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Abstract
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The aforementioned RCM is found to i mprov

of temperature and precipitation over I ndia.
increase in both frequency and dluhetdroemasvhmemn
affected by this 1| n@Garegetei carpmpl amlegn gwhtelree Imt
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Precipitation intensity is greaterstiegitdres RC
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increase from near to far futurTehd si ncersesaesres
both climate ¢t bemewsrareeetdowhmen using the h
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of the century.
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change overThtelsies erapuddaisse t he | mpmrttiagmctde onf
strategies to |l essen the i mpact of <climate e

rather than | ater.
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Chapter 1

1. Blackground

Ther e ciosnfhiidgghnce t hat <c¢cli mate change has ca
freshwater, and coastal and open marine ecos
occurred globally in the | ast 40 ybeaar ss uarnfda cwe
temperatures will continue to rise. It is ex
the rise in global temperature as well as an

extremes (I PCC, 2022) .

South Asia is one of t he most vul nerabl e r
change (Sivakumar and Stefanski, 2010) with

in temperature extremes (I PCC, 262P2) t hel if ma

producti on, putting this region at risk of |
concerns in the future (Acharya et al. 2014
heavy rainfall, floodingriantdtdreughtds caag a1
destroy harvests (Gornall et al., 2010). Gen
2020, Mondal et al., 2022, Shahi et al ., 202
Dong et al. P&OR4l, diMe2®04)anave been shown t
with continued war ming. I ndi ads popul ation i
and an increase in heat wave sernelrategd hmer tha
overdila (Mazdiyasni et al ., 2017).

Agriculture in India relies on the I ndian
of the I ndian economy, which many people rel
2004) . Rice I1s one of the maineprnompms egrt @awrt hi
in rainfaldl (DeFries et al ., 2016). Changes
on the populati on, with too much or too || it

| andsl i des, drought s22andWedrsaperHedt mr e ¢ & @Bk
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been shown that gl obal monsoon | and precipit
monsoon being one of the primary causes (Zh
increase in extreme precipitatiadarmh awedranmaessatt

correlating to an increase in the intensity

1.2 Characctmme siCi meulodtAs sacaatded
Temper at @rrec iamidt at i on

1.2.1 Gernculadti on

The gener al circul(aRiigo.nslo.ifIng diret aanttmots@ het
surface climate may change in the future an
met eorol ogy, weat her and on the I|lives of th
Hadl ey was the firsdnstchenfteastturwed hofeatrheg avto
l ooking for an explanation for the trade win

produce a direct meridionakRO006d)l (Loreaechl1lbBér

The atmosphere receives heat by incoming
by outgoing |l ong wave (LW radiation. To rea
of thaAtmBasphere system as whol e muy,t lbwetstn ate

regionally (Holton 2004) (Salby 2012).

During winter the | ow |l atitudes experien
observed net radiati on. This means that the
radiation than the LW radiation theytiewa t .
cooling at this time, which is most noticeab
more LW radiation than the SW radiation they
by a poleward transfer of ihwemt W™Whiis hi praectleire

gener al circudAatmoesphef et bgsEamt hThe heat tr
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circulation between the equator and pol es,
tropics and cooling in the extratropics. Atm
heat releasing inside centreadiodt icvoenveadli iom
|l atitudes forces vertical motions across i se
motion called the Meridional Overturning Ci

|l atitudes. The heéasiogusaéestaesetboiwl batpodoluew

in both hemispheres. Bet weemnL atthiet undied Ced |h i gTh

transferred from the Hadley Cell i's slightly
Mi-datitude Cell . Cold air from the Pol ar Cel

Subpolar _ Polar high
low e -

Fi.g.-General circulation. Hadley Cells -are

|l atitude cells are between 30U awds6@t] yamnddpebath
easterly trade winds occur hnchhmekbwen phetbsnobéert
Convergence Zone (1 TCzZ). Air rises to form frequen

SourThe: At mosphere, 8th edition, Lutgens and Tar buc



Chaplt er

cold air meet forcing the warm air to rise o

precipitation (Holton 2004) (Salby 2012) (Pe

1.2.2 Kegcohation
South Asisa gmmadeaicvaens war ming towards the
hemi sphere summer approaches. This | eads toc

northern hemi sphere and cool er temperatures

pressunéesgbedween the north and south. Most

winds (fig. 1.2a), but during the monsoon se
to east in the | ower tropospheret (vagt dma@bn
water vapor over India causing the Indian su

of sout heast Asi a.

(a) winter (DJF) (b) summer (JJA)
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Precipitation and SST are shown over |l and and ocean

Sourhddg:ps:// www. rmet ssmomng-o6 men-gohibtpers/ i ndi an
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1.

