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ABSTRACT

Modeling of extreme events and their dynamic behavior has always been an
interesting and challenging topic. Increase in the magnitude and frequency of extreme
hydro-climatological events have been widely reported in recent decades, which are
generally attributed to the recent revelation of abrupt changes in climate. Moreover, it
poses great threat to the sustainability of the existing water resources systems and
infrastructure, which are usually designed using the traditional ‘stationarity’ assumption,
I.e., the statistical properties of extreme events are time invariant. Therefore, to tackle the
adverse consequence arising from the changing climate, a robust methodology needs to
be developed by incorporating the temporal dynamics into multivariate extreme event
modeling. Before estimating the hydrologic variable for design and maintenance of water
resources infrastructure, it is essential to fathom the historical changes and trends. To
achieve this, three broad objectives are enumerated: 1. Re-examine the changing
characteristics of hydro-climatological extremes over India, 2. Explore the effect of non-
stationarity and interdependency in the multivariate non-stationary extreme event
modeling, and 3. Investigate the suitable climate-informed covariate in order to assess
the impact of climate change on extreme precipitation.

The first aim of this research is to analyze the spatio-temporal variations and
trends in the extreme (wet and dry spells) Indian monsoon precipitation, using
0.25°x0.25° high resolution gridded data for 113 years (1901-2013). Significant increase
in the maximum intensity of rainfall and spatial heterogeneity is observed over the past
half-century. Besides, significant negative trends in wet spell durations and positive
trends in dry spell durations are observed over wet regions; whereas contrasting trends
are observed over dry regions. A shift in the frequency distribution of extreme events
during the monsoon period is also noticed. The 50 year return level of maximum intensity
clearly shows positive trends over the past century. Though characteristics of extremes
are observed to be highly localized, apparent signs of wet regions turning drier and dry
regions turning wetter are noticed. A comprehensive insight into different characteristics
(intensity, spell, onset, and frequency) of Indian monsoon extremes is necessary, which
will help in effective water resources management and flood/drought hazard

preparedness.



Further, the regional evolution of Diurnal Temperature Range (DTR) trend over
different climatic zones in India is investigated using a non-linear approach known as the
Multidimensional Ensemble Empirical Mode Decomposition (MEEMD) method, to
explore the generalized influence of regional climate on DTR, if any. An increase of
0.36°C in the overall mean of DTR until 1980 is observed; however, the rate has declined
subsequently. Further, arid deserts and warm-temperate grasslands exhibit negative DTR
trends, while the west coast and sub-tropical forest in the north-east show positive trends.
This transition predominantly begins with a 0.5°C increase from the west coast and
spreads with an increase of 0.25°C per decade, which is more pronounced during winter
and post-monsoon. Notably, in the arid desert and warm-temperate grasslands, the DTR
has decreased up to 2°C, where the rate of increase in minimum temperature is higher
than the maximum temperature. By and large, both maximum and minimum temperature
increase in response to the global climate change; however, their rates of increase are
highly local and depend on the particular climatic zone.

These observed significant changes in climate are known to have a significant
impact on crop production and human resources, which are generally difficult to quantify.
Hence, two new indices are defined: (i) refined growing season (GS) characteristics and
(it) transition period, based on the annual cycles of diurnal temperature extremes, to
unravel any possible impact of the changing climate on these productive elements.
MEEMD is used to extract the annual cycles of diurnal temperature extremes. Results
reveal earlier onset and lengthening of GS, with notable spatial variations. Further, a
drastic reduction in the transition (i.e., comfortable) period is observed over the warm
humid regions, majorly due to the encroachment by summer days. On the contrary, over
semi-arid regions, the transition period is found to be increasing, majorly due to the
shortening of winter.

