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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 adaptation1. 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 

 
1 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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साराांश 

उपरी यमुना नदी बेसिन (UYRB) में जल िंिाधन प्रबंधन को जलवायु पररवर्तन, िामासजक-

आसथतक दबावो ंऔर शािन की िीमाओ ं के कारण बढ़र्ी चुनौसर्यो ंका िामना करना पड़ रहा है। 

पारंपररक पूवातनुमान मॉडल, जो सनधातरक या िंभाव्य पूवातनुमानो ंपर आधाररर् होरे् हैं, गहन असनसिर्र्ाओ ं

की स्थथसर्यो ंमें जसिलर्ाओ ंिे सनपिने में अक्सर अिफल रहरे् हैं। जलवायु पररवर्तन के बढ़रे् प्रभाव और 

बढ़र्ी मांग को देखरे् हुए, इि के्षत्र में लचीला और अनुकूली जल शािन िुसनसिर् करने के सलए ऐिे 

सनणतय-कें सिर् दृसिकोण आवश्यक हैं जो अनेक िंभासवर् भसवष्य पररदृश्यो ंको िमासहर् कर िकें । यह 

अध्ययन Decision-Making Under Deep Uncertainty (DMDU) पद्धसर् को अपनाकर मज़बूर् 

अनुकूलन मागों का सवकाि करर्ा है, सजिमें सहर्धारको ंद्वारा िंचासलर् ज्ञान िह-उत्पादन, भौसर्क 

जलवायु स्टोरीलाइन दृसिकोण, उदे्दश्यानुरूप मॉडसलंग, अनुकूलन सवकल्ो ंकी र्नाव-परीक्षण प्रसिया, 

और गसर्शील अनुकूलन नीसर् मागों का सवकाि शासमल है। 

एक िह-उत्पादन ढांचा सवकसिर् सकया गया, सजिमें िहभासगर्ात्मक मॉडसलंग और सनणतय-

िहायर्ा उपकरणो ंको शासमल सकया गया र्ासक अनुकूली जल प्रबंधन रणनीसर्यो ंका सनमातण सकया जा 

िके। एक बहु-सवषयक दृसिकोण ने नीसर् सनमातर्ाओ,ं शोधकर्ातओ ंऔर िमुदायो ंके बीच िहयोग को 

िक्षम सकया, सजििे व्यावहाररक और िंदभत-सवसशि िमाधान िुसनसिर् हो िके। सवशे्लषण को िंरसचर् 

करने के सलए XLRM ढांचे का उपयोग सकया गया, सजिमें असनसिर्र्ाओ ं(X), नीसर् लीवर (L), परस्पर 

िंबंधो ं(R), और प्रदशतन मापदंडो ं(M) को वगीकृर् सकया गया। भारर् CLIMEX, UYR-SWAT, और 

UYRB-WEAP जैिे जलवायु, जल सवज्ञान, और जल िंिाधन मॉडसलंग उपकरण सवकसिर् सकए गए 

र्ासक सहर्धारको ंकी भागीदारी हो िके, जलवायु और जल िंबंधी जोस्खमो ंका सवशे्लषण सकया जा िके, 

जल नीसर्यो ंका र्नाव-परीक्षण हो िके और अनुकूलन मागों का सवकाि सकया जा िके। 

पााँच वषों (2019–2024) के दौरान आयोसजर् कायतशालाओ,ं िाक्षात्कारो ंऔर वेसबनारो ंके माध्यम 

िे 100 िे असधक प्रसर्भासगयो ंकी भागीदारी ने एनिीिी सदल्ली की जल आपूसर्त की सवश्विनीयर्ा, बेसिन-

स्तरीय मांग प्रबंधन और पयातवरणीय प्रवाह प्रबंधन को प्रमुख प्राथसमकर्ाओ ंके रूप में सचस्िर् सकया। 

अल्कासलक रूप में, 54.1% सहर्धारको ं ने क्षमर्ा सवस्तार का िमथतन सकया, जबसक 51.4% ने 

प्रौद्योसगकीय अनुकूलन को प्राथसमकर्ा दी। दीर्तकासलक लचीलापन रणनीसर्यो ंमें िर्र् प्रौद्योसगकीय 

सनवेश (37.8%) और िंिाधनो ंका न्यायिंगर् सवर्रण (18.9%) पर ज़ोर सदया गया। मांग में कमी लाने के 

उपायो ंमें लसक्षर् िस्िडी (64.9%), लीकेज में कमी (59.5%) और उपभोक्ता मीिररंग (54.1%) शासमल 
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थे, जबसक जल मूल्य सनधातरण (35.1%) और जल-बचर् प्रौद्योसगसकयो ंके सलए प्रोत्साहन (29.7%) को भी 

िमथतन प्राप्त हुआ। 

यद्यसप ये प्राथसमकर्ाएं एक मज़बूर् आधार प्रदान करर्ी हैं, लेसकन जलवायु पररवर्तन और 

अत्यसधक र्िनाओ ंमें गहरी असनसिर्र्ाएं इनकी प्रभावशीलर्ा को खर्रे में डाल िकर्ी हैं। उच्च प्रभाव 

लेसकन कम िंभावना (HILL) वाले जलवायु पररवर्तनो ंके कारण जल उपलब्धर्ा में रुकावि आने की 

आशंका को देखरे् हुए, सहर्धारको ंने व्यापक िंभासवर् भसवष्य पररदृश्यो ंको िमासहर् करने वाले जलवायु 

