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Abstract 

 

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change (AR6) 

highlights alarming climate projections for the Indian subcontinent, including a more variable 

monsoon, extreme rainfall, floods, droughts, heatwaves, and intensified tropical cyclones. India, 

highly vulnerable to climate events, faces yearly challenges impacting lives, infrastructure, 

agriculture, and the economy. Heatwaves, exacerbated by climate change, pose a significant threat, 

causing numerous deaths and economic losses. The AR6 findings reinforce the link between global 

warming levels and the intensification of extreme events, including heatwaves.  

 

This study addresses the pressing concerns outlined in the AR6 regarding the escalating 

impacts of climate change on the Indian subcontinent. With a focus on heat waves, this study 

underscores the urgency of enhancing scientific understanding to inform effective adaptation 

planning and action. Numerous studies have documented the increasing frequency and duration of 

heat waves in different parts of India. The observed trends reveal a substantial impact on human 

health, agriculture, and overall mortality. Understanding the characteristics of heat waves is crucial 

for informed policy responses. India's current response involves Heat Action Plans that have been 

formulated by local and regional governments, but their effectiveness requires accurate heat wave 

forecasts. This thesis is focused on addressing the questions of  how heat waves change in the 

future. This is investigated with the help of simulations of +1.5°C and +2°C warmer worlds 

designed to address the question of future changes in extreme weather.  The mechanism of how 

the heat waves over Northwest India are triggered by atmospheric blocking events over North 

Atlantic through teleconnection is investigated for  its robustness in future warmer worlds.  In 
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order to inform adaptation to climate change, risk-based event attribution on a recent heat wave 

that occurred over India and Pakistan is carried out and, emphasizing the need for reliable 

forecasts, the forecast skill of state-of-art numerical weather prediction models for that heat event 

are analysed . 

 

This study begins by analyzing past, present, and future heat wave conditions using 

operational definitions of heat events, such as "hot day," "heatwave," and "severe heatwave," 

employed by the India Meteorological Department. This allows for a meaningful comparison of 

future and past conditions and provides valuable insights for decision-makers. The methodology 

involves the identification of heat events of different categories in observations and  bias corrected 

model output. The findings of this study reveal decreasing hot day duration but increasing heat 

wave duration in certain regions of India between 1951–2015. Future climates at +1.5°C and 

+2.0°C indicate a rise in frequency and duration of heat events, with shorter events 2-10 times 

more probable and longer duration events increasing by 10-30 times. The increased likelihood of 

heat waves in June and July poses additional risk due to higher moisture levels. A few recent heat 

waves that resulted in high mortality are taken as case studies to examine their characteristics in 

the two future climates. It is shown that the duration and area affected by the heat waves will most 

likely increase.  

 

Next, this thesis investigates the influence of atmospheric blocking patterns and Rossby 

Waves on the heat events, particularly heat waves over Northwest India. Rossby Waves, exhibiting 

meridional expansion attributed to Arctic amplification, are linked to slower propagation and heat 

wave development. IPCC AR6 highlights robust trends in blocking frequency, showing increases  
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in specific regions and seasons. A quasi-stationary Rossby Wave pattern, characterized by 

anomalous cyclonic and anticyclonic flow, plays a crucial role in heat wave dynamics. This study 

explores teleconnections between atmospheric blocking over the North Atlantic and heatwaves in 

Northwest India, adopting a methodology to assess potential changes in teleconnections under 

future climate scenarios (+1.5°C and +2°C). The results suggest that specific Rossby wave 

patterns, such as those with wavenumbers 5 and 7, can induce simultaneous heat extremes in 

distinct regions. The findings highlight that atmospheric blocking events over the North Atlantic 

teleconnect with heat waves in Northwest India, with a 3-day lag, persisting in +1.5°C and +2°C 

future climates. Granger Causality tests confirm the continued influence of North Atlantic blocking 

on higher daily maximum temperature anomalies over Northwest India in warmer climates. The 

analysis of Rossby wave numbers (4-11) highlights that Rossby Waves 7 and 9 trigger anomalous 

blocking over North Atlantic, leading to increased heat events over Northwest India, and their 

higher frequency in earlier in the season (March and April) and more frequent and earlier heat 

events over Northwest India. 

