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Abstract

Food production in India (having one-sixth of the world population) is already affected by
changing climate and is expected to accelerate in the future due to an increase in temperature, change
in rainfall pattern, and increased frequency and intensity of extreme events. India is highly vulnerable
to the impacts of climate change because of high population density, large agricultural workforce and
limited adaptive capacity. Furthermore, increasing population (from current levels of ~1.3 to ~1.65
billion by 2060) and consumption growth coupled with climate change will increase food security risk.
With these underlying uncertainties and challenges, it becomes imperative to assess the impact of global
warming-related climate change on food production. However, most of the studies assessing the climate
change impacts on agriculture are site-specific, use few coarse-resolution GCM data, and ignore farm
management variability. Studies utilising GCM data lack in capturing the uncertainty in future
projections because considered GCMs are significantly less in number. None of the studies in India
have explored the potential strategies (e.g., geoengineering) to combat climate change in fragile
ecosystems (e.g., Himalayas).

The research in this thesis focuses on understanding the impact of climate change on major
crops of the two most vulnerable regions, the Himalayas (fragile ecosystem, rapid warming, and
marginal adaptive capacity) and Indo-Gangetic plains (high population, already stressed natural
resources and marginal adaptive capacity) of India. To begin with, we first evaluated four statistical
downscaling techniques (QM, KNN,, KNN and SVM-KNN) to be used in agriculture impact
assessment. Coarse-resolution GCM data are not suitable to be directly used for agriculture-related
impact assessment studies, especially for developing regions having diverse crop management
practices. QM and KNN, use rainfall to downscale rainfall. In contrast, KNN and SVM-KNN use large
scale atmospheric variables (e.g., air temperature, specific humidity, wind speed, geopotential height at
various pressure levels) to downscale rainfall. We evaluated the performance of the downscaling
methods, their ability to capture annual rainfall amount, spatial pattern, seasonal and daily variability,
extreme rainfall amount and some agriculture-specific metrics. We found that, overall, all the
techniques perform (using correlation coefficient, root mean square error and mean absolute error)
satisfactorily. SVM-KNN and KNN fail to capture the seasonal and daily variability and extremes of
the monsoon (JJAS) rainfall, whereas QM outperforms all the other techniques for the same. Wet day
fraction, wet spell length, average wet spell rainfall and dry spell length were used to evaluate the
usefulness of these techniques in agriculture applications. QM performs best for the agriculture-specific
metrics, and SVM-KNN and KNN significantly overestimate. Based on our analysis, we chose QM to

downscale the GCM outputs and use it for further analysis in the subsequent chapters.

Next, the impact of global warming on land suitability of deciduous fruit over Himachal

Pradesh was assessed using Hadley Global Environment Model 2 - Earth System (HadGEM2-ES) and



Max Planck Institute Earth System Model (MPI-ESM) under RCP4.5 from CMIP5. A corresponding
stratospheric geoengineering scenario (G3 from GeoMIP5), proposed to combat the harmful effects of
global warming, was also assessed for the same models. We used the period 2055-2069 (with the
highest geoengineering forcing [switched-on]) and the period 2075-2089 (beginning five years into the
termination phase [switched-off]) for analysis. We found that stratospheric geoengineering would
suppress the increase in temperature under RCP4.5 scenario to some extent during both switched-on
and switched-off periods. However, if the geoengineering were terminated, the rate of temperature
increase would be higher than RCP4.5. The agroclimatically suitable area is projected to shift north-
eastwards (to higher elevations) under RCP4.5 as well as G3 during both periods. However,
geoengineering would restrict the shift during the switched-on period, and areas of Shimla and Mandi
districts (most suitable under the current climate) would not be lost due to global warming. Even during
the switched-off period, before the climate returned to RCP4.5 levels, the above areas would, although
to a lesser extent, have reduced harmful climate effects from global warming. However, the area of
suitable land (the intersection of suitable soil and agroclimatic suitability) would decrease in both
periods for RCP4.5 and G3, because the high-elevation regions that become agroclimatically suitable
are mostly rocky (unfit for cultivation). Geoengineering could benefit deciduous fruit production by
reducing the intensity of global warming. However, if geoengineering were terminated abruptly, the
rate of temperature change would be quite high, leading to a rapid change in land suitability and might
result in total crop failure in a shorter period than RCP4.5.

