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Abstract

In India, air pollution exposure has been identified as the second-largest health risk, following
maternal and child malnutrition. The well-established causal linkage between exposure to
ambient fine particulate matter (PM25) and adverse health effects contributes significantly to
morbidity and premature mortality in adults due to chronic obstructive pulmonary diseases,
ischemic heart diseases, stroke, and lung cancer. While PM; s affects the health of individuals
across all age groups globally, women and children are notably vulnerable, facing high levels
of ambient PM; 5 exposure. Children in lower- and middle-income countries (LMICs) are likely
to experience disproportionately higher rates of these morbidities and mortality due to prenatal
and early childhood exposure to ambient PM>s. These health conditions could increase
children’s vulnerability to a range of diseases associated with higher risks of long-term

disabilities.

PM2: sis a deadly mixture of multiple chemical species, each with potentially different toxicities
and mass fractions. Its chemical composition exhibits significant variability in space and time
since it consists of chemical species that originate from a variety of sources and sectors, and
are affected by atmospheric processes. There is hardly any evidence from LMICs whether the

health risk also varies with exposure to various PM> s components at a population scale.

The broad objective of this thesis is to assess the differential impacts of PMzs and its
components on maternal and child health in India. To establish such associations, exposure
datasets are integrated with anthropometric measurements, blood biomarkers, and

sociodemographic information from the National Family Health Survey (NFHS-4) data.

Segregating sectoral contributions to total ambient PM» s exposure is not only critical for

understanding the changes in its composition but also relevant for policymakers. This thesis



undertakes health impact assessments on a relative scale for PM2 5 exposure contributed by
various sources. This approach enables the prioritization of sectoral interventions aimed at

reducing air pollution to establish maximum health benefits.

India exhibits one of the highest (53%) prevalence of anemia among women of reproductive
age (WRA) globally. This thesis employs cross-sectional analyses to assess the effects of PMa s
on anemia prevalence among WRA. The satellite-derived PMa s (at 1 km? spatial resolution)
data is used to assess exposure by merging it with the NFHS-4 dataset. A multiple logistic
regression model adjusted with potential risk factors is used to estimate the effects of PMb» s
and its species on anemia prevalence. Exposure datasets for PM» s components are derived from
reanalysis datasets and chemical transport model (CTM) outputs. The findings reveal that with
every 10 ug m increase in ambient PM> s exposure, the average anemia prevalence among
WRA increases by 7.23% (95% confidence interval, CI: 6.82-7.63). Notably, sulfate and
elemental carbon among PM> s species exhibit a stronger association with anemia compared to
organics and dust. Among sectoral contributors, PM; s contributed from the industrial sector
showed the highest odds ratio (OR) with anemia, followed by the unorganized, domestic,

power, road dust, agricultural waste burning, and transport sectors.

The study also utilizes health outcomes such as low birthweight (LBW), anemia, acute
respiratory infection (ARI), stunting, wasting, and underweight to represent the health burden
among children under five years. These outcomes are considered due to their prevalence as
common public health issues in India, their pathophysiological frameworks involving air
pollution, and their manifestation in various temporal and organ system contexts. A positive
association is observed between exposure to pollutants and a range of health outcomes among
children of age under five years. Health outcomes such as LBW, anemia, ARI, stunting, and
underweight exhibit a significant association with ambient PMz s, while wasting represents a

relatively weaker association with the exposure of interest. Using multiple logistic regression,



it is estimated that for every 10 ng m™ increase in PMz s exposure, the prevalence of anemia,
ARI, and low birth weight increases by 10% (95% Confidence Interval, CI: 9-11), 11% (8-13),
and 5% (4-6), respectively, among children in India. Species like nitrate (NO3"), elemental
carbon, and ammonium (NH4") exhibit a stronger association with the three child health

outcomes compared to other PM; 5 species.

The cumulative odds ratio (OR) of PMa2.s components for 10 pg m™ increase in PMz s mass is
estimated as 1.23 (1.21 - 1.26) for LBW, 1.49 (1.45 - 1.52) for anemia, 1.35 (1.29 - 1.41) for
ARI, 1.22 (1.94, 1.26) for stunting, 1.002 (1.001, 1.003) for wasting, and 1.301 (1.267, 1.336)
for underweight while for every 10 ug m™ increase in PM» s mass, ORs were estimated as 1.05
(1.04 - 1.06), 1.10 (1.09 - 1.11), 1.11 (1.08 - 1.13), 1.31 (1.2, 1.41), 1.013 (1.011, 1.014), 1.36
(1.31, 1.42) for LBW, anemia, ARI, stunting, wasting, and underweight respectively. These
results suggest that relying on total PM> 5 mass as a surrogate marker for air pollution exposure
could substantially underestimate the true composite impact of various components within

PM;s.

This study estimates the potential health benefits of reducing ambient PM>s exposure by
meeting various clean air targets set by the Government of India using the indigenous exposure-
risk functions. The results suggest that if India meets the National Ambient Air Quality
Standards (NAAQS) air quality standards of 40 ug m™, the national anemia prevalence would
come down to 44% from 53%. Hence, the transition to clean energy would accelerate India’s
progress towards the ‘anemia-free’ mission target. Furthermore, the findings provide key
indigenous evidence to prioritize control strategies for reducing exposure to more toxic species

for greater child health benefits in India.

