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Abstract 
 
Atmospheric CO2 is the most important greenhouse gas, causing global warming and climate 

change. The global land tropics are the most sensitive part of the global carbon cycle and are  

mainly responsible for global CO2 variability. Lack of in-depth understanding of the underlying 

drivers limits understanding of the future changes in the tropical carbon cycle, its interaction 

with the climate system. This demands a thorough investigation for a better understanding of 

the underlying drivers explained by observational data products, chemical transport  modelling, 

and statistical techniques. The objective of this thesis is to identify fundamental gaps in our 

knowledge of understanding CO2 variability and its drivers in the global tropics and South Asia 

through the utilization of the state-of-the-art transport models and data products. Identifying 

the gap areas, the following three objectives have been formulated for this thesis, (a) 

Meridional propagation of CO2 growth rate and flux anomalies from the tropics due to El Niño-

Southern Oscillation (ENSO) (b) Characterizing regional hemispheric CO2 variability in 

satellites and global chemistry-transport model using aircraft measurements (c) Regional fire 

dynamics and its contributions to carbon flux variability in South Asia. 

 

The first chapter presents a comprehensive introduction to the global carbon cycle, followed 

by brief discussions on different observational platforms of measuring atmospheric CO2 (in 

situ and remote sensing), global top-down inversion modelling, and how they contribute to the 

understanding of carbon concentration and flux variability, respectively. Next, it discusses 

different natural climatic oscillations controlling CO2 variability in global tropics, followed by 

an in depth literature review that identifies existing research gaps in understanding the CO2 

variability and its drivers across South Asia and global tropics. It also presents the motivation 

behind each objective of the thesis, interconnection, and overall organisation of the thesis. The 

second chapter of the thesis describes modelling methodology, different statistical techniques 
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and datasets used to accomplish each objective of the thesis. It details the scientific steps of the 

Bayesian-based top-down inversion modelling, different sets of prior CO2 fluxes from bottom-

up models, and details about specific observations datasets (surface, aircraft, remote sensing 

datasets). 

 

The third chapter describes inter-annual variability of land CO2 flux, atmospheric CO2 

concentrations and their relationship with ENSO climatic modes across the latitude from 

tropics to the high latitudes of both hemispheres. We have utilised CO2 observations from 43 

surface sites from NOAA's obspack_co2_1_GLOBALVIEWplus_v6.1 product and WDCGG 

archive, as well as MIROC4-ACTM simulated fluxes for the period 2000 to 2019. The analysis 

shows that the  southern hemisphere global land tropics are most sensitive to the changes of 

ENSO pattern. Results also revealed that an asymmetrical ENSO-CO2 relationship exists 

between the northern and southern hemispheres, which originates in the southern hemisphere 

land tropics. It shows that the ENSO takes almost eight (four) months to impact the carbon 

cycle of high latitudes in the northern(southern) hemisphere from the tropics. This lag suggests 

a delayed teleconnection between ENSO and extratropical carbon flux responses. Among the 

key tracers activated during ENSO events, fire emissions and biospheric fluxes play a dominant 

role in driving these carbon cycle anomalies. 

 

The fourth chapter is explored in two parts, Part-1: Investigates CO2 variability using the latest 

satellite measurements (GOSAT, OCO-2), and Part-2: diagnoses errors in a single chemistry 

transport model (MIROC4-ACTM) through comparison with a multi-platform observations 

dataset (surface, aircraft, remote sensing).  The results from Part-1 show OCO-2 is better at 

capturing regional scale variation of CO2 as compared to the GOSAT. Part-2 describes the  

advantage of precise surface-based (GLOBALVIEWplus), and aircraft CO2 measurements as  

“ground truth” over OCO-2 sampling location to assess MIROC4-ACTM transport model in 
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the altitude range of Earth’s surface to upper troposphere. In this study, MIROC4-ACTM 

simulations, surface and aircraft observations (ATom, Amazon, and CONTRAIL projects) 

considered as ground truth, and Orbiting Carbon Observatory-2 (OCO-2) XCO2 are used 

covering the period 2015-2021. Result shows MIROC4-ACTM simulation is able to capture 

the zonal mean CO2 and XCO2 concentration gradients within ±1 ppm. MIROC4-ACTM and 

ATom profiles show mean differences of −0.1±0.48 and 0.01±0.3 ppm over land and ocean, 

respectively (p<0.05), and those are −0.34±1.07 and −0.2±0.51 ppm for OCO-2 XCO2 sampled 

at ATom profile locations. Altitude-wise analysis shows that CO₂ differences are concentrated 

in the lower troposphere (0-2 km), where model outputs are strongly influenced by surface 

fluxes. Over the Amazon, MIROC4-ACTM inversion does not have observations sites and 

limited vertical coverage of aircraft profiles (~0-4 km), leading to poor ACTM and OCO-2 

agreements. Over the airports in Asian megacities (i.e., emission hotspots), the model shows a 

higher difference with CONTRAIL (−1.06±0.58 ppm) than OCO-2 (−0.15±0.53 ppm). The 

larger ACTM-CONTRAIL difference reflects MIROC4-ACTM’s coarse resolution (approx. 

