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ABSTRACT

Water resource management in the Upper Yamuna River Basin (UYRB) faces
increasing challenges due to climate change, socio-economic pressures, and governance
constraints. Traditional predictive models, which rely on deterministic or probabilistic
forecasts, often struggle to address complexities under deep uncertainty. As climate change
intensifies and demand grows, ensuring resilient and adaptive water governance in the region
requires decision-centric approaches that accommodate multiple plausible futures. This study
applies Decision-Making Under Deep Uncertainty (DMDU) to develop robust adaptation
pathways, leveraging stakeholder-driven knowledge co-production, physical climate storyline
approaches, fit-for-purpose modeling, stress-testing of adaptation options, and developing

dynamic adaptation policy pathways.

A co-production framework was developed, incorporating participatory modelling and
decision-support tools to create adaptive water management strategies. A transdisciplinary
approach facilitated collaboration among policymakers, researchers, and communities,
ensuring actionable, context-specific solutions. The XLRM framework structured the analysis
by categorizing uncertainties (X), policy levers (L), relationships (R), and performance metrics
(M) to evaluate adaptation options. Climate, hydrological, and water resource modelling tools
such as Bharat CLIMEX, UYR-SWAT, and UYRB-WEAP were developed to engage with
stakeholders and to analyze climate and hydrological risks, stress-test water policies, and
develop adaptation pathways. Over five years (2019-2024), stakeholder engagement (100+
participants) through workshops, interviews, and webinars identified NCT Delhi’s water
supply reliability, basin-scale demand management, and environmental flow management as
key priorities. In the short term, 54.1% of stakeholders supported capacity expansion, while
51.4% prioritized technological adaptation'. Long-term resilience strategies emphasized
continued technological investment (37.8%) and equitable resource allocation (18.9%).
Demand reduction measures included targeted subsidies (64.9%), leakage reduction (59.5%),
and customer metering (54.1%), with additional support for water pricing (35.1%) and
incentives for water-saving technologies (29.7%). While these priorities provide a strong
foundation, deep uncertainties in climate change and extreme events threaten their

effectiveness. Given the potential for high-impact, low-likelihood (HILL) climate shifts

' Stakeholders could select more than one strategy; percentages represent response frequency and
may sum to over 100%.
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disrupting water availability, stakeholders emphasized the need for climate scenarios

encompassing a broad range of plausible futures.

To address HILL climate risks, the study employs the Physical Climate Storylines
(PCS) methodology to bridge climate science and hydrological modelling. Climate impact
analysis was conducted using CMIP6 datasets, with a particular focus on winter precipitation,
which affects water allocation for nine out of twelve months in the Yamuna Basin. The PCS
approach was used to explore climate risks, revealing a 30-100% decline in non-monsoon
precipitation, a 10-20% increase in monsoon precipitation, and a 2—4°C temperature rise. To
capture climate uncertainties, five qualitative climate storylines were developed: S1 (very large
decrease), S2 (large decrease), S3 (moderate decrease), S4 (decrease), and S5 (moderate
increase) in non-monsoon precipitation. These were translated into quantitative climate data to

assess hydrological risks.

A stakeholder-informed fit-for-purpose water resource model was developed using
WEAP to translate climate information into hydrological risks. The renewal of the Upper
Yamuna Basin Agreement necessitates an operational model tailored to local decision contexts.
Model development was guided by stakeholder input and field visits, ensuring that local
priorities, allocation rules, and operational constraints were accurately represented. Calibration
and validation using Hathnikund Barrage data confirmed the model’s reliability, with high NSE
and low PBIAS values demonstrating its accuracy. Seasonal variability emerged as a critical
challenge, with excessive monsoon flows and severe dry-season shortages exacerbating water
stress. Basin-scale water supply and demand simulations revealed Haryana as the largest water
consumer, followed by Uttar Pradesh, Delhi, and Rajasthan. The model provided insights into
water allocation, demand management, and trade-offs between supply reliability,
environmental flow requirements, and socio-economic needs. The model's fit-for-purpose
applicability was assessed using closed basin-level water policy questions to ensure it met the
needs of stakeholders and technical experts. The model was then used to stress-test adaptation

options and develop dynamic adaptation policy pathways (DAPP) using the DMDU approach.