In the next part of the thesis, the impact of climate change on Kharif season rice using more
than a thousand crop-climate scenarios in Uttar Pradesh was carried out. Uttar Pradesh is divided into
nine agroecological zones (AEZs) based on climate and soil. The study area of Uttar Pradesh has a total
of 342 grids of 25 km x25 km grid-spacing, and each AEZ contains a given number of grids. A total of
1152 (16 x 4 x 2 x 3 x 3) experiments were designed using a combination of planting dates (3), rice
cultivars (4), GCMs (16), irrigation conditions (2), and CO; concentration (3; historical, Shared Socio-
economic Pathway 245 [SSP245] and SSP585) for a total of 342 grids. A gridded framework was
designed to run the site-specific CERES-Rice model in a gridded environment. The simulations were
carried out by forcing CERES-Rice with bias-adjusted and downscaled CMIP6 GCMs for historical,
SSP245 and SSP585. In addition, the CO- fertilization effect is quantified by performing sensitivity
experiments that include forcing CERES-Rice with a constant CO, value representative of 2005
(average of 1995-2014) and climates from SSP245 and SSP585 for all the three future periods for one
planting scenario. The CERES-Rice simulations were performed for the historical (1995-2014) and
three future periods (2030s [2026-2035], 2050s [2046-2055], and 2090s [2090-2099]) for the two SSPs.
Phenology (anthesis and maturity), irrigation amount, crop evapotranspiration (ET), crop transpiration
(EP), soil evaporation (ES), yield and water use efficiency (WUE) were evaluated and assessed for all
AEZs.
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Next, we evaluated CERES-Rice outputs for historical runs (1995-2014), forced with bias-
adjusted and downscaled GCM climate with IMD-forced simulations. The output variables were
averaged for early, mid, and late planting (25 June, 5 July, and 15 July), four cultivars, and aggregated
for each AEZ for irrigated and rainfed rice. We found that the CERES-Rice simulations are dependent
on input climate variables. Bias-adjusted and downscaled data produce match well with IMD data, yet
residual biases in the frequency, intensity, and distribution of rainfall affect the related crop model
outputs. Irrigation requirement and soil moisture (that affects ES, EP, ET, irrigation, yield and WUE)
heavily depend on rainfall, hence their performance is affected. The uncertainties are higher in rainfed
rice because it solely depends upon rainfall for crop water requirement, unlike irrigated rice, which is
not limited by water availability. The model performance was found to vary with planting dates and
AEZs.

Next, the impact of climate change under SSP245 and SSP585 was assessed for irrigated and
rainfed rice for all the planting seasons. Results based on the multi-model mean (MMM) of 16 GCMs
project increased rainfed rice yield in AEZs of western Uttar Pradesh due to increased rainfall, however,
in eastern Uttar Pradesh, yield decreases under both SSPs. Irrigated rice yield decreases in all AEZs
under both SSPs due to increase in temperature and decrease in the length of growing period, and by
2090s the reduction is up to 20%. For irrigated rice, lowest decrease in yield is in early planting, and
for rainfed rice, highest increase in yield is in early planting. Irrigation decreases monotonically from
early to the end of the century due to increased rainfall and a decrease in crop ET. The reduction in crop
ET is associated with reduced vapour deficit (due to increased rain) and elevated CO; (reduced stomata
opening). Water use efficiency (WUE) increases for both irrigated and rainfed rice from 2030s to 2050s
and decreases by 2090s. The elevated CO; concentration increases rice yield for both rainfed and
irrigated conditions. However, the combination of increased rainfall and CO; levels seems to be more
beneficial for rainfed rice than irrigated rice. The CO- fertilization effect in rainfed rice is not spatially
uniform as that in irrigated rice. The highest increase in rainfed rice yield due to elevated CO; is
projected over semi-arid and dry sub-humid AEZs of Uttar Pradesh. Overall, our analysis finds that
rainfed rice yield is projected to increase in western Uttar Pradesh, whereas decrease in eastern Uttar
Pradesh under climate change. Irrigated rice yield is projected to decrease in all the AEZs of the state

