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Exploring heat and cold wave susceptible areas of India using consistency and 27 

frequency coupled novel approach 28 

Abstract 29 

A good many studies identified year-specific heat wave (HW) and cold wave (CW) using a 30 

percentile approach, the present study tried to identify and grade consecutive two and five 31 

days HW and CW spells using consistency and frequency coupled approach using the Indian 32 

Meteorological Department (IMD) endorsed gridded data across India since 1961 to 2021. 33 

The entire period was split into dry (1961-1990) and wet (1991-2021) phases to explore the 34 

long-term average of extreme temperature patterns and HW and CW change. The study 35 

revealed that wider parts of north western and central India were prone to statistically 36 

significant 30 years, 7 years, and 1-year average extreme temperature hot spot, and J & K and 37 

parts of north western India were prone to cold-spot (at 95 and 99% levels). The hot-spot and 38 

cold-spot dominated areas were again spotted as highly consistent and high-intensity HW and 39 

CW. About 60-65% area of north-western and central India was found consistent HW 40 

covering north western and central India. However, frequency and consistency coupled with 41 

HW intensity were recognized at five patches of the same area. Rajasthan and Delhi regions 42 

were found as the most intense HW zone. The average phase-wise change of HW was not 43 

very clear, however, some grids of this region recorded an increasing frequency of HW. CW 44 

intensity was increased by 13-26% in the northwestern tract over the phases. HW and CW 45 

matrix exhibited the co-existence of high intensity of HW and CW in the Rajasthan and Delhi 46 

region indicating high socio-ecological susceptibility. The findings of this study would be 47 

instrumental for regional priority planning and building adaptive capacity for combating the 48 

situation.  49 
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Introduction 57 

The recent report of the Intergovernmental Panel on Climate Change (IPCC) has vividly 58 

stated that the consequences of climate change will direct to increasing extreme temperatures 59 

and the frequency of extreme temperature days (IPCC, 2013). This cruel truth has currently 60 

become progressively more obvious in different forms of extreme weather like increasing 61 

thermal anomaly, heat waves (HW) and cold waves (CW), and so on (Pai et al., 2017; Smid 62 

et al., 2019). IPCC (2007) reported increasing global mean temperature over the last 100 63 

years (1906–2005) by 0.76 ± 0.18 °C.  64 

The worldwide increase of HW and change in CW frequency has been considered one of the 65 

serious effects of climate change since the beginning of the 21st century. World 66 

Meteorological Organization (WMO, 2022) published a report made by a group of scientists 67 

on early HW occurrences 30 times more likely in India and Pakistan insists this concern. 68 

Some of the record-breaking HW incidents in recent times are HW in Southwestern Asia in 69 

late July and early August 2011, in California in June 2016, northwest India and Pakistan in 70 

May and June 2018, Indo-Pakistan HW (50.8°C) in 2019, in India, April 2022 (WMO, 2022). 71 

On the contrary, many parts of the world including India also experience CW at different 72 

times. The death toll of 8520 from 1978 to 2014 caused by 606 cold wave events clarifies the 73 

presence and intensity of CW in India (Malik et al., 2020). Malik et al. (2020) further 74 

reported that the frequency of CW and related mortality was found maximum in Central 75 

northeast and northwest meteorological regions from 1978 to 2014. Usually, during summer 76 

months (April, May, and June) India experiences HW events and during winter months 77 

(December, January) India faces CW incidents. Preceding works of literature in the context 78 

of the anticipated global warming and climate unpredictability, arraying from the global to 79 

regional scales, advocated that in coming decades the frequency and intensity of such HW 80 

events are likely to be enhanced (Sillmann et al., 2013; Russo et al., 2015; Dubey and Kumar, 81 

2022). As per the Fifth report of IPCC (IPCC, 2013), the frequency and intensity of such 82 

extreme events may rise further, and densely populated Asian countries may be the worst 83 

victims.  84 

Effects of such extreme events will not only affect the human physiological discomfort 85 

(Kumar et al., 2022) but also pose serious effects on ecology, agricultural and agro-industrial 86 

production systems, and thereby economy, infrastructure, and living beings across different 87 

parts of the world (Coumou and Rahmstorf, 2012; Lesk et al., 2016; Mishra, 2017; Rajkumar 88 

https://www.sciencedirect.com/science/article/abs/pii/S0048969721068649#!


et al., 2021; Azhar et al., 2022). Among the affected region, a wider part of India is seriously 89 

exposed to HW and CW risks (Azhar et al., 2022). This makes the situation highly vulnerable 90 

to economically marginal outdoor workers (WMO, 2022). More than 1.25 billion Indians are 91 

dependent on outdoor activities like the construction and agriculture sectors (Government of 92 