पररदृश्यो ंकी आवश्यकर्ा पर ज़ोर सदया। इन HILL जलवायु जोस्खमो ंका िमाधान करने के सलए, इि 

अध्ययन में भौसर्क जलवायु स्टोरीलाइन (PCS) पद्धसर् को अपनाया गया र्ासक जलवायु सवज्ञान और जल 

िंिाधन मॉडसलंग के बीच िेरु् बनाया जा िके। CMIP6 डेिािेि का उपयोग कररे् हुए जलवायु प्रभाव 

सवशे्लषण सकया गया, सवशेष रूप िे िसदतयो ंकी वषात पर ध्यान कें सिर् सकया गया, जो यमुना बेसिन में नौ 

में िे बारह महीनो ंर्क जल आवंिन को प्रभासवर् करर्ी है। PCS दृसिकोण िे यह िामने आया सक गैर-

मानिून वषात में 30–100% की सगरावि, मानिून वषात में 10–20% की वृस्द्ध, और र्ापमान में 2–4°C की 

वृस्द्ध हो िकर्ी है। जलवायु असनसिर्र्ाओ ंको िमासहर् करने के सलए पांच गुणात्मक जलवायु स्टोरीलाइन 

सवकसिर् की गईं: S1 (अत्यसधक सगरावि), S2 (बड़ी सगरावि), S3 (मध्यम सगरावि), S4 (िामान्य 

सगरावि), और S5 (मध्यम वृस्द्ध)। इनको मात्रात्मक जलवायु आंकड़ो ंमें पररवसर्तर् कर हाइडर ोलॉसजकल 

जोस्खमो ंका मूल्यांकन सकया गया। 

सहर्धारको ंद्वारा िूसचर् उदे्दश्यानुरूप जल िंिाधन मॉडल को WEAP पे्लिफॉमत पर सवकसिर् 

सकया गया, र्ासक जलवायु जानकारी को जल सवज्ञान जोस्खमो ंमें पररवसर्तर् सकया जा िके। उपरी यमुना 

बेसिन िमझौरे् के नवीनीकरण की आवश्यकर्ा ने एक ऐिा प्रचालनात्मक मॉडल असनवायत कर सदया जो 

थथानीय सनणतय िंदभों के अनुरूप हो। मॉडल सवकाि सहर्धारको ंकी प्रसर्सिया और के्षत्रीय भ्रमण िे 

सनदेसशर् था, सजििे थथानीय प्राथसमकर्ाओ,ं आवंिन सनयमो ंऔर प्रचालन बाधाओ ंका ििीक प्रसर्सनसधत्व 

िुसनसिर् हो िका। हठनीकंुड बैराज के डेिा के उपयोग िे मॉडल का अंशांकन और ित्यापन सकया गया, 

सजिमें उच्च NSE और नू्यन PBIAS मानो ं ने इिकी ििीकर्ा को प्रमासणर् सकया। मौिमी 

पररवर्तनशीलर्ा एक प्रमुख चुनौर्ी के रूप में िामने आई, सजिमें अत्यसधक मानिूनी प्रवाह और िूखे 

मौिम की गंभीर कमी ने जल िंकि को और बढ़ा सदया। बेसिन स्तर पर जल आपूसर्त और मांग के 

सिमुलेशन में हररयाणा को िबिे बड़ा जल उपयोगकर्ात पाया गया, इिके बाद उत्तर प्रदेश, सदल्ली और 

राजथथान रहे। मॉडल ने जल आवंिन, मांग प्रबंधन, और आपूसर्त सवश्विनीयर्ा, पयातवरणीय प्रवाह 

आवश्यकर्ाओ,ं और िामासजक-आसथतक ज़रूरर्ो ंके बीच िंरु्लन के सनणतयो ंमें अंर्दृतसि प्रदान की। 



 

xii 

 

मॉडल की उदे्दश्यानुरूप उपयोसगर्ा को बंद-बेसिन जल नीसर् प्रश्ो ं के ज़ररए परखा गया र्ासक यह 

िुसनसिर् सकया जा िके सक यह सहर्धारको ंऔर र्कनीकी सवशेषज्ञो ंकी आवश्यकर्ाओ ंको पूरा करर्ा 

है। इिके बाद DMDU पद्धसर् के अंर्गतर् अनुकूलन सवकल्ो ंका र्नाव-परीक्षण सकया गया और गसर्शील 

अनुकूलन नीसर् मागत (DAPP) सवकसिर् सकए गए। 

UYRB के सलए DMDU मॉडसलंग ढांचे की पररकल्ना XLRM ढांचे और पररदृश्य वृक्ष के 

एकीकरण द्वारा की गई, र्ासक (1) जल नीसर्यो ंका र्नाव-परीक्षण सकया जा िके और सनणातयक सबंदुओ ं

(tipping points) की पहचान हो िके और (2) सहर्धारको ंद्वारा िंचासलर् DAPP को सवकसिर् कर 

दीर्तकासलक अनुकूलन रणनीसर्यो ंका मागतदशतन समल िके। मूल्यांकन प्रसिया में उन मांग प्रबंधन 

रणनीसर्यो ंको शासमल सकया गया सजिें सहर्धारक परामशत के दौरान पहचाना गया था, सजििे एनिीिी 

सदल्ली की जल आपूसर्त सवश्विनीयर्ा में िुधार लाया जा िके और िाथ ही पयातवरणीय प्रवाह प्रबंधन 

