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Abstract

India, with its diverse geography and climate, experiences significant temperature
variations. The National Crime Records Bureau (NCRB) reports that heat is a leading cause of
mortality due to natural causes, contributing to 15%-18% of annual deaths, second only to
lightning. One-third of these deaths occur in cities. Currently, 35% of the population lives in
urban areas, which is expected to exceed 50% by 2050 due to rapid urbanization. Global
temperatures have risen by 0.85°C since 1880, with further increases anticipated, particularly
affecting human health in developing countries' cities. Heat waves pose higher stress risks,

especially for vulnerable populations lacking adaptation resources.

Studies on heat in India primarily focus on heat waves, but other factors like humidity,
wind, solar radiation, and livelihood also affect human physiology. Heat stress occurs when the
body cannot dissipate heat, leading to heat strain. While studies highlight rising heat wave
frequencies, limited research has examined heat-stress vulnerability in specific cities and
workplaces, often considering only temperature and humidity. However, wind and solar

radiation are crucial and should not be overlooked.

India’s diverse climates and rising temperatures, coupled with more frequent heat waves,
pose environmental challenges. Heat stress affects ecosystems and human health, impacting
agriculture, crop yields, and livestock. Vulnerable populations, such as the elderly and those
with pre-existing health conditions, are particularly at risk from prolonged high temperatures.
Recognizing heat-related incidents as a leading cause of mortality underscores the urgent need

for comprehensive public health strategies. Existing heat stress indices, developed in temperate
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zones, are inadequate for India’s diverse climates. There is a need for an India-specific index
to assess heat-stress conditions accurately. Additionally, there is a lack of comprehensive
assessments of heat-stress burden and vulnerability at the regional level, essential for effective

policymaking.

This study used ERA-5 atmospheric reanalysis data from 1979 to 2020 to propose an
India-specific heat index (IHI) and comfort thresholds, incorporating air temperature, relative
humidity, wind speed, and solar radiation. The IHI and threshold values were applied to a
climatological study of heat stress, assessing the burden and vulnerability across India at district
and city levels. These thresholds were tested using a semi-parametric quasi-Poisson generalized
additive regression model on mortality data from Delhi, Varanasi, and Chennai, representing
semi-arid, humid subtropical, and tropical wet and dry climates, respectively. These zones cover
over 75% of India’s area and are home to about 88% of its population. The study estimated the

relative risk of mortality due to heat stress on both heatwave and non-heatwave days.

Additionally, the study examined heat stress in 2010 and projected conditions for 2030
under different climate change scenarios (RCP 4.5 and RCP 8.5), accounting for aerosol direct
radiative feedback. Another chapter focuses on urbanization's impact on heat stress, examining
over a hundred cities. Urbanization was assessed using land use and land cover (LULC) data
from the European Space Agency Climate Change Initiative (ESA CCI), land surface
temperature (LST) data from MODIS Aqua, and the IHI for heat stress conditions. Global urban

population data from LandScan Global were used to analyze population changes.

The study found increasing vulnerability to heat stress across India, with humid

subtropical, semi-arid, and tropical wet and dry regions most affected. Districts are becoming

[VII]



more vulnerable, with extreme class exposures increasing almost threefold in the last four
decades. Heat stress has risen by 2 to 2.4°C in India under climate change scenarios over the
last 40 years. With pollution mitigation, heat stress is predicted to increase. As temperatures
and heat stress rise, the diurnal temperature range (DTR) decreases, reducing heat dissipation
and leading to more health issues. Mortality risks increase by 6%-8% with each unit rise in
extreme comfort classes. Aerosols modulate temperature and heat stress, suggesting that
pollution mitigation efforts might inadvertently intensify future heat stress, while higher aerosol

concentrations could have a cooling effect.

This study aims to assist administrators in mitigating heat stress impacts, particularly in
rapidly growing urban areas. Additionally, it projects future heat stress under anticipated

climate change scenarios, providing insights for long-term planning and adaptation strategies.
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YR, 30+ fafay Hirifae RUfA SiR Siaarg & 9y, Agayul arem fsrarsit &1
3IHT TRAT ] | A HIgH Rbis &RI, (NCRB) &1 diifes Rule! § I8 Ul gadl & fh
THf UTp e RO ¥ 81 aTel Jog &1 T UHW HRUIE, Sl &1 diid 15% -18% Hid dbad
TH & 3AfIF TP & HRUI S & | T8 T, faorell iR ¥ g arelt g7 9 & 4l
TR VAW 2 | 74 S SR A arel Bl Hidl B GBI H A T fagTs Ald padt Te
A Sl €1 adH B, YRA B o 3MaTd) BT 35% fowar e & # Tgar §, o aof | sl
EIHRUT & BRUT 2050 TP 50% F 3D B P IHIG € | 1880 & F1G I A qrad™
H0.85°C P I B2 &, TUT M Mt IFE T WUTGT B | ST HRON & faRiw =0 I fawra=ia
G311 o TERI & A9 W e quIfad g8 | TH &) dex Sfaie a-d 3R SiRa|
U1 BT 8, IR T T 37 SH5em &1 S TH F fuen & g siawaes 3rea IareHt
B B Y JH B B