2.8°×2.8°), which limits its ability to capture urban fossil fuel emissions, while the smaller 

ACTM−OCO-2 difference likely results from OCO-2’s limited sensitivity below the boundary 

layer. 

 

The fifth chapter describes fire emission during forest fire period and underlying dynamics 

through analysis of climatic drivers, anthropogenic activity and fire impacts on regional carbon 

budget in South Asia. Here, top-down inversion model NASA CMS-Flux output which 

assimilates the MOPITT satellite retrieved XCO to optimize biomass burning emission from 

GFED4.1s. Additionally, fire emission from two bottom-up models, global fire assimilation 

system or GFAS and Quick Fire Emissions Dataset or QFED to compare differences with top-

down inversion. The fire dynamics and carbon flux variability over three fire prone key regions 

in South Asia, Region-1 (southwestern Nepal, Uttarakhand), Region-2 (Central India), and 
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Region-3 (Northeast India) for the period from 2010 to 2021is analysed. The results show a 

high difference in fire emission between the CMS-Flux and bottom-up models in South Asia.  

Further, this chapter focused on the significant fire events that unfolded in February, March, 

and April (FMA) of 2021. We find high burned areas (5,000-10,000 km2), and fire carbon 

emissions (0.3-4 TgC season−1) across these regions in FMA,2021 as compared to a 

climatological mean from 2010-2020. Each of the three regions show distinct natural and 

anthropogenic drivers that preceded the fires. In Region-1, snow induced soil moisture deficits 

drive fire activity, leading to a subsequent decline in gross primary production (GPP). In 

Region-2, human activities, likely cropland burning, contributed to forest fire. In Region-3, the 

influence of climatic drivers is elusive, but the scattered distribution of burned areas suggests 

human activity is the likely cause of forest fire. During FMA 2021, fire emissions in Region-1 

(~4 TgC) showed twice the fossil fuel emissions (~2.2 TgC), while in Region-2 (~3.8 TgC), it 

remained below fossil emissions (~16 TgC). In both regions, forests and croplands contributed 

equally to fire emissions. In Region-3, fire emissions exceeded fossil emissions in 2012 (~4.7 

TgC), 2013 (~6.18 TgC), and 2014 (~9.75 TgC) but remained lower in 2021 (~3.37 TgC), with 

most emissions originating from forests. This analysis highlights the significant role of forest 

fire in the regional carbon budget and the need for careful forest carbon management practices 

to reduce their adverse impacts on the ecosystem. Finally,  the sixth chapter summarizes the 

main findings of the present thesis. In addition, it provides limitations/challenges and future 

directions for the present research area. 
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साराांश 
वायुमंडलीय काब,न डाईऑ0ाइड सबस ेमह5पूण, 9ीनहाउस गैस ह,ै जो वैिAक जलवाय ुपिरवत,न का कारण 

बनती ह।ै वैिAक भूिम उHकिटबंधीय वैिAक काब,न चM का सबस ेसंवेदनशील िहQा ह ैऔर वैिAक काब,न 

डाईऑ0ाइड पिरवत,नशीलता के िलए मुU Vप स ेिजWेदार ह।ै अंतिनZ िहत चालक[ की गहन समझ का अभाव 

उHकिटबंधीय काब,न चM म^ भिव_ के पिरवत,न[, जलवाय ु`णाली के साथ इसकी बातचीत की समझ को 

सीिमत करता ह।ै यह अवलोकन डेटा उcाद[, संUाdक मॉडिलंग और सांिUकीय तकनीक[ hारा समिथZ त 

अंतिनZ िहत चालक[ की बेहतर समझ के िलए गहन जांच की मांग करता ह।ै इस थीिसस का उkेl वैिAक 

उHकिटबंधीय और दिnण एिशया म^ काब,न डाईऑ0ाइड पिरवत,नशीलता और इसके चालक[ को समझन े

के हमार ेoान म^ मौिलक अंतराल की पहचान करना और इन अंतराल[ को भरन ेके िलए अqाधुिनक पिरवहन 

मॉडल और डेटा उcाद[ का उपयोग करना ह।ै अंतराल nेr[ की पहचान करत े sए, इस थीिसस के िलए 

िनtिलिखत तीन उkेl तैयार िकए गए हw, (ए) एल नीनो-दिnणी दोलन (ईएनएसओ) के कारण उHकिटबंधीय 

स ेसीओ काब,न डाईऑ0ाइड िवकास दर और `वाह िवसंगितय[ का मेिरिडयन `सार (बी) उप9ह[ म^ nेrीय-