िुसनसिर् सकया जा िके। र्नाव-परीक्षण के पररणामो ं ने यह स्पि सकया सक कुछ गंभीर जलवायु और 

िामासजक-आसथतक पररदृश्यो ं— जैिे गैर-मानिून वषात में अत्यसधक सगरावि और बढ़ी हुई जल मांग — 

की स्थथसर्यो ंमें वर्तमान नीसर्यााँ और रणनीसर्यााँ अप्रभावी हो जार्ी हैं। ऐिे पररदृश्यो ंमें, सवशेष रूप िे 

जब वज़ीराबाद बैराज पर यमुना नदी का प्रवाह ऐसर्हासिक औिर् िे कम हो गया, र्ो गंभीर जल िंकि 

उत्पन्न हुआ। मांग-पक्ष हस्तके्षपो ंिे सदल्ली की जल आपूसर्त सवश्विनीयर्ा में 10–30% र्क िुधार हुआ, 

जबसक आपूसर्त-पक्ष उपायो ं िे 20–30% र्क असर्ररक्त िुधार हुआ, सजििे अत्यसधक जलवायु 

पररस्थथसर्यो ंके प्रसर् लचीलापन बढ़ा। DAPP पद्धसर् यह दशातर्ी है सक यसद मांग प्रबंधन और अपसशि 

जल पुनः  उपयोग को िमय पर लागू सकया जाए र्ो tipping points को 10–20 वषों र्क िाला जा िकर्ा 

है, सजििे जलाशयो ंका सवस्तार और अंर्बेसिन थथानांर्रण जैिे चरणबद्ध बुसनयादी ढांचा सनवेश िंभव 

हो पारे् हैं। 

ये सनष्कषत इि बार् को रेखांसकर् कररे् हैं सक UYRB के्षत्र में शहरी, कृसष और पयातवरणीय के्षत्रो ं

में दीर्तकासलक जल िुरक्षा िुसनसिर् करने के सलए लचीली और अनुकूली जल प्रबंधन रणनीसर्यााँ असनवायत 

हैं, जो आपूसर्त और मांग दोनो ंपक्षो ंके उपायो ंको एकीकृर् करर्ी हो।ं सहर्धारको ंद्वारा िंचासलर् यह 

दृसिकोण, सजिमें सदल्ली जल बोडत और उपरी यमुना नदी बोडत जैिी प्रमुख एजेंसियो ंके इनपुि शासमल हैं, 

यह िुसनसिर् करर्ा है सक अनुकूलन मागत सवसशि िंदभों के अनुिार हो ंऔर बदलरे् िामासजक-

जलसवज्ञानी पररदृश्यो ंके प्रसर् उत्तरदायी हो।ं 
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िह-उत्पादन दृसिकोण (अध्याय 2), PCS-आधाररर् जलवायु पररदृश्य (अध्याय 3), उदे्दश्यानुरूप जल 

िंिाधन मॉडसलंग (अध्याय 4), जल नीसर् सवकल्ो ंका र्नाव-परीक्षण, और सहर्धारको ंद्वारा िंचासलर् 

गसर्शील अनुकूलन नीसर् मागत (अध्याय 5) को एकीकृर् करके यह अध्ययन एक सनणतय-कें सिर् अनुकूलन 

ढांचा प्रसु्तर् करर्ा है जो अनुकूली जल शािन को िमथतन देर्ा है। यह शोध दशातर्ा है सक DMDU 

दृसिकोण UYRB और NCT सदल्ली में जल िुरक्षा िंबंधी चुनौसर्यो ंिे सनपिने में सकि प्रकार िहायक हो 

िकर्ा है, सजिमें सहर्धारको ंकी भागीदारी, भौसर्क जलवायु स्टोरीलाइन-आधाररर् जलवायु सवशे्लषण, 

उदे्दश्यानुरूप मॉडसलंग का सवकाि, और चरम जलवायु र्था िामासजक-आसथतक पररस्थथसर्यो ंमें नीसर् 

tipping points के मूल्यांकन हेरु् र्नाव-परीक्षण र्कनीको ंका प्रयोग शासमल है। ये अंर्दृतसियााँ DAPPs 

को आकार देर्ी हैं, सजििे अनुकूलन रणनीसर्यााँ लचीली, मज़बूर् और असनसिर्र्ाओ ंके प्रसर् उत्तरदायी 

बनी रहर्ी हैं। यह एकीकृर् सनणतय-कें सिर् ढांचा डेिा-कमी और जलवायु-िंवेदनशील वैसश्वक दसक्षण के 

के्षत्रो ंमें जलवायु-िसहषु्ण मज़बूर् जल िंिाधन प्रबंधन के सलए व्यावहाररक िमाधान प्रसु्तर् करर्ा है। 

 

 

 

  



 

xiv 

 

 

Table of Contents 

Certificate ................................................................................................................................ iii 

Acknowledgments .................................................................................................................... v 

Abstract ................................................................................................................................... vii 

साराांश ........................................................................................................................................ x 

List of Figures ....................................................................................................................... xvii 

List of Tables ....................................................................................................................... xxiv 

Abbreviations ....................................................................................................................... xxv 

 Introduction .......................................................................................................... 1 

1.1. Introduction ........................................................................................................... 1 

1.2. Co-production ....................................................................................................... 2 

