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Abstract

Over the last decade, the global greenhouse gas emissions have reached record highs.
Unless immediate and substantial measures are taken to reduce emissions, there is a
significant threat to water, food, and energy security. The increase in temperature, uncertain
precipitation patterns, and increased frequency of extreme events pose a great threat to water
availability and food productivity. The projected increase in global population (~9.7 billion
by 2050) exacerbates food security risks. The 2015 Paris Agreement proposed an ambitious
target of limiting the rise in global mean surface temperature to well below 2°C, and
preferably to 1.5°C, compared to the pre-industrial era. To support this, the participating
nations need to understand the regional implications of climate change, recognizing that
responses vary based on regional climatic, ecological, and social characteristics. Particularly
vulnerable are the developing regions like India and Africa, due to high population, high
dependency on climate-sensitive sectors, and low adaptive capacity. Beside the inter country
variation, within country response to climate change is also heterogeneous. For instance, the
vulnerablility to climate change-induced losses is higher for Central India as compared to

other Indian regions.

The Mahanadi basin of Chhattisgarh is a major rice belt in Central India and a global
rice exporter. However, the region faces susceptibility to climate change due to its heavy
reliance (80% of the population) on rainfed agriculture and lack of irrigation infrastructure.
Understanding the regional impacts of climate change is crucial for ensuring food security in
economically and socially significant areas. Therefore, to ensure food security in such a
socio-economically relevant region, it is imperative to understand the regional impacts of

climate change on water availability, food productivity, and associated economic losses.

The majority of impact studies available in the literature utilized process-based
simulations, feeding General Circulation Model (GCM) climate variables into process-based
models. However, the approach is associated with several challenges and is highly uncertain.
This is because most of the studies are based on limited and low-resolution regional
information, earlier Coupled Model Inter-comparison Project Phase (CMIP) versions, and
inappropriate selection of GCMs that fail to represent the physical processes and lead to large
uncertainties. Additionally, the standard uncertainty reducing approaches, such as bias
adjustment and historically constrained inputs, are based on the assumption of stationarity,

which may not hold true for non-stationary climatic conditions, especially for highly climate
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sensitive CMIP6 models. Under invalid assumption of stationarity, the existing uncertainty-
reducing approaches may lead to implausible hydrological projections. Recent studies have
suggested that specific global warming-based assessments (e.g., 1.5°C) may help in reducing
the regional projection uncertainties. However, the regional response to specific global
warming levels is unknown and is expected to vary across different climate models and
regions. To the best of our knowledge none of the previous studies have focused on a
comprehensive assessment of the regional response of critical agricultural systems at a

specific global warming level.

The research in this thesis focuses on 1) understanding the challenges and associated
uncertainties with such regional impact studies, and 2) providing a comprehensive
understanding of the regional-scale climate-hydrology-agriculture-economic response to
specific global warming level (1.5°C) over the Mahanadi Basin of Chhattisgarh. To begin
with, firstly, the input climate variables from 29 CMIP6 models were evaluated for their
ability to represent regional monsoon characteristics and extreme climate indices, which are
critical for rice productivity. The aim was to discard the highly biased models that may
hamper the reliability of regional projections. Later, the process-based SWAT model was set
up using multisource and multi-scale datasets and was evaluated for historical simulations by
calibrating and validating the model against discharge and rice yield observations. It was
found that eight out of 29 CMIP6 models showed extremely high biases (> 80%) in seasonal
total precipitation, mean minimum, and mean maxium temperature. Accordingly, these eight
CMIP6 models were discarded at this stage. The SWAT model calibration and validation
results were found to be satisfactory (NSE > 0.7) for surface runoff and rice yield
simulations. Based on the findings of this analysis, the 21 CMIP6 models and the calibrated
and validated SWAT model were used for further analysis in the subsequent chapters.