The DMDU modelling framework for UYRB was conceptualized by integrating the
XLRM framework and a scenario tree to (1) stress-test water policies and identify tipping
points and (2) develop stakeholder-driven DAPP to guide long-term adaptive strategies. The
evaluation incorporated demand management strategies identified through stakeholder

engagement to enhance NCT Delhi’s water supply reliability while ensuring environmental
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flow management. Stress-testing results revealed critical tipping points where existing policies
and adaptation strategies became ineffective under extreme climate and socio-economic
scenarios, such as a very large decrease in non-monsoon precipitation and increased water
demand. Under these conditions, severe water shortages emerged, particularly when Yamuna
river inflow at the Wazirabad Barrage dropped below historical averages. Demand-side
interventions increased Delhi’s water supply reliability by 10-30%, while supply-side measures
contributed an additional 20-30% to supply reliability and environmental flow management,
respectively, improving resilience against extreme climate scenarios. The DAPP approach
highlights that early implementation of demand management and wastewater reuse can delay
tipping points by 10-20 years, allowing phased infrastructure investments such as reservoir
expansion and inter-basin transfers. These findings underscore the necessity of flexible,
adaptive water management strategies integrating both supply- and demand-side measures to
ensure long-term water security across urban, agricultural, and environmental sectors in the
UYRB. The stakeholder-driven approach, incorporating inputs from key agencies such as the
Delhi Jal Board and Upper Yamuna River Board, ensures that adaptation pathways are context-

specific and responsive to evolving socio-hydrological conditions.

By integrating the co-production approach (Chapter 2), PCS-based climate scenarios
(Chapter 3), fit-for-purpose water resource modelling (Chapter 4), stress-testing of water policy
options, and stakeholder-driven Dynamic Adaptation Policy Pathways (Chapter 5), this study
establishes a decision-centric framework for adaptive water governance. The research
highlights the importance of DMDU in tackling water security challenges in the UYRB and
NCT Delhi, ensuring stakeholder engagement, leveraging physical climate storyline-based
climate scenario analysis, developing fit-for-purpose modelling, and applying stress-testing
techniques to evaluate policy tipping points under extreme climate and socio-economic
conditions. These insights shape DAPPs, ensuring that adaptive strategies remain flexible,
robust, and responsive to evolving uncertainties. This integrated decision-centric framework
offers actionable solutions for climate-resilient robust water resource management in data-

scarce, climate-vulnerable regions of the Global South.
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ARIA

I AT A dRF (UYRB) B S T4 Uaie &1 Siadrg UiRdcH, JrHTfoidh-
3fies el 3R T B Wi F HRU ded! A BT I BT TS e 2
IR qaigHH Ared, st fAeiRes a1 gHTer gaigami W St gid &, e siAfdaarsit
& fRyfert & Sifeaarsii @ e & /iR S d I8d § | STaarg IRkad & dgd THTd 3R
Sedl T &I W gU, 39 &F § oiar 8k 3rdal o M gHAfYd &7 & e T8
fofa-Sfea e srawaes § S sme Tufad ufass ulexdl & auifed #R 9% | I8
3T Decision-Making Under Deep Uncertainty (DMDU) UGfd @1 3UAIHR HASIqd
3IHA AT BT b Hdl 7, o Raur®! gR1 dafad I 98-3dreH, Hifde
SIcary WRIAE ¥, IeRAMT s (e, 3@ fdmedl P d-ra-Ui&or ufdsar,
IR ifaha e e Arif &1 e wfe 21

T Hg-3IdIGA gial fasRid fosar man, fored ggvifidrers ArsferT ok Fufg-
TETIT SUBRUN B! R T 77 <fTih &t o1 UeeH UMl ST HHfor faar s
% | U §g-favass eI 7 Hifa Fafarst, Mywarel ik Terl & o Tgai &
e e, fored magie ok deu-fafkiy wmrym gfed 81 9 | fazawor o Wit
HA o [T XLRM &Td &1 IuanT foear man, forad sifAfgaarstt (x), ifd ofar (L), IR
et (R), 3R TR AMUESt (M) &t afferd fhar Tl HRA CLIMEX, UYR-SWAT, 3fR
UYRB-WEAP ¥ SI@drg, o faqiH, SR et Treq AisfeiT IusHRur fasfid farg e
dTfeh feduRe! &1 UFTGRY 81 Tb, STarary 3R et Taieh SHRaHT o1 fazeryor faan S 9e,
ST =t T aTa-ORIE0T 81 Hoh SIR I AN & [ b oI o |