 

Next, well established event attribution techniques were employed to understand the 

contribution of human-induced global warming to a specific heat event - the 2022 heat wave over 

South Asia. Despite La Niña conditions contributing to a slightly lower global temperature, 2022 

marked the fifth warmest year on record globally. The study delves into the unprecedented and 

prolonged heat wave experienced in North India and Southern Pakistan from March to May 2022, 

with significant impacts on public health and agriculture (specifically the wheat crop), glacial lake 

outbursts, and forest fires. This study finds that the 2022 event (March-April observed daily 

maximum temperature) had a return period of ∼1-in-100 years and that human-caused climate 
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change  made this heat wave about 1°C hotter and 30 times more likely in the current, 2022 climate, 

as compared to the 1.2°C cooler, pre-industrial climate.  

 

Finally, this thesis also conducts a comprehensive analysis of the prediction skills of 

several state-of-the-art numerical weather prediction models for the 2022 heat wave. The results 

show that the multi-model mean gives better forecast skills on prediction of heat waves during 

March-April 2022.  

 

Overall, the findings discussed in the thesis warn of heat waves that will occur earlier in 

the season in the future and last longer over a larger area. This is an insight for the government's 

preparedness measures, including Heat Action Plans, early warning systems, and healthcare 

strategies in India, offering a tangible basis for decision-makers and emphasizing the significance 

of actionable climate science in the face of evolving climate challenges.
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                                                          शोध-सार  

 

इंटर-गवनर्मेंट पैनल ऑन क्लाइमेट चेंज  की छठी मूल्यांकन िरपोटर् (ए.आर. 6) भारतीय उपमहाद्वीप के िलए 

िचंतनीय जलवाय ुअनुमानों पर प्रकाश डालती ह,ै िजसमें अिधक पिरवतर्नशील मानसून, अत्यिधक वषार्, बाढ़, सूखा, 

ऊष्ण-लहर  और तीव्र उष्णकिटबंधीय चक्रवात शािमल हैं। भारत, जलवाय ुपिरवतर्न आधािरत घटनाओ ंके प्रित 

अत्यिधक संवेदनशील ह ैऔर जीवन सम्बन्धी, बुिनयादी ढांच,े कृिष और अथर्व्यवस्था को प्रभािवत करन ेवाली 

चुनौितयों का प्रितवषर् सामना करता ह।ै भारतीय उपमहाद्वीप पर जलवाय ुपिरवतर्न के कारण बढ़ी ऊष्ण-लहर एक 

एक गंभीर खतरा पैदा करती ह,ै िजसके कारण  जीवन क्षित तथा आिथर् क नुकसान होता ह।ै ए.आर. 6 िरपोटर् के 

िनष्कषर् वैिश्वक तापमान वृिद्ध के स्तर और ऊष्ण-लहर सिहत चरम घटनाओ ंकी तीव्रता के बीच संबंध को मजबूत 

करत ेहैं। 

 

यह शोध भारतीय उपमहाद्वीप पर जलवाय ुपिरवतर्न के बढ़त ेप्रभावों के संबंध में ए.आर. 6 िरपोटर्  में 

उिल्लिखत गंभीर िचंताओ ंके समाधान को व्यक्त करता ह।ै ऊष्ण-लहर पर  कें िद्रत यह अध्ययन प्रभावी अनुकूलन 

योजना और कारर्वाई को सूिचत करन ेके िलए वैज्ञािनक सूझबूझ को बढ़ान ेकी तात्कािलकता को रखेांिकत करता 

ह।ै कई अध्ययनों के प्रलेख में भारत के िविभन्न िहस्सों में ऊष्ण-लहर की बढ़ती आवृित्त और अविध का वणर्न िकया 

गया ह।ै इन अध्ययनों में देख ेगए रुझान मानव स्वास्थ्य, कृिष और समग्र मृत्यु दर पर प्रचुर प्रभाव दशार्त ेहैं। इन 

प्रभावों द्वारा प्राप्त सूचनाओ ंकी उिचत प्रितिक्रयाओ ंके िलए ऊष्ण-लहर के िविशष्ट लक्षणों को समझना महत्वपूणर् 