The critical message from this thesis is that PM2 5 composition matters and the assumption of

uniform toxicity across PMazs species in the Global Burden of Disease framework may

Vi



underestimate the ‘true’ impact of air pollution on human health. This thesis also bridges the
evidence gaps in LMICs for a range of child and maternal health outcomes using indigenous
health data. The findings presented as part of this thesis are expected to assist the policymakers
in prioritizing interventions aligned with health-benefit assessments linked to specific clean air

targets that are more realistic for Indian demography.
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YR H, 917G UGN SIGH &1 J7q Ud R HUINU o 91¢ AR Jad §9 W0 SR &

0 T UgdHI T 5 | GRARN g&d U1 Uard (PM, 5) & U 3R Uiddd el THEl &
di 33t aRE I R HRUT &Y hifAd Histclfacd TR} fEuite], Sxh it gad R,
WP 3R BHs! & HOR & HRUI gOD] H ST 3R TG ¥ Ugd g & # Heaquf
AT Gl § | STadh PM, s Afid Wk IR 9t 3 Wg! & Afaqdl & &g & gHifad
IR 6, Aoy 3R g o= U & SRR &, St IRa=MI PM, s & I TR & oiiad
B AT IR I3 © | (7 iR Aegw 39 a1l <=0 (LMIC) H o=di &f Y4 3R URfY®

U § URAR PM,.s & TUD & HRUT 39 SUMI3T 3R TG &R DI SRITTd 0 ¥ o &
BT 3IHT B DI JUTGT ¢ | 3 W RUfaal s H Sreabiiaid [admaiTdl & 3o siiad
T JS! B UHR ! SR & Ui FagT=iad i S¢l Tl g |

PM, s % IR Yollfad! 1 U a1de 90 &, [ 8 Ude H GHIfdd ¥ 9 e
37CT fauTaRTT 3TR ST ST BId & | ST e AT 3idRer 3TR THg H Agaayu
uRad=fierar gxifdt 8 wiife gud e genfoar <nfire € S faftrs St oiv &et |
I Bl 8, 3R argH S ufhanait ¥ yuifad g1t €1 LMIC ¥ 39 1d &1 WS 81 B8
T ¢ o SR TAM W fafid P, s Bewh! & Tud & S & e siiad ot fird ghar
gl

39 IR &1 IS 3= HRA H ATg T R WA R PM, 5 3R 3 ged! & fafid
THTA T STH T HRAT 6 | TY Tl Bl VAT PR & foTg, TRIUIGR SeRie &1 P URaR
WY YA&UT (NFHS-4) ST § HHAfaF AT, J9d SRR 3R JHISRIRA STHHR]
& 1Y Thighd fohdT ST 3 |
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Ha GRARf PM, s TeUIeR & &9 GRTEH &1 31eT -1 A dhad 39! SRa-T & gRad
@ I & fore mgayyf 3, afes Hifa Fafarsht & o oft urifies B1 g5 i faftm
Al GRT ANTEH T TU PM, s SITREH & foTw Ardier T TR TR THTE T ST e Bt
21 g8 DI SifmaH Wy arH AT B & o a1y TguUl &l HH H & 3639
&t geaaat Y wrufiiedT o B We ST 3 |

YR IFYP TR W US 3T (WRA) Pt Afgarsii T TR & Jad 31 (53%) TIR |
Y U Pl YafRid Bl ¢ 1 I8 YR WRA & o< THERIT & TR WR PM,.s b UHTd! BT
TH T HRA o ToT8 B 19- IR A=A BT SUTNT Hall § | STUS-FTH PMas (1 fapet
x 1 Tt R RElTegRM UR) ST T SUART NFHS-4 SCRIC & 1Y fderd dids Sifey
BT 3T B ob Q1T febdT ST & | THITHAT &b TR UR PM,.5 3R SHeb! USlTicid] o THTA
BT HTHM A o ol GHIad SIRIHT HRDI & Ty AN Th Heelud Nl
IR ATed 1 IUART fha1 ST &1 PM.s 9l & [T TaUoRr Scriie duAmfeig
STIe 3R IS URde Aisd (JEuH) 3m3cye | U gid & | Fshs! ¥ gdT e

& for afva=ft PM, s TRITIOR H U0 10 pg m &1 Ifg & T1Y, WRA & Sd 31d T

BT TR 7.23% (95% SMATIYTRT 3RTd, CI: 6.82-7.63) 9¢ ST g1 I U T, PM,.
ToTTfo § Tethe 3R HIfeid HIa- e gardl 3R §d $I o § T & 9 Th
Aolgd A& USRI HRd € | &5 anedmaisll H, e &5 9 TNTeM B aTd PM. 5
H T & WY I=ad iR SUTd (OR) faaman T, S8 a1 i, avq, faotet,
TS B! Y, HIY U ST iR uRag &3 &1 M |