India, 2013). Particularly, in North India and Gangetic plain, the rice, wheat, and fruits 93 

production system, which warrants rural people’s employment and the country’s food 94 

security, is at high risk from such hot and cold spells (McCormick, 2012; Seneviratne et al., 95 

2012; McCarl, 2013). So, extreme weathers like HW and CW are some major socio-96 

ecological concerns (Bakhsh et al., 2018; Budhathoki et al., 2020; Raymond et al., 2020; 97 

Kumar and Singh, 2021). Considering this the present study tried to explore the changing 98 

extreme temperature pattern from 1960 to 2020. 99 

So far the studies on extreme temperature analysis are concerned the researcher showed the 100 

distribution of temperature of some specific years in some specific part of India or as a whole 101 

or analyzing HW or CW. In very rare cases, statistical pattern analysis using long-term time 102 

series extreme temperature data over India is addressed. The present study tried to explore the 103 

pattern of extreme temperatures and their changes between dry (1961-1990) and wet (1991-104 

2021) phases as defined by a report prepared by P. Guhathakurta and M. Rajeevan on 105 

“Trends in the rainfall pattern over India” and published by National Climate Centre (2006). 106 

They classified the entire period into four climatic regimes from 1901 to 2020. The 1961-107 

1990 and 1991-2020 can be considered dry and wet phases based on rainfall anomalies. Since 108 

rainfall can reduce the temperature intensity, the present study is an axiom that in the wet 109 

phase extreme temperature intensity, as well as extreme temperature pattern and associated 110 

HW, may be quite weaker than in a dry phase.  111 

So far the research on heat and cold waves is concerned, most of them focused on the 112 

identification of HW and CW events of some specific years, and trends (Mahdi and Dhekale, 113 

2016; Chakraborty et al., 2019; Das et al., 2020; Singh et al., 2021;  Kumar et al., 2022), their 114 

mechanisms of formation (Ratnam et al., 2016) and fatalities (Malik et al., 2020). All these 115 

works reported that the north western and central parts of India are experienced heat wave-116 

prone areas and Jammu & Kashmir as well as north western parts and some portions of 117 

Central India are cold waves prone areas in their respective period of study. However, it is 118 

noticeable from their works that heat wave occurrences over space are irregular over time-119 

space. Long-term consistency of HW/CW occurrences of each grid can provide a reasonable 120 

view of HW/CW susceptible areas. The present study tried to identify HW and CW 121 



consistency, frequency, and intensity gradient over space to figure out the areas with 122 

consistent or inconsistent heat/cold wave susceptibility. The study also aimed to identify the 123 

areas affected by both the extreme weather events and their nature of consistency and 124 

intensity gradient over space. Moreover, the present study also identified heat wave intensity 125 

zone using an innovative approach to be described in the method section. One area may be 126 

affected by such extreme events irregularly one or two times within a period does not always 127 

mean the area is ecologically and economically prone to such extremities. However, if a place 128 

regularly experiences these, the area may be treated as consistent HW/CW potential. 129 

Moreover, a place that experiences both the weather extremities in a consistent manner can 130 

pose immense ecological and economic stress. In this context, the consistency and intensity 131 

of both the weather extremes were planned to explore. In this context, the output of this 132 

analysis would be very vital to the policymakers to develop capacity building in different 133 

HW/CW intensity zones.  134 

Table 1 depicts some related works of literature on extreme temperature changes, the trend of 135 

HW and CW, and associated impacts. Methods of study are also depicted in Table 1. Most of 136 

the studies done so far regarding the trend of extreme temperature change and its effect are 137 

based on percentile-based indices (Rohini et al., 2016), trend analysis using Mann–Kendall 138 

test and Sen's slope estimator (Subash et al., 2013; Pingale et al., 2014), HW/CW 139 

vulnerability index (Rohini et al., 2016, Azhar et al., 2017) in some selected period. In Indian 140 

cases, most of the studies taken Indian Meteorological Department (IMD) defined extreme 141 

temperature thresholds for analyzing HW and CW. The present study followed a unique 142 

approach to HW and CW analysis. HW/CW presence frequency approach was adopted to 143 

compute the consistency of HW/CW occurrences for every gridded data provided by IMD. 144 