ह।ै भारत की वतर्मान कायर् योजनाओ ंमें हीट एक्शन योजनाएं शािमल हैं जो स्थानीय और क्षेत्रीय सरकारों द्वारा तैयार 
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की गई हैं, लेिकन उनकी प्रभावशीलता के िलए सटीक ऊष्ण-लहर पूवार्नुमान तकनीक िवकिसत करन ेकी आवश्यकता 

ह।ै यह शोध इस सवाल पर कें िद्रत ह ैिक भिवष्य में ऊष्ण-लहर के लक्षण कैस ेबदलत ेहैं। इसकी जांच +1.5°C और 

+2°C उष्ण वैिश्वक तापमान के अनुकरण के मदद से की गई ह,ै िजस ेभिवष्य में मौसम में अत्यिधक होन ेवाल े

बदलावों के सवाल का समाधान करन ेके िलए अिभकिल्पत िकया गया ह।ै उत्तर-पिश्चमी भारतीय क्षेत्रों के ऊपर बहन े

वाली ऊष्ण-लहर कैस ेउत्तरी अटलांिटक वायुमंडल द्वारा उत्पन्न व प्रेिरत होती ह ै, इसकी जाँच इस दूर-संयोजन के 

माध्यम स ेकी जा रही ह।ै जलवाय ुपिरवतर्न के अनुकूलन को सूिचत करन ेके िलए, भारत और पािकस्तान में हाल ही 

में हुई ऊष्ण-लहर पर जोिखम-आधािरत घटना देखी गयी ह ैऔर, िवश्वसनीय पूवार्नुमानों की आवश्यकता पर जोर 

देत ेहुए, अत्याधुिनक संख्यात्मक मौसम पूवार्नुमान मॉडल्स का पूवार्नुमान कौशल का उपयोग  िकया गया तथा  ऊष्ण-

लहर आधािरत  घटना का िवश्लेषण िकया जाता ह।ै 

 

यह अध्ययन भारत मौसम िवज्ञान िवभाग द्वारा िनयोिजत पिरभाषाओ ंजैस े"गमर् िदन," "ऊष्ण-लहर" और 

"गंभीर ऊष्ण-लहर"  का उपयोग करके अतीत, वतर्मान और भिवष्य की ऊष्ण-लहर िस्थितयों का िवश्लेषण करता 

ह।ै यह भूत व भिवष्य की  िस्थितयों का तुलनात्मक अध्ययन करके  िनणर्य कतार्ओ ंके िलए मूल्यवान अंतदृर्िष्ट प्रदान 

करता ह।ै इसकी कायर्प्रणाली में अवलोकनों और पूवार्ग्रह सुधािरत मॉडल आउटपुट में िविभन्न श्रेिणयों की 

तापीय  घटनाओ ंकी पहचान शािमल ह।ै इस अध्ययन के िनष्कषोर्ं स ेपता चलता ह ैिक 1951-2015 के बीच भारत 

के कुछ क्षेत्रों में गमर् िदन की अविध कम हो रही ह ैलेिकन ऊष्ण-लहर  की अविध बढ़ रही ह।ै भिवष्य की जलवाय ु

+1.5°C और +2.0°C पर आधािरत  ताप-घटनाओ ंकी आवृित्त और अविध में वृिद्ध का संकेत देती ह,ै छोटी घटनाओ ं

की संभावना 2-10 गुना अिधक होती ह ैऔर लंबी अविध की घटनाओ ंकी संभावना 10-30 गुना तक बढ़ जाती ह।ै 
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नमी के उच्च स्तर के कारण जून और जुलाई में ऊष्ण-लहर की संभावना बढ़न ेसे अितिरक्त जोिखम पैदा होता ह।ै 

हाल की कुछ ऊष्ण-लहरें िजनके पिरणामस्वरूप उच्च मृत्यु दरें देखी गई हैं , उन्हें भिवष्य में होन ेवाल ेजलवाय ुपिरवतर्नों 

में ऊष्ण-लहर के िविशष्ट लक्षणों की जाँच करन ेके िलए केस स्टडी के रूप में िलया गया ह।ै इस केस स्टडी के 