गोलाध, काब,न डाईऑ0ाइड पिरवत,नशीलता और िवमान माप का उपयोग करके वैिAक रसायन िवoान-

पिरवहन मॉडल की िवशेषता (सी) nेrीय अि{ गितशीलता और दिnण एिशया म^ काब,न `वाह पिरवत,नशीलता 

म^ इसका योगदान। 

 

पहला अ|ाय वैिAक काब,न चM का एक }ापक पिरचय `~ुत करता ह,ै इसके बाद काब,न डाईऑ0ाइड 

मापन (इन सीटू और िरमोट स^िसंग), वैिAक टॉप-डाउन उलटा मॉडिलंग के िविभ� �ेटफाम� पर संिn� चचा,, 

और व ेMमशः काब,न एका9ता और `वाह पिरवत,नशीलता की समझ म^ कैस ेयोगदान करत ेहw। इसके बाद, यह 

वैिAक उHकिटबंधीय म ̂काब,न डाईऑ0ाइड पिरवत,नशीलता को िनयंिrत करन ेवाल े िविभ� `ाकृितक 
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जलवाय ुदोलन[ पर चचा, करता ह ैथीिसस का उkेl, अंतस�बंध और थीिसस का सम9 संगठन। थीिसस का 

दूसरा अ|ाय मॉडिलंग प�ित, िविभ� सांिUकीय तकनीक[ और थीिसस के `qेक उkेl को पूरा करन ेके 

िलए उपयोग िकए जान ेवाल ेडेटासेट का वण,न करता ह।ै यह बायेिसयन-आधािरत टॉप-डाउन इनवज,न मॉडिलंग 

के वैoािनक चरण[, बॉटम-अप मॉडल स े िपछल ेकाब,न डाईऑ0ाइड �0 के िविभ� सेट और िविश� 

अवलोकन डेटासेट (सतह, िवमान, िरमोट स^िसंग डेटासेट) के बार ेम^ िववरण देता ह।ै 

 

तीसरा अ|ाय भूिम काब,न डाईऑ0ाइड `वाह, वायुमंडलीय काब,न डाईऑ0ाइड सां�ता की अंतर-वािषZ क 

पिरवत,नशीलता और उHकिटबंधीय स ेलेकर दोन[ गोलाध� के उ� अnांश[ तक एल नीनो-दिnणी दोलन 

जलवाय ुमोड के साथ उनके संबंध[ का वण,न करता ह।ै हमन े रा�ीय समु�ी और वायुमंडलीय संचालन के 

ऑ�व�शनलपैकेज_काब,नडाईऑ0ाइड_१�ोबल}ू�स_सं�रण६.१ उcाद और 9ीनहाउस गैस[ के िलए 

िवA डेटा स^टर सं9ह स े४३ सतही साइट[ स ेकाब,न डाईऑ0ाइड अवलोकन का उपयोग िकया ह,ै साथ ही 

२००० स े२०१९ की अविध के िलए िमरोक४ - ए�म िस�ुलेटेड �0 का भी उपयोग िकया ह।ै िव�ेषण से 

पता चलता ह ैदिnणी गोलाध, का वैिAक भ-ूnेr  पैटन, म ̂होन ेवाल ेपिरवत,न[ के `ित सबस ेअिधक संवेदनशील 

ह।ै पिरणाम[ स ेयह भी पता चला िक उ री और दिnणी गोलाध, के बीच एक िवषम ईएनएसओ -काब,न 

डाईऑ0ाइड संबंध मौजूद ह,ै जो दिnणी गोलाध, के भू-nेr[ म^ उc� होता ह।ै यह दशा,ता ह ैिक ईएनएसओ 

को उHकिटबंधीय nेr[ स ेउ री (दिnणी) गोलाध, म^ उ� अnांश[ के काब,न चM को `भािवत करन ेम^ लगभग 

आठ (चार) महीन ेलगत ेहw। यह अंतराल ईएनएसओ और अितिर¡ उHकिटबंधीय काब,न `वाह `ितिMयाओ ं

के बीच एक िवलंिबत टेलीकने¢न का सुझाव देता ह।ै ईएनएसओ घटनाओ ंके दौरान सिMय होन ेवाल े`मुख 

¤ेसर[ म ̂स,े अि{ उ¥ज,न और जैवमंडलीय ̀ वाह इन काब,न चM िवसंगितय[ को चलान ेम^ ̀ मुख भूिमका िनभात े

हw। 
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चौथा अ|ाय दो भाग[ म^ खोजा गया ह-ै भाग १: नवीनतम उप9ह माप (गोसाट, ओको -२) का उपयोग करके 

काब,न डाईऑ0ाइड पिरवत,नशीलता की जांच करता ह,ै और भाग २: एक बs-�ेट¦ॉम, अवलोकन डेटासेट 

(सतह, िवमान, िरमोट स^िसंग) के साथ तुलना के मा|म से एकल रसायन पिरवहन मॉडल (िमरोक४ - ए�म) 