YR | 7THf W 31 o w0 8 T 1 76’ (@ R Higd 8, Al 3mea, g,
IR fafevor, Ty & srofifasmsT aur aeryer onfe S 8 ®R& vt AFd IRR fage &t
JUTTId Fd & | 6 TRR U 3FGRTS TH Bl Udhfad aeid! 4 FwiRid T8t &=
Urdl, 99 98 YRR W THRIAD YHd STadl &1 U gaiarofig fUfd & sror 3 7 o1
g a1 fer mif-aAra (e RW) 81 8 | Safd SaeiaR Siegg THf &t del Bt dgdl
3Mgfrdl TR YT ST €, T© Tid Mel 7 $3 AT e 3R Hrawal & g arelt
THY-q1a &1 Gag=iad Bt ot o Bt 81 TR 98 TP BIc M a1 HIeT R &1 fwar
TATE | ITHRG:, pad dTIH 3R 3T dl UR [I=R foar Sirar 8, Siefe gar 3k IR fafe=uor
W He@qul ©, 3R 36 ToR3fal 81 ol S =1fe |

[X1]



YR &1 fafqy STearg 3R Sgd araHe & A1Y-1Y 3ifee R 81 arelt 7TH &t agl
& PRU GaiaRE gHIfAA Uar et § | fee-w uiRfRfas da iR #a Wrea a1
TUIfad ol 8, o SN, THad &1 UeaR 3R ux[eE it guifad giar 8 | RIS =4
I HAGR T, o= ¥U ¥, 35 3R Ugd ¥ Wy gawstt § Wifed @, 3= auee 9
3HfYH SIRIA B gid & | TH & Faferd gersif 1 G &R o Td HRUT & =4 H Ugar],
AU Aol WA IV BT debTa SaIDhdl Pl Wifdbd ddl g | FHRIdT
&=t o faem Rid Al 19 a-1d Ead @ (Be-Xd Soad), HRd &I fafay Siaarg &3 & fag
A UHd BT § | 39 RN, fee-ed &t fUfd &1 dt® e & & e T YRa-
ARy Yersies o1 sMazudmdr § | 39d sifaftad, fid Siaarg ard &g TR R fe-va &
SIS 3R HdgA=iaal & AU e o o 3UIG 8, ol &1 Th gyt -ifd RaiRkor &
foTQ Sffcy sfra=aa 3 |

S P B §a1 & AIYHM (temperature), TU& ST (relative humidity), §IT 1
T (wind) $iR IR fafdRur (solar  radiation) @1 MA@ &d g YRd-[ARm dmm
JaHih, 3fear gic T8/ (HD) 3R I IR WR deH & At TR W gHEl i
TH T B g U BB Fa ITEIeS URATfad fhar T g | 39 3feqgd & fag 1979
¥ 2020 dF Pt, Uierat Gigl B R Yex BR HfSTH 39 9k BRERE & IgHSHUT
RS0 SeT (ECMWF Re-Analysis, ERAS) &1 SUTRT fhaT T | THI 3R J=NTE AL
B X YR H forar iR fafid wre 2l # 9gd eXidRul & Sidtia T ¥ §H ard a g
& A BT HHTA B 8d 39 31eag B! fobaT T g, 1 g fRe -y W Searg uRkad=
Teeft srerge o forw ot g71eT vt fopan T § | Igt T YEeies auT HRd o RIS
&1 Tg0 fGeel, aRORR ok 99 & g ¥ W, 46 WHifce Feri-ulsad
SRgve fefea e Afsa &1 IuaiT o fhar T B, S AT 3d-Jep, 3
Juuslesda ik Iumieddiy M 3R I Serayg &1 ufafifia wa § | a8 d=
A & YR BT TIHT 75% & e HIMfers & & Hdl §U § 3R HRA Bt aTHT
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88% ST 361 & H gt § | 3reqg= § o 3R forr g ara fet & mff & g & wRur
g & e wifaH (Raifea Rep) &1 g avmn T g1