Consistency means the regular appearance of an event over a while and it does signify high 145 

susceptibility to risk. The frequency of such HW/CW means the number per specific time 146 

unit. High frequency does signify high risk. A region with high HW/CW consistency and 147 

frequency does mean high intensity. The high intensity would be a good indicator for 148 

understanding HW/CW-induced potential risk. The present work computed HW/CW 149 

consistency, frequency, and intensity at a spatial scale. Moreover, the attempt of mapping the 150 

potential risk gradient of both HW and CW integrated is also novel in this work.  151 

Table 1: Literature Review on Extreme temperature, Heat wave, and Cold wave  152 

Literatures Objectives Study Method Findings 
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area 

Rohini et 

al. (2016) 

Measuring the 

trend of the heat 

wave 

India 

Excess heat wave 

index and Excess heat 

stress and factors were 

computed concerning 

95th and 90th 

percentiles based on 

IMD gridded data. 

In India, central and 

north western parts 

experienced 

expanding Heat wave 

frequency, total and 

maximum duration. 

Panda et al. 

(2017) 

Analyzes the 

patterns and 

fluctuation in the 

count, duration, 

and intensity of 

hot waves during 

1951–2013, 

1981–2013, and 

1998–2013. On 

the other hand, 

this study 

analyzes the 

relation between 

hydro-climatic 

parameters and 

heat waves. 

India 

Portraying heat waves 

given the percentile of 

mean, minimum, and 

most extreme 

temperatures. 

 

Results show that the 

number, recurrence, 

and span of daytime 

hot waves extended 

widely during the 

post-1980 hot and 

dry period over an 

enormous region. 

Subash et 

al. (2013) 

This study breaks 

down the 

patterns and 

changeability in 

extreme 

temperature 

indices and their 

effect on rice-

wheat efficiency. 

Two 

districts 

of Bihar 

state 

(India), 

the central 

part of the 

Indo-

Gangetic 

Mann–Kendall test 

(Non-Parametric) was 

utilized for the 

recognition of patterns 

and Sen's slope was 

employed to measure 

the extent of such 

patterns. 

A profoundly critical 

positive relationship 

was seen between the 

cool days during 

September with rice 

efficiency; a negative 

connection was seen 

between wheat 

efficiency and the 



basin. most extreme worth 

of maximum 

temperature (TMax) 

during February 

month. 

Rajkumar 

et al. 

(2021) 

This study 

examined the 

development of 

heat waves and 

warm nights over 

the seven agro-

climatic zones. 

Tamil 

Nadu 

state 

(India), 

from 1951 

to 2016 

Heat Wave Magnitude 

Index daily to 

concentrate on the 

warm spells in the 

daytime and nighttime 

temperature; Drought 

examination depended 

on the Standardized 

Precipitation 

Evapotranspiration 

Index. 

Significant 

expansion in the heat 

wave counts, 

intensity, and span of 

the intensity and hot 

night episodes across 

Tamil Nadu between 

the periods 1951-

1983 and 1984-2016. 

Pingale et 

al. (2014) 

Pattern 

examination of 

the average and 

extreme annual 

daily rainfall and 

temperature was 

inspected. 

 

33 urban 

centers of 

the arid 

and semi-

arid state 

of 

Rajasthan, 

India. 

Statistical trend 

analysis technique, 

Mann-Kendall test, 

and Sen's slope 

estimator were used to 

examine trends from 

1971 to 2005 

The minimum, 

average and 

maximum 

temperature showed 

significant increasing 

warming trends on 

an annual and 

seasonal scale in 

most of the urban 

centers in Rajasthan 

State. 

Sonali and 

Kumar  

(2013) 

This study 

performs the 

spatial and 

temporal trend 

analysis of 

yearly, monthly 

India 

Non-parametric 

methods were used for 

trend detection which 

considers the effect of 

serial correlation. 

A substantial change 

in minimum 

temperature during 

1970–2003 over 

India; Significant 

temporal changes in 

https://www.sciencedirect.com/science/article/pii/S0169809513003116#!


and seasonal 

maximum and 

minimum 

temperatures. 

temperature are 

found over the North 

Central region of 

India. 

Malik et al. 

(2020) 

Exploring the 

Spatio-temporal 

pattern of cold 

wave fatalities 

India 

Frequency analysis of 

cold wave about cold 

wave temperature 

threshold as defined 

by IMD 

Revealed that a total 

of 8520 people died 

caused by 606 cold 

wave incidents with 

an average of 

230/year mainly 

during December and 

January over 

northern states. 

