UNDERSTANDING ON THE ESTIMATION OF FOSSIL
FUEL DERIVED CO2; OVER INDIAN REGION USING
RADIOCARBON MEASUREMENTS

RAJVEER SHARMA

CENTRE FOR ATMOSPHERIC SCIENCES
INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2025



© Indian Institute of Technology Delhi (11TD), New Delhi, 2025



UNDERSTANDING ON THE ESTIMATION OF FOSSIL
FUEL DERIVED CO; OVER INDIAN REGION USING
RADIOCARBON MEASUREMENTS

Rajveer Sharma

Centre for Atmospheric Sciences

Submitted
in fulfillments of the requirements of the degree of Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2025



Certificate

This is to certify that the thesis entitled “Understanding on the estimation of Fossil
Fuel derived CO: over Indian region using radiocarbon measurements” being
submitted by Mr. Rajveer Sharma for the award of the degree of Doctor of
Philosophy, is a record of the original bonafide research work carried out by him. He
has worked under our guidance and supervision and has fulfilled the requirements for
the submission of this thesis. The results presented in this thesis have not been
submitted in part or full to any University or Institution for award of any

degree/diploma.

K Léﬂal 2b o ‘p Chopra

Prof. Ravi Kumar I@rﬁ Dr. Sufidee

Associate Professor Scientist H

Centre for Atmospheric Sciences, Inter University Accelerator Centre
Indian Institute of Technology Delhi, Aruna Asaf Ali Marg

Hauz Khas, New Delhi-110016, India New Delhi — 110067, India



Acknowledgments

To complete my PhD journey, | would like to express my sincere gratitude towards my
supervisors, Prof. Ravi Kumar Kunchala and Dr. Sundeep Chopra, for their valuable
guidance, patience, enthusiasm, constant encouragement, and immense knowledge.
Prof. Ravi provided insightful suggestions and supported the development of
independent thinking and research capabilities. His pleasant and polite nature made all
my interactions with him fruitful for my PhD journey. Dr. Chopra provided fruitful
suggestions and a research atmosphere to complete this thesis's objectives in a planned
manner. He has provided me with a great environment to learn and grow at IUAC. |
thank all my SRC members, Prof Manju Mohan, Prof Sagnik Dey and Prof VVamsi, for
providing critical comments to improve my thesis work. I want to thank the HOC, CRC
chairperson, and all the faculties at the Centre for Atmospheric Sciences (CAS), IIT
Delhi, for providing the necessary help during my PhD tenure.

| thank the Director, IUAC for providing permission to pursue PhD. | thank my
seniors, Mr. Sunil Ojha and Dr. Pankaj Kumar at IUAC for their constant support and
suggestions. | also thank Mr. Satinath Gargari and other Pelletron group members for
solving a lot of ion source and accelerator-related problems during this thesis work. |
am also thankful to my other group members Deeksha Khandelwal, Leema Saikia, Dr.
Meenakshi, Dr. Mahadev for their help in different ways during this work. | also want
to sincerely thank all my colleagues, collaborators, relatives and friends who have sent
plant samples from various locations across India for this thesis work. I am also
thankful to all my friends from the Centre for Atmospheric Science (CAS) for making
my coursework days enjoyable and providing help whenever required.

| want to express my gratitude and love to my family members (Mother, Father,

ii



Brother, Sisters, Wife and Daughter) for their constant encouragement through this
journey. My parents and Uncle (Tauji) always taught me to dream big and achieve my
goals through hard work, dedication and discipline. A special thanks to my wife, Dr.
Dipika Sharma, for her constant support, encouragement and patience during this
journey. It was not possible to complete this work without her support. I am also
thankful to my daughter, Diveera Sharma for her beautiful smile which was my stress
buster during this journey.