2.3 Tempterameas e

Heat waves have caused many
rtality related to heat
Ve compared to other

the most affected where the
isha with an increase of 20%
cu I-mornshceonprseeason
untry (Pai et al ., 2013) .
nsoon (June, July and August,
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dates as well as the precipitation maxi ma u
2021) . The dryness induced in the future co

|l ndia during summer monsoon SsSeason.

1. Pr4&ci pkxttarteinoens
The I ndian summer monsoon (I SM) falls bet\
and provides about 80% of the total TAeneal r

are many factors that can affect( Mehdei nlaS M ts uac

2010) and soill moi sture (Asharaf et al ., 201
understand. It has been shown that increasin
in I SM precipitation, samdwsa aedeecrasang itrmel ¢
(Sinha et al ., 2010, Song et al ., 2009). Thi
winter precipitation over 1 ndia. Thi s means

Hi mal ayas hampacdsi ogmi preamnpi tation resul ts.
sensitivity to global warming when compared
meaning an increase in greenhouse gas (GHG)

t he ef.utviarr i ous studies have been conducted r ¢

over South Asia and India (Al mazroui et al .,
al ., 2021, Menon et al., 2013, i Bhaemmobadeétts &
been used to |l ook at future changes in preci
a gener al agreement that precipitation wil/
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1.3.1 Coupled Model | ntercomparison Pr

The Coupled Model Intercomparison Project
( GCMs) created by modelling groups around t
changes in past, present and future aliemat e.
received various i mprovements over the year
newest iteration of these model s.

The earliest form of climate model s where
consider climate system dynamics and only cc
Earthos surface. One of the earliemt Seawwnelp]|

1972, who predicted t gatwatrhnei nEga rbteht wieoeunl dl 9r6e9c
observed warming during,tpustpegi S8dwwassaest
to the actual vaicwen.c ehhitsg ag owima twearsf thie C&®c t u a
overesti m@aoinecenotfr a€COons is also seen in the

The FAR estimated aeclfiomatde udwmisgdc CiOvseC gyl 0d e -

which is used today (I PCC, 1992).

The I PCC Third Assessment Report [TAR (I P
Report [AR4 (I PCC, 2007)] made use of new so
included four different future emissimdch path
more sophisticated GCMs and were ways to | o
futures. CMI P5 models were used in the | PCC
with newer Representative Concentratwiidarh Pat

di fferent concentrations of greenhouse gases

CMI P5 and CMIP6 models have been used in

when | ooking at past and future cli mate. I n

10
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variables at a regional to | ocal scale accur
such as c¢clouds which occur on a smaller scal
to |l arger uncertainties between models (I PCC

CMI P6 models incorporate the newest form
Soci oeconomic Pat hways (SSPs) . There are f|
chall enges to both mitigatase sodnamhia@et aod .
sustainable future. Here t heeiwog | @nd sa mloao we If
and energy requirement. This scenari o shows
SSP2 is a middle road scenariamdwimih i madi wm.
progress towards a sustainable future is slo
rat e. SSP3casse tshcee nmaorrisot wi th high chall enges
scenari o sees climgteandhpmgerasias!|l eswcprioyi
materi al consumpti on. SSP4 represents | ow c
adaption. This scenario focuses on inequal.

rapi dly | eoafvitnhge tphoep urleastti on beHiured.l eISPUtue @
high chall enges to mitigation and | ow challe
a global scale and quality of | ife dgfeneelr:al |y

persists.

1.3.2 Regmeaaél!l | ing
Climate modelling is an important tool fo
climate and climate change. However, there a

resolution. This means they faR2013p lcapdiumeg

|l ess accurate representation of t he Earthos

11
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resolution simulations over a smaller regior

and statistical downscaling.

1. 3DZ2nambocvanscal i ng

RCMs are used to create high resolution

downscaling <can bsectatleer prreopcreessseenst dsunealtl o t he
Generally, an RCM is scaled over a specifie
resolution and i s eddreipveennd amy il maitteirall &mod ntdiame
GCM or observed datasets (Giorgi, 2019) , h o\

The reliance on GCM data means tECaVt mutsti b ei

selected to get more reliable RCM results.
downscaling is an i mportant tool for better

There are a number on institutions that
regional climate events. For exampl e, RegCM

Theoretical Physic (I CTELMIfgwimdiheedt€t a&lma,t e2
Model Il ing Cormummutny t YCL NRoc kel and Geyer, 20

Pl anck Institute for Meteorology (MPIfM, J a

Met Office (Gordon et al., 2000) and the HIF
Met eorol ogi cal l nstitute (BRssing et al., 20
It i s commonly accepted that GCMs struggl

l ndia which has more complex topography ( Mi s

been shown to iIimprove | SM simulatiofg&dO0( Agr a
LucRischer et al ., 2011, Seo et al ., 2023) , h
regi on.