under climate change.
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a

R (G & T 1 Sor ) # @Weg 3cues g § & Jeddr starg & yenfad
¢ 3R oifasy & AuAE A gefe, asT Yead A Seerd R HfAfAvH Serarg gea3t fr mgfy ik
frorar 7 FEf & FROT 3EA IR ST I T FEAE §1 3T FAEEAT eled, H 9 R 3R
WA 37eTehell &THCT & HRUT HRA STeary IRade & Fmar & 9id Hcafteh ddeeelier &1 sas
3T, Gl STAEEAT (2060 dF ~1.3 ¥ T ~1.65 ferde) 3R Seary aRads & @y @ud
9ef @ @y FRem @A 3R §¢ S| g Jdfafed JfARaddnst IR gAlfadt & @, e
3cUles WX Tl anfder § Heftd Siefarg gRacde & U8 7 3Hehelel el Hioard g1 Sirar gl
glelifeh, ¥ T STefarg R & TGl T MTehelel oA dTel TR eI Arge-lafise ¢, o
A RSlege=l  drel GCM SeT &1 3UGNT #d &, 3R PV yeereT gRaci=TefNeldr &I 3Tedr Hid ¢8|
GCM STT T 39T Xt aTel 3eagell 3 9fasT & 3rqamt 7 JfARaaar s gwsa 7 HAr g §
Fifr g fFT T GCM T&AT H Fhr & gid &1 3l d oy off 3egyds & oRa &
sfasacaler aRfEAfas a7 (S, ATed) # Sfoag aRads @ fves & fow wenfaa woehfoat
(oA, SasehfaaRer) & gar sg oemr gl

Ig AT 9Ra & o 3ifa Toeader &, RareT (Tagereher aRfeafadr ax, asir @ 7
g1t 3R AT 3ol &7 3R ARG-TT & FAQE (3T SAET, TFHfad FEE W ¥ 8
gaTd) & YHE BHell W Serdrg IRacde & JHTT Hl FASA W Hiod ¢ TOH Tgel, 57 HIY gaTa
HAodihed H 39U HT S arell IR ReReFeawel sEaAEhlelar dhsilent (QM, KNN,, KNN 3R SVM-
KNN) & Hoaishat fhar| & Rlegee arel GCM 3T $T¥ @ Hefd TaHa Hedish HeFT=T & fow
W 39T A & AU 3uged a8 € RV &9 @ Ry wwa geusd garst arer e vt
F Tl QM 31k KNN, a9T T 39I06T e auT &) SI3a8hd ald &1 38& audid, KNN 3R SVM-
KNN &3 3= & argasend aRused (S8, a1 & dvaTe, fafise 3near, gar @1 arfd, fafdes qama
TR W H-HATAT Fa1S) &1 3UART e aW H SB3eihel ¢l A S3eieahioidr fafet &
vede, arften awi AR, Turfash deol, Al 3R s aRad=eierr, sfafavs aw afr 3k Fo
Fiv-fafirse AfgFd o gl I 3R &THA 1 Hediched AT A AT T, Hor AT, Talr
deheileh TdiVolelsh &l & Y&l Hdl & (correlation coefficient, root mean square error and mean
absolute error T 3UIT &) SVM-KNN 3R KNN #Htgar 31t & aRadesiierar ik AT
(JJAS) asT fr =T AT Y s & QA B &, Safh QM 38 & T 377 g3 doeiiel & 98
vede AT B P el # o4 dehelienl h IYAFANAT T Hedidhed Fal & AT dT 3 heere,
dC T oY, W dC T Wi AR ZE T AT @ S 3ueT fhar 14 41l QM FHi-faRrse
ARFH & fIT T 3reaT Tede Far §, 3R KNN 3R SVM-KNN & 31fee 3gare ofend 81 gan
faelyoT & MR W, gH GCM 3M3eYC T S3eitehel kol & fAT QM & T 3R a1g & 3rearar
H 3T & feever & foT ser seaaTe R