1.3. Physical climate storylines ................................................................................... 3 

1.4. Fit-for-purpose modeling in water resources ........................................................ 4 

1.5. Stress-testing adaptation options and pathways under multiple scenarios ........... 5 

1.6. Current status of water resource management in the UYRB and Delhi ............... 6 

1.7. Objectives ............................................................................................................. 8 

 Stakeholder Engagement for Decision-Making Under Deep Uncertainty: Co-

Producing Knowledge to Address the Water Security Challenges in the UYRB ............ 10 

2.1. Introduction ......................................................................................................... 10 

2.2. Methodology ....................................................................................................... 13 

2.2.1. Co-production over case study area of UYRB............................................ 13 

2.2.2. Stakeholder engagement, core team and focus groups and workshops ...... 14 

2.2.3. Knowledge sharing and feedback mechanisms .......................................... 15 

2.2.4. XLRM method to design the whole study .................................................. 16 

2.2.5. Stakeholder Monitoring, Evaluation, and Learning (MEL) Framework .... 17 

2.3. Results ................................................................................................................. 17 

2.3.1. Overall stakeholder engagement ................................................................. 17 

2.3.2. Knowledge sharing: Data analytics, web tools, and modelling tools ......... 24 

2.3.3. Research design using XLRM framework .................................................. 28 

2.3.4. Monitoring, Evaluation and Learning (India Annual Assembly) ............... 29 

2.4. Discussion ........................................................................................................... 34 

2.5. Concluding remarks ............................................................................................ 37 

 Identifying and developing the high-impact low-likelihood climate scenarios 

for the Upper Yamuna River Basin through the Physical Climate Storylines approach 39 



 

xv 

 

3.1. Introduction ......................................................................................................... 39 

3.2. Datasets ............................................................................................................... 41 

3.3. Methodology ....................................................................................................... 42 

3.3.1. Objectives ................................................................................................... 43 

3.3.2. Climate process, analysis, and storylines .................................................... 43 

3.3.3. Validation .................................................................................................... 44 

3.3.4. Constructing climate information ............................................................... 45 

3.4. Results ................................................................................................................. 45 

3.4.1. Stakeholder engagement and multiple lines of evidence ............................ 45 

3.4.2. Key climate processes, analysis, and storylines .......................................... 49 

3.4.3. Validation: Relationship between precipitable water, western disturbances 

frequency and precipitation: .................................................................................. 64 

3.4.4. Constructing climate information ............................................................... 66 

3.5. Discussion and concluding remarks ................................................................... 68 

 Upper Yamuna Basin Agreement Renewal: A Fit-for-Purpose Water 

Resource Model to Explore Water Policy Pathways .......................................................... 70 

4.1. Introduction ......................................................................................................... 70 

4.2. Methods .............................................................................................................. 74 

4.2.1. Co-production of model objective .............................................................. 74 

4.2.2. Configuration of UYRB-WEAP water resources model ............................ 75 

4.2.3. Calibration, validation and performance assessment of the simulation model

 ............................................................................................................................... 75 

4.2.4. Evaluate the model through policy questions ............................................. 77 

4.3. Results ................................................................................................................. 79 

4.3.1. Conceptualization of the fit-for-purpose UYRB-WEAP model ................. 79 

4.3.2. Development of UYRB-WEAP water resource model............................... 80 

4.3.3. Calibration, validation and performance evaluation ................................... 83 

4.3.4. Operational policy evaluation ..................................................................... 89 

4.4. Discussion and limitations .................................................................................. 96 

4.5. Concluding remarks ............................................................................................ 98 

 Stress-Testing Decision-Centric Adaptation Appraisal and developing the 

dynamic adaptation pathways for robust water resource management in the UYRB .. 100 

5.1. Introduction ....................................................................................................... 100 

5.2. Methods ............................................................................................................ 103 

5.2.1. DMDU modelling framework ................................................................... 103 

5.2.2. Stakeholder engagement & decision context ............................................ 105 



 

xvi 

 

5.2.3. Scenarios ................................................................................................... 105 

5.2.4. XLRM framework..................................................................................... 106 

5.3. Results ............................................................................................................... 106 

5.3.1. Stakeholder engagement and water policy options ................................... 106 

5.3.2. Scenarios ................................................................................................... 118 

5.3.3. Stress testing the UYRB system performance: Baseline (with no water policy 

options) ............................................................................................................... 123 

5.3.4. Development of adaptation pathways ....................................................... 127 

5.4. Discussion ......................................................................................................... 132 

5.5. Concluding remarks .......................................................................................... 134 

 Summary, Limitations and Concluding Remarks ........................................ 135 

6.1. Summary ........................................................................................................... 135 

6.2. Way forward ..................................................................................................... 137 

6.3. Limitations ........................................................................................................ 138 

6.4. Concluding remarks .......................................................................................... 140 

References ............................................................................................................................. 141 

Publications and Awards ..................................................................................................... 152 

Annexure 1: Important Stakeholders Consulted / Involved ............................................ 155 

Annexure 2: Report of initial stakeholder Workshop on Water Security and Sustainable 

development in NCT of Delhi and UYRB .......................................................................... 156 

Annexure 3: Collaboratory Stakeholder Assessment - 2024 ............................................ 167 

Annexure 4: Datasets used in this thesis and UYRB chareterization ............................. 172 

Dinesh Kumar – Vitae ......................................................................................................... 183 

 

 

  



 

xvii 

 

LIST OF FIGURES 

Figure 1-1: The study area of the Yamuna basin and NCT of Delhi: (a) location map of the 

Yamuna basin and NCT of Delhi; (b) water supply for the NCT of Delhi. .................. 7 

Figure 1-2: Overall DMDU Modelling Approach adopted in this thesis. ................................. 9 

Figure 2-1: Methodological process and timeline for co-production of knowledge to address 

the water security challenge. ........................................................................................ 13 

Figure 2-2: Stakeholders' Workshop on Water Security and Sustainable Development in the 

National Capital Territory of Delhi. (a) Images from the workshop held on 13th March 

2020, including the event banner and participant group photo. (b) Workshop feedback 

form capturing stakeholders' prioritization of water supply and management actions.

