSkamaroclet al2008) The driving equations of ARW habeen derivedh full
in Skamarock and Klemf2008) The timestep of ARWSs limited by the Couranfriedrichs
Levy (CFL) stability criterionCourantet al1928)and is suitable for regional NWP applications
not influenced by the pole proble(Brasseur and Jacob 201&RW uses terraifiollowing,
hydrostati¢ pressure coordinates to account for surface topogrdaipyise 1992)

WRFChem allows users to select mechanisms, scheamelparameterisationsncluding
numerous options for physics, chemistanddynamics.The application oM WRFChem over
South Asiawas first documenteid 2012 with twokey papers evaluating theodels performance
for meteorology(Kumar et al 2012a)and chemistry(Kumar et al 2012b) establishing its
credibility for future use. Since then WRFhem has been used extensively over South Asia,
including papers usingnore complex sectional aerosol scherftesmar et al 2015b) higher
resolution simulationKumaret al2015c) andexploring the impacts of du@fumaret al2014a,
2014b)
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2.2.1. Model setup

The setup choices for WREhem implemented in this thesis were initially based on papers
using WRFChem over South AsiéKumar et al 2012a, 2012b, 2015c, 2014a, 2014b, 2015b)
The details othemodelsetup aresummarisedn Table 4and detailed in section 2.2.2, 2.2.3, and
2.2.4

Table4: Model setup and parameterisation usednie WRFChem model

Model Setup and Parameterisation

Process Method

Domain 60 to 100 East, Oto 40 North

Timestep 180 seconds

Horizontal Resolution of 30 kgnalonga 140x 140 grid
Vertical 33 vertical and 27 meteorology levels (todahPa)
Microphysics Thompson schem@hompsoret al2008)

Longwave radiation =~ RRTM longwave(Mlawer et al 1997)called every 30 mins
Shortwave radiation  RRTM shortwaveg(Pincuset al2003)called every 30 mins

Boundary layer Mellor-Yamada Nakanishi and Niino 2(Blakanishi and Niino 2006
physics called every timestep

Land surface NoahLand Surface ModdEk et al2003)

Convective Grell 3-D ensemblgGrell and Freitas 2014, Grell and Devenyi 2Q0
parameterisation called every 60 seconds

Gasphase chemistry MOZART-4 (chem_opt = 201(Emmonset al2010) everyl2 mins
Photolysis scheme MadronichfTUV (Tie et al2003)called every 30 mins

Aerosol scheme MOSAIC 4-bin (chem_opt = 201jZaveri et al 2008) using KPP,
called every 12 mins
Dust GOCART with AFWA, dust_opt = 8Chin et al2002, 2000)

Initial and boundary MOZART-4 / GEOS5 (National Center for Atmospheric Resea
chemistry / aerosol 2016)

Initial and boundary NCEP GFS and NCEP FNiNational Centers for Emonmental
meteorology Predictionet al2007, 2000)

2.2.2. Physics

Model simulation design considers resoluti@omplexity, and duration in the context of
computational constrain{®rasseur and Jacob 2018he spatial resolution shoutdflect the
typical scales of thprocesses of interedrasseur and Jacob 201Bjcreasing spatial selution
requires shorter timesteps per calculation, substantially increasing the demand on computational
memory, storage, and wall clock tinBrasseur and Jacob 201&ub-grid scale processese

parameterised using empiricism, rather than deterministic phgiasseur and Jacob 2016)
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The model domain was140x 140 cell grigd with a horizontal resolution of 30 ki@3 vertical
levelsup to 10 hPaand a timestep of 180 second$e resolution of 30 kmwvas choseras
adequate to resol\fme gradients in air pollutant concentrations while remaining computationally
feasible to perform 15 years of simulatioi&e relatively low vertical resation hasbeen used
in previoushigh horizontal resolutiorf10 km) simulationsfor air quality applicationglue to
computational constrainf®umaret al2015c) The timestep of the model simulatiomastaken
as 6x grid spacing to ensure that the model does not violate the CFL stability cr{f€oarant
et al 1928) Figure 20 shows the model domain used within all WRRem simulationgn this
thesis using a Lambertonformal conical projectionyith terrain height displayed.
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Figure 20: Model domain used in this thesis. Background colour shows terrain height from

WRFChem simulated domain on a Lambert conformal conical projection.

Static geography fieldsvere interpolatedfrom the 20 categoy international geosphere
biosphere programme (IGBP) modified oderate resolution imaging spectroradiometer
(MODIS) based land use classifications at 30-second resolution by the WRSigure 2).
Substantial areas of India are cropland, with some fashatbland and barren landMODIS-
based categorseshould onlybe usedvith the Noah landSurfaceModel (Ek et al2003) which
wasused to parameterise heat and moisture fluxésuinsoil layers to 2 mA single layer urban

canopy modelvasimplementedvith surface effects for roofs, wallandstreets.

73



IGBP-modified MODIS 20-category land use categories
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Figure 21 International geospherbiosphere programme (IGBP) modified moderate
resolution imagingpectroradiometer (MODIS) based land use classifications in India.

The Thompson schemeas usedfor cloud microphysicsncluding cloud formation, phase
conversion andprecipitation(Thompsonret al 2008) The Thompson scheme has been found to
accurately simulate Himalagaprecipitation(Karki et al 2018, Reshmi Mohart al 2018,
Rajeevaret al 2010) The Grell 3D scleme(Grell and Freitas 2014yas usedor convective
parameterisatigrwhich is a development of the Grelevenyi scheméGrell and Devenyi 2002)

The Grellschemehas been found to have improved skill at simulating the South Asian monsoon
relative to other cumulus schem@&ashet al2006, Yuet al2011)

The Rapid Radiative Transfer Model (RRTM) optisas usedfor downward and upward
fluxes of absorption, scatteringndemission fronbothshortwaveradiation due to solar activity
andlongwaveradiationdue towater vapour, cloudsndtrace gaseg.g. CQ and Q) (laconoet
al 2008) The MellorYamada Nakanishi and Niino 2(Blakanishi and Niino 200&)oundary
layer schemevas called every timestep/RF~Chem has been used s&illfully simulate air
pollution episodes over China with tMellor-Yamada Nakanistdand Niino 2.5 boundary layer
scheme and the RRTM radiation schelf@senet al2017a)