e auf (2019-2024) & SR TSI BRI, FTeTepRT 3R AGTRI & ATeqd
T 100 9 YD U BT HIfeRT 3 Tt faed o1 oat smyfcd ot fayeian, SRm-
TR AR geieH SR TaiaRuiy varg yeeH &1 v wfiearsti & wu # fafkd faan
DI U H, 54.1% GaURDI 7 gmar fGwR &1 gud= fosar, Safes 51.4% =
MAfeIT Srgpad &1 urufiiedr &t ewifie deem WFfaal & Jad Mefer
A1 (37.8%) 3R T BT AT FIdRUT (18.9%) TR $IR &1 77 | AT & HHl &1 &
Iurat & Aférd TSt (64.9%), et H Y (59.5%) 3R IuHe Hiel (54.1%) nfira
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3, STafs ofd Yoo (U (35.1%) SR SId-aad Urenfifeal & fag dieme (29.7%) &1 4t
A T g3

T 3 TS ATE Th ASgd STUR U&H HRa! 8, i Sfaarg aiRacdd 3R
ITAH Te13M & T8 A S7H T THTARITEd ®I Tk H ST Tabell ¢ | I IHE
Aifdh H FHIGHT (HILL) aTel STaarg URacH! o HRUT od SUASI H ¥dh1ac 3 o
3{TRihT ! ¢ d g, fgduRe®! - srue Yufad yiawr uRe=al & TH1fed H-- drd Siaarg
el Dt aRgdhdl R TR fadT S HILL Siaary SiRGH ol JH1e & o g, 39
g H Wifdeh STaar] WRIAR (PCS) Ukid B S{T-TaT 747 difds Sarary, f[axm SR 5d
1Y AisleiTT & o A 1T ST ¥ab | CMIP6 SCRIC BT SGINT Rd gU SIaqdrg UHTd
fa=ervor forar o, Ry wu § 9féat o1 ol W e ofad fosan w, s o aRE J
H J 9RE HeH! b oI fTde dI gHIfad HRdl g1 PCS VS0 Tg T+ ST b TR-
YA 81 & 30-100% H1 TRTGE, AFREH 81 & 10-20% $1 gig, 3R dr0H= & 2-4°C B
i< 81 el & | STaarg ATt &1 THTfed B & foIe Uid oITes STaar] CRidms-
fawfa &t T8 s1 (3% fR1ae), s2 @St fiRge), s3 @emH fRMEe), s4 (FHRT
fiRTEe), 3R S5 (A I(G) | TP AATES Sadrg el B uRafid &R e anihd
SR &1 Gedie foar |

fRIUR®! gRT YfId IR I JA18 IS B WEAP Wehid R [dwRid
fopa a1, ifer STaarg ST RI &1 ofd fage SiiRkad! | gikafdd foar S 9 | SRt T
IR TS & TdHIHRUT B AT H T A Uh T Yaa-IdHS Arsd sifard & faar o
R ffg euf & o eu 811 Aisd faer Raure! @ ufafsrar 3k esfig ymor
e TRra o, o wia urufiyeraratt, sirden Famt 3R yarem arensi &1 adtes ufafafia
G 8 U1 §3-158 RIS & STl &b SUANT I Hisd o1 3R 3R T forar 1T,
o I NSE 3fR g7 PBIAS HMFI A UGB! Ilwal &I YA fHar we
uRad-=iadr e T g & =0 B 9 o, fw srafiies At vaTe otk g
Ay &1 TR H 7 91 Yobe 31 3R a7 faan IRF TR W od Syfd $ik 7 &
Rygeiem o gfkamn & Tl 81 oI SURTEHdl Uil 74T, 390 d16 3R Uy, fowdt 3k
ISR || A A 5 3fded, Ui UaieH, iR Sy 3y, yafarofig vare
STaRAH I3, SR FHINS- TS TRexdl & o Aga & (ol § Sfde® uaH &1l
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Tled &l IeRAFEY IGAINGl dI d6-dRF S =iifd usi & SIRT gam T darfes I8
e o S e for I8 feduRe! 3R da-iia! [aRISRI &1 SHTaRIH TS Bl T HRl
2139% §1¢ DMDU UG(d & 3faifd 3 fasedl o1 a-1a-uieror fasar mmam SR fasfta
3@ e ifd AFt (DAPP) fasfid forg W)