The observed changes in the hydro-climatological extremes further reinforce the
need for nonstationary modeling to capture the dynamic behavior of the changing climate.
Hence, a realistic and efficient framework to detect non-stationarity in the observed
hydrologic variables, termed as Time Sliding Window (TSW) approach, is proposed to
overcome some of the limitations suffered by the traditional non-stationary approaches.
The proposed TSW based non-stationary modeling (TSW-NSM) is proved to be superior
to traditional non-stationary model and stationary model and is employed for two
applications: 1) develop joint intensity and duration relationship and 2) develop drought

index.
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The intensity of the rainfall is reportedly increasing, accompanied by sharp
changes in the pattern of rainfall. Since direct runoff is influenced by the intensity and
duration of rainfall, it is crucial to study the joint characteristics of intensity and duration
in the context of non-stationarity, especially in urban regions where the relationship is
more distinct. Hence, the time-varying multivariate probability frequency analysis is
implemented to derive the time-varying Intensity-Duration relationship. Bayesian
approach through Differential Evolution Markov Chain (DE-MC) algorithm is employed
to estimate the uncertainty bound of the time-varying return level. The results emphasize
that the probabilistic distribution parameters vary both temporally and spatially and
recommend the incorporation of non-stationarity in the extreme event modeling if there
Is a change in the probabilistic distribution parameters. This non-stationary model can be
seamlessly employed to compute return levels with better accuracy and reliability than
traditional stationary/nonstationary methods. Results show that the short duration return
level increases at a faster rate than the longer ones, with the credibility interval larger
than that of long duration return levels. The results also highlight the importance of
adopting event based non-stationary IDF curves for the design of water resource systems
and devising long-term decision-making strategies to address the effects of changing
climate.

Recent literature on drought emphasizes the need for developing a drought index
incorporating the dynamic behavior of the drought characteristics. Hence, a multi-variate
non-stationary drought index, termed as Non-stationary Joint Deficit Index (NJDI), is
developed to capture the temporal dynamics of the hydrological variables and to identify
the meteorological drought-prone areas over India. The changes observed in the
distribution parameter of rainfall series emphasize an increasing number of dry days in
recent decades all over India, except northeast. The comparison of NJDI and stationary
Joint Deficit Index (JDI) reveals that JDI overestimates drought when frequent severe dry
events are clustered and vice versa. It clearly shows that the traditional indices are biased
by the lowest magnitude of precipitation. Additionally, the spatial variations of historical
drought assessment of NJDI and JDI clearly depict that in the majority of regions, JDI
underestimated drought in the early 19" century and overestimated the same in the later
part of the century, which is in harmony with changes in the pattern of dry events over
India, whereas, NJDI captured the historical drought reflecting the temporal dynamics of
rainfall series and is more reliable than traditional drought indices. The proposed NJDI is

found to be a potential index for drought monitoring in a nonstationary climate.
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Finally, the proposed TSW-NSM is further improved by adopting climate
variables as a covariate. Recent studies have questioned the suitability of time as a
covariate and emphasized the possibility of improving the accuracy of the model by
incorporating climate-informed covariates. Five potential climate-informed covariates
have been chosen to model nonstationary annual maximum rainfall and intensity series.
The changes in the distribution parameters are detected using TSW, and 32 combinations
of models are developed. Further, Bayesian Differential Evolutionary Monte Carlo (DE-
MC) algorithm is employed to estimate the uncertainty bounds of the non-stationary
parameters, and the best model is chosen using the Deviance Information Criterion (DIC).
It reveals that short duration intensity events are more influenced by local processes (i.e.,
local temperature changes and diurnal temperature changes), whereas longer duration
intensity events are influenced by global processes (global warming and teleconnections).
However, the acceptable non-stationary models reveal that the temperature-based
covariates, i.e., local, diurnal, and global temperature changes, have always been good in
capturing the dynamic behavior. It is also observed that the local processes carry the
signature of global processes. Further, the return level computed through best non-
stationary model shows that the return periods are decreasing, and short duration events
have undergone drastic changes than longer duration events. Further, it is necessary to
adopt climate-informed covariates based nonstationary modeling for devising long-term
strategies to address the effects of changing climate.