T H Ui 9Td H HH 39 & g o §id W i Bl UidHTEd B & ol &H goiq
(LBW), TH{oaT, fig 497 TehHUT (ART), W, AT 3R &1 goi oI Ty gRRumay &1




o} ITNT farat STl 81 39 UROMH & URA § 3 ATdwi-d Wred qel & =4 § 3!
AT, TG UGN ¥ T S T ioraioed ora iR fafis Srumdft 3R it vomelt
el 7 3! Nl & HRUTAFT ST ¢ | Uid a¥ § HH Y & S| & UguD| b qudh
3R TR gROTH! &1 e & did T GHRIAD Ao ¢&T 77§ | LBW, THITERT, ARI,
WA 3R HH go oI Wy oy URaxiig M, s & I1Y T Aedyul dee g2ifd €,
S Saic! &S & SIGH & J1Y UETHd HHGIR A ST g1 Heeud ansied
AR &1 UG HRd §U, TS SFIH T 71T § fob PM, s TRIUIOR B YA 10 pg m> 1
gfe & forg, Tiftrn, ARI 3R S & 9T HH 95 (LBW) B! ATTHAT 10% ¢ STl 3
(95% PIPST §e3ad, CL: 9-11) ), HRA H o= H HHT: 11% (8-13), 3R 5% (4-6) | AT
(NOy), HIfeieh wTel 3R S| (NH, ") SR} Tromift 31=0 PM, s UotTferd! &bt g & diF
STl AT GROMH & 1Y T Aolgd Sae TR #dl g

PM, s SFHM T 10 pg m? Bt gfg & T PM, s el &1 St favd 3Urd (OR) LBW &
T 1.23 (1.21 - 1.26), THAT o T 1.49 (1.45 - 1.52), 1.35 (1.29 - 1.41) ARI & TG, 1.22
(1.94, 1.26) W& & fo1E, 1.002 (1.001, 1.003) ARET & forg, SR 1.301 (1.267, 1.336) HH

o & forg, Siafds PM, s So90T9 B U@ 10 pg m 9fg & 1T, ORs &1 SHM AT 71
UT1.05 (1.04 - 1.06), 1.10 (1.09 - 1.11), 1.1 (1.08 - 1.13), 1.31 (1.2, 1.41), 1.013 (1.011, 1.014),
1.36 (1.31, 1.42) LBW, TIHAT, AR, T, HHIR ST 3R HH ao g1 3 o §
UdT Iddl § b a1 UgHur ShigH & ol TRIIE HIdhR & 0 & $d PMa.s GETH TR HRIT

FH A PM, s » HaR f3fie gedh! & aRdfds T899 UHG I BTh 8¢ db HH bl o

Il gl



Ig HT W SHRIA-SIRIH Bl BT JUINT Hb HRA TR gRI FHufRa fafve
WS a1 A&l B QR HIP TRARN PM, s SIRIH D1 HH B b JUTIAd TR ATHT Bl
SFAT TG & | UROMH SdTd § fob e HRd AP URa=T a1y J0ral AFS (NAAQS) 40
ug m & IR T[UTGT HIFD! Pl YRT Bl &, A AP THTHAT BT TR 53% H HH GIhR 44%
B ST | I, Taag SHoll H uRad 3 THHar-gaa iR ded &1 fa=n & YRd &1 wfd
H et S| 58P Sferdl, Fepy HRd H St d1e Wed oy & o sified Sgdid
it & TUch Bl B H B & foTg 0T JUMfaa b urufiesdr 37 & g eyl
WA Y16 TeH HRd § |

39 JIRT ¥ Ae@yul W™ T8 § fh PM, s 1 TRa-T A1 9T 8 3R TWad 96 1h
&SI thHas | PM, s et § T 9 fauTaaar &1 4R A4 W@ IR a1 Ugyul

b eI UHTT I HH ik Yobell 5 | Ig UiRIY WM WA ST 1 IUINT hRdb T 3R
AT W YR &1 U Rl & g LMIC H 9160 3ieRTd &1 Ht ured g1 39 Ak &
R & *=u ¥ uxqa fees! I Hifa Fafaret @ ARy W ag acdi @ 99 Wy
B & WY I eyl &1 Wi ¢4 & Jgrdr fiem &t 3afig § off YRd™
SR % for sifres Fumefare) |

Xi



Contents

(@S 431 o121 (TP UPR PR i
ACKNOWICAZMENT ... il
F N o1 1 2T TSP U P OPRTPPPOPRROP v
AR (HINALARSIAGE). ..o viii
L0031 1 1<) 1L U RTP VPP PP OPRPRPPS xii
LSt OF FIGUIES ...ttt ettt XVi
5 T o B 1) (SRS OTRTR XXii
FN o] o) (S T 1510 TS PTOUR PP OPRRTP XX1V
(O] 0F: o115 o L PPN 1
INEEOAUCTION ...ttt e bttt sbe e e b e e s bb e et e e sbeeenbeenbeeennee e 1
L1 AL POITUEION 1.ttt ettt ettt sttt et e eenees 3
1.2 Impact of air pollution on human health: Global and National level status.................... 5
1.2.1 International STUAIES.......vviiiiiieiiiie e 5
1.2.2 TNAIAN STUAIES ..ttt ettt e e e e 6
1.2.3 Who is at high risk of air pollution €XpoSUIE? ..........cccvvveriiiiiiiiiiiii s 8
1.2.4 Child health burden attributable to air pollution in India............ccceevvviiiiiniiiiiiennnn, 10
1.3 Looking beyond PMa2.s MasS.......cccuccuiiiiiiiiiiiciicii e 13
1.3.1 Lack of India-specific studies on the impact of PM2.5Species .........ccoovevirvrinennne 14