12
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1. 3SRPaiDetwinca&lal i ng

Anot her way to create higher resolution s

downscaling. Here a statistical rel ationshi g
during the historical period us, ngr tmeftihoida| s
net wor ksmmoderMul ¢énsembl e, stepwise regression
correction techniques. The GCM is then used

rel ationships being usade tpor obceststseers rtehparte stene

capture.

1.4 Obj eXxtoipee and
This thesis aims to find ahabreatctteerr i snderss te
extremes wil|l change in the future over | nd

human induced climate change and how these ¢

The objectives of this project are:

T Util i soett haettat el i mat e model CMI P6 simul at:
extremes and climate extreme events will
T Assess the role of physical processes thr
scheme, |l and surface scheme and orography
T Undert a-kes ohliugthi on climate mod el simul ati
examine the extent, severity, and probabi
how they wil/ respond to future changes i

extr emedsi nie with possible emission pathwa

health risk over the region of interest.

13
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Chapter 2 uses thirteen of the | atest Cou
(CMI P6) models have been used to model me an,
the 7 homogenous temperature regions agf |1 ndi

of months June, July and August (JJA) time p
by comparing them with observed temperature
A murotdie | mean of the thirteen @QMéP&t moe ebsa
and was used to assess future changes in te

using SSPs.

The ability of twelve CMIP6 models to rep
precipitation, vertically integrated moi st
precipitation homogenous zones during June,
chapter 3. To test the fidelity of these mod
CRU dat aset-madhal amenmwunl twas wused for future

precipitation and extreme precpeliitads omsivag i

Sensitivity experiments were used to asses:

the addition of some machine | earning techni

Dynamical downscaling for both temperatur

chapter 5. Here the RegCM4.7 regional cli mat

t he Ha®dGEGBMNB gl obal climate model. The IRCM wa
for the historical period and then used to a
as wel | as heat wave duration and intensity

14
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Fidel i1t yModelGvhiPibat | n
Te mper at Asrseo cabxadt reauee s
|l ndi a

This chapter is based on the paper:

1 Marc Norgate, P. R. Tiwari, S. Das and D. Kumar (2024). On the heat waves over India
and their future projections under different SSP scenarios from CMIP6 models.
International Journal of Climatology,Royal Meteorological Society44(3).
doi.org/10.1002/joc.8367
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Abstract

The moldteil ensemblef ( MMECMmME&Nn mMmodel s was cal
(193@14) , R2e0a6r0 ) ( 2a0n3e® 1f0a0r) (fauGd ud e scenari os an

| arger warm biases during the JJA time perio

variability ofaxt me mmeé @mpamat ure over most of
do not compare well for representingCMbe tem
i's comparably the best performing model for

modselstruggle with representing temperature
Had GE&MG3LL , KIAWCE&E and WKHESMIr e comparably the
model s for tempor al temperature trends over
ten fature (FF) period is projected to increa
Soci oeconomi c Pat2h va y-4S S(P25m&.) 5 SS&slpecti vely.
mean temper a8t.u5r es hfoowrs AP 5 ncreaseaofl B) SAE. 6
for Western Himalaya ( WH), 3.9AC for North V
f oBast E@Gas3. AC for North East (NE) and 3.
compared to present period i1implying WH bei
frequency of heat waves is also projected t

more thameahreaves per summer season when

northern territory of I ndiad RBrbensndgtitogbef tNY¥
affected regdong, hehéer waweekurati on i s expec
affecting | arger portion of popul ation (~ 5
i mpacts seem to be | ests pconaduinds i-AuGlas@srof

findings support the urgent need for more a

mini mze the public health i mpacts of cl i mat
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2.1 I ntroduction
A rise in temperature can be seen gl obal

in | arge parts of Asia (I PCC, 2022). Heat wa
defined as an extended period aorfdeerxt r2e0Onie3 )t.e
frequency, intensity and duration of extreme
Al exandermou2zthl13A®)si a (Dong et al ., 2021), whi

ant hhropogenic emissioagakCet |l ans, e20a7, ,M2OHK

Zhao et al ., (2019) suggest that these extr
future under the RCP 8.5 scenario. They have
and Hajat s 2013a)] . Hai2®®6, Patz et al ., 2005,

deaths globally, with a greater i mpact on th
respiratory disorders (Dippoliti etatailan, 20
especially those in developing countries who

severity.

There is a |link between thNi warevegt of wi h
waves over India (Rohini et al., 2016). The
to continue to rise in the fuitkeki (Patitobyheé
over India in the near future. l ndi a has a g
of the worl dés population at risk to an incr.

popul ated partlisnddafndetdii@a mlraei n nwheéree appr oxi

Il i ves.