It is expected that the quantification of the historical changes in precipitation and
temperature over India may aid in implementing regional adaptation strategies. The
proposed framework of multivariate nonstationary extreme event modeling is not only
limited to the applications mentioned in this study. It is generic and can be employed to

any climate modeling which exhibits the signature of non-stationarity.
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A GeAT3N T TTTHUOT 3R AT MaRier FaeR gARIT U Teoraey ik gAfagd fawa
T &1 BT o GRTh! H I STATAHITH Qd SToTa ] Je T4 geAT3 & TRATOT 3R g T # s
gTeg i ST 1o 778 §, [ fofg 9T R | 81T &1 7 31 Soa i § 3aT-eh 9e1d &
ERIICHTe & TSHeR SeT TaT| 8 3eT1aT, $HY HISIGT i G979 JOTTerT 3R gHamer
G e RIRAT Y Sgd Gl &, ST 3(TH qR W R IRUTT &7 SUINT deh 1T 74T &, fotdes
AR I gl & HREAS [OT GHT W M A8l 2l Y Saordl Soarg o
URUITHEHY 30T g aTet Ufddeet URUITH € fue o fig R eTuesdT ol Aee! aide I
HeAT UTdwyoT § IMHAT aR & U Aoled SIIgUITd! [dahbd g ol STavaadT gl o
THTY STAERTAT & T 3R [T & o 5T a1 qeaf=ai =R T STIHTH AT o Uge,
Ufderiaes uRad i 3R ST I 478 &HT AW ¢l 38 UTH i & o1y, T AT e
Y TUTAT T ST &: 1. TR & TSIt -aRe TSN ol saerd ! [RISdTai ot O ST o,
2. SgHaeUT R-Vfde ==A geAT Aisfei § IR-FRIRAT 3R Sra1=amsrgdr & vre & @iel
FHHAT, 3R 31 T IUT W TAGR URAAT & THTT BT AHeTT T oh 1014 IUGTh STrarg-
gied HIaRee & ST il

3T INY T UgeTT 3T 113 I (1901-2013) & ToIT 0.25K x 0.25 resolution I=T
RATGZA aret T8 2T &7 IUANT ad Y WRATI AT aui o 987 (Tt 3R g@ &) H
3rguTies aiifores fafaerarelt ok Fert o1 faxvaroor & 21 foeett ameft oY & awt o
3ffendH dlgdr 3R T awdr 7 Seora- 17 ig &l TS &1 3Hch FeT1aT, el a1 3aid
H AE@YUT THRIAD ST 3R GH &1 § THRIHSD S Tiet &1 U TATIT ST & STalch
2T TIUId ST Y &A1 7 & STTd &1 AT 31aTe o SR 93 9131 o gt faaror
# geatra off @ Srar B1 STfeda dierdT @t 50 Tt 3T ITOT TR WE U & D! Ty
o ORI ST fC@TdT 81 BTetiToh o AT bl ToRIwdTeT &l 3T Taeh RATIAdhd ol
ST &, et &t & gET arer 3R G &1 &l MeT e aTet 851 o WE Hohd & AT &
TRATT AT I3 F1alt ol fafee faRivarett (diear, ad-r, gesrd, 3R 3Mgf) J 6
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AU AL SATARIS &, ST THTAT ST GHTET UG 3R 916 / J@T Gal ol IR 7 Heg
Eadil

Tch IAATAT, HRA H AT STAaTg &1 W AT eFear &f (DTR) g8 & a1 faeprd
I Sg DTR W &1 S1arg & AHTRIGA THTE BT TdT A & oG TgTTHT geee
UiRepet A1 et (MEEMD) fafer & w9 § ST SITdT 21 1980 deh DTR & 99 3ref
7 036 °C & gig & 7TE; eeAifos, 1e ¥ & § FRrae ane %1 gqch aramaT, Y i 3R
T -3AAToT 9T & He FeRIee DTR Uil & UafRid &id &, STei TEH-ae 3R -
U4 H IU-IWGHICTd T ST BRIAS ST [CETd &l I8 HhHUT J&I BT F UEHT a
0.5° C T gfg & aTer Y& BraT 8 3R U &k 0.25° C 1 gfg o amer hotar B, &Y aféat ok
ORI & §TC 31f4e WE 8T 81 ORIV B &, 37 R 3R i-<fieoor oy 3 fet #,
DTR 2° C T &H &l T &, STel AT aTgdT= H gig Sl & JTaehdd aiaa= & A9 gl
aftier STorarg URad &t ufdfshar & srftesdy ofR =gam aroa= & gfg & 58 ok 58 aF:
BT Tah, ST gig T & AATIF R § 3R ORI STorarg &7 W AR =t &