Finally, I thank the almighty God for the passion, strength, perseverance, and resources

to complete this study.

v g’&ww‘%
Date: 28™ April 2025 Rhjveer Sharma

il



Abstract

Atmospheric carbon dioxide (CO>) is the most important anthropogenic greenhouse gas
(GHG) responsible for recent changes in global warming and climate change. CO2 has
been rising rapidly over the globe since the industrial revolution and reached 426.8 ppm
in 2024 due to an increase in anthropogenic activities and decrease in its uptake. The
primary reason for this increase in CO- is the emission of CO> from the combustion of
fossil fuels and anthropogenic sources. To make effective mitigation policies, precise
quantification of CO> emissions from fossil fuels is essential. Traditionally, fossil fuel
contributions are calculated based on the “bottom-up” approach in which energy
statistics data and emission factors of fuels are used for the estimation of fossil fuel
derived CO2 (COzs). This method provides reliable estimates at the national level but
has significant uncertainties at regional and city scales. Another method to quantify
COas is the "top-down™ approach based on the measurements of CO2 mole fraction in
the air. However, it is challenging to identify CO.s from the CO2 from other sources by
measuring CO; concentration alone. An alternative method is to use radiocarbon (**C,
half-life of 5730 years) measurements for this purpose. Several studies based on CO>
observations have been reported from the Indian region, however, based on the
radiocarbon-based estimations of fossil fuel derived CO. emissions have not been
reported from the Indian subcontinent. Therefore, this thesis focuses on investigating
the spatio-temporal patterns of CO2 emissions from fossil fuel sources based on
radiocarbon measurement across the Indian region.

Chapter one of the thesis describes the background on the research topic, literature
review, identifying the gap areas as well as research problems followed by the
objectives of the thesis. Chapter two describes atmospheric radiocarbon in detail,
including its production in the atmosphere, measurement methods, associated sample
preparation and data analysis. This chapter also discusses the test results of installing a
silicon state barrier detector (SSBD) in the radiocarbon measurement system at Inter
University Accelerator Centre (IUAC), New Delhi.

Chapter three presents a detailed analysis of the spatial distribution of fossil fuel
derived CO, (COzs) over India using radiocarbon (AC) measurements using annual
crop plants. For this analysis, we have collected crop plants samples from 37 locations
across India. Our analysis shows that the A*C values vary between 29.33%o to -34.06%o

across India in 2017, where the highest value belongs to a location from Gujarat while
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the lowest value belongs to a location from Chhattisgarh. The corresponding values of
COqsr mole fractions are varying between 4.85 ppm and 26.59 ppm across India. Higher
COqst values are obtained for the sites from the highest coal reserve area (Chhattisgarh,
Orissa and Jharkhand). The effect of sampling different plant organs on A¥C and CO2s
is addressed and it is found that the sampling of grain in place of leaves (in wheat and
mustard plants) can induce a difference of 2.30 ppm in CO2s values while 5.50%o in
AMC that is larger than the measurement error in this study. Similarly, the effect of
sampling different crop plants from the same season on A*C and CO2s is also assessed.
A difference of 1.76 ppm in COazs values corresponding to the difference of 4.25%o in
AYC values is observed for the samples collected from a location in Rajasthan which
is slightly higher than the measurement error in this study.

Chapter four focuses on the spatial distribution of fossil fuel derived CO> across
Delhi using radiocarbon measurements of Peepal tree leaves from April 2016 to March
2017 on a city scale. Our analysis results show that the AC values vary between -
67.78 %o to 5.61 %o and corresponding COzss values are varying from 1.63 ppm to 33.34
ppm. CO2s values from campus sites are ranging between 6.99 ppm to 16.38 ppm with
an average value of 10.22 + 3.20 ppm, while CO2s values from sites located in the parks
are varying from 2.41 ppm to 33.34 ppm with an average value of 13.32 + 9.40 ppm.
Further, we observed the higher contributions of fossil fuels in the CO, from Northwest
Delhi, Central Delhi, and some parts of east and south west Delhi.

Chapter five studied the temporal variations in AC and COas in the megacity
Delhi from 2017 to 2022. We have collected atmospheric CO2 over 2M NaOH solution
at a frequency of one week from September 2017 to December 2022 at the rooftop of
the AMS facility building at [IUAC New Delhi. In this study, A*C values range from
88.14 %o to 7.48 %o, while the corresponding COgz¢ values vary from 40.26 ppm to a
value close to zero ppm, respectively. A clear seasonal trend in COgzs values is
observed, having higher values in post-monsoon (October — November) and winter
(December — March) seasons and lower values in the Monsoon (July — September)
season. Our study revealed that high CO.s values in Delhi during the winter and post-
monsoon season are primarily due to atmospheric stagnant conditions characterized by
lower PBLH supported by lower wind speeds while slightly *C enriched air masses
originating from the southern hemisphere during the southwest monsoon other than
higher PBLH and high wind speed are leading to lower COz¢ values in the monsoon