& AR, 39 3T T I 2010 YT 2030 T a1 UgHUT, fIRIY HR TR B1
TUTG 31 aTdt fe1 & Sfaarg W s UHR g a1, fge-d IR SH&T 1 YHTE TS,
YT AT A TR | Re-RI P T FI AR 3R TR ves fafpzor ufafsar
&I T g4, fafid Srararg ufkad afke=al (RCP 4.5 3R RCP 8.5) & dgd 2030 & forg
AT fRufa &1 ot siiwe fpar man g |

TH 3T forad o, fge-1d W dgd WA & THIG ST & 7141 7, foras 4
T 3R WERT BT T B TS & | MEUBU & Fgd TR BT i, U T Torgt
FaTsHe I 3MRNfeT (ESA CCI) ¥ A8 g o8 HaR (LULC) 321, T8 Wb SHIRTR
(LST) ST 3R 7Y g fufaal & fore 1H1 &1 IuaivT s foan mar § | S=eRe uRadH
&1 fa=eTT0T B & fTT Tigxh Taliad o Ay [ERT ST RiReT Sl BT IUIRT T T |

3o § uray T 3 QR HRd # 7Tl 3 g % ufa Saaeiierdr sg € R, forad
3Tg Iuiwrsfesy, 3re-grep 3R IWrdbiedhy et 3R &b &7 Fad 31 GHIAd &
| foret S1fiep SRR A SR 7 | USd IR T2 #f i SiiaH ard THf & T4,

HIHE T b oY e SIRGA T TR (331 gl 3R Weeln) T TRd foal o T
dF T 9% §¢ T 7 | s 40 I A Soarg uRadd ukedl & dgd YR H TH BT
TG 2°C § 2.4 °C IF & TAT | | UGV HH g1 F T &1 a1a 31fE dg BT 30 8

| S-S AIEE 3R T 61 919 S5 €, fa Id & aruHH o7 SR, (STSgAA SRR
IS, DTR), HH 8 St 8, o9 HRUT TRR Y T & Wbl =0 I g b &ydl HH gt
STl g, 3R 3 TRy IR Yer gidt @ | IHI & Uih TR & AFS (G g
IEIEd ) TR U &, o rafies uuTdt Weel T o § ufd s&18 &t gfg & 1y
T &R P SIRGH 6%-8% TG ST & | TR dT9qH 3R T & I-1d ®I TIfad &vd
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g, TR &1 HH b HRUT YIaRuNY draH 31fYe 9¢ Iobdl 8, SO udl Il § fo
TGO I & TR 3ol # Hias & f & dH1d &1 9¢1 Tahd &, Slafd 3= TR
&1 e UHTE 81 9l @ |

3 3T H1 I a9y U § doft § dgd et &5 # fee-12w & gurEl & &Y
B T TR Bt TeTadl BT 8| 39F 3ifdfed, I8 TTid Siaarg uRdcdd aResal
& ded yfaw & fee-wT &1 g=1fdn 8, T Sfaiierd iomT iR Srger JuMfaal & fog
3P e BT B |

[XIV]



Table of Contents

CRITHICALE «uueeeeennrriiitiiieccticcncisnccse st sasessssssss s sssssssnsssssssssssssasss I
Acknowledgment... 11
Abstract ..........cceeuueee. VII

AR / Hindi Abstract eesessessssasseees XI

Table of Contents ...... . XV

LSt Of FIGUIES ccccuuuririniieiciiceccsisecncncsesasnscsesasssssssssssssssnssssanssssassass XIX

LiSt Of TADIES ccceeneeiricccniicncncsisissscsissasssscssessssssssssssssssassassass XXIV
List of Abbreviations.............cceeiiiiuiiiiiiiiiiiiiiic e, XXV

(O 71 o) (= o R RSP SSPR 1

Introduction and Literature Review

1.1 INEFOAUCTION. ...t ettt 3
1.1.1 Heat is one of the leading Killers in India. ..........c..cccoovveiiiiiiiciec e 3
1.2 Thermoregulation in the human body and relation with the environment ............ 4
1.2.1 Heat generation in the HUMaN DoAY .........cccoeiiiiiiiiiiiice e 5
1.2.2 Mechanism of heat management in the body: Thermoregulation in the human body
and relation wWith the ENVIFONMENL. ..........c.ooiieiiiece e 6
1.2.3  Human body heat DalancCe..............coooiiiiiie e 6
1.2.4  HyperthermMia VS. FEVET ..ot 12
1.3 Understanding Heat-stress beyond heatwaves..............ccoccevviiniiiieiinisesee 12
1,301 HEAL SEISS ..ttt sttt ettt sb et e st e e b e anb et et e e nneeebeearee s 12
1.3.2  HEAL WAVES ..ottt ettt st be et e b e st e b e enb e e beeenbeenneeanbeearee s 13
1.3.3  Thermal INAICES .....ccveiuiiieiiece ettt enne e 14
1.4 Works and research till Nnow in India .........ccccovvieiiiin i 16
1.4.1 Literature review as world worldwide Study ..........cccocveiiiiiienie e 16
1.4.2 Works and research till NOW in INdi@.........cccooveiiiiiniiii e 21