Considering such risks to the | arge popu
it becomes i mportant to investigate the util
the present and future climaktiemahaeangedellosan

are produced through the coordinated effort

NT
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Project (CMIP) has been around since the mi

Models (GCMs) simulations to improve our unc
al ., 2017). CMIP models have recesvetipmangdi
resolution, i mprovements in the representat:i
forcings. Representative Concentration Pathuv
in CMIP5 (Taylor et al ., c20Bh2) oso fexpldorfd ec
forcing pat hways. I n t he present wor k w e

|l ntercompari son Project 6 (CMIP6; Eyring et
in many studies gl obwuadé yanaookr exgi @itt dtoit dvn t (€A
Maharana et al., 2018, Pattnayak et al. 2019
compared to CMIP5 are the Shared Socioeconon
representntf inveer rdaitfifveerse f or future socioecono
The main aim of this chapter is to study pr
mean, max, min temperature over | ndiof#'he homo

ar t CMI P6 model s.

2.2 Methodol ogy
2.2 ndiTamper dd ma ge Rogiiso nQb saenrddad ca

Thirteen CMIP6 models (see Table 2.1) are

and mini mum temperature over India and its
The I ndian Institute of Tropical Me tgeioornosl o gy
which are specified based on spatial and ten
and Mamgain, 2011). The 7 homogenous temper a
North West (NW), North Central )(NEprst N€CotalsteE
and Il nterior Peninsula (1 P) regi ons. Si mi | e
assessing temperature over India (Dileepkuma

18
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can be found fromittilpesnGMeEBGIfdat abasaAethr onlo/de

have beenddreed to the observed grid (Climatic
2017) which has resolution of O0.5A using the

in various studi esetovelr. I2n0dl 8, (KDOu nmaere pgktu nmealr .,

35°N+

30°N

25°N+

20°N

15°N+

North West (NW)
North Central (NC)
North East (NE)

Interior Peninsula (IP)
West Coast (WC)

East Coast (EC)
Western Himalaya (WH)

10°N

70°E 75°E 80°E 85°E 90°E 95°E

Fig.-Btudy area and different temg

2. 2.2 EXVder6i ment s

The historical T126a#8yand thi §rommé9o9péri od
performance of the models in representing di
over the region. Besides the i nidgnowiedu a&In sexmnbd
(MME) from the 13 experiments. Daily data i s

Table 2. Due to |limited data availability on

19
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Chapter

used in the daily data MME are CMCC, CNRM, |
MPI and UKESM. The method for projecting the
Tabl eCMI.LR6 GCMs wused in this
Mo d el Countr|Hori zont
Resol uti
(I on ang
ACCEEM2 Australl92 x 14
CANES-M&nOE Canadal28 x 64
CMCESM2 Il taly |[28819%2
CNRM Mel France362 x 24
FI1-BS A-0 China |192 x 28§
GF DE S M4 USA 360 x 18
Gl SEx21-H USA 144 x 94
Had GE®&G3LL UK 192 x 14
| NM M Russi a180 x 143
K A C-E-0-G South |192 x 14
MI ROCG6 Japan (256 x 14
MP-E S M2-L R Ger man192 x 96
UKESMLL UK 192 x 14
The mont hly maxi mum, -snuerafna caendaimi ntienmpne r e
(Harri s et al ., 2017) atevaalrueastod uttheo ni mdi VOi.d
their MME. CRU is a well trusted source of h
and has been used i n many previous staudi es
Panda et al 2020) .
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2.2.3 Shared Socioeconomic Pathways

We first eval uate the model s i n terms (
climatol ogi cal mean annually and during the
annual cycle, Taylords metrics andi mejpviecdeal
temperature homogeneous regions over |India.
representing the mean patterns spatially, we
climate (with respect tte (owistehhr viag s pengt atna @ n
assess the changes during the future, we ma

Pat hways n&Zmél y4S SPIP8. S SWHhe-2 e6 SSPAresent s ¢
roado;8.S8SP=®pr  ueddtew dfl oparielnd . & nrde PSrSePent s a
(Ri ahi et al ., 2017) . Ti2e 6 PSP e dss.eqxd) (aSnsdP @lsie
(SS®55) emission sc&nartilobs magki ngg SISESsi ve

emi ssi ons. TopahiiqH| i lgehttertolgee nsi t y I n t he d
significance of differencesteisnt tahned nheaavne biyd e
areas having significant differences at 95%