Next, the sub-slected 21 models and calibrated and validated SWAT model were used
to understand the uncertainty associated with regional hydrological projections. Firstly, the
propagation of climate biases while translating from global-scale climate variables to regional
hydrological simulations was evaluated. Later, the stationarity of these climate biases and the
feasibility of commonly adopted uncertainty-reducing approaches were tested across the
modeling chain — Climate Models (CM), Pre-Processing Approach (PP), and Climate Change
Scenario (CCS). Additionally, the impact of high equilibrium climate sensitivity in some of
the CMIP6 models on hydrological projections was also estimated. The results suggest that

the climate biases increase/dampen while translating from global climate variables to regional
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hydrological simulations. Notably, results highlight that the climate biases are not stationary
and vary depending on the choice of modeling components. It was found that under non-
stationary conditions, direct sub-selection of CMIP6 models or utilization of multi-model
mean may not provide reliable hydrological projections. Additionally, the commonly adopted
uncertainty-reducing approaches were found to be inefficient for mid-term and long-term
projections, especially under extreme scenarios. Therefore, the specific global warming levels
(e.g., 1.5°C) based impact assessments, which are expected to be independent of the choice of
above-mentioned modeling components, must be analyzed to provide reliable regional

projections.

Therefore, in the fourth chapter, the 1.5°C global warming level was estimated across
21 CMIP6 models and two emission scenarios — SSP2-4.5 and SSP5-8.5. Later, the regional
response of critical climate variables and hydrological components — seasonal total
precipitation, mean temperature and surface runoff to 1.5°C global warming level was
evaluated based on SWAT simulations. The implications of 1.5°C global warming level, on
crticial agricultural components such as green water (essential for rainfed agriculture) and
blue water (essential for irrigated agriculture) were also evaluated. Results highlight that even
at a 1.5°C global warming level, substantial uncertainties are associated with the regional
response to global warming. The critical components such as precipitation, surface runoff,
green water, and blue water are projected to decrease by 5-15%, 10-35%, 12-1%, and 40-
10%, respectively. Moreover, the projected decrease in blue water was greater than green
water, suggesting that the region needs to improve its rainfed rice productivity. However, due
to the projected decrease in green water, the demand for improving the irrigation efficiency of
the region will increase. Therefore, there is a need to manage both green and blue water under

global warming.

Next, the implications of 1.5°C global warming level on the regional rice yield were
estimated for SSP2-4.5 and SSP5-8.5 scenarios. The SWAT model-based rice yield
simulations for both rainfed and irrigated conditions were used in this study. This was done to
understand the implications of transforming rainfed to irrigation conditions on climate-
induced shocks. Later, the economic impacts of rice yield changes at 1.5°C global warming
level were estimated using Autoregressive Integrated Moving Average (ARIMA) model-
based rice price forecasts. Finally, the role of different climate variables, hydrological
variables, and associated short-term Flash Drought (FD; rapidly developing and highly

destructive) events on the projected rice yield changes was analyzed. It was found that under
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rainfed conditions, rice yield is projected to change by ~ -15% to -2% (SSP2-4.5 scenario)
and by ~ -15% to +2% (SSP5-8.5 scenarios). However, under irrigated conditions, rice yield
is projected to change by ~ 1% to 9% (SSP2-4.5 scenario) and by ~ -2% to 8% (SSP5-8.5
scenario). A similar pattern is also visible in the case of economic loss estimation. The
assessment of different climate variables suggests that for SSP2-4.5, water stresses, and
associated FD events, are the major limiting factors for rice yield, such that sufficient
irrigation may help in improving rice yield. However, for SSP5-8.5, a rise in night
temperature dominates rice yield, such that the positive impact of irrigation is slightly
compensated by the prevailing heat stress conditions. Overall, this study highlights 1) water
scarcity and rice productivity losses in the region at the 1.5°C global warming level, 2) the
narrow timeframe available for the region to develop the adaptive strategies, and 3) the
uncertainty associated with regional-scale impact studies. More importantly, this study
provides a framework to understand the intricate climate-hydrology-agriculture-economic