g8 e, fgATaer aer W gutareh ol T A HT IUFFAAT U Tellder arfHer & g
3fTehelel gSell Telldel TAAIIGTHE Hisel 2 - 7Y f¥eA (HadGEM2-ES) 31 Aew ol s&édlege Y
Rfeee AlBA (MPI-ESM) & dgd RCP4.5 (AfAYY) & fohar /| Jolladl arfder & gifelsRer THTET &
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fAuest & fov graifad ®eaehRe SassifaaRe (GeoMIPS & G3) &1 s 3=gi #Algall & faT
Heaishs T T ATl gFa feawor & fAT 2055-2069 (3Taad SRS aNeT Biffer [Faa-3it]
& @1Y) 3R 2075-2089 & Iafer (e TRoT [Faw-3iTth] & BT & Ui Hiel) HT YA |
gHa ur % wAehie fragehfaaier fae-sita 3 Raw-3ite Q& saftel & e 3o &<
d RCP4.5UREeT & T dlvAle H Jefer &l gar <aft| grellfsh, I fSragshiaaer & gaed Y
feam aram, A draATeT gefer fr ex RCP4A.5 & 3O glel| $Y STerary & €fSe § IugFd &t & gt
3aftdl & NI RCP4.5 % HIY-HIY G3 & dgd 3tR-Jd # 3N (33T Fa18 W) TAART gle
AT g1 Freliteh, foragehfaaier a3t saftr & dher Rive it gfasfa s <ol 3k Rser
3R A el & &F (IAA STelarg & dd Y 3UGe) Tolldel aATHIT & HROT A5 T gial|
TEqe-3iT 3/af® & R1eT 8, STy & RCPA.5 % TR W e & Ugel, SWIed &1 o, glelifeh To
G o, Tolaol AfHT @ BIiAhReh STordrg GeTal 1 HA fhar gram| greiife, 3ugera fH &1 &
(3uged A 3R FN STorarg 3ugercar &1 Ficedes) RCPA.5 3R G3 alel aftrat # ge e,
FLifeh 3T FuTg arel &1 S HI¥ & T 3uFd g1 o1 &, 3 SR Feerki (Wl & AT 3egugsa)
@ 1 Teilael afdar &1 digdr # FH b HANGSHAARIT qOIITel Gell & Scdreat HI A g
Hohdl &1 gTdlife, 3R fSaEsh@aRer & maas garca & Rar =3, af davds 9Rade & &1
T 3feh g19N, forad offd T IUgFddT A ASl F Sgerd 3T ARk IRUTHATIET RCP4A.5 Y
JoreTr F & 37af 7 For HEA T g FEA B

RNAF & 31eTel #1T H, IR TG H Toh §olR & TS BHel-STearg IRELAT T ITANT Hleh
Gl Al & Trad W Searg aRadd & JHE S HEITA fHAr 1| IW 98T B STeary iR
A & MR W = TI-shidioed dAed (AEZ) F enfaa fFar am &1 3R weer & g
& & 25 fralr x25 forelr faIs-eafdar & e 342 15 €, 3R 93+ vsos & g s &1 Fo 1152
(16 x 4 x 2 x 3 x 3) AT, FeaR9or fAfd=AT (3), Traer & [FEAT (4), GEM(16), Bars fr Bafa (2), 31k
CO2 Eee (3 ; REeIReper, AUS WITAIN-GehallAeh Tryd 245[SSP245] AR SSP585), Fel 38R faIs &
T &T av § | @15 are ardrater # Ige-AfAse CERES-Rice ATS I Il & faT Tt s
hHAdH IR fhar I3 g1 feeeiRever, SSP245 3R SSP585 & oIt S1d-37891E¢s 31X 3130%hes CMIP6
GCM & &Y CERES-Rice # goqc oah Al T 91T §| S8 3HeTaT, CO, BiEATsaRe shae Hi
Hagrfierdr Tl earT TR forar s/ § f3a# 2005 (1995-2014 & 3 ad) & CO, HACAT HN
T U901 IR & AT, oAy Stefarg (SSP245 3R SSP585) # @eft e T 3@t & favw & @y
CERES-Rice f&#elec e QMi#el &1 CERES-Rice feleret BEeiRehel (1995-2014) 3R & SSP & it
sfasy & 3afr (2030 [2026-2035], 2050 [2046-2055], 3K 2090 [2090-2099]) & T f&u v gl
il AEZ & TaT Shetalsll (CRFAT 3R A<gRE), [farg Tf ), vae arsdiaor (ET), $He arsdicsied
(EP), TSy arsdiaoT (ES), 39T 31 SToT 3UANeT g&Tdr (WUE) &7 3TTehelel fohdT 31T &l