...................................................................................................................................... 22 

Figure 2-3: (a) Word cloud summarizing key themes and discussions overall engagement 

activities. (b) Bar charts presenting stakeholders' responses regarding water supply 

improvement and water demand reduction measures for short and long-term 

implementation. This workshop facilitated discussions among stakeholders on 

addressing water security and sustainable development challenges in the Delhi region.

...................................................................................................................................... 23 

Figure 2-4: Tools and engagement for climate change in India. (a) Webinar on "Climate Change 

Impact and Adaptation: A Spotlight on India" (21st September 2021). (b) The Bharat 

CLIMEX interface shows national precipitation projections under SSP scenarios. (c) 

Regional focus on Himachal Pradesh, detailing localized climate projections. (d) 

Conceptual graph of temporal changes in precipitation (∆P) and temperature (∆T) for 

scenario analysis. ......................................................................................................... 26 

Figure 2-5: Tools and frameworks integrated into the Jalsuraksha for the UYRB. The figure 

illustrates: (a) Rainfall forecasts and observations using IMD and NOAA data for sub-

basins within the UYRB, (b) Visualization of proposed policy interventions, detailing 

scales of intervention (city or regional level) and their sources, such as (DWP, 2017) 

and(NCRPB, 2021), (c) Scenario-based framework using a decision tree to assess water 

management strategies under non-monsoon and monsoon conditions, exploring socio-

environmental scenarios (e.g., UUE, BAU, SUE) and their impacts on performance 

metrics like coverage and reliability. ........................................................................... 27 

Figure 2-6: Framework for robust decision-making using the XLRM approach and WEAP 

model. (a) Participatory Scoping defines goals, uncertainties, and strategies using 



 

xviii 

 

XLRM. (b) WEAP integrates policy levers, uncertainties, and relationships to evaluate 

strategies against metrics like demand coverage and reliability. The iterative process 

includes trade-off analysis and strategy refinement to develop robust water 

management solutions under deep uncertainty (Rodriguez Mendez et al., 2024) ....... 29 

Figure 2-7: Panel (a) illustrates a presentation on the "Multiscale Approach" for water systems 

in the Upper Yamuna Basin, showcasing an integrated view of different river systems 

in the region. Panel (b) captures a panel discussion on water systems during the 

Assembly...................................................................................................................... 30 

Figure 2-8: Panel (a) shows a demonstration area where Team IIT Delhi presented the 

Jalsuraksha website, facilitating stakeholder interaction with tools and resources related 

to climate data and water system modelling. Panel (b) displays a radar chart 

summarizing stakeholder feedback on various aspects of the Jalsuraksha website, 

including satisfaction with the platform’s features, climate change tools, and decision-

making support capabilities (see Annexure 3 for more details). ................................. 33 

Figure 3-1: Methodological Framework for Developing High Impact, Low Likelihood Climate 

Scenarios using the PCS. ............................................................................................. 42 

Figure 3-2: Historical and future precipitation patterns for India from भारर् CLIMEX, showing 

(a) Observed annual precipitation zones across India. (b) Projected precipitation trends 

for India under SSP2-4.5 and SSP5-8.5 scenarios: monthly climatology, annual trends 

(1950–2100), and seasonal heatmap. (c) Climate model grid coverage for Himachal 

Pradesh. (d) Same projections as (b), focused on Himachal Pradesh and Himalayan 

Yamuna. ....................................................................................................................... 46 

Figure 3-3: Monthly Rainfall Data and Trends in the UYRB (a) Monthly rainfall distribution 

at five stations (Yashwant, Paonia, Bausan, Naugan, Tuini) with cumulative trends (b) 

Time series analysis of average non-monsoon rainfall from 2000 to 2018, showing 

interannual variability and a declining trend. .............................................................. 47 

Figure 3-4: Spatial distribution of precipitation and projected changes over the UYRB (shown 

in red polygon)  study region. (a) Observed precipitation climatology (in mm) from 

IMD for annual and seasonal periods: January-February (JF), March-May (MAM), 

June-September (JJAS), and October-December (OND). (b) Reanalysis precipitation 

data from ERA5 for the same time slices. (c) Projected precipitation changes (in %) 

under the NEX-GDDP-CMIP6-BCC-CSM2-MR-SSP585 scenario relative to the 



 

xix 

 

historical base period (1995–2014). (d) Multi-model ensemble (MME) mean 

precipitation change (in %) under the same SSP585 scenario. .................................... 48 

Figure 3-5:The tree map of the key climate process in the Yamuna basin based on the decision 

context. ......................................................................................................................... 51 

Figure 3-6:(a) Mean of daily accumulated snowfall trend (1991-2020) (b) Relative change of 

mean of daily accumulated snowfall from 1961-1990 to 1991-2020 (c) Pressure system 

anomaly (d) temporal trend of the pressure system (e) spatial visualization of a trend  

of the pressure system (days per year) (e) spatial visualization of a trend of the pressure 

system. ......................................................................................................................... 53 