nexus in a 1.5°C warmer world.
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fse a2 #, 3y NRRT 1 IGoH Rels Hurs W uga M1 31 debiet 3R
T Ieqoi H Serdl & o, T, 1o 3R Froif JRefm iR Tk & 81 arqH H 9fg,
AT auf Ued 3R a7 ge1sf B dgdt MgRT Ul Bt JUASIAT 3R W IATGHl
¥ o U 987 a1 Ul Rl 8 | af¥yes SeRe § A1 i (2050 9 ~9.7 faferm)
T RET SR Y 91gT St 71 2015 P NG IHAS = gd-3neanfiies g &t gan o
Ay SiTd Tdg I H gfg &1 20 T 9 3R SIfHMA 1.5°C T HfHd A BT IS
TEaIdhiel A& TATad fharl ST IHY d3- o folg, YT oA a1dl <=1 &1 Sadryg
uRada & &g guTel & THg &1 SavaddT €, I8 Ugad gy fob ufafsang e
Saarg, gk SR g faRivarst & sMyR W i gt 81 S ST,
STarg-Hdeasiia asf oR srgt FRdr iR &1 Sl &l (I, 2020) P HRUT HR
3R SpidT o fapRRia X faw ®u 4 oRRféd €1 Soarg uRadd & ufd
FagT=iaar & SfaReRiTg e & Sarar, Sfaarg UiRddd & Ufd o1 & Hiax &1 ufafear
1ff foom B 1 I<TeR0T & fIE, YR T Hed HFT 317 &3 B1 o § Sfaarg IRad= 4 g9
T T & Ul i YagT=ia 3|

SAG HI AgHe! SR A8 YR & Us WE d19d dee 3R af¥d d1dd
fafas g1 g, auf smelRd H R 4Rt FRar e &1 80%) iR R &
TS o B HUl & HRUT 39 &F DI Sladg IRadT & Ui Fdg-=ierdl BT F]
AT USal g | 3w 3R IR U & Heayut & § W1y JRe&M YA & & fo
STdarg URad- & &g gHTal ST THSHT Hedyu o | 39T, T e iR wHoi®
U ¥ YRS &7 § W GR&T YAIHd B & 1T, Uil Bt Iucsudl, T IdTahdl
3R Tafid 3ffer JHa W STearg uRad= & &3 JuTal & JHeHT T g

e O Iucs SHUDBIR TUd e A Uiehar-sumid Riga=E &1 IudNT
fhaT, SFRA THaRH Hied (GCM) SIAaR] @R @1 Uihal-3MuTRd Aled | Wig |
g, U8 TSIV F8 Al ¥ e § SR orafier siffya 81 e saferg § i
SfferepTRr Siere Tt iR FHH-RelegRH arel &3 JHSRY, Ued & CMIP6 TN
3R GCM & Srferd T TR UTRd & S Hifass ufekanstt &1 ufafafia s & fawa
8§ 3IR ST SIS Pl o &d 81 59 SffaRed, e Sfad srer =Peiv,
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S gaig qHTeH SR Ui U ¥ F1ferd e, fRRAr 1 YR IR 3eild g, ot
R-RR sraary Rufaal & o I= 781 81 Iodl 8, TR e Saarg-Hde-T=id
CMIP6 ATed & forT| fRRAT &1 MR YRUM & dgd, HINGl HHIAd-add® eI
BT oIt faq Taeft SrAM! &1 o ¢ Tahd 8 | 8T & 37T 3 gaid fear g f
fafRry el arftfr-anerRa sree (IareRul & g, 1.500) &g e siAfaddrs &1
HHBI T FAGe B IPbd ol g, ARy reea arfifn Rl wR &=y ufafshar 3-a &
3R fafia Srerarg Ared SR & § fid 811 &1 SHIE ¢ | §ARI Jarayd BRI & AR
fUa fet off sromgs = Ay "aea o Wk W Ae@yul S younferdl &1 &=
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9 NI T Sruu™ 39 W Hisd § 1) T &5 guma sreagql o 9rd At
3R Fafda e o gHgmT 3R 2) (IR @ed aiffft &R (1.5°0) F forw et
TR ! STaarg-oid faH-e -3 ufdfear &t ge THe UM &1l SUe &
AEME! SR TR | YB3MTd I & 1Y, T U8, 29 CMIP6 HISd ¥ $TYC Sfaarg R &l
T &3 A faRivdrstt $iR @R SIadrg gadic! &l UfaFfda &R &I 3!
&l & o fopa T o1, S 919 SdTedhal & ol Agayul 8| 3P I53T AfIH
TefOTc AISdl ! TR T S &1 AT &1 idhdt H a1eT 81 Iohd &1 &8 H,
UfohaT-3MUTRT SWAT HIST &I Aec R 3R Hedl-3hd Seie &1 YA o |ITUd
foram T U1 SR et SR arad Pt Iust fewfral & Raars Aise &) dicrsie 3k A
b UfagRies RgasE o fog gedie- foar mar 411 ag arn 11 fas 29 cMipe Hisdl
T ¥ e 7 A od aul, 3id gAdH SR Sid Hf¥ead aaeH | Safies 3=
aig (> 80%) fa@mT| deJuR, 3 36 HuHsMEl6 AISdl @ 59 TR 0 [IRS &R
faar M| Tagl sruarg SR Tad & IuS RAARH & U SWAT Aisd 3i=ie 3R
A0 IR Fdge-d (NSE> 0.7) U 8| 39 fIza¥or & fshsf & SR | 21
CMIP6 HISd 3R Hiciscs 3R AT SWAT HIed &1 IUINT §1¢ & e § [ &
fa=eiyor & forw fosam |