season. We have also determined the emission ratios Rco and Rnox for Delhi city which
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are 38.74 + 1.88 ppb/ppm (r? = 0.35) and 2.11 + 0.13 ppb/ppm (r? = 0.51), respectively
for the period 2018 - 2022. Rco values are higher than most of the other cities in the
world while Rnox values are similar to those of Paris. High Rco values in Delhi indicate
poor combustion efficiency contributions from biomass burning and reflect the high
CO emissions in the South Asian cities. This chapter also presents an analysis on the
effect of restrictions on COz¢ values during the first and second waves of COVID-19.
Our study reveals a decrease of 5.60 ppm during the 2020 lockdown, while a reduction
of 4.75 ppm during the 2021 lockdown compared to a similar period in 2022 (no
restrictions). Chapter six summarizes the findings of the present thesis. In addition, it
provides future directions for the present research area in the Indian region.

Keywords: Carbon dioxide, Fossil Fuels, Radiocarbon, Accelerator Mass

Spectrometry, Indian region
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R
IRIHEHIT BT STEAHIRIZS (CO,) P TaAEd dfHT 3R Sfaarg aRad= & forg
R 998 Aeaqul AFaed WHesd T4 (GHG) & ¥4 # UgdHI 1 g
M Hifd S 1 A gFaT R T co, doil A §¢ I & 3R AFawd nfafafer
T gfG & RO 2024 H 426.8 THTH T Ugd T8 | CO, H 39 gfg &1 WUfHe HRUT
SITaT=H S44 o1 g8 dUT SUP TRV H w4l § | WU = =Hifcat §9H & fag,
SITaT=H 289§ CO, IS B Tid HET o1 YR 3Taxg® g1 TWIRITT ¥U 9,
Sitarey $eF TRTGH B AT "dieH-3g fAfY & YR W 3t A 8 fod St
iferes! ST 3R 387 & I BRI BT ST SHATH 3¢+ J U CO; (CO2n)
& 3 o TTT b SiTell 81 I8 Ul I8 &R WR 481 SFH Uar ol
& QftrT &g 3R WeR & THH W 39H §gd AYAATE §1 COu 1 HIUA HT T
30 TRIPT gaT H CO, P! AET W SMYIRd “erg-sr3- faftr §1 grailis, 81l CO,
& AU 3T Fial § COu RIUA DI QT HRAT AT &1 39 I6-T & falg
fEdidrad (4c, 5730 T BT 3 3MRY) BT IUTANT HRAT U dhfedds Il g
YR &7 A B3 CO, Haaiicb 3T RUlé by U 8, dfdp Sitarsd ge o,
STAT & I SABTE- TR 3T YR IuHeTgY ¥ faié =8t fovw MU B
3o, 78 it ¥ YR &7 H ST Ao & YR TR Siiared S Fdl
T CO, IS b RATP- B e B g R Hid 2
IR T 31eAT U QMY fawy 1 guyfh, Aifee e, Sfavret &= 3R

T TS P U & a1 SR & Il &1 qui- Rl 5 | fadig e
T st o1 fawar ¥ qufF forar man g, fored argHsd o ST 9941, A0 &
T, e AT TR ST SR el fawawor i g1 I8 S IUAC |
ASAwe 1oE o # te Rifdie e aver feeaer (ssBD) Rifid a4 &
Tteror aRomt &R off T=f HRar g |