Figure 3-7: The spatial distribution of various extreme precipitation indices over the UYRB for 

the period 1981–2014. The indices include: (a) R20mm – Number of days with 

precipitation ≥ 20 mm (heavy precipitation days), (b) CDD,  – Consecutive Dry Days 

(maximum number of consecutive days with precipitation < 1 mm), (c) CWD – 

Consecutive Wet Days (maximum number of consecutive days with precipitation ≥ 1 

mm), (d) SDII – Simple Daily Intensity Index (total precipitation divided by the number 

of wet days, where precipitation ≥ 1 mm), (e) PRCPTOT – Annual total precipitation 

from wet days (precipitation ≥ 1 mm), (f) R95 – Very wet days (annual total 

precipitation from days exceeding the 95th percentile of daily precipitation). ........... 54 

Figure 3-8: The spatial distribution of trends over the UYRB from 1981 to 2014 for (a) R10mm, 

(b) CDD, (c) CWD, (d) SDII, (e) PRCPTOT, and (f) R95 .......................................... 55 

Figure 3-9: The list of selected NASA NEX-GDDP models having decreased non-monsoon 

precipitation (in mm)  in the Himalayan segment of the UYRB. ................................ 56 

Figure 3-10: Yearly WD anomaly and precipitation anamoly trends (1980-2021) observed 

yearly variations in WD anomaly and precipitation with their respective trend lines 

indicating a slight decline. ........................................................................................... 57 

Figure 3-11:Global teleconnections and winter precipitation in the UYRB from 1990 to 2020. 

The correlation between precipitation and NAO, Niño 3.4, and Siberian High are 0.49, 

-0.22, and -0.06, respectively, indicating varying levels of influence. ........................ 59 

Figure 3-12: (a) Correlation matrix; (b) Time series of positively correlated climate indices 

(AO, NAO, Jones NAO) with winter precipitation in the UYRB; (c) Time series of 

negatively correlated indices (PNA, SOI, TNI) with winter precipitation from 1980 to 

2020.............................................................................................................................. 60 

Figure 3-13: (a) Storyline framework for winter precipitation in the Himalayas, based on two 

key axes—Western Disturbance activity and precipitable water availability. Six climate 



 

xx 

 

storylines (S1–S5) are positioned within this uncertainty space, illustrating  plausible 

future scenarios. (b) Matrix of key climate processes influencing winter precipitation 

across five selected storylines, highlighting the relative increase (↑), decrease (↓), or no 

change (blank) in drivers such as Western Disturbances, Himalayan snow cover, 

teleconnections, atmospheric moisture, orographic effects, strength of the westerly jet, 

and regional pressure patterns, with corresponding winter precipitation change shown 

in the final row. ............................................................................................................ 62 

Figure 3-14: Relationship between Anomalies in WD, Precipitable Water, and Precipitation 

(1979–2022). (a) Scatter plot of WD vs. precipitable water anomalies; bubble color 

indicates precipitation anomaly. Red/yellow boxes show ±1σ and ±2σ ranges. (b) Time 

series of precipitation anomalies with decreasing trend (slope = –0.0206). (c) Time 

series of WD anomalies with decreasing trend (slope = –0.0325). ............................. 65 

Figure 3-15:(a) Summary table of five winter precipitation storylines (S1–S5) for the Upper 

Yamuna River Basin, showing the percentage-based changes applied to precipitable 

water and Western Disturbance (WD) frequency, projected precipitation in 2055, 

reduction from peak values, and qualitative narrative descriptions. (b) Time series 

projections of winter precipitation (in mm) from 2010 to 2055 for each storyline. .... 67 

Figure 4-1: Methodological framework for co-producing a fit-for-purpose water management 

model in the Upper Yamuna River Basin. ................................................................... 73 

Figure 4-2: Schematic representation of the UYRB water system, (a) Geographical extent of 

the UYRB, highlighting major rivers, tributaries, districts, and CWC monitoring 

stations, (b) Schematic diagram of key hydrological and infrastructure components, (c) 

Conceptual framework for water allocation priorities. ................................................ 80 

Figure 4-3: WEAP model configuration with rivers, reservoirs, diversions, and demand sites.

...................................................................................................................................... 82 

Figure 4-4: Observed (black lines) and simulated (red dashed lines) streamflow (m³/s) of 

UYRB river flow at six locations (Paonta, Hathnikund, Kalanaur, Mawi, DRB, and 

Flows Diverted to WYC)  during calibration (1995-2008) and validation (2009-2018) 

periods. ......................................................................................................................... 85 

Figure 4-5: Monthly average observed and simulated river flows during calibration and 

validation periods at six locations (Paonta, Hathnikund, Kalanaur, Mawi, DRB, and 

Flows Diverted to WYC). ............................................................................................ 88 



 

xxi 

 

Figure 4-6: Long-term monthly water balance components from 2000 to 2018, showing the 

seasonal variations in precipitation, water availability, evapotranspiration, baseflow, 

and groundwater recharge. ........................................................................................... 89 

Figure 4-7: Simulated state-wise water availability and diversion in the Upper Yamuna River 

Basin (2000–2018). (a) Annual water availability (BCM) by state showing interannual 

variability and dominant contributions from Himachal Pradesh and Uttarakhand. (b) 

Annual percentage share of each state's contribution, with notable shifts during high-

flow years. (c) Monthly distribution of availability (%) highlighting strong monsoonal 

influence and upstream state dominance from July to September. .............................. 90 