माध्यम स े देखा गया  ह ैिक लेिकन ऊष्ण-लहर से प्रभािवत होन ेकी अविध और क्षेत्र में सबस ेअिधक वृिद्ध होन ेकी 

संभावना ह।ै 

 

इसके अितिरक्त, यह शोध प्रबंध गमीर् की घटनाओ,ं िवशेष रूप से उत्तर-पिश्चमी भारत में ऊष्ण-लहर पर 

वायुमंडलीय अवरोधन पैटनर् और रॉस्बी तरगंों के प्रभाव की जांच करती ह।ै रॉस्बी तरगंें, जो आकर् िटक प्रवधर्न के िलए 

िजम्मेदार मेिरिडयनल (देशांतरीय) िवस्तार को प्रदिशर् त करती हैं, धीमी गित से प्रसार और ऊष्ण-लहर के िवकास से 

जुड़ी हैं। आईपीसीसी ए.आर. 6 िविशष्ट क्षेत्रों और मौसमों में वृिद्ध िदखात ेहुए, अवरोधन आवृित्त में मजबूत रुझानों 

को उजागर करता ह।ै एक अधर्-िस्थर रॉस्बी वेव पैटनर्, जो िवषम चक्रवाती और प्रितचक्रवाती प्रवाह की िवशेषता ह,ै 

ऊष्ण-लहर की गितशीलता में एक महत्वपूणर् भूिमका िनभाता ह।ै यह अध्याय भिवष्य के जलवाय ुपिरदृश्यों (+1.5°C 

और +2°C) के तहत दूर-संयोजन में संभािवत पिरवतर्नों का आकलन करन ेके िलए एक पद्धित को अपनात ेहुए, उत्तरी 

अटलांिटक पर वायुमंडलीय अवरोध और उत्तर-पिश्चम भारत में ऊष्ण-लहर के बीच दूर-संयोजन की खोज करता ह।ै 

िनष्कषर्  बतात ेहैं िक िविशष्ट रॉस्बी तरगं पैटनर्, जैस ेिक तरगं संख्या 5 और 7, अलग-अलग क्षेत्रों में एक साथ गमीर् 

की चरम सीमा को प्रेिरत कर सकत ेहैं, साथ ही इस बात पर प्रकाश डालत ेहैं िक उत्तरी अटलांिटक पर वायुमंडलीय 

अवरोधन घटनाएं उत्तर-पिश्चम भारत में ऊष्ण-लहर  के साथ 3 िदन के अंतराल के साथ जुड़ती हैं, जो भिवष्य के 

मौसम में +1.5°C और +2°C तक बनी रहती हैं। ग्रेंजर कॉज़ैिलटी परीक्षण गमर् जलवाय ुमें उत्तर पिश्चम भारत में 
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उच्च दैिनक अिधकतम तापमान िवसंगितयों पर उत्तरी अटलांिटक अवरोध के िनरतंर प्रभाव की पुिष्ट करत ेहैं। रॉसबी 

तरगं संख्याओ ं(4-11) का िवश्लेषण बताता ह ैिक  रॉसबी तरगं 7 और 9 उत्तर अटलांिटक क्षेत्रों पर िविशष्ट अवरोधन 

को प्रेिरत करत ेहैं , िजसस ेउत्तर - पिश्चमी भारतीय क्षेत्रों में ऊष्ण-लहर की संभावनाएं अिधक होती हैं , और यह माचर्-

अप्रैल माह के प्रारिंभक िदनों में अिधक होत ेहैं ।   

 

इसके बाद , दिक्षण एिशया में 2022 की ऊष्ण-लहर - में मानव-प्रेिरत भूमंडलीय ऊष्मीकरण के 

योगदान को समझन ेके िलए अच्छी तरह से स्थािपत ईवेंट एिट्रब्यूशन तकनीकों का उपयोग िकया गया था। 

वैिश्वक तापमान को कम करन ेवाली ला नीना िस्थितयों के बावजूद, 2022 िवश्व स्तर पर िरकॉडर् पांचवा ंसबस े