म^ rुिटय[ का िनदान करता ह।ै भाग-१ के पिरणाम बतात ेहw िक भाग २, गोसाट की तुलना म^ काब,न डाईऑ0ाइड 

के nेrीय पैमान ेपर िभ�ता को पक§न ेम^ बेहतर ह।ै भाग 2 पृ¨ी की सतह से ऊपरी nोभमंडल की ऊँचाई सीमा 

म^ िमरोक४-ए�म पिरवहन मॉडल का आकलन करन ेके िलए ओको -२ नमूना «ान पर "9ाउंड ¤ुथ" के Vप म^ 

सटीक सतह-आधािरत (वैिAकदl �स) और िवमान काब,न डाईऑ0ाइड माप के लाभ का वण,न करता ह।ै 

इस अ|यन म^, िमरोक४-ए�म िसमुलेशन, सतह और िवमान अवलोकन (एटीओएम, ऐम®ॉन, और कं¤ेल 

`ोजे�) को जमीनी स�ाई के Vप म ̂माना जाता ह,ै और ऑिबZ िटंग काब,न ऑ�व�टरी-2 (ओको -२) ~ंभ 

काब,न डाईऑ0ाइड का उपयोग २०१५-२०२१ की अविध को कवर करन ेके िलए िकया जाता ह।ै पिरणाम 

िदखात ेहw िक िमरोक४-ए�म िसमुलेशन ±१ पीपीएम के भीतर ®ोनल मीन काब,न डाईऑ0ाइड और ~ंभ 

काब,न डाईऑ0ाइड सां�ता 9ेिडएंट को पक§न ेम^ सnम ह।ै िमरोक४-ए�म और एटीओएम `ोफाइल Mमशः 

भूिम और महासागर पर −०.१±०. ४८ और ०. ०१±०.३ पीपीएम के औसत अंतर िदखात ेहw (पी <०. ०५), और 

ATom `ो¦ाइल «ान[ पर ओको-२  ~ंभ काब,न डाईऑ0ाइड के िलए य े−०. ३४±०. ०७ और −०. १±०. 

५१ पीपीएम हw। ऊंचाई के अनुसार िव�ेषण स ेपता चलता ह ैिक काब,न डाईऑ0ाइड अंतर िनचल ेnोभमंडल 

(०-२ िकमी) म^ क̂ि�त ह,ै जहा ंमॉडल आउटपुट सतह के `वाह स े²³ता से `भािवत होत ेहw। अमे®न के ऊपर, 

िमरोक४ - ए�म }ु´म म^ अवलोकन «ल नहµ हw और िवमान `ोफाइल (~ ०-५ िकमी) का सीिमत ऊ¶ा,धर 

कवरजे ह,ै िजसस ेखराब ए�म - ओको-२ समझौत ेहोत ेहw। एिशयाई मेगािसटीज (यानी, उ¥ज,न हॉट·ॉट) 

के हवाई अ¸[ पर, मॉडल ओको -२ (-०.१५±०.५३ पीपीएम) की तुलना म^ कं¤ेल (-१.०६±०.५८ पीपीएम) के साथ 
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अिधक अंतर िदखाता ह।ै ब§ा ए�म- कं¤ेल अंतर िमरोक४ - ए�म के मोटे िर®ॉ¹ूशन (लगभग  २. ८°×२. 

८°) को दशा,ता ह,ै जो शहरी जीवाº »धन उ¥ज,न को पक§न ेकी इसकी nमता को सीिमत करता ह,ै जबिक 

छोटा ए�म - ओको -२  अंतर संभवतः सीमा परत के नीच ेओको -२  की सीिमत संवेदनशीलता के कारण होता 

ह।ै  

पाँचव ̂अ|ाय म^ दिnण एिशया म ̂nेrीय काब,न बजट पर जलवाय ुचालक[, मानवजिनत गितिविध और आग 

के `भाव[ के िव�ेषण के मा|म स ेजंगल की आग की अविध के दौरान अि{ उ¥ज,न और अंतिनZ िहत 

गितशीलता का वण,न िकया गया ह।ै यहा,ं टॉप-डाउन इनवज,न मॉडल नेशनल एयरोनॉिट0 एंड ·ेस 

एडिमिन¼¤ेशन सीएमएस -�0 आउटपुट जो मोिपट उप9ह को आdसात करता ह,ै न ेजीएईडी४.१एस से 

बायोमास जलन ेके उ¥ज,न को अनुकूिलत करन ेके िलए ~ंभ काब,न मोनोआ0ाइड को पुनः `ा� िकया। 

इसके अितिर¡, दो बॉटम-अप मॉडल, �ोबल फायर एिसिमलेशन िस½म या जीएफएएस और ि¿क फायर 

एिमशन डेटासेट या Àूएफईडी स ेअि{ उ¥ज,न, टॉप-डाउन इनवज,न के साथ अंतर की तुलना करन ेके िलए। 