NCEP Global Forecast System (GB)ourly analyses initialised meteorological condition
at 0.5 resolution. These, together with GF$h@ur forecasts in betweeamere also usedor
boundary conditions and grid analysis nudgiNgtional Centers for Environmental Prediction
et al2007, 2000)Simulated mesoscale meteorologgskept in line with analysed meteorology
through grid nudging to thdCEP GFSanalyses to limit errors in mesoscale transfidational
Centers for Environmental Predictieh al 2007, 2000)Kumar et al (2014b)used WRFChem
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over South Asiaand found nudging improved model skill in simulating meteorology.this
thesis,model meteorology was reinitialised every month to avoid drifting of WCIREm, while
chemistry and aerosol fieldgere kept to allow for pollution build up and mesoscale $gzort
phenomena tde capturedDuring the simulations, horizontal and vertical wind, potential
temperatureandwater vapour mixing ratievere nudged to GFS analyses in all model layers
above the planetary boundary layesing four-dimensionaldata assintation (FDDA) (Liu et al
2006, 2005)FDDA in WRFChem does not use the analyses fields for its valosteadjt uses
them as initial conditionsandthen uses thprimitive atmospheric equations, affecting chemicals
through transportOneweek spinup was implementedbased omreviousstudies(Bergeet al
2001, Kumaret al 2015c¢, Knoteet al 2015) Theimmediatemodel resultsvereoutputtedevery

hour.
2.2.3. Chemistry

Gasphase chemicateactionswere calculated using the chemical mechanism Model for
Ozone and Related Chemical Tracers, version 4 (MOZAREMMonset al 2010) Several
updates to photochemistry of aromatics, biogdridrocarbonsandother species relevant to
regional air qualitywere appliedincluding a detailedtreatment of VOCgKnote et al 2014,
Hodzic and Jimenez 2011, Hodzic and Knote 20THe MOZART-4 scheme has been used in
other studies over India using WRFem and capturectitical observed features of gabase
speciegKumaret al2014b, Ghudet al2016) The updated MOZAR® gasphase mechanism
should be used with either the Tropospheric Ultravidistble (TUV) (Tie et al2005)or the Fast
Tropospheric UltravioleVisible (fTUV) module to ckulate photolysis rate@ie et al 2003)
ThefTUV schemewas implementeds it isa simplified version of the TUV mod@Madronich
and Weller 199Q)educing computational costs of using the full TUV schétwoelzic and Knote
2014) ThefTUV code was updated to include aerosol feedbacks on photdtysigic and Knote
2014) Gaswet deposition waia combination of resolvétleu and Prather 2012nd convective
washou(Grelland Frégas2014)u pdat ed t o us e He ndroplét gartilioai c ons
(Knote et al 2015) Gasdry depositionwas basedon aerodynamic, transporand surface
resistance$Wesely 1989)The updated version of MOZARZ hasbeen useth many previous
studies(Knote et al 2014, 2015, Hodziet aln.d., Campbelét al2015,Im et al 2015, Wanget
al 2015)

Aerosol physics and chemistiyere representedy the MOSAIC 4-bin schemewithout
subgrid convective aqueous chemigipdzic and Knote 2014, Zavest al2008) The Kinetic
PreProcessor (KPRPamianet al 2002) was used to convert the underlying chemistry into
ordinary differential equationsoursectionabiscrete size binwere usedwithin MOSAIC based
on dry &rosol diameter0.039 0.156mm, 0.156 0.625mm, 0.625 2.5 mm, 2.5 10 nm (Hodzic
and Knote 2014, Zaveset al 2008) Water uptake anbbss do not transfer aerosols betwéemn
sizebins (Hodzic and Knote 2014, Zavest al 2008) MOSAIC carries sulphaté€SQy), nitrate
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(NOs), ammonium (NH), calcium(Ca), carbonat€COs), black @rbon(BC), primary organic
mass (OM) liquid water(H20), sea salt (NaCljnethanesutinate (CHSO;), andother inorganic
masssuchas minerals and trace metéiodzic and Knote 2014, Zavest al2008) The arosol
numberwas carriedseparatelyand both aerosol mass and numbere calculatedor each size
bin (Hodzic and Knote 2014, Zaveet al 2008) MOSAIC assumes aerosols aspherical,
internally mixed withinthe same size bin and extdinanixed with other size bins, implying that
per size bin there is nageing time for emissions to transféom hydrophobic to hydrophilic
(Kumar et al 2015c) Wet deposition of aerosols wa mixture of resolveNeu and Prather
2012) and convective washoyGrell and Freitas 2014)Dry depositionwas basedon the
resistances approag¢iivesely 1989as a function ofriction velocity andthe boundary layer
height(Walceket al 1986) The thermodynamic module in MOSAMas designedor dynamic
gasparticle partitioning,reliably predicing particle deliquescencémoisture absorption until
dissolutior), water contentandsolid-liquid phase equilibrium in multicomponent aerosalsd
is computationdy efficient (Hodzic and Knote2014, Zaveriet al 2008) MOSAIC removes
aerosols via grigscale precipitatiofChapmaret al2009, Easteet al2004)

The SOA formation mechanism varies with or without the use of agueous chemistry in the
MOSAIC aerosol schem@Hodzic and Knote 2014)or MOSAIC without aqueous chemistry
as used in this tlsts, the SOA formation mechaniswasfrom Hodzic and Knote (2014based
work by Hodzic and Jimenez (2011pOA calculations use a lumped surrogate VOC for
anthropogenic (VOg) and biomass burning (V@g) co-emitted with CO that oxidises with OH
and condases into SOAHodzic and Jimenez 2011Jhe ratio of VOG (or VOGgg) to CO
emissionsvas parameteriseds being proportional to the ratio of SOA formed to the change in
CO in veryagedair (Hodzic and Jimenez 20110 is typically well produced by modelsan
be measured by satellitdsas similar or collocated emissions sourcesr@iropogenicSOA
precursorsandis approximatelynertwith regardo SOA timescalegHodzic and Jimenez 2011)
Simulated SOA accuracy from this CO proxy approach is similar to volatility basis set (VBS)
parameterisation@Robinsonet al 2007) while being much less computationally expensive and
canbe usedn regions where the emissions of SOA precursors are not yet avddailéndia)
(Hodzic and Jimenez 201Hodzic and Knote (2014)pdated the GA calculations frontHodzic
and Jimenez (2011p use ambient ageing measurements of OA that prockasonablend
efficient simulated SOA precursotdodzic and Knote (2014jalculate biogenic SOA via a two
product approacfpartitioning coefficient and a proportionality constant for egmdtieoxidising
VOCSs) (Odumet al1997, Odum Jagt al 1996) with updated yield§Hodzic and Knote 2014)
Glyoxal SOA a product of isoprene oxidatidioymation and partitioningwere included using a

simple surface uptake mechani@iimote et al2014)