गमर् वषर् रहा ह।ै यह अध्ययन माचर् स ेमई 2022 तक उत्तर भारत और दिक्षणी पािकस्तान में अनुभव की गई 

अभूतपूवर् और लंब ेसमय तक चलन ेवाली ऊष्ण-लहर पर प्रकाश डालता ह,ै िजसका सावर्जिनक स्वास्थ्य और 

कृिष (िवशेष रूप स ेगेहू ंकी फसल), िहमनद झील के िवस्फोट और जंगल की आग पर महत्वपूणर् प्रभाव पड़ा 

ह।ै इस अध्ययन स ेपता चलता ह ैिक 2022 की घटना (माचर्-अप्रैल में दैिनक अिधकतम तापमान देखा गया) 

की वापसी अविध लगभग 100 में 1 वषर् थी और मानव-जिनत जलवाय ुपिरवतर्न न ेइस ऊष्ण-लहर को पूवर्-

औद्योिगक जलवाय ुजो सामान्यतः 1.2 िडग्री सेिल्सयस, की तुलना में वतर्मान, 2022 की जलवाय,ु को , 

लगभग 1 िडग्री सेिल्सयस अिधक गमर् और 30 गुना अिधक संभािवत बना िदया। 

 
अंत में, यह शोध 2022 की ऊष्ण-लहर के िलए कई अत्याधुिनक संख्यात्मक मौसम भिवष्यवाणी मॉडल के 

पूवार्नुमान कौशल का व्यापक िवश्लेषण भी करती ह।ै इस शोध प्रबंध के पिरणाम बतात ेहैं िक मल्टी-मॉडल माध्य 

माचर्-अप्रैल 2022 के दौरान ऊष्ण-लहर  की भिवष्यवाणी पर बेहतर पूवार्नुमान देता ह ै। 
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           कुल िमलाकर, इस शोध प्रबंध में चिचर् त िनष्कषर् भिवष्य में होन ेवाली ऊष्ण-लहर की घटनाओ ंकी  चेतावनी 

देती  ह,ै िजसकी भिवष्य एक बड़े क्षेत्र में लंबे समय तक घिटत होन ेकी संभावना ह।ै यह भारत में हीट एक्शन प्लान, 

प्रारिंभक चेतावनी प्रणाली और स्वास्थ्य देखभाल रणनीितयों सिहत सरकार की तैयािरयों के उपायों के िलए एक 

अंतदृर्िष्ट ह,ै जो िनणर्य लेन ेवालों के िलए एक ठोस आधार प्रदान करता ह ैऔर उभरती जलवाय ुचुनौितयों के सामन े

कायर्वाही योग्य जलवाय ुिवज्ञान के महत्व पर जोर देता ह।ै 
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Same as in figure 3.10, but for MPI-M-ECHAM6-3-LR model. 
 
Same as in figure 3.10, but for the NCC-NorESM1 model. 
 
An idealized depiction of the March-June circulation when (a) Rossby Wave-5 and 
(b) Rossby Wave-9 from the ERA5 reanalysis (1979-2018) is in its preferred phase 
with the width and position of the maximum (brown dotted line and maximum ± σ 
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demarcated with a black box and the Northwest India region (21°N-30°N and 71°E-
80°E) is shown as a white box.   
 
Heat map of ECA trigger coincidence rates of amplified waves from 4 to 9 
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amplify the respective blocking events relative to non-event weeks. Statistical 
significance of the coincidence rates at the 99% (95%) confidence level is marked 
with a white (cyan) dot. The waves 4, 7, and 9  have the highest ECA coincidence 
rates and amplification factors > 1.  
 
Same as in figure 3.16, but for normalized anomalies of IMD TMAX  over 
Northwest India. Rossby waves were computed from ERA5 reanalysis and 
compared with IMD observed TMAX during respective wave number weeks. The 
waves 6, 7, and 9 are having highest ECA coincidence rates and amplification 
factors > 1. 
 
Mean Frequency (and probability) of weekly Rossby Waves (for wave numbers 4 
to 9) from 5 HAPPI models (500 ensemble members) in the Historical, +1.5°C and 
+2°C simulations (10 years each), during individual months between March to June 
and the whole season. The error bars represent standard deviation obtained from 
500 ensemble members, with  statistical significance at 95% confidence level, by a 
Monte Carlo method with random shuffling of events in time (N = 1000). 
 