२०१० स े२०२१ की अविध के िलए दिnण एिशया के तीन अि{-`वण `मुख nेr[, nेr-१ (दिnण-पिÂमी 

नेपाल, उ राखंड), nेr-२ (म| भारत), और nेr-३ इसके अलावा, इस अ|ाय म^ २०२१ के फरवरी, माच, और 

अ`ैल (एफएमए) म^ sई मह5पूण, आग की घटनाओ ंपर |ान क̂ि�त िकया गया ह।ै हम २०१०-२०२० के जलवाय ु

संबंधी औसत की तुलना म ̂एफएमए,२०२१ म^ इन nेr[ म^ उ� जल ेsए nेr (५,०००-१०,००० वग, िकमी) और 

आग काब,न उ¥ज,न (०.३-४ टीजीसी/सीजन) पात ेहw। तीन[ nेr[ म^ से `qेक म^ अलग-अलग `ाकृितक और 

मानवजिनत चालक िदखाई देत ेहw जो आग स ेपहल ेsए थे। nेr-१ म^, बफ,  से `ेिरत िमÃी की नमी की कमी आग 

की गितिविध को ब³ाती ह,ै िजसस ेसकल `ाथिमक उcादन (जीपीपी) म^ बाद म^ िगरावट आती ह।ै nेr-२ म^, 

मानवीय गितिविधय[, संभवतः फसल भूिम के जलन,े न ेजंगल की आग म^ योगदान िदया। nेr-३ म^, जलवाय ु
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चालक[ का `भाव मायावी ह,ै लेिकन जल ेsए nेr[ का िबखरा sआ िवतरण बताता ह ैिक मानवीय गितिविधया ँ

जंगल की आग का संभािवत कारण हw। एफएमए २०२१ के दौरान, nेr-१ (~४ टीजीसी) म^ आग उ¥ज,न जीवाº 

»धन उ¥ज,न (~२. २ टीजीसी) स ेदोगुना िदखाता ह,ै जबिक nेr-२(~३.८ टीजीसी) म^, यह जीवाº उ¥ज,न 

(~१६ टीजीसी) स ेकम रहा। दोन[ nेr[ म^, जंगल[ और फसल भूिम न ेआग उ¥ज,न म^ समान Vप से योगदान 

िदया। nेr-३ म^, आग उ¥ज,न २0१२(~४.७ टीजीसी), २०१३ (~६.१८ टीजीसी) और २0१४ (~९. ७५ टीजीसी) 

म^ जीवाº उ¥ज,न स ेअिधक था, लेिकन २०२१ (~३. ३७ टीजीसी) म^ कम रहा, िजसम ̂अिधकांश उ¥ज,न 

जंगल[ स े उc� sआ। यह िव�ेषण nेrीय काब,न बजट म^ जंगल की आग की मह5पूण, भूिमका और 

पािरि«ितकी तंr पर उनके `ितकूल `भाव[ को कम करन ेके िलए सावधानीपूव,क वन काब,न `बंधन `थाओ ं

की आवlकता पर `काश डालता ह।ै अ|ाय छह वत,मान थीिसस के मुU िनÄष� का सारांश देता ह।ै इसके 

अलावा, यह वत,मान शोध nेr के िलए सीमाएँ और भिव_ की िदशाएँ `दान करता ह।ै 
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Figure 1.2 A schematic diagram of global carbon budget for the period 2014 to 
2023 (Friedlingstein et al., 2024). All the carbon stock is obtained from Ciais et al. 
(2021). Upward and downward arrows represents the carbon source and sinks with 
number associates shows the total decadal carbon amount respectively. 
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Figure 1.3 Spatial distribution of in situ observations locations (ground-based 
network and on mobile platforms such as aircraft and ships). Here, ground-based 
site information taken from 
NOAA'sobspack_co2_1_GLOBALVIEWplus_v6.1product(https://gml.noaa.gov/
ccgg/obspack/), Keifu Maru (KEF) ship CO2 measurements locations from Japan 
Meteorological Agency (https://gaw.kishou.go.jp)  and aircraft air-borne CO2 
sampling locations from CONTRAIL aircraft 
(https://www.cger.nies.go.jp/contrail/) between Japan and Australia. 
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Figure 1.4 Time series of CO2 concentration (top panel; a) and growth rate (bottom 
panel; b) using in-situ observations (Mauna Loa, South Pole, and Global mean) and 
satellite observations (GOSAT, and OCO-2) till December 2022. The growth rate 
(ppm/yr) is calculated by taking time derivatives on the long-term trend (LTR) 
(d[LTR]/dt) of concentration time series following Thoning et al. (1989). 
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Figure 1.5 Spatial map of Transcom land and ocean regions boundary with each 
colors specifying different regions shown in the lagend box. This map is taken from 
https://gml.noaa.gov/ccgg/carbontracker/CT2022/documentation.php.  
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Figure 2.1 Spatial location of 50 background surface CO2 concentration 
measurement sites across globe used in the MIROC4-ACTM inversion. 