SR H e He@quT URaa-! &l Hael ScTed 3R A G191 R Agdqul 991d
UEdT &, [ SITHdR W 4R a1 giRaeset 2IT 8l SATCIY, T 7Y Yaahich URHUTTNA [k 7Y
& (1) ufeepa Hiaw (Shree) faRrwdratt @R (ii) GepHoT ohiet, ST foh & IdTes ddl W dead
STotaryg o fadT ofY FUTad ToTd ot ISR ot 3 forg, qof araeT o anfties geh! wR armermfa
21 MEEMD T SUANT STRACT dTOHT T SAT & d1iSeh Iehi bl FHehTer o forg fomam s
21 RO Ydad! IESTd SR SIQH i TieTg ol It g RTHS SaeTTd & 19 Ydhe aid
T STP AATAT, HHUT (T, ARTHETTD) AaTd F 9T HAT T 7S & R @l ST &,
T Tt 3 feAt # SrfishHoT % SRoTI g8 [audd, srd-3rsh =t §, TeproT & aafy
e g UTE STt 8, Toigent g ot afcat &1 sier g |

gTegl-aATeHCIAIoTehel TR H o 7T URadd TR-TTGT ATSielT ol STavdehdl &l
gee1d gy Saarg o TR AdER Hl Udhe & oy 3R 31fde ges ard §1 sHioIg, ered
TTefeg fawst (TSW) efPaior & w0 § el STTdT &, o T greglliuid o H TR-TRRaT &t
T 1T o Tolq Uk JATIaTE! 3R FHRIeT BUET, URURE 1R-T@R efThI0T gRT ATHAT &6l T8
PO AT Sl R HA & [oQ Y&dTied &1 y&dTiad TSW 3iemRe TR-FRR Hisfe (TSW-
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NSM) TrRufies R-fER Afedr 3R T@R Afeet T F&R ATied 8T § 3R aF qvan & forg
ST fomar Strar & 1) I3 daar iR eaftr ey Aefad axa € &R 2) g@r gaeie
fepfad ard &l

ST TR R T & UeT B A geara & qry aut Sl diodr g W 21 I Teger 3raarg
YT chl TiTerell SR et & THTIE BT @, $HIG I8 IR-TRAAT ob Hed | e 3R Sfafe
Tgh TORIVATST T 3rezra o 3 TOIY Heeayof &, @rerem Sredt &t 7 et Teier 31fees remt
1 Iy, THT-Seerd] dg-Tafaear S9TaAT favevor THg-aeerd! digar-31ate & gae o
TH oA & Tl ehrrifear o el 81 RhiRiaet gdoge Arepla A (SE-uaa) Tomnien
& ATHH § ST R0 THT- 197 Re-T TR & SIHEadr & SIgAT Hl A oA &
oI R 21 uRoT 39 91q R SR & © o urerdr faaror Tmier sremedt ofk @nfae
Y I 9 B € ofR o geAT Aiefei ¥ R-Bfdewar &t wiHe aa hl IdTE o § i
TvTegar faaRor ATuce! ¥ seeTa g 2l g TR-fRR Ated urtufie @R / R-urafie @it
I AT H dgaR Tihar 3R faga-ar & a7 Re T & 0T & & fofg 97 %9 O
TS fomam ST Ferar 1 uRom sdta § o6 et srafar & et TR &1 gom & <2t srafe
T AT SR & 1Y, BIST AT T AT BT TR ofd AR ! o1 & T &R o
FodT &1 UROTTH STt JHTE YOI o feoTTe o folT et Jmarid R-TRR 3rreeius gedr
BT HTAM 3R FETAd TAATY o THTAT Dl & P o To1Q Qreehlieted HURT o bl I
BT IR TR & Heed ol HT TR = 8