Simulations over India comparing thilk schemerom Georgia Tech Goddard Global
Ozone Chemistry Aerosol Radiation and Transport (GOCARI)iIn et al 2000) and the
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MOSAIC 8-bin sectionalschemesave shown the MOSAIC schemmre accuratelyepresers
aerosol observation®umar et al 2015b) MOSAIC accounts for many aerosol processes (e.g.,
aerosol thermodynamics, SOA formationscioud, and impaction scavenging) not included in
the GOCART bulk aerosol schem&he 8bin MOSAIC sectional aerosscheme is 1.8 times
slower than the-8node Modal Aerosol Dynamics Model for Europe (MADBLkermanret al
1998)modal aerososchemewhile containing 2.7 times more prognostic chemical spgEiast

et al2011) The MOSAIC 4bin aerosol scheme is less computationally demanding relative to the
8-bin scheme, while 8l skilfully simulating PMs mass over IndigSarangiet al 2015, Kumar

et al 2015b) In this thesis, th&1OZART-MOSAIC 4-bin without subgrid convectivaqueous
chemistrywas implemented throughout, due ttee balance ofdetailed aerosol and trace gas
processewith computational efficiencyl'here are uncertainties within MOSA|I€lich as aerosol
shape and morphology, assumed chemical species density, assumed refractiveaimdiibes,

conversion factor betweddM andOC (Barnardet al2010)
2.2.4. Emissions

Anthropogenic emissionfor 2010 were taken from theEmission Database for Global
Atmospheric Research with Task Force on Hemispheric Transport of Air Pollution (EDGAR
HTAP) version2.2 at 0.1x 0.1 horizontal resolutioifJanssen#Maenhot et al2015) EDGAR-
HTAP v2.2 uses the Model Intercomparison Study for Asia Phase Il (MIX), whicmissaic
of Asian anthropogenic emission inventdtyi et al 2017b) For India,MIX uses the Indian
emission inventory provided lilie Argonne National Laboratorfru et al2011, Lu and Streets
2012)for SO, BC,andOC for all sectorsas well as NQfor power plants, angegional Emission
inventory in Asia (REASyersion2.1 (Kurokawaet al 2013)for other speciesThe bottoraup
global emission inventory EDGA®R4.3 filled gaps in EDGARHTAP v2.2 (Janssen#aenhout
et al 2015) Emissions includéPM.s, PMw, SCG;, NO,, CO, NMVOC, NH, BC, and OC
(Janssendaenhoutet al 2015) Emissionsare classifiedby source sector: aviation, shipping,
power generatiofENE), industrial norpower (IND), land transporfTRA), residentialenergy
use(RES) andagriculture(AGR) (Janssendaenhoutet al 2015) Power generation emissions
for the energy sector are from electricity and heat production. Industrighoveer emissions
include largescale combustion and industrial proces&sesissions from residential energy use
categorsed in EDGAR-HTAP v2.2 comprisesmallscale combustion devices for heating,
cooking, lighting andcooling in addition to supplementary engines for residential, commercial,
agricultural, solid wasteandwastevater treatmen{Janssentaenhoutet al 2015) In India,
residential emissions are primarily from cookiRgsidential energy use emissions of-BMBC,
andOC, were qualitatively classified as highly certain within EDGARHTAP v2.2(Jarssens
Maenhoutet al 2015) Seasonal cyclewere derivedfrom monthly activity data fopower
generation, industrial nepower, andall transport sectors, while residential energy use depends

on regionalmonthly-meantemperaturéLu et al2011) EDGAR has been found to simulate air
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qguality well over South Asia using WREhem relative to other anthropogenic emission
inventories (Saikawaet al 2017) Emissions from EDGARHTAP v2.2 were chosenover
ECLIPSE due to higher spatiadsolution in EDGARHTAP v2.2 (0.1 x 0.1 relative t00.5 x

0.5), that ECLIPSE underestimated BC and trace gas emission magnitudes and had inaccuracies
in their spatial distribution over Ind{&tohlet al2015, Klimontet al2017) and that simulations

using EDGAR emissions estimate PM closer to observatioasindia(Saikawaet al2017)

Biomass burning emissiongeretakenfrom the Fire Inventty from NCAR (FINN) version
1.5bottomup inventory using burned area estimgi&&dinmyeret al2011) Biomass burning
emissions are from the open bungiof biomass including wildfires, agricultural fires, and
prescribed fires, and not biofuel use and trasiibg(Wiedinmyer et al 2011FINN uses dalily,

1 km resolution, global estimates of gas and aerosol emissions from satellite observatiors of activ
fires and land cover with updated emission fachoidestimateduel loading (Akagi et al2011)

FINN fire emissionsvere used ovethe Global Fire Emissions Database (GFED) fire emissions

as FINNhas higher spatial resolution abdttercaptures small fireReddingtonet al 2016,
Randersoret al 2012) However, it is likely that emissionsom agricultural fires are still
underestimated(Cusworthet al2018)

Biogenic emissionsvere calculated online by the Model of Emissions of Gases and Aerosol
from Nature (MEGAN)(Guentheret al2006)online canopy modeMEGAN is drivenby 1 km
satellite measurements of land (&aientheret al2006) MEGAN estimates the net emission of
134 gases and aerosols froterrestrial ecosystemg§Guentheret al 2006) MEGAN is
recommenddto be usel with the updated gashase mechanism of MOZARA as it speciates
biogenic VOCs onlingHodzic and Knote 2014)

Dust emissionsvere calculated online through GOCART withir Force Weather Agency
(AFWA) modificationsbased on wind speed and land surface charactefistigeandet al2018,
Chin et al 2000, Ginowet al 2001, Jonest al2012, 2010, Su and Fung 2015, Kok 20ThHe
AFWA modifications are based ondust emission parameteaattons from Marticorena and
Bergametti (1995)vith ten saltation size bins driive dust size binf0i 2 nm, 2 3.6 nm, 3.6 6
mm, 6 12 nm, and 1220 nm) (Legrandet al 2018) GOCART AFWA dust emissionsvere
chosen over GOCART dust emissions due to updated physics, over the MOSAIC and
MADE/SORGAM dustemissions option due to errpend over the GOCART dust emissions
with University of Cologne (UOC) modifications due to lack of tes{inggrandet al2018)