20251 0@ damve been-faspbire PRP2NBO(a&@RBAdr Baf FF (2

2100)] to evalwuate future changes i n maxi mut
We | ooked at projected changes in annusal and
in temperature distribution over India and d
series and probability density fBwmd¢thieoan wePDhR

used (G ul zw20 2tho) ectomplut e di fferent heat wayv

in Table 2. 2.
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Tabl eHRat2 wave variables calculated using CDO
Consecut{Warm days/Warm sp¢Heat waves | Heat wayve
summer wrt 90t h I ndex wseason i ndex wrt
i ndex pelthe summe|percent.i t he summe
season summer ¢
The | The perceThe numThe number Number of
number ti me wher|days waves equgdays e queé
consecut|{Tmean90. Tmean | onger t hall onger t h
summer dis the 90/ Tmean90 |summer seajper Summe
summer sfof daily Il ntervalcase a he{Uses the
t his cifi-dey wilconsecutwher e Tmgwave def i
summer centered days. TmaxNorm +|heat wav
wher e Tical endar S the |consecutiv{(summer se
31AC (31 historicalwarm TmaxNorm i
mean of percent |of Tmax -dd
t he hi wi ndow cer
peri od) each cal en
t he hipsetra roi
calcul at ed
n=3, 5 and
Downl oad CRU and
CMI P6 data for t
A 4
Reg€CMHP6 model ou
0.5e resol ut
A
Calculate daily a o Calculate heat wa
mean for tas, 't with CMIP6 dai
Hi stori cal anal ygq
ensembl e mean of (
comparison with
A
Near and far fut
ensembl e meansg, -#9J¢
and 8SB5
Fig.-Schematic diagram showing the methodo
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2. 3 Reshilstcsu sasn do n

2. Jemperature Biases of CMIP6 Model s

Figu2r.e3s and 2.4 show the biases in MME
simulating annual and JJA mean temperatures
|l ndia. The annual Tmean show | arge variatiol

MI ROC6 2(Bny has a very high warm bias most
CNRM (Fig 2.3e) and GFDL (Fig 2.3i) have a ¢
the observations. For JJA Tmean (Fig 2.4) tnh
compared to annual Tmean (Fig 2.3). MIROC6 cc
in the NW region. The CANESM and GI SS model s
of the NC and I P regions compared tokehgir

contributing to the biases-mofielt heaMM&Db ialnidt yi

di fferent homogenous regions. Using the MME
studyi-mgr moamlgi mate trends for both annual an
The observed climatol ogy of annual maxi mu

Tmin) over the homogenous temperature regi ol
MME (Fig. 2.5b, e, h). The annual temmpeérwatur
of I ndi a, with the highest temperati@hes bei
di fference between the MME and observed dat :
model s are good at representi ngnitfhiec anretmpwa lau
95% significance |l evel) in all regions. The
Tmax and Tmean but show much | essThemgaii $ca
|l arge cold bias (> 5A€Chefnomstheemodebsfoved

c), Tmean (Fig 2.5d, e, f) and Tmin (Fig. 2.
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the aspect, slope and complex topography of
GCMs cannobasc aptt varlee (2021, TiwariA etargler. vat
bias (up to 3AC) from the models can be seer
regions, whereas the Tmin has mostly a cold
t he -Ganrdgpet i ¢ pl ains whi cehgisdamset(chheys aonwdk rDit hQis

and could explain the warm biases seen which

(a) Ensemble Mean (b} UKESM1-0-LL (c) HadGEM3-GC31-LL (d) cmCC-ESM2
30°N A
20°N A

10°N

(e) CNRM-CM6-1
30°N
20°N 1

10°N

(k)

(i) GFDL-ESM4

30°N

o
Temperature (°C)

20°N A

10°N A

30°N 1
20°N 1

10°N{ , _
70°E  80°E  90°E 70°E  80°E  90°E

Fig. 2.3- Annual mean near surface temperature difference of models compared to observation for the peric
2014. Ensemble mean of 13 CMIP6 models (a) and individual CMIP6 models used in ensambldnéodots
represent the grid points with significant difaces at 95% significance level.
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t

A similar analysis for the JJA period (Fig.
Tmean and Tmin. This further suggests that
and cold temperatures in the present.
(a) Ensemble Mean (b) UKESM1-0-LL (d) CMCC-ESM2
30°N+ 8
20°N
6
10°N
(e) CNRM-CM6-1 (f)  MPI-ESM1-2-LR (9) INM-CM5-0
4
30°N+
20°N 5
o
10°N —
g
. - -}
(i) GFDL-ESM4 (i)  GISS-E2-1-H (k)  ACCESS-CM2 (M FIO-ESM-2-0 0 1o
e B p, . a
3
30°N 2
=2
20°N
10°N
—4
30°N —6
20°N -
@ -8
10°N ;
80°E