[XV]



I oo c T T ol o -1 o ST 28

1.6 Challenges for Heat Stress Studies in Indi@..........ccccccevveeiiiieiiene s 31
1.6.1 Diverse climate and lIifestyle: ..o 31
1.6.2 Lack of a proper India-specific heat stress Index and thresholds................ccccue...... 33
1.6.3 Lack of heat-stress monitoring framework ...........cccccceviveieiieiieese e 33
1.6.4 Lack of health surveillance data at the desired scale............cccocovereiiiininininienn, 33
1.6.5 Expensive instruments and measurements everywhere are not feasible.................. 34

1.7 Objectives of this research StUdY ...........ccceviiiiiiii i s 34

1.8  Significance Of this STUAY ..o 35

(O T T 0] (=] ST S 37

Climatology and Temporal Patterns of Heat Stress over India at
District Levels

2.1 INEFOAUCTION ...ttt 39
2.2 Data and MethodolOgy ... 41
2.2.1  MeteorologiCal data............coeiiiiiiiiie i 41
2.2.2 Validations for ERAS QLA .......ccecviiiiiiiiiiiece s 41
2.2.3  The India-specific Heat INAEX ..........cooiiiiiriiiiicese e 44
2.2.4 Human comfort class thresholds for IHI ... 48
2.3 RESUITLS ..t 51
2.3.1 Climatology of Environmental Parameters in INdia...........cccccoveveiineninenieniciennn 52
2.3.2 Climatology of Heat Stress in INdia ..........cooveiiiiiiniiiiisieieeee e 59
2.3.3 The shift in vulnerable class exposure Of diStriCts ..........cccoeveiereninenineseeeeen 68
2.4 SUMMANY aNd DISCUSSIONS .....cuviiiiiiiitisiesiieieesie ettt sb bbbt 86
2.5 KEY FINAINGS ..ttt et e e et e e be e sna e e teeanne s 90
(O P o) (=] g J USSP URUPROSRPRIS 93

Estimation of Excess Mortality Risks with Heat Waves and Heat
Stress in Different Climate Zones

3.1 I OTUCTION .ottt ettt e ee e e ee e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeeeeeneens 95

3.2 Mortality due to heat in Indian States ..........cccvvveieiiiere e 98

[XVI]



3.3 Material AN METNOAS ......ooe oot e e e e e 105

IO 00 (10 V- V=T WSS 105
3.3.2  MeteorologiCal data: ..........cceeveiieiiciece e s 107
3.3.3 Heatwave (HW) and Non-Heatwave (NHW) days. ...........cccoovevviienieincic e 107
3.3.4 All-cause non-trauma mortality data in study locations. ...........ccccccevvveveiieinennenne 110
3.3.5 Statistical modeling Method ............ccovviieiiie e 110
3.3.6  The confounder City 16VEl P25 .......ooiiiiiiiiicee e, 112
3.4 RESUITS AN ANGIYSIS ....cviiiieiiieiiieie et enes 114
3.4.1 Descriptive statistics Of three CITIES. .........cceiiiiiiiiiiiee e, 114
3.4.2 Heat stress exists beyond heat WaVES. ..., 116
3.4.3 Effects of Heat Stress on All-Cause Mortality ..., 120
3.4.4 Analysis of Exposure-Response Relationship Between IHI and Mortality............ 124
3.5 Summary, Discussion, and Limitations ...........cccceevvirnieeiesie e 126
3.6 The key conclusions of this chapter are as follows ... 128
CRAPLEE 4 ... et nres 129

Modulation in Heat-Stress Due to Urbanization in Major Indian
Cities

4.1 L) A0 110 1 (o] o T 131
4.2 Data and METNOUS ........ccviieiie e enes 133
4.2.1 Cities taken in this STUY ..o 133
A I I - VTSR 134
4.2.3 Land use 1and COVEr (LULC) ..ot 134
4.2.4 Urban Heat Island (UHI) and Surface Urban Heat Island (SUHI) ...........ccccuee.e. 138
4.25 Heat stress data (IHI): .....oovoiicece e e 140
4.2.6  POPUIAtION DALA: ....c.veeiiiciie e 141
4.2.7 Urban, New Urban, and RUral Areas: ..........ccccouieiiriiiieiiie e e 141
4.3 RESUILS @Nd ANAIYSIS ....cvviiiieiii et sre e 142
4.3.1 Change in Urbanization, Land Surface Temperature (LST), and Surface Urban Heat
Island (SUHI) N INAIAN CIIES......coiiii it 142
4.3.2 LST as aproxy for Neat StreSS.......c.cccviiiiiiieiie e 150
4.3.3 LST as a proxy for air temperature to assess heat Stress. ........ccccevvvevvviieeiieennennn, 152
4.3.4 Population growth, urbanization, and heat stress change in urban, new-urban, and
FUFAL TANT COVEIS. .ottt b e bbb e enes 156
4.4  Discussions and LimitatiONS.........cocceiiiiiiiinieiieie e 168