MOZART-4 / Goddard Earth Observing System Model version 5 (GEOSBpudly
simulation datavere usedfor chemical and aerosol boundary conditi¢gN&ational Center for
Atmospherc Research 2016Wwhich wee interpolated onto the WREhem domain usinghe

mozbcpreprocessoiThe species map within mozbc defines the speciation of initial and boundary
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chemistry conditions from MOZAR® with an assumed size distributji@is MOZART-4 used a

bulk scheme for 12 aerosol compounds

Monthly files were concatenateth annual files for use with the preprocessor anthro_emiss.
Within anthro_emiss, emissions preprocessing setsipfor a modal aerosol schemdADE
(Ackermannet al 1998) and mapping splits these to the appropriate sizeTia.anthro_emiss
preprocessor outputs twtatasets per domain for 00 and 12 hours Coordinated Universal Time
(UTC). Preprocessors mamspeciatedM. s from emission input fileso other inorgaics after
subtracting all known aerosoh similar process happens for RiMwhere the mass is the
difference between PMand PM:s only. Within the fire_emiss preprocessor, emissioree
mapped directly onto WREhem MOSAIC aerosol bins, avoiding doglgiounting, and the size

distributionwerecalculatednline.
2.3. Exposureresponse function for longterm ambient PM2.s exposure

Long-term(annual) average exposures to ambient Pddncentrationsvere associatedith
a relative risk of disease estimatésiough he integrated exposuresponse (IER) functions
(Burnettet al 2014) The IER functiongBurnettet al 2014) developed as part of GBD2010
(GBD 2010 Risk Factors Collaborators 20l/@present aignificant advance in estimating risk
from PM:s exposureThe IER functions combinepidemiological evidence from ambient air
pollution, household air pollutionseconéhand smoking and active smoking to estimate the
health response to exposures across a widenge &npollutant concentratior{fBurnettet al
2014) Exposuresto PMs increasefrom ambient air pollution to seconehand smoking,
household air pollution frorsolid fuel combustionandactive smokingPope lllet al2018) The
IER functionsenable the estimation of risk factor across the global concentration range of ambient
PM;s(Burnettet al2014) The IER functions assume that PMs an appropriate indicator of risk
and that epidemiological data is valid across populatiosgoet al2018) There are individual
IER functions per cause of COPD, IHD, CEV, LRI, and O@e IER functions primarily use
epidemidogical data from cohort studideom the United State&urope and parts of Asia

Relative risks RR) are the ratio of the probability of a health endpoint occurring in a
population exposed to a level of pollutjoto the probability of that same health endpoint
occurring in goopulation that is not exposein RR ofonerepresents no increase in risk. RRs
for individual health conditions vary due to differences in approach, exposure estenalbe
mechanisms fiking exposures to the health conditi@urnettet al 2014, Pope llet al2011)

The IER functions usagespecificmodifiers for each disease to estimtie RR of mortality
associated with ambient BNMconcentration$z), asshown inEquationl. The maximum risk is

1 + U,attilme of the |1 ER at | ,camd thie powdr iofghe PM o n c e n
concentration is 9. Paadoweresampled fodl,08Q simuldtions o o n s

derive the mean IER function with 95% uncertainty intervals.
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RRz)=1+a? [1- exdb(z- z,)})

Equation 1: Integrated exposureesponse (IER) functionie estimate longerm relative risk
from PM: s exposurgBurnett et al 2014)

IERSs are no#inear, especially for cardiovascular diseases (IHD and Ci&Ngre the relative
change in RR increases at lower RMoncentrationgBurnettet al 2014, Bruceet al 2014)
Consequently, substantial health improvemangsonly realisedt the lowest exposuré€ohen
et al 2017) The IER functions have large uncertainties within th&180 ng n® PM.s
concentration range, due to limited epidemiological evidence for cardiovascular mortality from
ambient PM; exposure and a small number of studies of setamdi smoke exposu(derrett
2015) The IER functions have been found to underestimate risk over the ¢dvicentration
exposure range experienaedChina(Yin et al2017)and for infant LRI in Sutsaharan Africa
(Heft-Nealet al2018) IERsare basedn the assumptions of equitoxicity of Rbrom different
sources, that P4 adequately represents risk from combustion mixtures, and hiaith
outcomes are sufficiently similar across exposure sources and s@tingset al2015b, Burnett
et al 2014) In contrast to the IERs, there are other expoesegsponse relationshifg.g. log-
linear) thathave been useth various studiefAnenberget al2011, 2010, Coheet al2005, Apte
et al2015b)

The IER functions estimate the age adideasespecific RR for each ambient PM
concentrationThere are IERs for each health condition (LRI, CEV, COPD, IHD, and LC), where
the parameter combinatioase updatewith additional epidemiological evidentar eachrelease
of the GBD project (2010, 2013, 201%d2016). The GBD2015 IERGBD 2015 Risk Factors
Collaborators 2016a, Cohaxt al 2017)wasusedin Chapter4, andthe GBD2016 IERGBD
2016 Risk Factors Collaborators 20Was usedin Chapter 5 Both he IER functions from
GBD2015andGBD2016 haveiniform theoretical minimum risk exposure levers) for PM..s
of 2.4y n3. However, itis acceptedhat there is no safe populatitevel threshold of exposure
to PMs (World Health Organization 2006djigure 22 compares the GBD2015 and GBD2016
IER. The response of RR to B¥exposure is very similar between GBD2015 and GBD2016 for
the respiratory diseases (COPD and LRI) and LC. For the GBD2016, the RR for cardiovascular
diseasegIHD and CEV)reduces relativeotthe RR in GBD2015. The GBD2015 requires age
groupingsfrom LRI for early, late, andpostneonatgl andpopulations between 1 and 80 years
upwards irb-yeargroupings. The GBD2015 requires age groupfngs IHD, CEV, COPD, and
LC for adults over 25 yea old, split into Syear age groups. The GBD2016 requires age
groupingssplit into 5years from 25 to 95 years and upwards for all diseases, in addition to 0 to

25 years for LRI.
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Figure 22 Integratedexposure response (IER) fitions estimating theelativerisk (RR) of
mortality from ambient Pkt concentrations from Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) 201&BD 2015 Risk Factors Collaborators 2016éind GBD2016(GBD
2016 Risk Factors Collaborators 2017Mlean exposuregesponse shown in bold line for
ischaemic heart disease (IHD), cerebrovascular disease (CEV), chronic obstructive pulmonary
disease (COPD), lowaespiratory infections (LRI), and lung cancer (LOUD and CEV have
shaded regions representing the variatlmtweerage groups.