Figure 4-8: Comparison of observed and simulated streamflow at Hathnikund barrage (a) Flow 

duration curve, where the observed values (black) are compared with simulated values 

(red). (b) Monthly average streamflow cycle, displaying observed (black dashed line)  

and simulated (red solid line) streamflows. (c) Scatter plots of observed vs. simulated 

streamflow for annual average and (d) DJFM (December–March) periods, with 

corresponding regression fits and R² values indicating model performance. .............. 91 

Figure 4-9: Comparison of observed and simulated streamflow at the Western Jamuna Canal 

flow (a) Time series of observed (black) and simulated (red) streamflow, showing the 

model's ability to capture peak and base flows. (b) Flow duration curve, illustrating the 

probability of exceedance for observed (black dashed line) and simulated (red solid 

line) streamflow. The model underestimates high flows and slightly overestimates low 

flows. (c) Scatter plot comparing observed and simulated streamflow, with a fitted 

regression line (black) and the 1:1 reference line (blue dashed line). The coefficient of 

determination (R² = 0.5164) indicates moderate correlation, suggesting potential 

improvements in model calibration, particularly for high-flow conditions. ................ 93 

Figure 4-10: Comparison of observed and simulated streamflow at upstream of Palla (Yamuan 

Plain Stretch) (a) Scatter plot comparing observed and simulated streamflow, with a 

fitted regression line (b) Flow duration curve, illustrating the probability of exceedance 

for observed (black) and simulated (red) streamflow. The model slightly underestimates 

high flows while overestimating low flows, indicating potential calibration 

improvements needed for low-flow conditions. .......................................................... 94 

Figure 4-11: Evaluation of annual monsoon water availability simulation at Hathnikund 

Barrage (a) The time series plot presents observed (black dashed line) and simulated 

(red solid line) streamflow from 1995 to 2018, illustrating the model’s ability to capture 

seasonal variations, particularly monsoon-driven peaks. (b) The scatter plot compares 



 

xxii 

 

observed and simulated streamflow, with a fitted regression line and an R² value of 

0.7965. This relatively high correlation suggests that the model performs well in 

estimating annual water availability, though some deviations occur at higher flow 

magnitudes. .................................................................................................................. 96 

Figure 5-1: DMDU modelling framework for evaluation  of robustness of adaptation options 

and development of the decision-centric dynamic adaptation policy pathways under 

deep uncertainty. ........................................................................................................ 102 

Figure 5-2: DMDU Modelling Framework for Water Security in the UYRB. It includes (a) the 

river basin and canal network, (b) UYRB-WEAP model, (c) a conceptual framework 

linking uncertainties, policy levers, and  performance metrics via the WEAP model, 

and (d) a scenario tree ................................................................................................ 104 

Figure 5-3: Panel Discussion and Interactive Engagement on Water Systems: The images 

capture key moments from a panel discussion on water systems held on October 23, as 

part of the Water Security and Sustainable Development conference. The event featured 

expert discussions, stakeholder engagement, and interactive sessions where participants 

explored innovative solutions, data-driven models, and collaborative approaches to 

water management and climate resilience. ................................................................ 108 

Figure 5-4: Scatter plot showing the relationship between temperature and precipitation for the 

Non-monsoon season in UYRB, with different colours representing different time 

periods (NT, MT, ET) and distinct marker shapes corresponding to various SSPs. The 

legend indicates the SSP-Time combinations. ........................................................... 119 

Figure 5-5: Seasonal Variability in Projected Changes of Precipitation and Temperature 

(CMIP6 datasets ) for UYRB. The top panel shows the percentage change in 

precipitation across different seasons, represented by boxplots (blue) with median, 

quartiles, and outliers. The bottom panel illustrates the projected temperature increase 

(°C) by season using boxplots (red). The spread of values highlights seasonal variability 

in future climate projections. ..................................................................................... 120 

Figure 5-6: Probability of Non-Exceedance for Minimum Annual Streamflow under Different 

Scenarios (Including CMIP6 Projections) at the Hathnikund Barrage. The plot 

compares historical streamflow distributions (blue) with projected future scenarios 

(S1–S4) and CMIP6 model uncertainty (shaded gray). The x-axis represents annual 

minimum streamflow (m³/s), while the y-axis shows the probability of non-exceedance 

(%). Different scenarios (S1: red, S2: red dashed, S3: olive, S4: olive dashed) highlight 



 

xxiii 

 

potential reductions in streamflow, with CMIP6 projections providing a range of 

uncertainty for future changes. .................................................................................. 122 

Figure 5-7: Monthly variation in demand coverage (0-100% scale) for the NCT of Delhi under 

climate and socio-economic scenarios (S1, S2, S3, S4, S5) (SUE: Sustainable urban 

environment; BUE: Business As usual Environment; UUE: Unsustainable Urban 

Environment). ............................................................................................................ 124 

Figure 5-8: Monthly  variation in demand coverage (0-100% scale) at Hathnikund Barrage 

under climate and socio-economic scenarios (S1, S2, S3, S4, S5). ........................... 126 

Figure 5-9: Adaptive Pathways for Water Supply Enhancement in the NCT of Delhi. The 

pathways indicate the sequence of interventions, with tipping points (black circles) 

marking critical decision points for shifting strategies. The right panel provides a 

qualitative assessment of each strategy, highlighting target effects, costs, and side 

effects. The UYRB selection and prioritization of water supply enhancement are noted 

as key decision factors (0 is no effect, + increase, - reduction). ................................ 129 