[XVI]



4.4.1 Potential mitigation strategies for urban heat Stress............cccvvevviieviierecieseeenan, 170

45  The key findings of this chapter are summarized as follows: .........c..c...cccoevennne. 172

CRAPTEE 5. 173

Study of Modulation of Heat Stress by Aerosols in Present and
Future in India

51 INEFOAUCTION ..ottt 175
5.2  Data and MEethodS ..........coiiiiiiiiiiiieieeeee e 176

5.2.1 The model simulated meteorological parameters............cccccevveveiieiieeresiieseeseenes 176
5.3  Heat stress and COmMTOrt CIASSES........c.cvuiiiiiriereie e 178
B4 RESUILS ..ottt bbb 179

5.4.1 Heat stress modulation by @erosols ..........cccceeiiiiiiicce e 179

5.4.2 Future heat stress projection under the two contrasting emission pathways.......... 185
55 Discussion and LIMITATIONS. .......ccuueiieiieieiiesese e sae e nrees 191
5.6  The key conclusions of this chapter are as follows...........cccccooeiiiiiiiiccce 195
(O T T 0] (=] G USSR PURRTR 197

Thesis Summary and Future Direction

6.1  SUMMANY and DISCUSSION.......couiiiiiiitiitisieitieii ettt bbb 199
6.2  Recommendations for developing heat action plans............cccccocviiiiiiiiicnnn 205
6.3  Limitations Of the STUAY ......ccooiiiiiiii s 211
6.4  FULUre WOFK DIFECTIONS......ciiiiiiiieite sttt 213

[XVII]



List of Figures

Figure 1-1: Region in the brain that regulates body temperature image source:
httpS://Nalthjate.COMY/ ... .o 6

Figure 1-2: Human body heat DalancCe............cccoveiiiiciicic e 7
Figure 1-3: Thermoregulation in the body is executed using basic principles of physics....... 11

Figure 1-4: Global year to date temperature anomalies. Sources: November 2023 Global
Climate Report, NCEI, 2024, NOAA ... .ottt sttt nne e 20

Figure 1-5: Climate zones Of INGIa..........ccccveiiiiiiiiie e 32

Figure 2-2: Regression statistics of 24-hour averaged relative humidity derived from ERA-5

and ground measurements in the three cities on a daily scale. ..........cccccooeviniiiiicicee, 43

Figure 2-1: Regression statistics of 24-hour averaged temperature derived from ERA-5 and

ground measurements in the three cities on a daily scale...........c..cccooveiiiiicicc i, 43
Figure 2-3: Correlation between IHI and WBGT eStmate .........ccccceveeieeiieiieseece e 47

Figure 2-4: Frequency distribution of IHI in six different climate zones. The dotted vertical
lines indicate the different percentile ranges taken as statistical comfort class thresholds. .....49

Figure 2-5: Spatial plot for the climatological mean (1991-2020) for maximum, minimum,

average temperature and diurnal temperature range (DTR). .....cccoovveiieviiecce e, 53

Figure 2-6: Decadal changing trend of the maximum, minimum, average temperature and the
diurnal temperature range (DTR) over India taken for 1981-2020. The stipulated points showing
(950 CI) ottt ettt E et R et e b n e te et et ne et r e re s 55

Figure 2-7: Spatial plot for the climatological mean (1991-2020) for the maximum, minimum
relative humidity, average wind speed, and solar radiation. The lower three panel shows the
decadal trend. The stipulated points Showing (95% CI)........ccooeriiiiiiiiiiiineeeseeeee, 57

Figure 2-8: Decade-wise normalized histogram of daily maximum IHI in six different climate
zones. Blue, orange, green and red represent decade 1(1981-1990), decade 2 (1991-2000),
decade 3 (2001-2010), and decade 4 (2011-2020), respectively. ........cccccoererereieiieniniieienn, 62

[XIX]



Figure 2-9: Decade-wise normalized histogram of the daily minimum IHI in six different
climate zones. Blue, orange, green and red are representing decade 1(1981-1990), decade 2
(1991-2000), decade 3 (2001-2010) and decade 4 (2011-2020), respectively.........c.ccccoveurnne. 63