1.4 Integrating evidence on children's health into clean air policies..........ccoccvvrivirriieennnnn. 15
1.5 RESEAICH GAPS ... 16
1.6 ODJECHIVES ..ottt e et r e ne e n e 17
1.7 Structure Of the TheSIS.....ciuiiiiiii it 18
CRAPLET 2 ...t 19
The spatio-temporal dimension of exposure and health datasets in India ..............ccccevieinns 19
2.1 TNETOAUCTION L.ttt et e ekt e e e sbb e e nbn e e e beeeenneas 21
2.2 Spatio-temporal variability of PMa s exposure dataset...........cccevveinieeiiieesnieesiiee e, 21
2.2.1 Ambient PM2 5 eXpOSUIE aSSESSIMENLE .....cueeviiuriiiieiiiiiiiesiiere e 21
2.2.2 Validation of satellite-derived ambient PMp s dataset...........occevveiiiiiiiiiienieeinnne 24

xii



2.3 Spatio-temporal variability of ambient PM; s components and contributing sectors.....25

2.3.1 WRF- CMAQ MOGEL .....oouiiiiiiiiiiiiiieeeieeeeese s 26
2.3.2 Sectoral contribution to PM2.5 .....ccoiiiiiiiiiiiiiiic 31
2.4 Health dataset — National Family Health Survey (NFHS) ..o, 36
241 WhY NFHS=47 ..ttt 37
2.5 NFHS-4 survey sampling Strategy ........covvervireeiiriiiniiiieiie e 38
2.6 Health status of women of reproductive age in India, captured in NFHS-4.................. 39
2.7 Health status of children of age under five years in India...........ccccoovvvviiiiiiiieiiiennnn, 41
2.8 Exposure attribution strategy and StatiStICS ..........vvvieiiiviriiiiiiiiies e 43
2.9 EXpOSUIe aSSIZNIMENTE STTALEZY ...veruveervriiiierieeiiiesieeasiesieeaseesteesseesseesbeesssesneesnnesnneessneas 47
2.10 Overall Framework for datasets utilized in the study .........cccocceviiiiiininiiies 48
2,11 SUMIMATY .ot e nr e e r e e e e neennee s 49
L] 0F:1 011 o PP U TP PPR PPN 51
Impact of exposure to PM 5 and its components on women of reproductive age in India......51
O T (e L To1 03 s TP RSP TRTPP 53
3.2 Survey dataset, health outcomes, and potential confounders............cccocveveriiieiiennnnnne 53
3.2.1 SUIVEY ALASEL......eetiiieiiiieiiee ettt 53
3.2.2 Health outcomes: hemoglobin concentrations and anemia prevalence.................... 56
3.2.3 Potential CONTOUNAETS ........eiiiiiiiiiiiiieeie e 59
3.3 EXPOSUIE dAtASELS ....cuveiriiiiiiiieiii it 60
3.4 Directed Acyclic Graph (DAG).......ccciiiiiiiiiiiii 61
3.5 Statistical MOdelling StrateZY ........ccceeviriiiiiiiiiiiii e 61
3.5 Estimation of association between exposure to PM2.s components and anemia
PIEVALEIICE. ...ttt 63
3.6 Impact of ambient PM> 5 contributed by sources from a chemical transport model -
WREF-CIMAQ ..ottt ettt bbbttt b bbbttt ne e 64
3.7 EXPOSUTE — RESPONSE CUIVE.....ceiiiiiiiiirieieesiei e 67
3.8 Hypothesis of biological plausibility ..........c.cccociiiiiiiiiiiiiie e 67
3.9 SUMIMATY ..ottt ss e e e s b e e r e s e e reennn e ne e 69
(O] 0F:1 011 o PP U PP PPP ORISR 72
Impact of PM2 s components on children of age under 5 years in India............cccooovvnieennnnnn. 72
O B 0313 (o e L 1o [ ) o A TP PRSPPI 74
4.2 Survey dataset, health outcomes, and potential confounders.............cccceovrviiriiiiennnns 75
4.2.1 SUIVEY dAASEL....ccuviiiiiiiiiiiiie it 75

xiii



4.2.2 Health outcomes: Low Birth Weight (LBW), Anemia, Acute Respiratory Infection

(ARI), and MalnUtITtION .....veeiiieeiiie et sbn e s be e e e e anes 76
4.2.3 Potential CONTOUNAETS .........eeiiiiiiiiiieiie e 82
4.3 Exposure assignment and statistical model...........ccccocvviiiiiiiiii 83
4.4 Association between exposure to ambient PM; 5 and child health outcomes................. 85
4.4.1 Association between exposure to ambient PM> s and different types of anemia ..... 85
4.5 Effects of exposure to PM2 s components on child health...............ccccooviiiiiiiinnnnen, 87
4.6 Estimating cumulative effects of PM>.s components on child health outcomes............ 89
4.7 Association between exposure to PM» 5 sources and child health outcomes.................. 91