 
25 

Figure 2.2 Diagram show the relationship between model and observational space 34 
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corresponding ACTM simulations. The golden arrows on the right represent 
different tropospheric layers: the lower troposphere (LT, surface to 2 km), the 
middle troposphere (MT, 2 to 5 km), the upper troposphere (UT, 5 to 8 km), and 
total tropospheric column (surface to at least 8 km) for aircraft CO2 measurements, 
e.g., ATom and CONTRAIL campaigns. Note that the troposphere in the mid-high 
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Figure 2.4 Diagram shows the  model and dataset used  for each objectives. 
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Figure 3.1 Time series and seasonality of CO2 from observations and MIROC4-
ACTM model simulation for two priori simulation cases (gc3t, gvjf) and their 
inversions. Thin and thick error bar associated with aprior and apos simulation of 
CO2 seasonal cycle represents 1-sigma SDs from different years. Here, gc3t is the 
sum of GridFED+CASA+Taka fluxes and gvjf is the sum of 
GridFED+VISIT+GFED+JMA fluxes. 
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Figure 3.2 Spatial distributions of three dominant empirical orthogonal functions 
(EOFs) of land CO2 flux anomalies for gc3t (apos) simulation (left column). The 
variability captured by each mode is given in percentage at the panel header. Three-
monthly running averages of major climate indices (El Niño Southern Oscillation, 
Pacific Decadal Oscillation (PDO) and North Atlantic Oscillation (NAO)) and the 
dominant PCs are also shown along with correlation (right column). All values in 
this figure are unitless.  
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Figure 3.3 Lead-lag correlation between PC-1 of CO2 flux anomaly with East 
Pacific (EP), Central Pacific (CP) and Mixed type (MT) ENSO Indices. These 
indices are taken from http://www.bom.gov.au/research/projects/El-Nino-Indices/. 
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Figure 3.4 Three-month running averages of carbon flux anomalies over northern 
hemisphere tropical land (EQ-30N) and southern hemisphere tropical land (EQ-
30S) for the period 2000-2019. SD represents standard deviation of the time series 
and R represents correlation between carbon flux anomalies and MEI at 95% 
significance level. 
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Figure 3.5 Observation and model CO2 growth rate for posterior flux simulations 
at 10 background stations; top panel for five northern hemispheric and bottom 
panel for 5 southern hemispheric surface stations. Multivariate El Niño Southern 
Oscillation (ENSO) index has shown in the shaded background. Each panel shows 
the observation-inversion correlation coefficients at 95% significance.  
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Figure 3.6 Time Lag (in months) between CO2 growth rate and MEI at 
measurement sites extending south to north. Positive time lag represents MEI leads 
the CO2 growth rate. The green and black lines represent the time lag variation for 
gc3t (apos) simulation and observations. (a) The time lag of stations with positive 
lag correlation at individual sites (sites with less than 6 months of data gap in the 
period 2000-2019 are considered in the analysis). (b) Mean/Median time lag over 
every 10° latitude bin. The error bars represent the variability of time lag in each 
latitude bin. (c) Time Lag of the 10 background stations mentioned previously. The 
number in middle panel presents the total number of data points for each latitude 
bins of 30°. 
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Figure 3.7 MIROC4-ACTM model simulated seasonal cycle of zonally averaged 
carbon fluxes over land and ocean (northern and southern hemispheres) at different 
latitude bands for two a priori simulation cases (gc3t, gvjf) and their inversions.  
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Figure 3.8 Spatial lag correlation and time lag between El Niño Southern 
Oscillation and CO2 growth rate of gc3t (apos) simulations at two vertical pressure 
levels. Note the difference in range of the colorbar for model level 1 and level 9. 
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Chapter 4 
 