Figure 2-10: Decade-wise normalized histogram of the daily average IHI in six different

climate zones. Blue, orange, green and red are representing decade 1(1981-1990), decade 2

(1991-2000), decade 3 (2001-2010) and decade 4 (2011-2020), respectively...........cccccvenenne. 64
Figure 2-11 The Map of India with States and Climate ZONes. ...........cccooevvriinereiinicieinnnns 66
Figure 2-12: The decadal trend of IHI. The stipulated points showing (95% Cl) ................. 67

Figure 2-13: Decadal mean of the daily minimum IHI in summer. D1, D2, D3 and D4 stands
for first decade (1981-1990), second decade (1991-2000), third decade (2001-2010) and fourth
decade (2011-2020), reSPECHIVEIY. ...c.eiiiiiiiiei e 74

Figure 2-14: Decadal mean of the daily average IHI in summer. D1, D2, D3 and D4 stands for
first decade (1981-1990), second decade (1991-2000), third decade (2001-2010) and fourth
decade (2011-2020), reSPECHIVEIY. ...ccviiiiieiiieece et ne e 75

Figure 2-15: Decadal mean of daily maximum IHI in Summer. D1, D2, D3 and D4 stands for
first decade (1981-1990), second decade (1991-2000), third decade (2001-2010) and fourth
decade (2011-2020), reSPECHIVEIY. ...ccvviiieeiicieecie et 76

Figure 2-16: Decadal distribution of different comfort classes in summer in four decades

showing the changes in frequency and vulnerability. ...........ccocooiiiiiiiineee, 78

Figure 2-17: Climatological distribution of different comfort class in April, May and June
(L991-2020) ...ttt ekt R et b et R bRt E Rt e R e bRt b re et ne s 80

Figure 2-18: Decadal distribution of different comfort classes in April in four decades showing

the changes in frequency and VUINerability. ..., 83

Figure 2-19: Decadal distribution of different comfort classes in May in four decades showing

the changes in frequency and vulnerability. ... 84

Figure 2-20: Decadal distribution of different comfort classes in June in four decades showing

the changes in frequency and vVUINerability. ..., 85

[XX]



Figure 3-1: The annual death count as recorded by the National Crime Records Bureau (NCRB,
1996-2022).....eveeeteetesietete ettt ettt Rttt E e b bRt Re et et ReeRe et ne et e neere s 96

Figure 3-2: State-wise mortality count using NCRB annual reports. The bar plots show the
death percentage of males and females in the particular state. The detailed data is available in

Figure 3-3: Climate zones of India and the three cities considered in this study. Figure is
created oN ArCGIS PIAFOIM........oiiiiiiee e 105

Figure 3-4: The temperature exposure of different climate zones in India. The peak summer
months April, May and June as well as the peak heatstress period of 16" March to 15" July,

taken as summer, it evident that the montane regions stay below 35°C.............ccccovevveiienenn, 108

Figure 3-5: All-cause mortality statistics are presented as a time series in three cities. Green,
blue and red lines are presenting daily average IHI, daily maximum IHI and daily death counts,

TESPECTIVEIY. ...ttt et e st e et e e st e e beeae e s re e teen e e e reereeneenre s 109

Figure 3-6: Regression statistics of 24-hour averaged PM2.5 in Chennai, Delhi and Varanasi

derived from satellite data and CPCB networks in selected study periods. ..........c.cccovrvenene. 113

Figure 3-7: Distribution of the daily maximum and daily average IHI in Chennai, Delhi and

Varanasi in selected StUdY PErIOUS. ........ccveiieieiic ettt ae e 114

Figure 3-8: Climate zone-wise exposure of extreme days in heatwave and non-heatwave days.
This figure is taken from the published work of Choudhary et al. (2024). .........c.cccceevvneneee. 117

Figure 3-9: Proportions of IHI comfort class threshold days in the three cities for NHW days
in summer. This figure is taken from the published work of Choudhary et al. (2024). ......... 118

Figure 3-10: Model output shows the increased risk with each unit rise in IHI. This figure is
taken from the published work of Choudhary et al. (2024)..........ccccooviiiineniiiireeee, 121

Figure 3-11: Lag patterns of the heatstress (using IHI) effect on excess mortality risk in three
Indian cities. This figure is taken from the published work of Choudhary et al. (2024)........ 123

Figure 3-12: The exposure-response relationship between IHI and mortality in the three cities

is depicted in the figure. The threshold IHI values for the ‘very hot” and ‘sweltering’ classes are

[XXI]



indicated by dashed vertical lines. The shaded region represents the 95% confidence interval.
This figure is taken from the published work of Choudhary et al. (2024). .......c..ccccevvennenne. 125

Figure 4-1: Climate zones and cities taken for the study. Numbers are given in the list in Table

4-1 The serial number indicates the location of the cities on the map provided.................... 137

Figure 4-2: The cities showing urban and buffer area. Similarly all other cities are considered.