4.8 Estimation of non-linearities between exposure to PMa2 5 components and sources and

child health OUtCOMES.........ccuiiiiiiie e 94
4.8.1 Non-linearities between exposure to PM2 5 components and LBW..............cc.cc...... 95
4.8.2 Non-linearities between exposure to PM2 5 components and anemia...................... 96
4.8.3 Non-linearities between exposure to PMa2 s components and ARI...............ccceeeneee. 97
4.8.4 Non-linearities between exposure to PMz 5 components and stunting..................... 99
4.8.5 Non-linearities between exposure to PMz 5 components and wasting................... 100
4.8.6 Non-linearities between exposure to PMz 5 components and underweight ........... 101

4.9 Hypothesis on biological plausibility..........ccccoiieiiiiiiiiiiiiiiiceecee e 102

4.10 SUIMMATY .ooiviiiiiiii bbb s 103

O 5340V 215 0 ) O OO PP OPPPPR 104

CRAPLET 5. 105
Risk factors modifying exposure-health relationships..........c.cccovvviiiiiiiiici, 105

5.1 TITOAUCEION ..ttt e et et e e snn e neeanne s 107

5.2 Effect modifiers that influence the relationship between PM2 5 exposure and anemia

prevalence among women Of reproductiVve aZE.........c.ocvvvviriiiiiiiniiiiei e 108
5.2.1 Household level effect Modifiers. ..........cveiiiiiiiiiiiieiice e 108
5.2.2 Individual level effect MOAIfIers........c.cocuieiiiiiiiiiiiiie e 110

5.3 Estimation of relative excess risk of anemia among WRA due to Interaction............. 112

5.4 Effect modifiers that Influence the relationship between PM: 5 exposure and the health
OF CHILATEN ...t e e 115

5.4.1 Effects of PM2 s components on anemia and ARI stratified by birth weight status:
low birth weight (LBW) and normal birth weight (NBW).........ccooiiii 115

5.4.2 Eftects of emission sources contributing to PM» s on anemia and ARI stratified by
DIrthWeight STATUS ......eeeiii s 116

5.4.3 Effect modification due to birthweight status on the association between PM> 5
components and malnutrition outcomes: stunting, wasting, and underweight............... 118

Xiv



5.4.4 Eftects of sources contributing to PM; 5 on stunting, wasting, and underweight

stratified by birthweight STAtUS ........oovviiiiiiiiiii 119
5.5 SUIMIMATY ...viiiiiiiiiiiee ettt e et e e e e st e e e e e bt e e e e s sabe e e e e sabbb e e e e anbreeeesnnnreeenas 121
L0 1101 ) A ¢ TR SUPPOUPRPPRPR 122
Health benefits of meeting clean air targets: Policy Implications .........ccccccevvvieniieiniinennnnnn, 122
6.1 INETOAUCTION ...t e e nns 124
6.2 Clean air targets fOr INdia........cccooiviiiiiiiiiiiiie e 125
6.2.1 National Clean Air Program (NCAP) .........cccciiiiiiiiiiiicee e 125
6.2.2 Pradhan Mantri Ujjwala Yojana (PMUY) ....ccccociiiiiiniiiicieeec e 126
6.2.3 Air quality guidelines for air pOITUtION ........cocviiiiiieriiieee e 127
6.3 Approach to estimate expected health benefits for WRA and U5 children by achieving
social programs (clean air action plans) and air quality guidelines .............ccocerveiirinnnnn, 128
6.4 Expected health benefits for women of reproductive age by achieving targets of social
programs and air quality UIAEIINES ..........cccorviriiiiiiiiiee e 130
6.5 Expected health benefits for children of age under 5 years by achieving clean air action
plans and air quality GUIAEIINES .........coveiiiiiiieiiei e 133
6.6 SUIMIMATY ...ooviiiiiiiin i 136
6.7 LAMIEATIONS ..vveiteeieeeiiiesiie sttt ettt ettt e st e b e e s st e e be e s sn e e nbe e e nn e e nnn e e neenneeannis 137
L] 1101 ) U TR UPROUPRPPRPR 138
Summary and Future DIreCtion.........cccoviiiiiiiiiiiiiiiii e 138
7.1 SUMIMATY ©.oiiiiiiii s 140
7.2 LAMIEATIONS ..vviiveeiie et ettt ettt ettt bt ekttt e st bt e e st e e ke e es e e e nbe e e mb e e nbe e e b e e nnneannis 143
7.3 FULUTE QITECTIOMNS . ...eiieieiie ettt ettt ettt nb et e b e e e e 144
RETETEINCES ...ttt nnneas 145
APPENAICES ...t 165

Appendix A Table 1 District-level ambient PM> s exposure (unit: ug m™~) for the period
2007-2016, anemia prevalence (in %) captured by the NHFS-4, anemia prevalence after

meeting clean air targets and the WHO AQG. .........cccooviiiiiiiiiiiiiccee 165
PUDLICALIONS ... 181
Brief BIodata.......ooviiiiiiiiici s 184