70°E  80°E  90°E

70°E

Fig. 2.4-JJA mean near surface temperature difference of models compared to observation for the pefioti41984
Ensemble mean of 13 CMIP6 models (a) and individual CMIP6 models used in ensembléh dots represent the
grid points with significant differenseat 95% significance level.
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Mean Temperature Maximum Temperature

Minimum Temperature

(a)

Chapter

Observed (b) Ensemble Mean (c) Difference

70°E

—zsg
g
-]
&1 ro
Q
£
20 5
= -1
-2
15
-3
10
-4
5 -5
80°E 90°E 70°E 80°E 90°E 70°E 80°E 90°E
Fig.-A@2nbal maxi mum ( a, b, ¢), mean (d, f)
temperature homogenous region0df4)l. ndiod ufmmr (tahe c
observed temperatur e, columih CHHI P&, mbdelshoavsdt be

shows the difference between the model s

r30

and

significant differences at 95% significance
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{(a) Observed {b) Ensemble Mean {c) Difference
35°N 4
(O]
5 5
© 30°N
Q
g' 25°N
@ 4
£ 20°N
3
E
% 15°N 3
=
10°N
30
(d) (f) L2
35°N
(]
5 30°N . F1
- U
o o
© L
9 25°N g
£ = 0
& 20°N 5
C Q
2 £
(<]
= 15°N kT
-1
10°N
(g) (h)
-2
35°N
v
2 30°N s
—
8
£ 25°N
@
€ 20°N 4
3
S
'€ 15°N
= 5
10°N

70°E 80°E 90°E 70°E 80°E 90°E 70°E 80°F 90°E

Fig. 2.6- JJA maximum (a, b, c), mean (d, e, f) and minimum (g, h, i) temperature over the temperature
homogenous regions of India for the historical period (4B8%). Column (a, d, g) shows observed

temperature, row (b, e, h) shows the ensemble mean of CMIR8swawdl column (c, f, i) shows the difference
between the models and observed temperature. The dots represent the grid points with significant differences &
95% significance level.

2.3.2 Statistical Analysis of CMIP6 Mc

A Tayl or di agram (Tayl or, 2001) IS prese
performance of individual model s in simulat:.
2. 7a, b, c) and JJA (Fig 2.7d, e, (€C¢) ,perootd
mean square error (RMSE) and normalised st an

cl osest to a SD of 1 and CC of 1 is closest
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Standard deviation (normalised)

JA

Standerd deviation (normalised)

(a)

Chapter

tasmax (b) tas (c) tasmin * e

well when capturing Tmax, Tmean and Tmin for
results closer to observation for annual <con
SD values for JJA compared-mbded&rfeueaelncvebsi.c Al hr
model s have a CC of over 0.95 for the annual
bet ween 1 and 1.4 for all models for both an
than 0.4 for the anRMS8E okrbedwéeenh OGafeandl @
Tmi n, RMSE is small est for al |l model s. The
experiments and is closer to the observed v:
perform comparati vl lperbieotdt ewi tdhurtiimegg HRIh@ niald e
MME. The performance of CANESM5 and MI ROCG6

|l ndia is poor compared to the rest of the CWN

ACCESS-CM2
CANESMS5-CanOE
CMCC-ESM2
CNRM-CM6-1
FIO-ESM-2-0
GFDL-ESM4
GISS-E2-1-H
HadGEM3-GC31-LL
\\ INM-CM5-0

\ #— KACE-1-0-G
: MIROCE
\. —®— MPI-ESM1-2

——

SRR

Standard deviatien (normalised)

UKESM1-0-LL
Ensemble Mean

Standard deviation {normalised)

(d)

T G o8 i) 1z a1 G o8 ] 17
Standard deviation (normalised) Standard deviation (normalised)

(e) (f)

»
Standard deviation {normalised)
Standard deviation {normalised)

/ : i i
I i ' i |
b 57 T

0 o5 o5 * = 16
Standard deviation (normalised)

Xy G o8 * iz oA 0E o8 i 17
Standard deviation (normalised) Standard deviation (normalised)

Fi.g.-Tayl or diagram showing the annual (a, b, c¢) ar
temperature over I ndia. The correlation coefficient
observationsrayecshownd. | TmMme@esgshow the root mean squ
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(a)
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Chap2t er