Figure 5-10: Adaptive pathways for water supply and management in the NCT of Delhi from 

the DJB perspective. The figure presents different water management strategies over 

time, with an initial focus on water supply enhancement followed by long-term water 

management. Various adaptation pathways, including wastewater recycling, rainwater 

harvesting, groundwater recharging, and infrastructure expansion, are mapped along a 

timeline, with tipping points (black circles) indicating critical decision moments. The 

right panel evaluates each strategy based on target effects, costs, and side effects. This 

analysis guides the selection of optimal interventions for sustainable water management 

in Delhi....................................................................................................................... 130 

Figure 5-11: Adaptive water management pathways for the NCT of Delhi under multiple 

institutional perspectives. Tipping points (black circles) indicate critical moments 

where strategy shifts are required. The right panel provides a comparative assessment 

of each strategy based on target effects, costs, and side effects. The figure emphasizes 

the need for coordinated decision-making among multiple stakeholders for sustainable 

water resource management. ...................................................................................... 131 

 

  



 

xxiv 

 

LIST OF TABLES 

Table 2-1: The structured summary of stakeholder engagement activities related to co-

production of climate storyline, fit-for-purpose water resources modelling, and 

adaptation. The overall stakeholder engagement details can be found at 

https://gtr.ukri.org/projects?ref=ES%2FS008179%2F1: ............................................. 18 

Table 2-2: Stakeholder feedback questions evaluating the Jalsuraksha website and workshops 

on tool effectiveness, relevance, and support for water security and climate adaptation. 

The eight questions assess satisfaction, utility, and preparedness for decision-making, 

with Hindi translations provided for inclusivity. ......................................................... 32 

Table 3-1: Brief explanations of how ten key processes, identified through peer-reviewed 

literature, influence winter precipitation and precipitable water in the Himalayas and 

confirmed by the expert ............................................................................................... 50 

Table 3-2: Trend Analysis of Precipitation and Weather Variables ........................................ 58 

Table 3-3: Stakeholder responses elicited in detail for each possible future scenario of winter 

precipitation in the UYRB. .......................................................................................... 63 

Table 4-1: General guidance for the performance assessment of a hydrologic model ............ 77 

Table 4-2: The details of the policy question have been used to evaluate the fit-for-purpose 

modelling framework for the UYRB ........................................................................... 78 

Table 4-3: WEAP Model Components .................................................................................... 79 

Table 4-4: Key basin functions, allocation priorities, and vulnerabilities ............................... 81 

Table 4-5: Sensitive parameters and their values after calibration .......................................... 83 

Table 4-6: Model performance metrics for calibration and validation at six locations, including 

correlation (r), bias ratio (β), variability ratio (γ), Kling-Gupta Efficiency (KGE), Nash-

Sutcliffe Efficiency (NSE), refined Index of Agreement (rIoA), Percent Bias (PBIAS), 

and coefficient of determination (R²). .......................................................................... 86 

Table 5-1: List of Water Policy Options for Water Security in the UYRB. .......................... 109 

Table 5-2: Socio-economic scenarios. ................................................................................... 118 

Table 6-1: Addressing Knowledge Gaps through DMDU-Informed Water Management 

Strategies in the UYRB .............................................................................................. 136 

 

 

  



 

xxv 

 

ABBREVIATIONS 

AO  Adaptation Options 

APHRODITE Asian Precipitation - Highly-Resolved Observational Data Integration 

Towards Evaluation 

CLIMEX Climate Extremes for India Region 

CMIP6 Coupled Model Intercomparison Project Phase 6 

CMIP6-MME -

CMIP6 

Multi Model Ensemble 

CORDEX  Coordinated Regional Climate Downscaling Experiment 

CWC Central Water Commission 

DAPP  Dynamic Adaptation Policy Pathways 

DJB Delhi Jal Board 

DMDU Decision Making under Deep Uncertainty 

DWP Delhi Water policy 

ENSO El Niño–Southern Oscillation 

GCRF Global Challenge Research Fund 

HILL High Impact Low likelihood 

IMD Indian Metrological Department 

IMERG Integrated Multi-satellitE Retrievals for GPM (Global Precipitation 

Measurement) 

IPCC  Intergovernmental Panel on Climate Change 

ITCZ Intertropical Convergence Zone 

NAO North Atlantic Oscillation 

NASA National Aeronautics and Space Administration 

NCR National Capital Region 

NCT National Capital Territory   

NEX-GDDP  NASA Earth Exchange - Global Daily Downscaled Projections 

NGT National Green Tribunal 

NIH National Institute of Hydrology 

NOAA  National Oceanic and Atmospheric Administration 

NRW Non-Revenue Water 

PCS Physical Climate Storylines 

PEST Parameter ESTimation (a model-independent parameter estimation 

tool) 

RDM Robust Decision Making 

SWC Soil Water Conservation 



 

xxvi 

 

TRMM Tropical Rainfall Measuring Mission 

UKRI United Kingdom Research and Innovation 

UYRB Upper Yamuna River Basin 

UYRB-WEAP  Upper Yamuna River Basin Water Evaluation And Planning 

WEAP Water Evaluation And Planning 

WJC Western Jamuna Canal 

XLRM Uncertainties(X), Lever (L), Relationships (R), Metrics (M) 

YMC Yamuna Monitoring Committee 

 

 