XV



List of Figures

Figure 1.1 Size comparisons for PM particles to a human hair (source: US EPA, 2016)

https://www.niehs.nih.gov/health/topics/agents/air-pollution..........cccccvevvriiiiiien e, 4

Figure 1.2 Age-standardized death rates attributable to air pollution in India from 2000 to 2019
(GBD India). The shaded region represents a 95% Confidence Interval (CI). Data Source: GBD

https://vizhub.healthdata.org/gbd-compare/ ..o 7

Figure 1.3 Distribution of global deaths attributable to PM2s, ozone, and household air

pollution, by age. Source- SOGA 1eport 2020. .......ccceiiiiiiiiiiiiiii s 10

Figure 1.4 Forest plot representing the Indian studies that assessed the association between
PM: s exposure and a range of health outcomes among U5 children. Black dots represent OR

and COLOT 1INES SHOW 0590 CL. ivieeiiiiii ettt ettt et e e ettt e r e e e e e tetee st rrreeeeeseensrbann s 12

Figure 1.5 Infographic showing child health outcomes attributed to in-utero and early-life PM> s

04 0101} 1 13

Figure 2.1 Spatial pattern of ambient PM; 5 exposure (averaged from 2007-2016) by the district

in each state, measured in pg m™. Data source: Dey et al., 2020. ........cccccovvvirirererrirecrcrerennnn, 23

Figure 2.2 Ambient PM> s exposure (averaged from 2007-2016) by the states, measured in pg

m>. Data source: Dey et al., 2020.........cccceuiueriiiiiiiererisieeieie et 24

Figure 2.3 Validation plot showing correlation between daily (left), annual (right) satellite-
based data with ground-based PMz 5 concentrations over India. Data points falling outside the
1:2 and 2:1 lines (depicted as dotted lines) are identified as outliers, accounting for less than

0.5% of the daily PM2 5 product, source: Dey et al., 2020..........ccccevviieiiiiiiiiienniie e 25

XVi



Figure 2.4 Density distribution of PM» s components from the WRF-CMAQ model (2016) data.
The x-axis and y-axis represent the concentration (in pg m™) and density of each species

respectively, aCT0SS INAIA. .....viiiiiiiiiii 29
Figure 2.5 Spatial patterns of PM; s species from the WRF-CMAQ model (2016) data. ....... 30
Figure 2.6 Sectoral contribution to total PMa s from the WRF- CMAQ model (2016)........... 32

Figure 2.7 Density distribution of various sectors contributing to PM» s in the WRF-CMAQ
model (2016) data. The x-axis and y-axis represent the concentration (in pg m™) and density

of each species respectively, across INdia. .........cocveiiieiiiiiieic e 33
Figure 2.8 Spatial patterns of sector-specific PM2 s from the CMAQ model (2016) data....... 35

Figure 2.9 Overall percent contribution of each component in each sector. Sector ‘other’
involves refused burning, construction, crematoria, NH3, biogenic emissions, and evaporative
non-methane volatile organic compounds (NMVOCs). Whereas component ‘other’ involves

chloride, sodium, magnesium, calcium, soil, water molecules, and unspecified species......... 36
Figure 2.10 National Family Health Survey (NFHS) timeline and versions. ...........cccccocuenen. 38

Figure 2.11 Spatial pattern of prevalence of anemia amongst women of reproductive age by

district within each state in India ..........cccoooiiiiiiii 40
Figure 2.12 Anemia prevalence amongst women of reproductive age by states of India. ...... 40

Figure 2.13 Spatial pattern of prevalences of anemia, LBW, ARI, stunting, wasting, and

underweight amongst U5 children by district within each state in India............ccccceviirnnnnne. 43
Figure 2.14 Exposure data extraction strategy on NFHS geolocations. ...........cccocevvvviiiinnnn, 44

Figure 2.15 Infographic representing exposure assignment based on outcome variable for the

targeted POPUIATION. .. .eiuiiiiiiiticii e 48

Figure 2.16 Infographic representing types of exposure datasets combined with health data.49

XVii



Figure 3.1 Missing observations of WRA population from NFHS-4 that were omitted and

filtered by variables Of INEEIEST. .......c.viiiiiiiiiiiiiei e 56

Figure 3.2 A DAG representing the association between long-term PM2.5 exposure and anemia

prevalence among WRA, adjusted with potential confounders. ...........ccooveviiiiiiiiiiininee, 61

Figure 3.3 Adjusted odds ratio (OR) of anemia in WRA for every inter-quartile range (IQR)

increase of exposure to WRF-CMAQ ambient PMa2.s cOmponents. ..........cccccoevereeninnennennenn, 64

Figure 3.4 Odds of anemia in WRA for every inter-quartile range (IQR) increase of exposure

to ambient PM; 5 contributed by various sectors captured from the WRF-CMAQ model dataset.