JoiTg SrearT wad Uiel § ISTBTE (A“C) AT BT ITIRT HRPb YR H Sfidr=d
S I UTE CO; (CO2r) b T faaRur o1 fagd fazawor ugd v 81 891 ¥
YRA H 37 WMl ¥ B N U [T €1 g9R fazawor & uar =edn g fob 2017
TR HRA & ANC T 29.33%0 T -34.06%, P &1 URII-1T 5, STgT SdH Hed ToRId
& U VM ¥ YT 8, STafh Jo HH Yod BTRATG P U VI J Galid 81 Y
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YRA T CO A A BT T A 4.85 THTH 3R 26.59 FdiuH & st uRad-1g
21 ITAH PITdl ARFET & (BTG, ISHT 3R IRWS) &b 13Tl F COy AF
T fhT STTd 8 1 ALC 3R CO TR fAfe Trelf & ST &bt ! &1 kg ST B
& JUT 1 TaITerd foham T § SR I8 Ul 41 § fob il & RIM WR ST B
TIAT (18 3R WA & qelf H) ST HRA TR COu T | 2.30 GHTH &7 3R
UT IR Tl § STdh AC T 5.50%, BT 3R 81 Tehdl g | Tg R ATa Ffe 3 off
g1 31 3 USR, U gt 7w I faftid wad diell & A &1 AXC 3R COun R
TyTd BT Y 3 fbaT T | SRR H Ueh R § Tehd fbT 11T A1 # Aléc
Tl T 4.25%, TUT COz Hedl H 1.76 YTHTH &1 3R <1 1 §, o 59 S o
A I T AUraT 31 B |

Iqd 3T TER & TR W AU 2016 ¥ ATH 2017 d% GUd & US & U<l A
ASTIBTE AF BT IUANRT Hb faeeht WR H SIaRA 349 I UK CO, & RiTFHdH
o )R PHfad g1 guR fazawur & uRom §ard & f ALC &1 AM -67.78 %0 o
5.61 %o b SId URGA-IT § 3R Taferd COur T AF 1.63 Ui § 33.34 diiium
% URAdHT § 1 HUF W1l § COu BT A 6.99 THiuA ¥ 16.38 fiHtH & S §,
fOTTepT Sfird A1 10.22 + 3.20 YIGUH §, STafds UTeh! & U WSSl I CO BT A
2.41 A § 33.34 THUH a g, ForaeT 3id 7 13.32 + 9.40 HdiUA 31 39
3IQTaT, 89 IR Ut faeeh, Aen faceft ofk gd ok aféro ufyy feeeht & oo fowa
# co, # SR 59 & 3= ANTeH ®f i TR 5|

3T Ui | 2017 H 2022 TP AMRICT [Geett & A%C 3R CO. T FIferds Sgard ol
qui faT T 81 89 IUAC s et H AMS I Ha &1 3d IR Rider 2017 §
feHeR 2022 T TH I DI SHRI TR 2M NaOH faeig ¥ argas g co, Tea
fHaT R | ST T T, A4C BT A 88.14 %o T 7.48 %o I §, STaTh WaTd COxt
BT A HH: 40.26 YT F AHR Y THTH & H0e A d% URITHG 8| COanr
Tt H T Wy At Uiy @it TS 7, ForesT 71 AR & §1e & He -1 (3FgeR-
TFdaR) 3R el (feder-uTeh & AgH 7 31t § SR A (Sars-Rider) & 9id
AFHARI

TR 3T J Ul el § & et 3R a9 & 91g & AelA! & SR faeeh o
CO BT 3 A T FU I argHsey FRR fRufadl & HRUI g §, S v gar b
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T GRT THRfd HH PBLH RT S Bl &, SIadh Gi&ful-ufdy Y & Sfamdl
gt e & fean arelt 9ISt “c W ag t 38 uvifad FRet g1 S
idTuaua SR 3 gaT1 &1 7] & BRI AT & HIGH T CO AIF &H UMY 7Y &
| gAA Tl 18R & fATU oA SIUTd Reo AR Ryox Ht MR fasa & S 2018 -
2022 BT I & Y HA: 38.74 + 1.88 Td/dTH (12 = 0.35) 3R 2.11 + 0.13
Ie/Adied (12 = 0.51) §1 Reo 1 A AT & SABIR 3T [T HI ga-T o
3fYF § STafh Ruox A U & AM & THT IHH g1 feeeh & I Reo IH
IR STe 3R WRTE G5 G&fdl & ANTGH BT Aohd G & IR G180 TIRMATS JeR!
o 3 Trafl IS &I G & | T§ AT COVID-19 &1 Uga 3R gusl deR &
GRT COx b A WR faael & THTT o7 fazaiwor +ft URqd Fxal 8| TAR L=
Tl Idl g fb 2020 & WG SIS & SRM 5.60 YTdiun &t wift g3, STafd 2022 H
T 3afe Bt o1 H 2021 & A SIS & AR 4.75 Ufied &t Bt g3 (G4 B1s
gfdse T8t )| e B8 IaH ARG & FHs! BT TR UK BT 5| SqD
3IQTAT, T8 URT & B IR ST & & forg wfasy &} = veH axar |
b aRleg: BT SIS3HRS, SHarRd g4, ASTIHTeH, TRicRex A Wae He,
YR &