Figure 4.1 The validation of GOSAT dataset against TCCON sites with panel 
header showing the sites name. The “r” inside each panel showing correlation of 
XCO2 time series between GOSAT and TCCON retrieved datasets. 
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Figure 4.2 The validation of pre-processed OCO-2 dataset against TCCON sites 
with panel header showing the sites name. The “r” inside each panel showing 
correlation of XCO2 time series between pre-processed OCO-2 and TCCON 
retrieved datasets.  
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Figure 4.3 (a) Monthly XCO2 distribution from GOSAT and OCO-2 satellites 
between February 1 to February 28 of 2015. (b) spatial distribution of total number 
of XCO2 and (c) time series of monthly total number of XCO2 observations from 
OCO-2 and GOSAT satellites over India. 
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Figure 4.4 MIROC4-ACTM simulated prior (FG), posterior (InvFG) and observed 
ATom vertical (a) CO2 concentration (b) difference in CO2 averaged over every 
500 meters at every 5° latitudinal bins.  Full access to the gif file can be found here: 
https://zenodo.org/records/14504067.  
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Figure 4.5 Time series of MIROC4-ACTM simulated prior (FG), posterior 
(InvFG) and observed CO2 concentration at MLO (19.53° N, 155.57° W), and 
SYO (69.01° S, 35.59° W).  
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Figure 4.6. Difference in XCO2 between model and TCCON observations at 21 
TCCON sites. “μ” and “σ” represent the time series mean and 1σ-STDEVs of the 
XCO2difference. 
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Figure 4.7 (a) Spatial distribution of mean difference in XCO2 between model and 
OCO-2 during January 2015-December 2021. (b) Time versus latitude distribution 
of difference in XCO2 considering mean across global longitude. (c) Time versus 
latitude distribution of difference in surface CO2 between model and observations 
using 53 surface sites measuring CO2 concentration. (d) Area averaged time series 
of difference in CO2 (XCO2) concentration between model and surface (OCO-2) 
represented by black (red) colours. “r” value in the last panel represents correlation 
in CO2 difference between the area-weighted average time series of the model with 
OCO-2 and surface. 
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Figure 4.8 Spatial distribution of total number of OCO-2 XCO2 measurements 
during 2015 to 2021.  
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Figure 4.9 Model simulated land (black) and ocean (blue) CO2 flux during ATom-
1, ATom-2, ATom-3, and ATom-4 (last panel) campaigns over North America and 
neighbors, Pacific, Southern Ocean, and Atlantic. The bottom (top) x-axis in each 
panel represents land (ocean) CO2 flux.  
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Figure 4.10 Time versus latitude distribution of difference in CO2 between model 
and OCO-2 considering mean across global longitude for land (panel-a), ocean 
(panel-b), and globe (land + ocean) (panel-c). 
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Figure 4.11 Location of individual surface CO2 measurements sites around the 
globe during OCO-2 measurement period having at least 90% data coverage during 
2015 to 2021. 
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Figure 4.12 Specific sites aircraft CO2 measurements sampling information. (a) 
Number of data points in each altitude bins of 1000 meters. (b) Spatial distribution 
of CO2 sampling location of aircrafts with sampling altitude.Full access to the gif 
file can be found here: https://zenodo.org/records/14504067. 
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Figure 4.13 Campaign aircraft CO2 measurements sampling information. (a) 
Number of data points in each altitude bins of 1000 meters. (b) Number of data 
points in each latitude bin of 30°. (c) Spatial distribution of CO2 sampling location 
of aircrafts with sampling altitude. Full access to the gif file can be found here: 
https://zenodo.org/records/14504067. 

 
 

77 

Figure 4.14 Mean difference in CO2 between model and observations at different 
tropospheric altitude range of LT, MT, UT, tropospheric column and XCO2 (see 
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legends) with respect to sites(latitude) (a) and aircraft campaigns (b). Aircrafts 
names, as x-tick labels, are organized based on measurement location by latitude, 
from north to south. The second x-axis represents number of data points for specific 
aircraft observations. Mean model–observation differences and 1-σ standard 
deviation (STDEV) are as the numbers inside the panels. 
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Figure 4.15 Spatial distribution of total number of CO2 observations from ATom 
campaigns (top panel) and OCO-2 during ATom campaign (bottom panel).  
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Figure 4.16 (a) TCCON sites across the globe during the ATom measurement 
period. (b) The difference in XCO2 between ACTM and TCCON at different 
latitudes across the globe. Here, y-ticks are representing TCCON station names 
arranged in southern to northern latitude stations.  
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Figure 4.17 (a) Aircraft tracks during ATom campaigns (ATom-1, ATom-2, ATom-
3 and ATom-4) over North America and neighbours (magenta), Pacific (yellow), 
Southern Ocean (red), and Atlantic (green). (b) Spatial distribution of difference in 
XCO2 between model and OCO-2 over ATom tracks. (c), (d), (e), and (f) show 
differences in CO2 of the model with observations over different layers using ATom 
CO2 and OCO-2 XCO2 over North America and neighbours, Southern Ocean, 
Pacific, and Atlantic segments respectively. The first and second number inside 
panels represents the mean and variability (1-σ STDEV) in CO2 difference across 
latitude or longitude.  

 
 
 
 

81 

Figure 4.18 a-d Vertical distribution of difference in CO2 between model and 
observations for each ATom campaigns, ATom-1, ATom-2, ATom-3, and ATom-4 
respectively across latitude taking mean every 2.5 degree latitude bin and 500 
meter vertical height bin.  