Figure 3.5 Exposure-response curve of ambient PM> s long-term (2007-2016) exposure against

anemia prevalence and hemoglobin level. Shaded regions denote 95% CI. ........cccccceviieinn, 67

Figure 3.6 Potential pathway to explain the association between exposure to PM» s and anemia

PIEVALEIICE. ...ttt e et 69

Figure 4.1 Schematic consort diagram demonstrating the exclusion criteria of observations in

The NFHS -4 AAtASEL. ... eeeeeee ettt et e e e e e e e et e e e e e e e e e e e e eeeeneeeeeen 76

Figure 4.2 Dose response curve between probability of overall anemia prevalence and ambient

PV 5. e 86

Figure 4.3 Dose response curve between probability of severe, moderate, and mild anemia

prevalence and ambient PMas. .....ooooiiiiiiiiiiii s 86

Figure 4.4 Association between exposure to PM» s components and child health outcomes.
Odds ratio per IQR of PM»s components concentrations with their 95% confidence intervals
(black dots with error bars) for given health outcomes i.e., LBW, Anemia, and ARI. ............ 88

XViii



Figure 4.5 Association between exposure to PM» s components and child health outcomes.
Odds ratio per IQR of PM> 5 components concentrations with their 95% confidence intervals

(black dots with error bars) for given health outcomes i.e., stunting, wasting, and underweight.

Figure 4.6 Association between exposure to PM; s contributed from various sectors and child
health outcomes. Odds ratio per IQR of PMys sectoral concentrations with their 95%
confidence intervals (black dots with error bars) for given health outcomes i.e., LBW, Anemia,

0 Lo 2N & ST 93

Figure 4.7 Association between exposure to PM; 5 contributed from various sectors and child
health outcomes. Odds ratio per IQR of PMys sectoral concentrations with their 95%
confidence intervals (black dots with error bars) for given health outcomes i.e., stunting,

wasting, and UNAETWEIZNL. ........ccuiiiiiiiiii e 94

Figure 4.8 Exposure-response curves for LBW against components and sectors contributing to

PM:s. The shaded region represents a 95% confidence interval...........cccoocoiiiiiiiiiiniiinnnn, 96

Figure 4.9 Exposure-response curves for anemia against components and sectors contributing

to PM2.s. The shaded region represents a 95% confidence interval............ccocceviieiiiniiciinnnne. 97

Figure 4.10 Exposure-response curves for ARI against components and sectors contributing to

PM:s. The shaded region represents a 95% confidence interval...........cccoocoiiiiiiiininiiinnn, 98

Figure 4.11 Exposure-response curves for stunting against components and sectors contributing

to PM2s5. The shaded region represents @ 95% Cl. ........coviiiiiiiiiiiiiiic e 99

Figure 4.12 Exposure-response curves for wasting against components and sectors contributing

to PM>.s. The shaded region represents a 95% confidence interval..........cccocceeiiiiiininnnenne 100

Figure 4.13 Exposure-response curves for underweight against components and sectors

contributing to PM> 5. The shaded region represents a 95% confidence interval. ................. 101

XiX



Figure 5.1 Effect of PM» 5 exposure on odds of anemia and hemoglobin level among WRA in

TIAHA. e e e e e e e e e e arrr——————— 111

Figure 5.2 Association between per IQR of PM»s components concentrations with an
interaction of birthweight status and health outcomes such as anemia and ARI. The odds ratios
with their 95% confidence intervals are represented in black dots with error bars. LBW

represents low birthweight; NBW represents normal birthweight. ..., 116

Figure 5.3 Association between per IQR of sectoral PM2 s concentrations with an interaction
of birthweight status and health outcomes such as anemia and ARI. Odds ratios with their 95%
confidence intervals are represented in black dots with error bars. LBW represents low

birthweight; NBW represents normal birthweight. ..o 117

Figure 5.4 Association between per IQR of PM>s components concentrations with an
interaction of birthweight status and health outcomes such as stunting, wasting, and
underweight. Odds ratios with their 95% confidence intervals are represented in black dots

with error bars. LBW represents low birthweight; NBW represents normal birthweight. .... 119

Figure 5.5 Association between per IQR of sectoral PM2s concentrations with an interaction
of birthweight status and health outcomes such as stunting, wasting, and underweight. Odds
ratios with their 95% confidence intervals are represented in black dots with error bars. LBW

represents low birthweight; NBW represents normal birthweight. ............ccccoooiiiiiiinnnn, 120

Figure 6.1 Contribution of the residential emission to ambient PM3 s at the district level from

the CMAQ MOAEL (2016). ..o 129

Figure 6.2 Anemia prevalence and clean air targets concerning the WRA population. Anemia

prevalence (A) after the NCAP implementation where ambient PM3> 5 exposure is reduced by

XX



30%, (B) after mitigating domestic emissions by implementing PMUY and DDUGJY, (C) after
reduction in ambient PM>s5 exposure by the combined impact of the NCAP, PMUY, and

DDUGJY, and (D) if India meets the WHO AQG. .........ccooiiiiiiiiiiiiii 132

Figure 6.3 Benefits of meeting clean air targets concerning ambient PM» s mass. A- LBW
prevalence (%) across Indian districts, B- LBW (%) after NAAQS implementation, C- LBW
prevalence (%) after next air quality standards implementation; D- anemia prevalence (%)
across Indian districts, E- anemia prevalence (%) after NAAQS implementation, F- anemia
prevalence (%) after next air quality standards implementation; G- ARI prevalence (%) across
Indian districts, H- ARI prevalence (%) after NAAQS implementation, I- ARI prevalence (%)
after next air quality standards implementation; J- stunting prevalence (%) across Indian
districts, K- stunting (%) after NAAQS implementation, L- stunting prevalence (%) after next

air quality standards implementation, followed by wasting (M,N,O) and underweight (P,Q,R)