X



Contents

CertifiCate. . coviuiniiiiniiiieiiiiieiiiiietiieiarnteesasassesasnssssasnssssnsassssnsnses [
ACKNOWIEAZEMENTS....oouiieiieiiiiiniieeieinreaceeesensencescesonsansescnsansansnsons ii
ADSIIACE. ceuinineininiieiiieiniiiieraritiesatessesassssssassssssassssssnssssssnssssssnssss 1\
Hindi ADSEract....couiniiuiniiiiuiniieiiiiieieiiiieiureiiesasssesasssssasssssnsssssns vii
1) 11 ) 1 1 £ e X
LiSt Of FigUIES..cuvvuiiieiniiiiiiniiiieiiiiieinieiieseisesesassssasassssssassssssnssssnns Xiv
| DT ) B 111 TN XVii
Chapter 1: Introduction........cccoeeviiniiiiiiiieiiiniiiieiiinieiietsenrcsnecssscenss 1
I [ 10T 1T 510 s U 2
1.1 Carbon dioxide and global carbon cycle...........ccoovviiiiiiiiiiiniiiiannnn. 2
1.2 Estimation of fossil fuel CO2 (COff).....oviviniriniiiiiiiiiieeeeeeaea 6

1.3 Radiocarbon as a tracer for CO2ff @MiSSIONS.......ovvuererenenreneneneiinenieneen
1.4 Literature ReVIEW......oviuiiiiii e e e 9

1.4.1 Radiocarbon based CO. estimation studies reported
WOTIAWIdE. ... e 9

1.4.2 Literature and recent studies on COg¢ estimation studies in

India. .. .o 14

1.4.3 COgft estimation studies in Indian cities and urban areas............ 15

1.5 Scope of this thesis and research objectives.............ccvviiiiiiiiiiininn 16
1.5.1 Objectives of the thesis..........cooviiiiiiiiii e 17

1.5.2 Thesis Organization..........c.eevueeeiiternienie et eaeeieeeineennnnn 17

Chapter 2: Radiocarbon sample preparation, measurements

and data analysis techniques........ccoeviieiieiiiniierieceeenreasnnns 20
2.1 INErOQUCEION. . ...ttt et e e e e e 21
2.2 Radiocarbon measurement using AMS............ooiiiiiiiiii e, 22
2.3 SaMPIE Preparation. ... .....oueeuiiritit et 23



2.3.1 Sample pretreatment. ............ooveiiiiiiii e 23

2.3.2 Graphitization. ..........ccouerinieireiet e 24
2.3.3 Sample combustion using elemental analyzer (EA).................. 25
2.3.4 Acid hydrolysis using carbonate handling system (CHS)............ 28
2.3.5 Automated Graphitization Equipment (AGE)......................... 30
2.4 RadiocarbOn MeasuremMents. .. ... ...vueueneieeeeee ettt eteeeeieeeaenenn 32
2.4.1 AMS system description.........oovveiueeiniieiie i e eiieeaiaeaaan, 32
2.4.2 Measurement protocol and data reduction............................e. 35
2.5 Test results of insertable silicon state detector (SSBD)................. 41

Chapter 3: Spatial distribution of fossil fuel CO2 (CO2sr) over India using

radiocarbon (A*C) measurements in crop plants.................. 42

3.1 INtrOdUCHION. ... 43
3.2 Material and Methods.............o.oiiiiiiiiiii 43
3.2.1 Sampling locations and sample collection.......................o...... 43

3.2.2 Sample pretreatment, graphitization and radiocarbon

MEASUrEMENT. ... ..o 44

3.2.3 Calculation of AMC............ooiiii 45

3.2.4 Calculation of CO2ff......ouvniuiiiiiiiiiiiiii e 46

3.2.5 Selection of background values................cooeiiiiiiiiiiiinn 47

3.3 ResuUlts and DiSCUSSION. ... ..uvtititetiit e 48
3.3.1 Spatial distribution of A¥C over India.....................c..oooeen... 48