 
 

84 

Figure 4.19 (a) Aircraft vertical CO2 profile campaign sites, SAN, ALF, RBA, and 
TEF (aircraft symbol) in Amazon with black arrows shows climatological mean 
wind direction from ERA-5 reanalysis dataset of monthly 10-meter height zonal 
and meridional wind component during 2015-2018 and different land cover over 
Amazon using MODIS MCD12C1 data product. (b) Time series of land carbon 
flux anomalies at the campaign sites. (c), (d), (e) and (f) represent a monthly time 
series of differences in CO2 between model and observations in LT, MT, and 
tropospheric column, and XCO2 during OCO-2 measurement periods for SAN, 
ALF, RBA and TEF, respectively. The numbers inside the middle and bottom 
panels represent the mean and variability (1-σ STDEV) of CO2 difference across 
time period.  
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Figure 4.20 (a) CONTRAIL aircraft sampling locations with colours represent 
sampling altitude in km over Asia with surface elevation (km). It shows four 
defined regions with airports, each associated with specific airports, covering 
various vertical zones of CO2 profiles. Far East Asia consisting of two airports, 
HND, NRT merged to prepare TYO, Southeast China with one airport HKG, 
northern Southeast Asia with one airport BKK, and equatorial Southeast Asia 
encompassing one airport SIN. (b) Spatial distribution of mean difference in XCO2 
between model and OCO-2.  (c), (d) (e), and (f) are time series of monthly 
differences in CO2 between model and observations at LT, MT, UT, tropospheric 
column and XCO2 utilising aircraft measurement and OCO-2 over TYO, HKG, 
BKK, and SIN respectively. The first and second numbers inside middle and 
bottom panels represent the mean and 1-σ standard deviation (STDEV) of 
difference in CO2 across the time period.  
 
 

 
 
 
 
 
 

89 



                                                        
xix 

 
 
 
 

Chapter 5 
 
Figure 5.1 (a) Schematic representation of the South Asia surface elevation (meter) 
(b) Forest cover and cropland map from MODIS MCD12C1 product, on the basis 
of the type 1 majority land cover denoted with different colors presented in 
colorbar. (c) Annual mean total rainfall (mm), and (d) Mean annual gross primary 
productivity or GPP (gC m–2 yr–1) from FluxSAT for the period 2010-2021 over 
South Asia. 
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Figure 5.2 (a) Spatial map of total MODIS burned area (delineated with red 
colored pixels) overlayed on MODIS forest and cropland map delineating regions 
(RG-1, RG-2 and RG-3) with high burned areas on forest, and (b) Mean of 
MOPITT XCO (ppb) during February, March, and April of 2021. (c) Time series 
of February, March, and April months total fire carbon emissions (left-y axis) from 
bottom-up models (GFAS; blue and QFED2; yellow) and top-down model 
(NASA’s CMS-Flux; red) as well as the number of MODIS fire counts (black; 
right-y axis) for the period of 2010 to 2021 from South Asia (d) Time series of 
CMS-Flux derived total fire carbon emissions for February, March, and April 
months from RG-1(red), RG-2 (black), and RG-3 (blue). 
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Figure 5.3 a-f, (top panel) Mean MOPITT XCO for February, March and April for 
2010 to 2021. (bottom panel) Mean MOPITT XCO difference between February, 
March, April 2021 and February, March, April 2010-2020 across South Asia 
respectively. 
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Figure 5.4 (a), (c), and (e) are time series of February, March, and April months 
mean of normalized anomalies of Snow Cover (blue), Rain (orange), Soil Moisture 
(green), Total Water Storage anomaly (magenta) and GPP (black) over RG-1, RG-
2, and RG-3 respectively for 2010 to 2021. (b), (d), and (f) scatter distribution 
between soil moisture and GPP values considering February-March-April means 
of normalized anomalies with colors on markers (circular and star markers are for 
2010 to 2020 and 2021 respectively) represents the corresponding total CMS fire 
carbon emission. 
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Figure 5.5 Time series of normalized anomalies of soil temperature and rain mean 
for FMA in RG-1. 
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Figure 5.6 Total number of lightening flash count over forest grids in RG-2 during 
FMA for 2010 to 2021 period. Lightening science data from Tropical Rainfall 
Measuring Mission (TRMM) (2010-2014) and International Space Station (ISS) 
(2017-2021) is used here. 
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Figure 5.7 (a), (b), and (c) bar diagram shows time series of total carbon flux 
(TgC/season) of anthropogenic ODIAC fossil fuel emission (grey), CMS-Flux 
NBE (light blue) and CMS-Flux fire emission (red) for RG-1, RG-2, and RG-3, 
respectively for 2010 to 2021 
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Figure 5.8 a-f, (left panel) Maps of burned areas over forest (red) and cropland 
(blue) during February-March-April of 2021 overlayed on forest and cropland land 
cover map defined in Figure 5.1b and time series (right panel) of CMS-Flux fire 
emission (TgC/season) (bars, left-y axis) and burned area (km2) (line, right-y axis; 
limits for forest and cropland is different) for forest and cropland over RG-1, RG-
2 and RG-3 for 2010 to 2021 respectively.  
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Figure 5.9 Forest and cropland burned area (km2) and corresponding fire emission 
(TgC/season) for RG-1(top panel), RG-2(middle panel), and RG-3(bottom panel) 
respectively. 
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Figure 5.10 MODIS burned areas for FMA during 2012, 2013 and 2014 in RG-3 112 
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