XXi



List of Tables

Table 2.1 WRF-CMAQ Model set-up details. .......cccccviiiiiiiiiiiiiiiiiie e 27

Table 2.2 Distribution of PM» s exposure along with its components and sectoral contribution

at PSU level. All UNitS ar€ iN LG M. c.ouvuveieiieececeee e es s s 45

Table 2.3 Sectoral contribution of PM» s exposure at PSU level (total PSU numbers are 27828).

AlLUNIES QT€ N LLZ M. .oiiitiviiiiiicce ettt b e 46

Table 3.1 Prevalence of anemia among WRA (640,557 sample size) across levels of covariates
used in the study. The estimates presented in the table hold statistical significance, with p-

VAIUES <O.05. ..o 57
Table 3.2 Prevalence of types of anemia among WRA across maternity status. ............cc.uee.. 59

Table 3.3 Ecological (district) and individual-level effects of every 10 pg m™ increase in
ambient PMz 5 exposure on anemia and hemoglobin across India (districts included: 636 and
sample size: 640557). The estimates presented in the table hold statistical significance, with p-

721 LTS IR O 01 TR 62

Table 4.1 Prevalence of ARI, LBW, anemia, and malnutrition (stunting, wasting, and
underweight) of U5 children in India, stratified by potential predictors. The estimates presented

in the table hold statistical significance, with p-values <0.05. ...........ccccoiviiiiiiiciiie, 78

Table 4.2 Odds ratios (OR) between PM> s mass and health outcomes, as well as the OR of
cumulative PM2 s components and health outcomes. The estimates presented in the table hold

statistical significance, with p-values <0.05. ...........cccoiiiiiiiiii 91

XXii



Table 5.1 Regression coefficients for Relative Excess Risk due to Interaction (RERI) generated
using various risk factors and the PMa s exposure dataset used in the study. The estimates

presented in the table hold statistical significance, with p-values <0.05.........c.cccccceeviiveennnen. 114

Table 6.1 Expected reduction in anemia prevalence among WRA when social programs focused

on clean air targets are IMPIEMENtEd.........c.ooiviiiiiiiiiiii e 131

Table 6.2 Expected reduction in LBW, anemia, ARI, stunting, wasting, and underweight
prevalences among U5 children when clean air targets are implemented. The estimates

presented in the table hold statistical significance, with p-values <0.05............ccccooeiiiennnns 134

XXiii



Abbreviations

AOD — Aerosol Optical Depth

AQG — Air Quality Guidelines

BC — Black Carbon

CI - Confidence Intervals

CMAQ — Community Multiscale Air Quality Modelling System
COPD - Chronic Obstructive Pulmonary Diseases

CPCB — Central Pollution Control Board

CTM — Chemical Transport Model

DALY - Disability-Adjusted Life years

DDUGY — Deen Dayal Upadhyaya Gram Jyoti Yojana

DHS — Demographic Health Survey

ECLIPSE — Evaluating the Climate and Air Quality Impacts of Short-lived Pollutants
ECMWF — European Center for Medium-range Weather Forecasting
EDGAR — Emissions Database for Global Atmospheric Research
ERA — ECMWF Re-Analysis

GBD - Global Burden of Diseases

GEOS-Chem — Goddard Earth Observing System Chemical Transport Model
GHS - Global Human Settlement.

GHSL — Global Human Settlement Layer

GHS-SMOD - Global Human Settlement — Settlement Grid

Gol — Government of India

HAP — Household Air Pollution

HEI — Health Effects Institute

IGP — Indo Gangetic Plain

IHD — Ischemic Heart Diseases

IT — Interim Targets

LBW — Low Birth Weight

LPG — Liquified Petroleum Gas

MAIAC — Multi-Angle Implementation of Atmospheric Correction

XXiv



MISR — Multi-angle Imaging Spectro-Radiometer

MODIS — Moderate Resolution Imaging Spectroradiometer

NAAQS — National Ambient Air Quality Standards

NBW — Normal Birth Weight

NCAP — National Clean Air Programme

NOs - Nitrate

PM — Particulate Matter

PM10 — Particulate matter with aerodynamical diameter less than 10um
PM2.5 — Particulate matter with aerodynamical diameter less than 2.5pum
PMUY - Pradhan Mantri Ujjwala Yojana

POA — Primary Organic Aerosol

RR — Relative Risk

SO4* — Sulfate

SOA — Secondary Organic Aerosol

US — Under 5 years

VOC - Volatile Organic Carbon

WHO — World Health Organization

WRA — Women of Reproductive Age

WRF — Weather Research and Forecasting

WRF Chem — Weather Research and Forecasting Chemical Transport Model
WRF CMAQ — Weather Research and Forecasting Community Multi-scale Air Quality
Modelling System

YLL — Years of Life Lost

XXV