3.3.2 Spatial distribution of COxfs over India.................cooevininnn.n. 51

3.3.3 Effect of sampling different plant organs on A*C and COufs ....... 55

3.3.4 Effect of sampling different crop plants grown in same season.....58
3.3.5 Annual and intra seasonal variations in A¥C and COus values......61

3.4 Summary and conClUSIONS. ... ...couiiriieiiiii i 65

Chapter 4: Spatial distribution of fossil fuel CO2 (COz2st) across megacity Delhi

using atmospheric *C measurements..........ccceeeeueueenenenennnns 71

O A Lo (D11 o) VPP 72
4.2 Material and Methods............cooiiiiiiiiiii 72
A2 1 STUAY ATCA. .. ettt 72

Xi



4.2.2 Sampling sites and sample collection..................ccoeeiininnnn... 73

4.2.3 Sample pretreatment, graphitization and radiocarbon

MEASUTEIMEIES . . ..ottt eeen 74

4.2.4 Calculation of AY*C and CO2ff..........cccuveiiniiieeiiiiiiieeiee e, 76

4.2.5 Selection of background site...............cooeiiiiiiiiiii 78

4.3 ResUlts and DiSCUSSION. .. .....ovitit ittt e, 78
4.3.1 Spatial distribution of A¥C across megacity Delhi..................... 78

4.3.2 Spatial distribution of COz¢ across megacity Delhi.................... 79

4.4 Summary and Conclusions. .........o.vuiuiitiriii i 82

Chapter 5: Temporal variations of A1*C and COzs mole fractions in megacity

T L 86
5.1 INErOAUCLION. ... e, 87
5.2 Material and Methods............ooiiiiiii e 88
5.2 1 StUAY ATCa. . .ottt 88
5.2.2 Sampling site and sample collection.................ccooviiiiiininnnn. 89
5.2.3 Sample graphitization................cooviiiiiiiiiiiee e, 90
5.2.4 Radiocarbon Measurements. ...........o.oevreirrerininranenennenanennnns 91
5.2.5 COxff calculation. ........o.oeiiiii i, 92
5.2.6 Background selection.............coeeiiriiiiiiiiiii e 93
5.2.7 Data used in this study...........cocveveiiiiiiiii e, 94
5.2.8 FOOtPrint analysiS.........coueeiuiiiiiiiiiiii i, 95
5.2.9 Rco and Rnox determination.............o.oovvviieiiiiininiianennnn, 96
S8 RESUILS. ..t 97
5.3.1 Annual and seasonal variations of fossil fuel COa..................... 97
5.3.2 Emission Ratios (Rco @and RNOx) . ..vvevvereiniiiiiiiiiiiiieeieeen, 104
5.3.3 Effect of COVID-19 restrictions..........c.oovvuiiriieiiiiiiniiannnnn, 108
5.4 DISCUSSION. ...ttt ettt et et et et et e e e e e et et e e e e e e e e e e ene e 111
5.5 Summary and concluSIONS. ..........oiuiiniitiie it 114
Chapter 6: Summary and future Scope/directions.........ccccvevveeieeninnnnnnn. 119
6.1 SUMMATY ...ttt e 120
6.2 Future Directions/SCOPE. .. ..uviviiriitiet e, 123

Xii



References..

Publications

Briel BiOdata...eeeiiiiiiiiieeiitiiiiiineneeteeeeiennsseeeeeeeennnnssseenmmmmmmeeennmnmmmnees

xiil



List of Figures

Figure captions

Page No.

Figure 1.1 Carbon distribution in the different reservoirs of the earth
system in the pre-industrialization period. Black numbers are shown in
Petagram carbon Pg C) while red numbers represent the fraction (%) of the
total carbon in the particular pool. Figure is adopted from Turnbull et. al.,
2016a.

Figure 1.2 Incoming and outgoing carbon flux in the earth system reservoir
since industrialization. Red numbers are showing flux due to
anthropogenic activities and black numbers are showing natural flux.
Figure is adopted from Turnbull et. al., 2016a.