Figure 4-3: Change in urban area in the cities. The numbers in the circle are denoting the city

numbers. Refer to table 4-1 for city name following the city number. ............cc.ccoovioiiiienn, 146

Figure 4-4: Changing night time LST in cities urban area. The numbers in the circle are

denoting the city numbers. Refer to table 4-1 for city name following the city number. ...... 147

Figure 4-5: Changing night time SUHI in cities. The numbers in the circle are denoting the city
numbers. Refer to table 4-1, for the city name following the city number. ...........c.ccoenee. 148

Figure 4-6: The top and the bottom figures shows the relationships between LST and IHI in
the night time and day time respectively. Square markers indicate maximum parameters and
star markers shows average values in both the figures. Different colors are used to identify
AIfferent CHIMALE ZONES ......oceeeeieeee ettt esreenreeneeanes 151

Figure 4-7: The relationship between IHI calculated using air temperature (IHI_Temp) and
IHI calculated using LST (IHI_LST) over INdia..........ccccoveviiieiieiiiec e 152

Figure 4-8: The relationship between IHI calculated using air temperature (IHI_Temp) and IHI
calculated using LST (IHI_LST) over each specific climate zone for day-time data............ 154

Figure 4-9: The relationship between IHI calculated using air temperature (IHI_Temp) and IHI

calculated using LST (IHI_LST) over each specific climate zone for night-time data ......... 155
Figure 4-10: Change in LST, Heat stress and population specific to climate zones.............. 160

Figure 4-11: climate zone-wise change in average day-time LST in urban, new urban and rural

areas for each PartiCUlAr CItY. ........cuooiiiii e 161

Figure 4-12: climate zone-wise change in average night-time LST in urban, new urban and

rural areas for each PartiCUlar CItY. ........ccoviieii e e 162

[XX1]



Figure 4-13: Day time and night time IHI change in cities taken combinedly for specific

CHIMALE ZONE. ...ttt 164
Figure 4-14: Time series for SUHI in selected cities for each climate zones ....................... 165
Figure 4-15: Time series for IHI in selected cities for each climate zone.............ccccecvennee. 166

Figure 4-16: Time series for diurnal temperature range (DTR) in selected cities for each climate

Figure 5-1: Spatial pattern in median IHI (in °C) over India in 2010 (left) without aerosols,
(middle) with aerosols, and (right) the difference. ... 179

Figure 5-2: Box plots showing the percentage of (top) ‘very hot’ and (bottom) ‘sweltering’

Figure 5-3: Spatial patterns of temperature, RH, wind speed, and radiation (left) without
aerosols, (middle) with aerosols, and (right) the difference (without feedback — with feedback).

Statistically significant differences (at 95% CI) are stippled ... 181

Figure 5-4: Changes in heat stress condition (95% confidence interval shown by stippling) in
2030 relative to 2010 under (top) RCP4.5 and (bottom) RCP8.5 scenarios for the (left) baseline

and (right) mitigation emission PAtNWAYS. ..........ueiiiiirieree e 186

Figure 5-5: The top panel shows the changes in IHI value (in °C) and the bottom panel shows
the changes in the percentage of extreme heat stress days (i.e., ‘very hot’ and ‘sweltering’
combined) in 2030 due to switching from baseline emission to mitigation emission pathways
in (left) RCP4.5 and (right) RCP8.5 SCENAIIOS. ........ccieieiiriiiiiiiisiesiee e 187

Figure 5-6: Differences in the number of sweltering days in 2030 relative to 2010 under (top)
RCP4.5 and (bottom) RCP8.5 scenarios for the (left) baseline and (right) mitigation emission
PALNWWAYS. ...ttt bbb bbbttt b et bbbt n s 188

Figure 5-7: Projected changes in temperature and relative humidity (RH) over India under
RCP4.5 and RCP8.5 scenario with 95% CI (shown as stippling) in 2030 relative to 2010 in the

baseline and mitigation emisSION PAtNWAYS..........c.coviiiiiiiiiiie s 189

[XXII]



List of Tables

Table 2-1: Climate-zone-specific comfort class thresholds for IHI (in °C). ......cccoovvevvinnnen. 50

Table 2-2: The decadal change in average heatstress in different climate zones. D1, D2, D3,
and D4 stand for four different decades, 1981-1990, 1991-2000, 2001-2010, and 2011-2020
respectively. Here, the D1, D2, D3, and D4 columns show the decadal average of IHI calculated

for each climate zone using the IHI values from 16" March to 15" July each year. ............... 61
Table 2-3: The number of districts shifting to different comfort classes each decade............ 69

Table 2-4: Change in the percentage of districts shifting to different comfort classes each
0 L=Tor: Vo LTRSS 69

Table 2-5: The number of districts shifting to different comfort classes each decade in various

ClIMALE ZONES ..ottt ettt e et e e eeee e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeeeeneeeeeeennnens 73

Table 2-6: Climate zone-wise percentage of different comfort class days over four decades.