Mahdi and 

Dhekale 

(2016) 

 

This paper is to 

analyze the 

trends and 

variability in 

extreme 

temperature 

indices from 

1969 to 2013 

Two 

important 

agro-

climatic 

zones 

(South 

Bihar 

Alluvial 

zone IIIA 

and B) of 

India 

The frequency and 

duration of heat/cold 

wave was determined 

based on the 

temperature thresholds 

as defined by IMD 

Results show that in 

45 years, zone-IIIA 

and B have 

encountered 251/182 

and 337/140 average 

number of heat and 

cold events 

separately. 

 

Azhar et al. 

(2017) 

Assessing heat 

wave 

vulnerability 

including socio-

economic 

parameters 

India 

Principle component 

approach (PCA) for 

computing heat wave 

vulnerability index 

(HVI) 

Of the total 640 

districts, the analysis 

identified 10 and 97 

districts mainly in 

Central India is 

prone to very high 

and high-risk 

categories 

Kumar et Heat wave and India To understand the Heat wave frequency 

https://www.sciencedirect.com/science/article/abs/pii/S0048969721068649#!


al. (2022) heat stress 

patterns in four 

major 

metropolitan 

cities (Delhi, 

Mumbai, 

Kolkata, and 

Chennai) of India 

using 30 years of 

data from 1990 

to 2019 during 

the summer 

season 

 

episode of a heat 

wave, we have used 

the 95th percentile 

method. Furthermore, 

we have also used 

Humidity Index (HD) 

to evaluate the degree 

of discomfort and the 

Universal Thermal 

Climate Index (UTCI) 

to categorize the level 

of heat stress. 

is 26-63% greater in 

Delhi region than in 

other metropolitan 

cities, however risks 

of extreme heat 

stress and dangerous-

heat stroke events are 

more in the Chennai 

metropolitan region 

than remain three 

metropolitan regions. 

Mishra et 

al. (2017) 

This study 

explores 

population 

exposure to 

severe heat 

waves. 

India 

This study considered 

a variable Tmax 

threshold compared to 

the absolute values of 

Tmax used by the 

IMD, and considered 

both magnitude and 

duration of heat wave 

followed by Russo et 

al. (2015) 

The global mean 

temperature is 

limited to 2.0 °C 

above pre-industrial 

conditions, and the 

frequency of severe 

heatwaves will rise 

by 30 times the 

current climate by 

the end-21st century 

Kumar and 

Singh 

(2021) 

This study 

estimates the 

number of deaths 

associated with 

exposure to heat 

in the different 

states of India 

India 

Descriptive statistics 

were applied 

correlating heat wave 

frequency and death 

from a socio-

demographic 

perspective 

Heat stroke-related 

deaths increase over 

time; mortality in 

this respect is socio-

economic and 

demographic states 

respective. 

 153 
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Study area 155 

India covers 3,287,263 km2 of geographical areas with high physiographic and climatic 156 

diversity. Physiographically, three divisions are very prominent i.e. coastal plain, flood plain 157 

areas, and mountainous areas. Figure 1 can help to understand these areas with topographic 158 

variations. Sub tropical monsoon climate predominates over the region with high seasonal 159 

variation of hot and cold spells and wet and dry spells. The total annual average rainfall of 160 

India is 117cm out of which 80% is observed during the Monsoon period (Praveen et al., 161 

2020). The annual average temperature ranges from -2 to 40°C with very high differences in 162 

extreme temperatures. Among four distinct seasons (pre-monsoon, monsoon, post-monsoon, 163 

and winter) pre-monsoon season (March to May), or summer season experiences, maximum 164 

temperature, and the winter season experience minimum temperature (Guhathakurta and 165 

Rajeevan, 2008). During extreme cold and hot seasons, entire India does not witness a 166 

uniform thermal pattern due to the high diversity of topographical height, soil differences, 167 

land use characters, etc. (Revadekar et al., 2012). Physiographic conditions are particularly 168 

shown here to clarify the fact why should temperature threshold of HW and CW be different 169 

in coastal, plains, and mountain areas. Figure 1 also shows 34 meteorological sub-divisions of 170 

IMD denoted with a short name for the convenience of analysis. 171 



 172 

Figure 1: Study area showing meteorological subdivisions after Indian Meteorological 173 

Department (IMD) 174 

Materials 175 

The entire analysis of extreme temperature patterns and HW and CW was done using the 176 

IMD endorsed gridded dataset available at 1 1o o
 spatial resolution. The 284 observational 177 

points over India were gridded based on Shepard’s distance weighted interpolation 178 

(Srivastava et al. 2009). Extreme (Maximum and minimum) temperature data of each grid 179 

was taken from 1961 to 2020. The entire time spell was divided into two phases dry phase 180 