Probability density function of daily TMAX values over Northwest India during 
Rossby Wave activity for wave numbers 4-9 during March to June from 5 HAPPI 
models with 100 ensemble members each for the Historical (blue), +1.5°C (orange) 
and +2°C (red) simulations. The TMAX probability density functions during 
Rossby Wave activity (solid lines) are to be compared against the probability 
density with no Rossby Wave activity  (dashed lines). 
 
Weekly mean of TMAX (°C) observed during the 8 weeks of March and April 2022 
in the CPC Observations. The study region is highlighted by the blue polygon 
within each panel. 
 
Same as Figure 4.1, but for daily maximum temperature anomaly of CPC 
Observation. Daily climatology is computed for the 1981 to 2010 period. 
 
Trends in observed daily maximum temperature TMAX (°C) averaged over March–
April from the (a) CPC and (b) IMD datasets, of the years 1979–2022. Stippling 
indicates trends that are significant at the 10% significance level. The ‘study region’ 
is highlighted by the blue polygon within each panel plots (a and b). Time series of 
area-averaged over the ‘study region’ and further average of March–April months 
of observed daily TMAX (shown by the red line) along with the ten-year running 
mean (shown by the green line) based on the (c) CPC (1979-2022) and (d) IMD 
datasets (1951-2022). Area average of IMD observation was computed over for the 
Indian part of the region only within the study region, and ignored data points over 
outside India where it does not have any observed data.  
 
Comparison of TMAX (°C) CPC Observation on 15th March 2022 and lead day-7 
forecast from the TIGGE multi models (contributed institute-models namely BOM-
UM, ECCC-GDPS, ECMWF-IFS, IMD-GFS, JMA-GSM, KMA-UM, NCEP-GFS, 
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NCMRWF-UM and UKMO-UM – a total of 9 Global atmospheric models) and 
multi model ensemble mean (MME-Mean), and multi model ensemble median 
(MME-Median), whose initial condition (IC) dated on 09th March 2022 and 
forecasts valid on 15th March 2022. The study region is highlighted by the blue 
polygon within each panel plot. 
 
Comparison of daily TMAX (°C) weighted area averaged over the ‘study region – 
blue polygone in Figure 4.4’ of CPC Observation and 9 TIGGE models forecast, 
along with its multi model ensemble mean (MME-Mean), median (MME-Median) 
for lead days from 1 to 10 during March-April 2022. 
 
Spatial pattern Correlation Coefficient of daily TMAX (°C) over the ‘study region 
– blue polygone in Figure 4.4’ between CPC Observation and 9 TIGGE models 
forecast, along with its multi model ensemble mean (MME-Mean), median (MME-
Median) for lead days from 1 to 10 during March-April 2022. 
 
Spatial pattern Root Mean Square Error (RMSE) of daily TMAX (°C) over the 
‘study region – blue polygone in Figure 4.4’ between CPC Observation and 9 
TIGGE models forecast, along with its multi model ensemble mean (MME-Mean), 
median (MME-Median) for lead days from 1 to 10 during March-April 2022. 
 
Taylor diagram of spatio-temporal pattern stats of correlation, RMSE, normalized 
standard deviation 9 TIGGE model forecasts, MME-Mean, MME-Median, 5th 
percentiles, and 95th percentiles compared against CPC Observation for week-2 (8-
15 March 2022) over the study region.  
 
Same as Figure 4.8, but for week-4 during 24-31 March 2022. 
 
Same as Figure 4.8, but for week-6 during 8-15 April 2022. 
 
Same as Figure 4.8, but for week-8 during 24-30 April 2022. 
 
Comparison of Bias Score (y-axis) of spatial and temporal daily TMAX for 5 
different threshold (≥ 37°C, ≥ 38°C, ≥ 39°C, ≥ 40°C, ≥ 41°C) between CPC 
Observed data and 9 TIGGE model forecasts, multi model  ensemble mean (MME-
Mean), median (MME-Median) for all forecast lead days from 1 to 10 (x-axis) 
during 4 weeks in March 2022. Perfect Bias score is 1. 
 