9 d1G, A gIgsidioihd A I Se! JHAfYdar & g0 & g 3u-
TR 21 AlSd 3R Bfeiees 3R AT SWAT HiSd &1 SUANT a1 1| I Ugd,
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TRIR &1 He-idh o1 771 T | §Te H, 39 Jaarg Yaiig! i RRdl 3R SR IR 3T
S aTelt SIS Ef¥ehIu B gagRidT BT URien HisieT 4 - Siarg Hisd
(CM), W-URRIT =PH0r (Pp), 3R S@dg uRddd uikexd (cs) # foar manl 39&
3ifafed, gregiaioied U&UU HAETd W $& CMIP6 Hied H I Tda- SRy
Fae=NedT (ECS) & UHTa HT o SFAT ST T T | Acfio! ST § (o dfyd Sierar] o)
Q&5 widt fag Rrgele T & 3rdTe $3d IHY Siadrg Yaive sed/dH eid gl SeigH1d
Y Y, TR 39 §1d R UHI SIAd & o ofaarg adt gare RR 781 § SR Afsfe
UCch! DI UG & YR W T BId §1 I8 U 1T b IR-RR ukfufadt ¥, emipe
Tied BT el SU-I9- g1 Aeel-Alsd HIed (MMM) &1 SUANT Ay9-1a gigaioea
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BT 1.5°C TS dIHT TR WREAT UfAfohaT &1 Gedich fobar 77| URoMH 39 §1d IR
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15%, 10-35%, 12-1% 3R 40-10% ®! HH 8 B UM 81 3T 3falal, id urt &
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3P §1G, SSP2-4.5 3R SSP5-8.5 UREwA} & forg &g =mad wR1.5°C Tdied arfHf
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el WR Iy uRd Ryl &1 Riars # gaeq & Rfgdrd o wwgm & fore fear
7| 91 H, 1.5°C Tad T TR W A19d & IS J Sdrd & ATiew guTal &1 SIIHH
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2% (SSP2-4.5 URER) 3R ~ -15% H +2% (SSP5-8.5 URE) TP T HI A gl
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aa # o forgar B, fafia Siaarg =Rt & qeuieT ¥ Udl Il § [ Ssp2-4.5 tRExd &
fore, STa a9 SR WefAd FD e a1ad & 3usl & forg U@ Hifid dRS §, o %
yaie Rims arad & Iuo # YUR d3A H Hag HR gddl ol gralids, SSP5-8.5 & falg,
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1.5°C ST Tled AT Wk WR & & U &1 S SR 919d Sdrgdhdl & JeaH IR
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g T, SR 3) &g Tom @ St fRfdaar vHe siera. 39 o Ayl sra ag §
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