The models do well at simulating temper at
more temporally for JJA tas and tasmax (Fig
temperature (Fig 2. 8a, b), model s shoB good

regions. The I P shows slightly | ower CC of O
to struggle with the EC region with the | ow
GI' SS model s wit¥fh.a torr élbathi dam so fatnelmptoarsanha x
correlations, almost al/l model s give | ow val
values over 0.5 are the HadGEM, KACE and UK
temporal tas and tasmax. Thesdendzeul tag S EQPI &
the temperature spatially as opposed to temp

homogenous regions.
tas (b) tasmax

0.5
0.4C
S 2 & 2 £ 2 % @ 7 £ g § £ S 2 3 & 3 2 #® @ § 2 2 2 § 2 03 =
g 8 g2 8 3 & & B 2 = g E e 4§ ¢ ¢ 2 & & 8 g = 4 = & ©
g 2 & 3 £ & & s g 2 2 ° g - = @
& 3 E o 3 ',E O'Zt
@ (d) o
o1 U
0.0
§ & 8 &2 5 2 & & 2 ° = g & e g5 8 ¢ 2 B § 3 = ¢ e ¢
& 3 E & 3 %
Fig.-DRagonal <correlation matrix for JJA tas (a
homogenous regions. Correlation #1s4)s haonwdn tfhoer etnhsee nmb
these models (column 1) tcheempharsd d rti € @dblPerrweodl WalldBe
t sepati al correlation and fig ¢, and d show t he
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2. 3. 3 Chuathwgrees i n Temperatur e

The PDF distributions of the Tmean over |
scenarios for both annual and JJA periods 1is
annual Tmean with a difference of dd.f54&C earcee
of 2. 1AC when compare?. 6 0498RBR2an/e®HSPEe uepgl i «
neduture (NBjyumed(FERJ, with a shift in annusz:

for NF respectively and 1.ddmpardAd tam do BA«r

FF S& P55 shows the | argest shift in Tmean and
compared to all other scenari 08..5 Tihse adlisfd evreer
(a) Annual
0.41 ; -~ RN —— CRU
! \\ -== Present
\ NF SSP126
0.3 \ -—— FF SSP126
- \ —— NF SSP245
£ \ -—— FF S5P245
5 0.2 \\ —— NF SSP585
o \ -~~ FF SSP585
AY
0.1 \,
4 N \\
e \\\ AN
0.0 == =" —_ === ~ == BT
18 20 22 24 26 28 30 32
Temperature (°C)
(b) JA
0.4+ ~
\\
AY
0.3 \
A
AY
2 0.2 \\
a N
\\
\\
0.1 .
\\ \\\
0.0 — —

24 26 28 30 32 34 36
Temperature (°C)
Fi g.-AB2n@9al (a) and JJA (b) mean near surface t
temperature, and the dashed grey | ine shows the p
(198M14). The green.,eskinue S&HPHS SO A nBli BeSPHoept he SSF
l'ine represeh&0)t,hearmMNd g 2d8BDhed -21M&) represents tt
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compared to other scenarios with a-2di6f faenrde n ¢
1. 1AC f4%.r5.SSPPRi s sugge&.ts tthearte uwidlelr ©SeSPriuc
towards the end of the century. Sidmivliaaruleys,, w
shift of 2.1AC, 2.2AC and 2. 4AC can be seen
FF S3P&, 4SSP2an8. 5SSrPébspectively. Both annual
in Tmean betweedh. NFA42BRARBF.WBESPRE F&E. SSPBowi ng
noticeably warmer <climate compared to presen
NF and FF compared to t h&. 5andiusatlr ipbewtiioodn. sThh
climatol ogy2t6ahoFFb&BR1Ipenuatdsasdgdesting t

mitigation we can significantly reduce the a

Further, the PDF over individual homogene
JJA and Fig. 2. Florf ard At iTemeamlmgs easomwi t h t he
Tmean are the NW (30.3AC) and EC (29.5AC). T
11. 8AC. For annual Tmean the regions with tF
and I P (26.9AC). hghwHcwl kst Temghonofs2t 4AC.
historical values from the MMEe duoi obseé¢ehee d
NW and EC show negligible temperature bias,
warm bias of 0.2AC, NC shows a cold bias of
WH region has a much | ardetheokdabeasl bfghdl
bi ases across most regions of 1.0AC (1 P), 2
(NC). The WH and NE have a cold bias of 2.8A
JJA periods there I ®eanNFnamdadd ifrorTmedn Sib
There is a smal/l I ncr-2a6 ea 4k tBue RTAh eN H i af nfde r FeFn «