gH% d1G, A IR @ (1995-2014) % AT, IMD giqe arl fAeer & @y qatarg-
ARSI 3R ST3eEhes GCM STelary $+19e daTel f@aeler arel CERES-Rice & 3T3¢YC &I 3HTehelal
foram| [ 3R auf-3memRa 3m3eqe aRuaew @ Y3, #EF 3R T & JegrRIvoT (25 S, 5
Fors 3R 15 Jas), R AR freAt @1 ¥ AEZ & fAT 3iaa e e arm % CERES-Rice
A gei9e STefary daRTaed W AR §| arH-315eees AR s13eehes 3eT 3culeal IMD 82T &




Y 3B e ¥ A @d g, Y o awt &r smgfa, faar ik Rawor 7 safine @ d@&fd
e Hisel A3cYe H YNfad ad ¢l =S &1 aegehar AR A & 7 (S ES, EP, ET,
TS, 3uer 3R WUE & 9e7ifad el &) sgd Af8s asf @ @R el &, safeT 3a9er gesie
gHTfad giar g1 aw-3maiRa arae # fafRadare 3 g § it I8 Rifad aad ar q9relr @
3T & WAT g1 & & AT QO e & Bhel T Uil HiT Il & fow aof w AR
FAT &1 IR AT JR@r 3R AEZ & A1y Alsel T Y& 3eldT-37ereT Irar Irm|

sg% 9, g yarger HgAr & v @RT 3R awt-3manRa @aa F e ssp24s 3R
SSP585 & dgd STelary IR & YHIT T JHTehell fhaT IIATI 16 GCM & Sg-Hisel AET (MMM)
& IR W IRomA gl IO gew & AEZH anT 3mRa arad H deaR #F gEf @ gaidor
A §, gTelifen, gt 3R waer #, @t SSP & dgd 39Sl Heat HT AT R &1 argHe # g AR
A HATT I oS H FAT & FROT el SSP & dgd Tt AEZH AT arae & 39 gT S §
3R 2090 d&F FHHT 20% d gl T T80T g | AT arad & T, 39a7 # 98 FA FAT STeql Aq0T
# g g, AN awi-3muRa T & AT, 39er 7 wew 3f¥E gef Stedr Auur A gl g1 awr &
geft 3R ®ET & ETH Fll & HROT G & 37 o [FAS Thid &9 & HA g Sl &1 wHA &
ETH &, arex sfhffie & el (STRer sige & RO 3R §¢ §T CO, (T & Feiel # Foll) & [T
g1 2030 % 2050 & AT 3R auT-3menRa arger et & foIT Stof 39T gaTdar (WUE) §6 et 3R
2090 d% ©T el T J&IquT §| CO, F 3=d Aigar aur-3namid 3R RBfa = Rufaat & g
T 3UST A Ferc &1 grelifes, 98 g5 a9 3R CO, & TR F HAolT RIS araer B Jerew 7 awi-
menRa @rger & fov 3fRE wrRIgHE Tdid giar g1 aw-3maia amad # COo, fvae g Rfad
ael HT R T T @ Toh AW A &1 3R TSU F HT-Ysh 3R Yo 39-37¢ AEZH ¢
U CO, & HRUT Iu-3MeTRT drael T 3957 A T 3O Jaf F A gl Fol AHY, g
faeelSoT & gar Telar & o afRes 3T weer & awi ImRd wrael #T YR "ol @ A g,
Safeh qdl 3T 9 H STy gRacle & dgd He S &1 Forarg IRAAA & ded ToT & gl
AEZ & AT drger T YeraR gead 1 AT g
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