The frequency changes in extreme two comfort classes (very hot and sweltering) have been

Present OVEr the dECAAES. ..........oivi e 82
Table 3-1: State-wise population and mortality data (1996-2022)...........ccccocenirininininnnnnn 101
Table 3-3: State-wise percentage of extreme days over four decades.........ccccovervrvvrrrenrne 102

Table 3-4: Descriptive statistics - mean, standard deviation (SD), minimum (Min), maximum
(Max), first quartile (Q1), and third quartile (Q3) of model variables in Delhi, Chennai, and
Varanasi for 455, 728, and 546 days Of data............cccccevieviiiiiiiecece e 115

Table 4-1: List of cities. The serial number indicates the location of the cities in the map
0101V T =T USSR 136

Table 5-1: Median IHI along with the 5th-95th percentile ranges shown in parentheses (in °C)
during the summer in the six climate zones in 2010 (without and with aerosol feedback) and in

2030 for the two contrasting emission pathways under RCP4.5 and RCP8.5 scenarios ....... 183

Table 5-2: Percentage of (top row) ‘very hot” and (bottom row) ‘sweltering’ days during the
summer in the six climate zones in 2010 (without and with aerosol feedback) and in 2030 for

the two contrasting emission pathways under RCP4.5 and RCP8.5 scenarios. ..................... 184

[XXIV]



List of Abbreviations

# Abbreviation | Expansion

1 ARG The Sixth Assessment Report (of IPCC)

2 AT Apparent Temperature

3 Avg Average

4 BC Black Carbon

5 Climate AR Arid Climate

6 Climate HS Humid Subtropical Climate

7 Climate MO Montane Climate

8 Climate SA Semi-Arid Climate

9 Climate TW Tropical Wet Climate

10 Climate TWD | Tropical Wet and Dry Climate

11 CPCB Central Pollution Control Board

12 D1 Decade 1 (1981-1990)

13 D2 Decade 2 (1991-2000)

14 D3 Decade 3 (2001-2010)

15 D4 Decade 4 (2011-2020)

16 DTR Diurnal Temperature Range

17 ECLIPSE Climate and Air Quality Impact of Short-Lived Pollutant Emission
18 ECMWF European Centre for Medium-Range Weather Forecasts
19 ERA ECMWF Re-Analysis

20 ESACCI European Space Agency Climate Change Initiative
21 GHG Greenhouse Gases

22 GOCART Goddard Chemistry Aerosol Radiation and Transport
23 Gol Government of India

24 HI Heat Index

25 HSI Heat Stress Index

26 HW Heat Wave

27 IHI India Heat Index

28 IMD India Meteorological Department

29 IPCC Intergovernmental Panel on Climate Change

30 IPCC WG-II Intergovernmental Panel on Climate Change Working Group 11
31 LP DAAC Land Processes Distributed Active Archive Center
32 LMICs Low And Middle-Income Countries

33 LST Land Surface Temperature

34 LULC Land Use Land Cover

35 MHA Ministry of Home Affairs

36 MODIS Moderate Resolution Imaging Spectroradiometer

[XXV]




37 NASA National Aeronautics and Space Administration

38 NCRB National Crime Records Bureau

39 NHW Non- Heat Wave

40 NOAA The National Oceanic and Atmospheric Administration
41 NRMSE Normalized Root Mean Square Error

42 ocC Organic Carbon

43 PMz2s Particulate Matter of size 2.5 micron

44 PSI Physiological Strain Index

45 RCP Representative Concentration Pathway

46 RH Relative Humidity

47 SLCPs Short-Lived Climate Pollutants

48 SR Solar Radiation

49 SUHI Surface Urban Heat Island

50 Ta Temperature

51 Tyg Globe Temperature

52 Thwb Natural Wet Bulb Temperature

53 UHI Urban Heat Island

54 UN United Nations

55 UNFCCC United Nations Framework Convention on Climate Change
56 US-NWS National Weather Service of The United States

57 UTCI Universal Thermal Climate Index

58 WBGT Wet-Bulb Globe Temperature

59 WRF-Chem Weather Research Forecasting Model Coupled with Chemistry
60 WS Wind Speed

[XXVI]