UYRB & iU DMDU HISfeiTT g & UReedT XLRM &id 3R URERT &1 &
THIHUN GRT B T8, Al (1) ST e BT a-1a-uxieor fosar o we 3R Ao fagaft
(tipping points) P UEAM &l TP 3R (2) RAURD| gRT FaIferd DAPP &I fasfid &=
A pIferd 3G a UFIadl &1 AFTGRH i T& | Heaid ufshar # I A veed
RO Bt =i forar T g iRauRe IRTART & SR UgamT I T, fors Tt
faeeht Pt S SMyfd faya-iaar # QUR A/ S I SR 1Y gt yaiaRofig yarg uded
g forar ST 9 | a19-TRieor o ot 3 I8 Wy et o oo MR Searg ik
graTfore-3ifies uRewdl — S TR-AFYH auf § 3fafie fRTae 3R 9t g3 ofd AT —
& fyfcrt & aaam =Hifaal SiR uHITET SroryTdt 81 9Tl ¢ 1 U aRe=al ¥, Ry &9 9
O JOIRTETE SRTS UR AT Tt &1 YaTg YfaeRies $igd o &4 g1 74T, a1 1R ofd doe
I §3MT| HIT-U& gXaadl I facet &F oI SMyfel [au=iaar § 10-30% dd GUR g,
Safd SMgfd-us U ¥ 20-30% d@ SffaRed JUR g, RN rafds Sadryg
ufkfufert & fd Sei@re 9611 DAPP UGl I8 GXIft § b afg AfT ueed 3R sufRy
STe G SUTNT &1 0T UR 1 a1 ST i tipping points ®T 1020 TN qdb CTalT oI Adbdl
2, o Sarat o1 favaR 3R SIasRF RIMIARU S TRUee gfard! aiem faw Ty
FRIGEH

3 frenef 39 91d 1 WWifdhd B & fb UYRB &3 § ¥ed), $iY iR yafarofig &=t
T I T YRE AT R o ol i 3R SIgal oTdl WeeH UM Sfard
&, ST 3Mgfef 3R AR AT uell & Ul B Tdhidhd axal 81| fedUR®! gRI aTferd I8
=P, R fewdt oat SIS 3iR IU a1 1) 1S St g ToiR & 1qe A €,
g AT a1 ¢ & srjgpar anf ok deuf & oaR g ik Jgad M-
STt uieRdl & Ufd SaRar gl
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TB-3dTG ERHI (HE 2), PCS-IMYTRT Sdg URET (IR 3), SeATEY d
TGTe ATSTT (31T 4), 5 i faswedt &1 aa-udlerun, iR fedure! grT Jaifed
Tfarite e —ifd AR (310 5) Y Ubighd B g 3eqg- U Hofa-dfad srpar
&l URdd Rl g Sl SFIHa o XM &I 99d a1 1 g8 MY & fdr § f bMbU
WP UYRB 3R NCT faeeh & o gRem Taieh gt I fgen & {69 TR e 8
Tord! 7, forad fiRaure! &t yrfierR, wifde Saarg TRiag--sneiid Saarg fageyur,
I AT AISeiT &1 fadm, 3R avH Sadrg 9yt AHToie- e ffeufaat & ifa
tipping points & Hedidh 8 dTd-U&UT dh-1h! BT TN RMA g1 T A<D DAPPs
B! ATHR ot &, o g ol adiieh, Aved SR sifRf¥aaret & ufa Strerd
¥ &t €1 T8 Usipd ufa-hfad gfen Ser-wHl 3R Saary-gae-site afye gfémr &
&3 T STaaTg-Aie ] Auigd oTdt STe Uaie & ol ATagIRe JHTH URd ol 6|
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