J@ W gifcrar a1t g@ & fRivarett & nfieiicr erger & wiier R gy @
gadhich faehiad o o SMaRaadl W SR &aT &l $aieiy, 9g- TR -k g@r guaie, 5
R-ER Ty °1eT gaaish (NJDI) & U H F@l ST &, Dl alegidioidhd @R & T
RIS & Udhe 3TR WRA o HIGH JdT @I &1 &l Uga™ ax & g fasfaa
Teharm T &1 el gt o faeror TRHier § < g uRadd ¥ ga iR H oige’ I YR H et
¥ Tl Y75 AT T Sedt T R SR & 8 TAWEiens ok @R wiide iR a
(STEEVATE) I T A IT ToTaT @ foh STSISTE T& Pl HH aR Al & ofd oNTIAR TR J@r
AT T TR BT & 3R STk [AUd BT 8l I8 WE BY J ST ¢ b TRuRes Jaadhiah
YT &l qY HH URATOT GRT YeTUTdT 8l $qah 3ffdieeh, NJDI 3R JDI & Uideriaes g &
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3T & AT TEATd T BY F ST & o rferapier & #, JDI F 19 df T bl YBara
T @ P H TXch TR AT 3R &l o 916 o o8 H 3 ATET Feah STIhT, ST Toh giRac1 &
ATHST & 1T g1 YRA W Y[H AT FHT Ued, Faih, TAulersns 7 Viaerde g@ar W
FreafT o TorT, ST ol §aetT ol o foheh MARNeTdT ol ERTTAT & SR URURE: J& gadhich! dl
o T | arfde foad-1g 31 TRaTiad GASiSIaNg &bl IR-Sioarg # 9@ &l FIRHT & ol U
TTiad gadhic & B9 & IIT STl gl

3 #, gEATdd TSW-NSM & Shlae & B4 H SAdrg @R &l U1 3R dga T
ST 81 B o STEFTAT 7 Yah HIARUC b ©T H THT ol IUThHAT W ATl B[ ¢ 3R
TAGTI-GIT HIARUS Dl ATHA Tk AISA I HeldwdT § IR I THTGAT | SR & 2
R arftie erfderay aut &R diadT et o Aieet &= & g Ui FTfad STerarg-
T FIaRIAT I FAT 79T 21 TaaRor ATUSe! § URadT TSW T SUATT deh TaT AT STTdT
2, 3R Aled & 32 TS faesad [y ST1d €1 9k 3ieTraT, e TwmiRiae saiegzm=T
HiC Il (SE-THHT) TATIRSA I R-TRR ATUSST I SHTET HHT &7 SIgAT 1T & g
TSI T 77T B, 3R Tad 3 Aiect ol Eaa-d AT HHCS (SI3TTSH) T SUANT Tch
AT 7T 21 € FATaT & Toh OIS 3afe ol diadT ol geAT AT Tieharalt (I, R
aroa & afad= ok guf araae § afiad) @ rfde vafad g1t 8 Safes ot erafer &
e ot gAY 3fie Uighamelt (refieer aTfiT ofR Sofiohared) & wTfad gt 81 gretife,
afge® argaT 7 gRadd, TR FaeR &l Udhe H gHIT 31T @ ¢l I8 Wi car T & &
AT UThaTd 38 UThamatt & g&dTeR ol of STTdT &1 39 JTATaT, T9d 3T TR-TRR Atee
& HTEH T TUAT 6 6 e &R @mar § i aroit &t safe 9 2 @ 8, 3R Sl safy
I AT H el 3afe &bl geATelt Sl g1 H YRI I&ATd 3T 8l 8 3eTdT, daeid]
STeTaTyg o THTET el Qe ob TIY rHehTieteh HITCAT bl R & o Tl STerd g~ IR
HEHITSTeh! U JAUTRA IR-chiod HISHT el ST SATIIH gl

Ig IFTIC T STdT & fos R H auf iR aroa # gy Ufierias seamal S qm &
HaRUT & STger WOHITAAT B AT IR H HAeg o Tohdl ol Tgroaoul STIcIer oA

TeAT HISTIT &l UATIad ST 9 e § Ifeciied Sy b & JIfd &l &l I8
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AT & 3R g4 sl ot STeraryg AtstaT & Faiford feaT ST dehar & i TR-TRiRar & gwaer
T TG RId &R 8l
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