Same as Figure 4.12, but for the 4 weeks in April 2022 (columns) and for thresholds 
of  39°C-43°C (rows). 
 
Probability of Detection (POD) of spatial and temporal daily TMAX for 5 different 
thresholds (37°C-41°C) for the 9 TIGGE model forecasts, multi model ensemble 
mean (MME-Mean) and median (MME-Median) for all forecast leads from 1 to 10 
(x-axis) during 4 weeks in March 2022. Perfect POD score is 1. 
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Same as Figure 4.14, but for Probability of False Detection (POFD). Perfect POFD 
score is 0. 
 
False Alarm Ratio (FAR) of spatial and temporal daily TMAX for 5 different 
threshold (39°C-43°C) in  9 TIGGE model forecasts, multi-model  ensemble mean 
(MME-Mean) and median (MME-Median) for all forecast lead days from 1 to 10 
(x-axis) during 4 weeks in April 2022. Perfect FAR score is 0. 
 
Same as Figure 4.16, but for Equitable Threat Scores.  Perfect Equitable Threat 
Score is 1. 
 
Comparison of TMAX (°C) in CPC Observations (a) on 15th March 2022 with 
forecasts at lead day-1, lead day-3, lead day-5 and lead day-7 from NCMRWF’s 
Unified Model Ensemble Prediction System – NEPS (global atmospheric model 
with 23 ensemble members). The ensemble mean (NEPS-Mean), and ensemble 
median (NEPS-Median) forecasts valid for 15th March 2022 whose initial 
conditions (Ics) are from 15th March, 13th March, 11th March,  and 09th March, 
respectively f are shown. The study region is outlined in blue within each panel 
plot. 
 
CPC Observation showing areas of TMAX ≥ 40°C on 15th March 2022 (a) and 
probability of TMAX (threshold ≥ 40°C) forecasts valid on 15th March 2022 at lead 
days 1 to 7 (b) – (h) from the  NEPS (23 ensemble members), whose initial 
conditions are from 09th to 15th March 2022, and forecasts compared with. The 
study region is shown in blue outline. 
 
Taylor Diagram showing spatio-temporal pattern statistics (correlation, RMSE, 
normalized standard deviation) for the ensemble of 23 members of NEPS (from 1 
to 7 days lead), for the 8-weeks (March-April 2022). 
 
Comparison of Probability of Detection (y-axis) of spatial and temporal daily 
TMAX for 5 different threshold (≥ 37°C, ≥ 38°C, ≥ 39°C, ≥ 40°C, ≥ 41°C) between 
CPC Observed data and NEPS model forecasts with its 23 members, its mean 
(NEPS-Mean), and its median (NEPS-Median) for all forecast lead days from 1 to 
7(x-axis) during 4 weeks in March 2022.Perfect Probability of Detection score is 1. 
 
Same as Figure 4.21, but for Probability of False Detection (POFD). Perfect POFD 
score is 0. 
 
False Alarm Ratios of spatial and temporal daily TMAX for 5 different thresholds 
(39°C-43°C) in NEPS forecasts with mean (NEPS-Mean), and median (NEPS-
Median) of 23 members, for all lead times from 1 to 7 days during the 4 weeks of 
March 2022. The perfect FAR score is 0. 
 
Same as in Figure 4.23, but for Equitable Threat Scores.  The perfect Equitable 
Threat Score is 1. 
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List of participating institutions, models, resolution, and number of ensemble 
members for the historical (2006-2015), +1.5°C (10-years), and +2.0°C (10-years) 
experiments in the HAPPI project database (Mitchell et al. 2017). 
 
Comparison of IMD’s operational criteria to identify heatwave, severe heatwave, 
and warm night for station observations (left column) and the Joseph et al., (2018) 
criteria to identify hot day, heatwave, and severe heatwave for gridded data. 
 
List of years and mortality caused by heat stroke in India. Source: The National 
Disaster Management Authority (NDMA 2019). 
 