NF and BFS5SBEBRBS5I arger than the8obhshowwot bheeh

shift in Tmeasmrrowecrdp asrtad duetsa dlhe | argest i ncr e
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SSP8. 5, with an annual ncrease of 4.3AC (1 P)
(EC), 4.3AC (NE) and 4.6AC (NC) when compar e
means that the | argest shift I n NWnean noa rc | boes
behind. J8A5F&oBps®bed o the historical Tmea
3.8ACc (I P), 5.6AC (WH), 4.0AC (NW), 3.6AC (\
When | ooking at NF Tmean chanbaesgéebte WWHifant
annual and JJA Tmean of 2.3AC and 1.9AC (an
under-8S5P5
(a) IP (b) (c) NW
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Fig.-Ahnwlal mean near surface temperature for ea
grey |l ine shows observeag teéempeshbwset hangrebendash
the histori-2@l4peribed grned8d, bl ue&, 63 nribd FPeadndl. iIThER5onr
the SSP scenarios a so2060)jnandear dse héhd -2FHR )N
The MME of NF and FF changes in JJA Tmax
to the present is shown in Fig 2.12. The dif
over different regions under vareoesceseaBne.i
WH , east of NW west of NC, west and centr al
over all regions show warming compared to

comparing-2NE

respectivel vy,

, 94SBR28SSP5and

Wi

-2F. F6 , SABPSIP 288S PS5

th the increase in t€8€mperatu
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Under F&. 55SPebrts of the Western Himalaya reg
and all ot her r egi60AG wshheonw cao nwaarrneidn gt oo fprde s e
The warming is mu2ho6l awdrs BWRiRt - Fa mhS3IRM=x r efa sk
3AC &MPdC 2 espectBvEl ghoWBE SEMSI a2. Gvamenamign g ot

SSP8. 5 is projected to reach tReb6sd83Meykeampee.

(a) NF - Present (b) FF - Present

(c) (d)

40
¢
3
©
o}
Q
=
3@
(e)
2
-1
70°E 80°E 90°E 70°E 80°E 90°E
Fig.-Thel2di fference i n-2J XA (Taméd xb5f, ¢ cS,SeR&y ¢
(e, f) compared to the historical period from
shows the NF difference, and the second
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I n order to further investigate the risin
ti me series averaged over India for all the

Comparing the observed@046r i @ efsdtirMEt els e ropnesri i sot

war mer than the observation for al/l the pre
war mer over major parts of I ndia as discusse
(Fig. 2.14) the MME armnw®olsemeans oar e Howledermr ,
are not much profound for the annual series.

1.4AC and 1.7AC for NF and 1.6AC, 2.5AC and
increase by 1.AICAC,orl.NFACanadndl .15.C, 2. 3AC and
Tmin is projected to increase by 1.4AC, 1.60A2
FF. The above »albuyedS SPrzendf. A3 SIPESPHlecti vel y ani
mean of tFFe tNeFmpaenrdat ures to the mean of the
relatively similar temperatures ¢t2i.161 |ea&rvedrsd ¢
at around 2060 and tHeb5tdmpeereasese miGestol e
however the te®pérabnteéenues E8PSteadily ri se
similar plot was created using the JJA perio
predicts the temperature f orprTaraexct ef[dnetacn iama
1.2Ac, 1.3AC and 1.5AC for NF and 1.4AC, 2.3
increase by 0.9AC, 1.1AC and 1.3AC for NF an
is projected to i ncrC afscer bNF 1an2dA Cl,. 41A G4, A @ .a3nAd

The above val2eé$, ASSPRan8. SSHPBspecti vel y. An

periods show similar temperat ur e8.i5n csrheocansse st h
greatest incr eahsee ennd toefmptehrea tcuernet ubryy tf or al |
and JJA periods. Al SSPs show a higher temp
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is inevitable, but the amount of warming can
strategies. Similar increases in annual Tmea
(a) tasmax
—— Obs
—~ —— Hist
&
3 —— SSP1-2.6
= — SSP2-4.5
”Eci — SSP5-8.5
@
304, : , ‘ ‘ ‘ , ‘
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Years
(b) tas
344
932-
(0]
5
© 301
@
o
G 28
261
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Years
(c) tasmin
301
O 28]
B
2 261
1]
@
o
€241
@
221
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Years
Fi g3-J2J.A1 maxi mum (a), mean (b) and minimum (c)-r
2014) and -2wkxOur.e T(h2eO Iagenta | ine is the observed
of 13 CMIP6 model s.nNepnofAf0b@B8Gead( NRR)Y ifutsamhe@WOPF) I
Grey represents the historical time p2r@,0-4dSSRZaaddt h
SSPE. 5 respectively.
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Fig -Anbh4 al maxi mum (a), mean (b) and mini mum |

(198M14) and -2flukOu)r.e T(h2e0 Iddagenta | ine shows the obse
ensembl e mean of 13 CMIsP6s movdre |-&50 6 Neddd O fud ru rfeu t( NrFe
from-221007000 The black | ine shows the historical ti me

SSP2L. 6, -4SSPand8l. 5SSrPbspectively. The shadedalr egsiomg s
t he sttt utdextt.

37






























































































































































































































































































