Premature mortality (Mvasestimateds a function of population (P), baseline mortality rates
(), and the attributabladction (AF) for a specific RREguation2). The population data used is
discussedn Section 25. To be consistent with the GBD, country atideasespecificbaseline
mortality rates from the GBD studinstitute for Health Metrics and Evaluation 20118%-year
groupings for bth genders combinedereused from GBD2015. In Chaptefsand 6, baseline
mortality rateswere from the International Futures model as discussed®action 25. A
sensitivity study was performad Chapter 4using statespecific baseline mortality ratésom
Chowdhury and Dey (2018)r India accounting for socioeconomic variations across the country

through usingsDP as a proxy applied to WHO statistics from 2@orld Healh Organization
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2011) The sensitivity study applied the statenation ratios from the statgpecific baseline
mortality rates to the GBD2015 baseline mortalities for COPD, IHD, and CEV. Baseline mortality
for LC did not exhibit any relation with GDRindthey did not study LRIAccordingly, the
GBD2015 valuesveredirectly usedor these diseaseBhiswas dondor mean, upper, and lower

confidence intervals.
M =P3 13 AF=P3 |3 (RR- 1)/RR
Equation 2: Longterm premature mortalitfrom PM s exposure.

Years of life lost (YLL) for each age and diseasre estimatedas a function of premature
mortality and agespecific life expectancy (LE) from the standard reference life table from the
GBD (Equation 3. The standard reference lif@dlewas usedrom GBD2015Global Burden of
Disease Study 2015 2016in) Chapterd and GBD2016 in Chaptetsand6 (Global Burden of
Disease Study 2016 2017bApplying countryspecific life expectancy value@inistry of
Statistics and Programme Implementation 2@ddin the Government of India in 2014 reduced
YLL by 60% relative to using the GBD2015 LE values. The GBD normative standard life table
wasused for the main YLL results to be consistent with the extensive work done on this issue by
the GBD project. The GBD project in 2010 developed the normative standard life table after
consultation with philosophers, ethicists, and economists to compute a¥ldach age by
identifying the lowest observed death rate for any age group in countries of more than 5 million
in population(Murray et al 2012) Two principles behind the decisiomere that the only
differences in the rating afeathor disability should be due tmeand that everyone in the world
hasthe right to best life expectancy ithhe world. The GBD Indiaspecific study used the same
GBD normative standard life tab(égndia Statel evel Disease Burden Initiative Collaborators
2017)

YLL=M?3 LE
Equation 3: Longtermyears of life lost from Pk exposure.

The GBD metaanalyses estimates for Bdrisks include studies from India fhouseholdir
pollution, but  epidemiologic studies exist féong-term ambientPM,s exposure in India.
Recent epidemiological studi@s India, supported by the Indian Council of Medical Research
(ICMR) and theEuropean Research Couneile underway to analyse the health impacts ofdong
term exposure to ambient and household air poll{iomneet al2017, Balakrishnaat al2015)

The IER functionsre requiredor risk assessments in locations whererifleof exposure to air
pollution is high andthere are little data on lortgrm epidemiologicadtudies, such as India. The
lack of locallyderived exposureesponse functions has impeded previous risk assessment
attempts to impact local policy in Ind{@he World Bank 1995, Health Effects Institute Public
Health and Air Pollution in Asia Program 2011)
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Only afew shorttermtime-series studies of mortality and air pollution héeen conducted
in India (Figure ). The first byCropperet al (1997)for Delhiin 1997found the excess risk of
mortality to be 0.2% + 0.1 perl0 ng m? increase inotal suspended PM concentratioNgdhi
(2008)found risk estimates of 0.6% for hospital admissions pemlf increase imespiratory
suspended particulate matter in Delfvo Indian epidemiological studiesf shortterm PMig
exposure existrom the Public Health and Air Pollution in Asia (PAPA}udy (Health Effects
Institute Public Health and Air Pollutidn Asia Program 2011)he Delhi study reported an-all
cause risk estimate of 0.15% (95Ul: 0.0223) per 10vg m2 increase in P\ concentrations
(Health Effects Institute Public Health and Air Pollution in Asia Program 20119 Chennai
studyreported an altause risk estimate of @% (95Ul: 0.170.71) per 10ng n1 increase in
PMio concentratioa (Health Effects Institute Public Health and Air PollutionAsia Program
2011) Dholakiaet al(2014)studied five Indian cities for atause mortality from PA exposure
and found risk estimates in Shimla of 1.36% (950138 3.1), in Ahmedabad of 0.16% (95UI:
-0.3110.62), in Bangalore of 0.22% (95UD.04 0.49), in Hyderabad of 0.85% (95UI: 0.06%
1.63%), and in Mumbai of 0.2% (95Ul: 0.3). Maji et al (2017) estimated risks of 0.14%
(95U1: 0.02% 0.26%) for daily aHcausemortality per 10ng ni® increase in Pl in Delhi.
Dholakia et al (2014) found more polluted cities had lower relative risks than clean cities,
consistent with the nelinear exposurgesponse function for loAgrm exposure to PM. Pande
et al (2018)spatially extrapolated these relative risks for stemin PMo exposure across India.
Maiji et al(2017)also found hjher risks at lower PM concentrations, with risk estimates of 0.38%
per 10mg nT3 increase irPMio concentrations up to 10@y nt3, and risk estimates of 0.13% for
higher concentrationdMaji et al (2018)found hospital admissions incesad by0.47% (95Ul:
0.03% 0.91%) per 10w niincrease in Pivh concentrations in DelhThe only work analysing
PM; s was published in 2018 galakrishnaret al (2018)who studied pregnant mothers in an
integrated ruralirban cohort in Tamil Nadu and found a 4 g (95Ul: 18)86) decrease ipirth
weight and 2% (95Ul: 0.B4.1) increase in the prevalence of low birthweight pem@on®
increase in PMs concentrationsKumar et al (2010b)associated air quality indicated through

visibility reductions per 1 km to increase mortality by natural causes #y(23Ul: 1.8 3.0).

Overall, the effects of shetérm exposure iindian cities are on a par with those observed in
hundreds of studies worldwid8i 2% per 10ng n1® increase in PM concentratignsith excess
risk reducingat higher PM concentrationgHealth Effects Institute International Scientific
Oversight Committee 2010)hich form the basis of the exposuesponse functions used by the
GBD and this thesis
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Short-term PM exposure excess risks in India
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Figure 23: Shortterm PM and PMb exposure excess risk estimates in India.
2.4. Exposure-response function for longterm ambient Oz exposure

The disease burden associated with COPD from ambigek@surewas estimated using
relaive risk (RR) estimates from thearlierAmerican Cancegociety Cancer Prevention Study
Il (CPSHI) studyfrom Jerrettet al (2009) in addition to the updated CRISstudyfrom Turneret
al (2016) The updated CRB study derived RR estimates from a larger study population (+49%),
studying twice as many deaths during a longer follow up period (+22%). The difclat|
study used improved exposure estimates and found the hazard ratios (HR) for respiratory
mortality increased. The earlier CiiStudy found HRper 10 pplor respiratory mortality after
adjusting for PMs confounding of 1.04 (95UI: 1.01.07),while the updated CRBstudy found
HR for COPD mortality after adjusting for Band NQ confounding of 1.14 (95UI: 1.08.21).
The updated CR8 study found through sensitivity analyses ttiet longterm Q health impacts
are not confoundelly socioeconomic status or modelling approath be consistent with the
GBD, premature mortalityvas estimateétom the risk of ambient £exposure from the cause of
COPD only The GBD used the earlier CRIStudy risks with 3month average daily maximum
1-hour G; concentrations (3mMDMAL), while the updated GPStudy use annual average daily
maximum 8hour Q concentrations (ADM8h)Both the earlie(Jerrettet al 2009)and updated
(Turneret al2016)RR estimatesvereused with the corresponding{netric. No epidemiologic

studies exist for longermOs exposure in India.