 Total number of Rossby wave events of ERA5 reanalysis during March-June season 
of 1979 to 2018 (40 years period) for wave numbers 4 to 11, along with amplitudes 
(max, mean, 5th and 95th percentiles) during wave events weeks and non-wave events 
weeks. 
 
Total number of Rossby wave events of ERA5 reanalysis during March-June season 
of 2006 to 2015 (10 years period) for wave numbers 4 to 11, compared against 5 
HAPPI models and its multi model mean (HAPPI-MME-Mean) with Historical 
simulations (2006 to 2015, 10 years period, averaged across 100 ensemble 
members). In each cell, the mean number of Rossby wave events (averaged across 
100 ensemble members) in +1.5°C and +2°C future simulations (10 years period) is 
given inside the brackets.  
 
Granger Causality test statistics teleconnection relations between anomalies of 
TMAX over Northwest India and Geopotential height at 500 hPa over North 
Atlantic, during March to June of 1979 to 2018. Probability (>F) is computed  from 
an F distribution. Lag is  the number of days. * indicates value is significant at less 
than 0.05 level. 
 
IMD TMAX over Northwest India events preceded by ERA5 Zg500 over North 
Atlantic - Number of event days (Values are same as in Figure 3.6 (a)) Versus 
Granger Causality test statistics Versus ECA Coincidence Trigger test statistics 
teleconnection relations between anomalies of ERA5 Zg500 over North Atlantic and 
IMD TMAX over Northwest India during March to June season of individual years 
from 1979 to 2018. The P-value of the Granger Causality test Probability (>F) is 
computed from an F distribution. Significant p-values of Granger Causality at less 
than 0.05 (0.1) level  are indicated by * (#) symbol. Non-significant Granger 
Causality from lags 1 to 5 days is marked by a double hyphen (--) symbol. 
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Number of ensemble members for which H1 (i.e. Zg500 over North Atlantic 
Granger Cause TMAX over Northwest India) is accepted at 0.05 significance level 
for each HAPPI model for historical, +1.5°C, and +2°C future simulations (March-
June season, 10 years, 100 ensembles) at each lagged days from 1 to 5,  respectively. 
These values are marked in Figures 3.10 to 3.14. 
 
List of Global Numerical Weather Prediction (NWP) models/institutions 
participating in the TIGGE project database by contributing 7 to 15 days lead 
forecasts with a large number of ensemble members. GDPS – Global Deterministic 
Prediction System, GEM – Global Environmental Multiscale Model, GFS – Global 
Forecasting System, GSM – Global Spectrum Model, IFS – Integrated Forecasting 
System, UM – Unified Model are the NWP model families.  All these models were 
regridded to 0.5°x0.5° to compare with observations.  The two major models run 
operationally in India are indicated by a *.  
 
A 2x2 contingency table –fter Wilks (1995) for evaluation of dichotomous (Yes/No) 
forecasts. Elements in the cells are the counts of forecast-observation pairs. Using 
the combination of A, B, C, and D, the forecast evaluation skill scores are computed.  
 
Summary of trend-fitting analysis performed for four combinations of data length 
and domain from the CPC and IMD datasets. Including the magnitude of the event, 
the estimated standard deviation (sigma), return period of the event in the 2022 
climate (Return Period 2022) and in the hypothetical pre-industrial climate that is 
1.2°C cooler (Return Period -1.2°C), the change in intensity (ΔI) and the probability 
ratio (PR), including their uncertainty. 
 
Probability ratio (PR) and change in intensity (ΔI) in the present day climate when 
compared with a counterfactual climate (hypothetical pre-industrial climate that was 
1.2°C cooler than the current climate) from observations and HAPPI models that 
have Natural forcings only simulations and passed the validation tests. The best 
estimate for PR and ΔI, between the 2022 climate and the 1.2 °C cooler climate, is 
given in numeric value along with uncertainties marked within parentheses (5- 95% 
Confidence Intervals). (b) Projected probability ratio and change in intensity in the 
+2°C warmer climate compared with present-day climate  for models that passed 
the validation tests. The best estimate for PR and ΔI, between the 2022 climate and 
the +2°C warmer climate, is given in numeric value along with uncertainties marked 
within parentheses (5- 95% Confidence Intervals).  
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