Figure 1.3 Spatial distribution of AXC (%o) across North America
determined in maize leaves in 2004. Figure is adopted from Hsueh et al.,
2007.

10

Figure 1.4 Observation of (A) A¥CO2 and (B) COs in Beijing (red) and
Xiamen (green) during 2014. W in the name of month stands for weekend
and N stands for non-weekend. Figure is adopted from Niu et. al., 2016b.

12

Figure 2.1 Graphitization laboratory at IUAC equipped with three AGE
system coupled with three elemental analyser (EA) and one carbonate
handling system (CHS)

26

Figure 2.2 Closer view of AGE system with EA

27

Figure 2.3 Schematic for the combustion of samples in Elemental
Analyzer (EA)

27

Figure 2.4 Carbonate handling system (CHS) at IUAC

29

Figure 2.5 Steps involved in the acid hydrolysis using carbonate handling
system (CHS)

29

Figure 2.6 Steps involved in the graphitization using automated
graphitization equipment (AGE)

30

Figure 2.7 (a) Electric cathode press for loading graphite into target holder
(b) Target holder for graphite (c) Cathode wheel of 134 MC SNICS

32

Figure 2.8 (a) XCAMS at IUAC (b) Newly installed SSBD along with
electrostatic quadrupole (EQ), magnetic steerer (MS) located between ESA
and 45° bending magnet

34

Figure 2.9 Steps involved in radiocarbon measurements using XCAMS
at IUAC

37

Figure 2.10 Steps for data reduction and analysis for **C measurements

38

Xiv




Figure 3.1 (a) Spatial distribution of A™C for the year 2017 across India.
Geostatistical Analyst tools in ESRI's ArcMap software were used for
mapping. An Inverse Distance Weighted (IDW) method was used as an
interpolation method.

49 - 50

Figure 3.1 (b) Spatial distribution of CO2s or the year 2017 across India.

52 -53

Figure 3.2 (a) Variation in AXC values for the study period from single
location (Dholpur, Rajasthan) (b) Corresponding variations in COzs mole
fractions from the same location.

62

Figure 3.3 (a) A¥C values of wheat and mustard samples on different
growing stages from single season (b) Corresponding COzf values with
their sampling dates.

64

Figure 4.1 Study area and sampling locations

75

Figure 4.2 Spatial distributions of A*C and CO2 across megacity Delhi.
Other legends of this figure are the same as Figure 4.1.

80

Figure 5.1 Sampling location and site. Red arrow show the rooftop of
AMS building at IUAC New Delhi

90

Figure 5.2 Time series of (a) A¥C, (b) CO2s, (c) wind speed (WS), (d)
PBLH in megacity Delhi from September 2017 to December 2022. Fossil
fuel emissions of Delhi city from January 2020 to December 2022 are
plotted in panel (e). Pink and gray shaded areas show the first and second
COVID-19 waves.

98

Figure 5.3 Monthly means of (a) A¥*C and (b) COuss over the period of
2017 — 2022

99

Figure 5.4 Representatives of footprints for direction (a) North West (NW)
(b) South West (SW) (c) South East (SE) (d) Mixed, NW via SW, SE.
Details of footprint analysis are given in method section 3.8.

101

Figure 5.4 (e) Wind rose plot in the winter season showing wind speeds
(WS) and wind directions.

102

Figure 5.5 Distribution of total emissions in winter (W) + post monsoon
(PM) seasons and summer (S) + monsoon (M) seasons from 2020 to 2022.

103

Figure 5.6(a) Regression plots for COenn and CO2sr with uncertainties in
both the variables for all data (2018 — 2022) and winter season. Slope of
the best-fit line (blue in colour) represent ratio Rco

105

Figure 5.6(b) Same as Fig. 5.6(a) for Post Monsoon and summer season

106

XV




Figure 5.7(a) Regression plots for NOx and CO2 with uncertainties in 107
both the variables for all data (2018 — 2022) and winter season. Slope of
the best-fit line (blue in colour) represent ratio Rnox

Figure 5.7(b) Same as Figure 5.7(a) for Post Monsoon and summer season 108

Fig. 5.8 Comparison of A¥C and COast values of samples collected during 110
COVID-19 (a & b) first-wave restrictions and (¢ & d) second-wave
restrictions with the same period in 2022 when there were no restrictions.
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