Premature mortality associated with €&posure (Mwasestimatedor COPD for adults over
25 years of ageaé per GBD) following Equation. Mortality wasa function of the baseline

mortality rate (I),attributablefraction (AF), and the exposed population (P) per age grbug.
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AF wasa function of the effect estimatl) (@and the change ins@oncentrationsséX) relative to
the lowconcentration cudff (LCC), givenin Equation 5 Both the earlier and updated GRS
study AF functionsveregivenin Figure24, clearly showing the impact of the increased HR for
the updated CR8 study. The exposureesponse function for the updated GIP& morenon
linear, relative to the earlier CRBfunction, where there arkarger changes in risk for low
concentrations congped with higher concentratio{Bope lllet al2015)

—— Jerrett et al., (2009) COPD LCCmin
1.0 H{ —— dJerrett et al., (2009) COPD LCCfifth 4
—— Turner et al., (2016) COPD LCCmin

Turner et al., (2016) COPD LCCfifth
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Figure 24: Attributable fractions as a function of ambient; @oncentrations for chronic
obstructive pulmonary disease (COPD) from both the eaflimerican Cancer Society Cancer
Prevention Study Il (CRB) (Jerrett et al 2009and the updated CPIBstudy(Turner et al 2016)
Mean (solid line) as well as upper and lower 95% confidence intervals (shading) &irdvath

low-concentration cubffs (LCGuin and LCGin).

Two LCCs represent uncertainty in the HR as either the minimum exposure.{.@Che
fifth percentile (LCG#n), whereby if the @concentration is below the LCC there is no effect of
Os exposure on mortality areX equals zero. The earlier CRISstudy (Jerrettet al 2009)used
theminimumand fifth percentile LCCs of 33.3 ppb and 41.9 ppb, respectively, while the updated
CPSII study (Turneret al 2016)used thaninimumand fifth percentile LCCs of 26.7 ppb and
31.1 pph respetively. Epidemiological studies generally find little evidence for low

concentration thresholds, and disease burden estimates using threshgldkevefore,be
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conservativgdU.S. Environmental Protection Agency 2013bijs the natural log of the HR for a
10 ppb increase in lonterm Q exposureg(Equation6). To account for uncertainty in the RR
estimates 1,000 estimates ob were sampled from normal distributions bfusing 95%
uncertainty intervals to derive a distribution of the AIEL wereestimated in the same way as
detailed in Section 3, using the standard reference life table from GBDA@l6bal Burden of
Disease Stdy 2016 2017b)

M=13AF3 P
Equation4: Longterm premature mortality from {£&xposure.

AF =1- e
Equation5: Longterm attributable fraction from @exposure.

_In(HR)
10

b

Equation 6: Longterm hazard ratio from @exposure.

A couple of previous epidemiological studies have researched the health impactsiefrehort
Os exposure irDelhi, India. Nidhi (2008)andMaiji et al (2018)found shorterm risk estimates
of 3.3%and3.41% (95UI: 0.02%6.83%) respectivelyfor hospital admissions per 1y ni®
increase in @in Delhi. Maji et al(2017)estimated risks of 0.31% (95Ul: 0.05%57%) for daily
all-causemortality per 10ng n1 increase in @concentrations in DelhiThesemortality risks,
although forall-cause andDelhi only, are larger thaoorresponding riskeecommended by the
WHO (0.29%) (Hérouxet al 2015)and Turneret al (2016) (0.2%) whicharein line with the

estimateaised in this thesig.his suggests the estimates in this thesis are conservative.
2.5. Current and future population of India

For Chapte#, presentday population density datéor 2015 was obtainedt 0.25 x 0.25
resolution from the Gridded Population of the World, Version 4 (GPWv4), created by the Centre
for International Earth Science Information Network (CIESIN) and accessed from the National
Aeronautics and Space Administration (NASA) Socioeconomic Data apticApons Centre
(SEDAC) (Center for International Earth Science Information Network and NASA
Socioeconomic Data and Applications Center 2016bg United Nations adjusted versimas
implementedor 2015 with a total populetn of 1.302 billionin India Shapefilesvereusedto
split data perstate within India from Spatial Data Repository, The Demographic and Health
Surveys ProgranfiCF International n.d.and the GADM database of Global Administrative
Areas version 2.8Hijmanset al 2016) Chapter4 includes rural and urban splits, where urban
areasveredefinedas havingapp ul ati on densi ty “%dsusadiprdvieuast 400 per
studies(Lelieveld et al 2015) Population age compositiomas takenfrom the GBD2015
population estimates for 2015 for Chaptd/Global Burden of Disease Study 2015 20186&e

86



GPWv4 national identifier gri@Center for International Earth Science Information Network and

NASA Saocioeconomi®ata and Applications Center 2016&s used to allocate data by country.

For Chapters 5 and, @resent day (2015) andtire(2050)population density, population age
structure andbaseline mortality rates for COPD, IHD, CEV, L&dLRI wereobtainedfrom
the International Futures (IFs) integrated modelling sy¢ttugheset al2011)basecasescenario
(Hugheset al2012) The IFs base case scenario forecasts a range of global transitions in human
development including increasing incomes, education, health, infrastructure, governance, and
productivity that are continuous with historigaditterns, include nelnear relationships, and
exclude large disruptive chang@fugheset al2012) Figure 25 shows the variation in baseline
mortality, population age distributipandpopulation density for India between 2015 and 2050.
Baseline mortality rates for all diseases in India show reductions in 2050 relative to 2015,
primariy for LRI, CEV, andIHD where there are substantial decrea$és. baseline mortality
rate for COPD redces slightly in 2050 relative to 2015 for age groupings 60 years andTdider.
population age distribution shifts towards older agé8 years and older)and there is

consideral# population growt, particularly across the IGP.
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Figure 25. Changein baseline mortality, population age distributicandpopulation density
for India between 2015 and 2050 frdime International Futures (IFs) integrated modelling
systen(Hughes et al 2011Haseline scenario. Baselimeortality rates for(a) lower respiratory
infections [RI), (b) chronic obstructive pulmonary disease (COP@),ischaemic heart disease
(IHD), (d) cerebrovascular disease (CEV), a(@ lung cancer (LC) in 2015 and 205Q)
Populaion age distribution(g) Spatial distribution of population density in 2015 for South Asia.
(h) Changein population density for South Asia between 2050 and 2015.

Figure 26 shows thedifference in baseline mortality, population age distributicend
population density for India in 2015 between (Haigheset al 2011)and the GBD201§GBD
2016 Risk Factors Collaborators 201IFs population density for India in 2015 is very similar to
the GPW4 (10,000 smaller population in IFs out of 1.3 billion, primarily across the (G&)ter
for International Earth Science Information Network and NASA Socioeconomic Data and
Applications Center 2016b)Fs population age groums for India is similar to the population
age structure used by the GBD20{®&obal Burden of Disease Study 2016 201 Bgseline
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mortality rates below 65 years of age are similar for all diseases between IFs and GBD2016
(Institute for Health Metrics and Evaluation 201@hile above 65 years of age IFs hagda

values for respiratory diseases (LRI and COPD) and smaller for cardiovascular diseases (IHD and
CEV) and LC relative to the GBD201%he baseline mortality rate for COPD in 2015 from IFs

is slightly larger than the corresponding rate from GBD2(Qdstitute for Health Metrics and
Evaluation 2018jor age groupings 75 years and older.
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Figure 26:. Variation in baseline mortality, population age distributioand population
density for India in 2015 betweéhe International Futures (IFs) integrated modelling system
(Hughes et al 2011baseline sceario and data used in GBD201&BD 2016 Risk Factors
Collaborators 2017) Baseline mortality rates fofa) lower respiratory infectionsLRI), (b)
chronic obstructive pulmonary disease (COPg) ischaemic heart disease (IHD),(d)
cerebrovascular disease (CEV), afe) lung cancer (LC) in 2015 from IFs and GBD2016
(Institute for Health Metrics and Evaluation 2018)ote that folLRI, IFs govides age groupiO
4 while GBD2016 provides age group30(f) Population age distribution in 2015 from IFs and
GBD2016(Global Burden of Disease Study 2016 201#)The dfferencein population density
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for South Asia in 2015 from IFs and GriddBdpulation of the World, Version 4 (GPWv4)
(Center for International Earth Science Information Network and NASA Socioeconomic Data and
Applications Center 2016b)

2.6. Sectorspecific disease burden

There are two main methodlsr estimating the sectoral contributions to premature mortality
from ambient air pollution exposure, each givorgatly different resultdKodroset al 2016)
The subtraction (or zerout) method calculates the seespecific mortality MsectoR as the
difference between the aburce premature mortality estimate from all sourceg (Mand the
premature mortiy estimate based on a model simulation where the emission sector has been
removed (Mector org @s in Equatior? (Silva et al 2016b, Kodrost al 2016, Chambliset al
2014)

M SECTOR — M ALL ~ M SECTOR OFF

Equation 7: Sectorspecific premature mortality following the subtraction method.

Alternatively, the attribution method first calculates the fractional sectoral reductionzign PM
concentrations from removing an emission sector (®Mcror_orrand then usesithfraction to
scale the total premature mortality esdte (Equation 8(GBD MAPS Working Group 2016,
Lelieveldet al2015, Chafeet al2014a, Kodrogt al2016, ArcheiNicholls et al2016, Lelieveld
2017)

M SECTOR — M ALL (PM 25_ALL ~ PM 25_SECTOR OFF )/ PM 25_ALL

Equation 8: Sectorspecific premature mortality following the attribution method.

The two methods answer diffettequestions: the attribution method estimates the number of
premature mortalities that could be attributed to a ssttmnissions, while the subtraction
method estimates the reduction in premature mortalities that could be achieved by réh®ving
sectos émissions. The nelinear exposurgesponse relationshipseanthese two methods give
different estimatesChapters 4 and 6 use and compare both methods when estimating sector

specific disease burdens.
2.7. Uncertainties

Uncertainty intervals at th@5% level (95Ul)were estimated through combining fractional
errors in quadrature (i.e. square root of the sum of squfices)two standard deviations of
weekly PM s or daily Os concentrations per grid cell, the derived uncenjaintervals for the
exposureesponsdunctiors, andthe provided uncertainties raseline mortality rate@nstitute
for Health Metrics and Evaluation 201&)pplying uncertainties in quadraturesults insimilar
uncertainty ranges &9%) asvhenusing Monte Carlo analys{€henet al2017b, Jairet al2017,

Silva et al 2016b, Liuet al 2009) Uncertainty ranges are only noticeably reduced when using
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Bayesian Hierarchicahodelling as pedrmed by recent updates to the GBD proj&BD 2015
Risk Factors Collaborators 2016a, GBD 2016 Risk Factors Collaborators 2017 eCal2817)
However, the relative uncertainty range for India in the GBRrigerthan thatfor many other
countries, due to the lack of ground measurements in (@dioet al2018)

Model errors arise through limited physical understanding, parameterisatiomgrical
errors, and model implementati¢Brasseur and Jacob 201@Jodel uncertainty arises from
stochastic, unresolved processes, and parameter uncer(Birggseur and Jacob 2016)
Emissions inventories for India hawa&gnificant uncertainties, especially across the IGP
(JanssenMaenhoutet al 2015, Saikaweet al 2017, Monkset al 2015, &naet al 2015a,
Karambelagt al2018a, 2018b)Monitoring stations are limited indiaand are especially scarce
in rural areagKarambelaset al 2018b) Consistent with the GBD project, the toxicity of PM
weretreated as homogenous regarding source, shape, and chemical comphsitiothe lack
of compositiondependent exposuresponse functionfisease burden estimates do not account

for multiple exposure cases or multipollutant scenarios.

Chapter 5and 6 estimate future air pollution and associated health impacts using the same
meteorology inputs and parameterisations, amitdealdo not include the impacts dimate
changes on air quality, although these changes are likely smaller relative to those driven by
emission changes for RM(Pommieret al 2018, Silvaet al 2017, Fanget al 2013, Jacobson
2008, Kumaret al 2018) and Q (Pommieret al 2018, Kumaret al 2018, Silvaet al 2017)
Consequently, the validity of resuislimited to the impacts ofprojected emission changes in
India and do not include impacts of future climate change or impacts of emission changes outside
India. Reductions in @ precursors in India may reduces €oncentrations outside of India,
providing public healt benefits not accounted f(Westet al2009a) Reduced @concentrations
will also reduce damage to crops and the economic cost associated with premature mortalities
(Ghudeet al 2014, 2016, Sinhat al2015) as well as providing substantial climatehlmnefits
(Shindellet al2012)
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3. Model evaluation

Model evaluation is critical to validate, verify, and estimate model skill in simulating reality
(Brasseur and Jacob 2016)odel evaluations use observations as reélBrasseur and Jacob
2016) Observations are either#itu or remote, shoror longterm, active or passive, and can be
systematically or randomlybiased relative to realitgBrasseur and Jacob 2016his section
evaluates a WREhem model simulation for 2014 Section 3.1, the metricaedefined In
Section 3.2, the meteorologg evaluatedIn section 3.3,surface PMs concentrationsare
evaluated In Section 3.4,aerosol optical depthis evaluated In Section 3.5,surface @

concentrabnsare evaluated

3.1. Metrics

Statistical metds recommended for evaluating air quality mod#1s et al 2006) include
mean bias (MB)normalsed mean bias (NMB), root mean square error (RMSBymalsed
mean absolute erroNMAE) , and Pearsonb6s correbeernuseshn coef fi ci e
previous studies for evaluating regional, air quality mo¢i&tseryet al2001, Kumaset al2012b,
2012a, Zhanget al 2006) The MB indicates the level of overestimation (positive values) or
underestimation (negative values) by the model (Eqn&). N represents the total number of
modekobservation pair values while iNMnd Q represent thei model and observed values,
respectively. The NMB represents the model bias relative to the observations without being overly
influenced by small numbgm the denominator (Equation 1(rhe RMSE captures the average
error poduced by the model (Equation)1TheNMAE represents the mean absolute difference
betweerthe modeland observations relative to the observations (Equafprirhe extent of the
linear relationship between model and observatisngivenby t he Peadatonondés cor
coefficient (Equation 1)3 The over bars represent the respective mean. MB has the same units as
the variablebeing evaluatedwhile all other metrics are udiss. Thegradient of best fit is
determined using leasguares solution to a linear matrix equation. Model performance
benchmarks in simulating meteorology for air quality for temperature are < + 0.5 K for MB and
< 2 K for NMAE, while for wind speed are < + 0¥s? for MB and < 2m s for RMSE(Emery
et al2001)

1N
MB=—-& (M; - O))
i=0
Equation9: Mean bias.
N
a (Mi Ol)
NMB ="
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Equation 10: Normalised mean bias.

RMSE=

Equation 11: Rootmeansquared error.

N
a M- g
NMAE:'=1N—
ao
i=1

Equation 12: Normalised mean absolute error.

] i'ai(Mi - m)o - 0)
\/|a: (Mi B M)Z fo (Oi ) 6)2

Equation1l3:Pear sonés correlation coefficient.

3.2. Meteorology

The meteorologicadvaluation was undertaken using the ECMWF global reanalysis products
(ERA-Interim) of boundary layer height, precipitation, wind speed, wind direction, and
temperaturéDeeet al2011) For NWP models in general, there is a dry bias over land in India,
suggesting parameterisation issues early in the simulations, while there is a wet bias over the
ArabianSea. Overall, WRfEhemunderestimategrecipitation (NMB =-0.66 r = 0.8), with a
dry bias during the summer monsoon especially over Bangladesh and My®&reugnitation on
land was better simulatetbr winter and spring, in contrast to the model uadémation in
summer and autumn across southwest India, central India, and the Bay of(Bangal27. The
underestimation of precipitation during the monsoon may underestimate aerosol washout, and
lead to overestimated simulated PMoncentrations. fie MellorYamada Nakanishi and Niino
2.5 boundary layer physics sche(hakanishi and Niino 200&imulated the spatial variability
in seasonal South Asian boundary layer height generally well (NMB = 0.38), apart from model
overestimation during winter arsgring (Figure 8). The overestimation of bounddayer height
may lead to excessive dilution of aerosol, reducing simulated surfagecBhtentrationsind
speed and directiowas well captureddy the model (NMB = 0.09, r = 0.69) (Figuz6). The MB
of 0.14m s and RMSE of 0.72n s* arewithin the performance benchmarks of < + s? for
MB and < 2m s! for RMSE. The temperaturevas well simulated by the model for all seasons
(NMB = 0.0, r = 0.94)Figure 30Q. The NMAE of 0.0K is within the performance benchmark of
< 2 K for NMAE, while the MB of-0.99K is outside the performance benchmark of < + 0.5 K
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for MB. Simulating temperatur@ccuratelyis key for Q studies, as temperature strongly
influences @ formation ratesKumar et al (2012a)used WRFChem over South Asia, with a
similar setup to this study (e.g. Thompson microphysics and RRTMweig radiation
schemes), and found that WRF simulated meteorology is of sufficient quality for use in air quality

simulations.
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Figure 27: Spatial distribution of seasonahean total precipitation for 2014ai(d) WRF
Chem. é'h) ECMWEF global reanalysesii{) The dfference( WRFChem minus ECMWF).

Results shown for winter through auturaae labelst the top othefigure.
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Figure 28: Spatial distribution of seasonahean boundary layer height f8014. &i d) WRF
Chem. éih) ECMWEF global reanalysesii() The dfference( WRFChem minus ECMWF).

Results shown for winter through auturaae labelst the top othefigure.
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Figure 29: Spatial distribution okeasonaimean wind speed and direction for 2014i.d)
WRFChem. € h) ECMWEF global reanalysedi() The dfference(WRFChem minus ECMWF).

Results shown for winter through autuyreae labelsat the top othefigure.
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Figure 30: Spatial distribution of seasonatean temperature for 2014ai d) WRFChem.
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Figure 31: Annuatmean meteorology correlations between model and ECMWF global
reanalyses at each grid cell. (a) Boundary layer height, (b) total precipitation, (c) wind speed,
and (d) temperature for 2014.

3.3. Ambient surface PMe.s concentrations

Surface measurements of PMwvere obtained from th&lational Air Quality Monitoring
Program (NAMP) by the Central Pollution Control Board (CPCB), Ministry of Environment and
Forests Government of Indi@Ministry of Environment and Forests 2018PCB measurements
used the automatic beta attenuation metfdihistry of Environment and Forests 2013)
Environmental data collection in India has primablgen focused n compl i ance
NAAQS (Health Effects Institute Public Health and Air Pollution in Asia Program 20443t
of the sites aren urban areas. The monitoring sites are shown spatially in Figuaedddetailed
in Table 11 (Appendix B). The network of sites reportingRNas expanded substantially in the

last few years, with onljour sites reporting in 2014, compared to 45 ii@0India has strong
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