(1961-1990) and the wet phase (1991-2020) to show the long-term average condition of 181 

extreme events and the change between the phases. Figure 2 shows a methodological 182 

flowchart of the entire work. 183 

Methods 184 

Presenting seasonal distribution of extreme temperature  185 



For showing maximum, minimum temperature distribution, 30 years, 7 years, and 1-year 186 

average maximum and minimum temperatures were computed both for phase 1 (1961-1990) 187 

and phase 2 (1991-2020). For doing this, the first 30, 7, and 1-year maximum temperature 188 

was retrieved from both the phases separately, and the average was presented in the context 189 

of the first two cases. One-day maximum data show the most extreme temperature condition 190 

within the span of phases 1 and 2 separately. In the case of minimum temperature, the same 191 

process was followed.  The entire work was done at grid-level data. After getting the grid 192 

level maximum and minimum temperatures of two extreme seasons (Summer and Winter), 193 

inverse distance weighting (IDW) maps for 30 years, seven years, and one-year maximum 194 

and minimum temperature of summer and winter seasons in both the phases were done.     195 

Analyzing Spatio-seasonal pattern of extreme temperature  196 

The spatial distribution of temperature in different periods shows the visual impression of 197 

changing parameter characters over space and time (Dhorde et al., 2017; Feng et al., 2018). 198 

However, this analysis never helps to infer whether such change is statistically significant or 199 

not. If the pattern is found significant, then at which level it is significant? To resolve this, a 200 

hot-spot analysis of 30 years, 7 years, and 1-year extreme temperature with the aid of Getis-201 

Ord Gi* statistic of summer and winter seasons were done. Getis-Ord Gi* is a crucial 202 

technique used for identifying statistically significant spatial high-temperature clusters (hot-203 

spots) and low-temperature clusters (cold-spot) at different spatial scales (Ord and Getis, 204 

1995; Wolf and McGregor, 2013). This method focuses on each grid temperature data (here) 205 

about the neighboring grid data. This analysis was done using the Hot-spot analysis tool in 206 

the Arc GIS environment. Spatial distribution maps of the extreme temperature of both 207 

phases were taken for such analysis.   208 

The mathematical expression of computing a Hot-spot map using the said tool is depicted in 209 

Equations 1-3.  210 
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211 

Where, Xj is the attribute value for feature j, wi,j is the spatial weight between feature i and j, 

212 

n is equal to the total number of features.  

213 
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215 

The output of extreme temperature parameters specific Gi statistic (both the phases) 284 216 

temperature grids taken for analysis offered (a) measures of statistical significance for each 217 

grid, (b) the probability (p-value), and (c) standard deviation (z-score). Statistical significance 218 

of high or low-temperature clustering was judged using p and z values. Gi value with a p-219 

value <0.01 and z score >2.58 indicates statistically significant maximum and minimum 220 

temperature hot-spot at 99% confidence level in different phases. Contrarily, the Gi value 221 

with a p-value <0.01 and z sore <-2.58 denotes a statistically significant temperature cold-222 

spot at a 99% confidence level. Other levels of statistical significance of temperature were 223 

put in table 2. Differences in Gi values, their level of significance, and change in their areal 224 

extent between two selected phases can portray the nature of temperature pattern change. 225 

Table 2: Hot and cold spot classification based on Getis-Ord Gi* approach (Tran et al., 2017; 226 

Ranagalage et al., 2018) 227 

Gi* Hot-Spot Classes Confidence Levels 
Probability (Gi* p-

value) 

Standard Deviation 

(Gi* Z-score) 

Highly Cold spot 99% <0.01 <-2.58 

Cold spot 95% <0.05 <-1.96 

Cool spot 90% <0.10 <-1.65 

Insignificant areas 
Not statistically 

significant 
0 

−1.65 < z-score < 

1.65 

Warm-spot 90% <0.10 >1.65 

Hot-spot 95% <0.05 >1.96 

Highly hot spot 99% <0.01 >2.58 

 228 

Heat wave and Cold wave identification 229 

According to the definition by the Indian Meteorological Department, Heat wave (HW) 230 

occurs when the temperature for consecutive two days is ≥40˚C in the plain region, ≥37˚C in 231 

the coastal region, and ≥30˚C in the Himalayan region. A cold wave occurs when the 232 



temperature is ≤10˚C in the plain region and ≤0˚ in the mountainous region. Based on these 233 

definitions, heat and cold wave-prone areas were identified in each IMD-defined temperature 234 

grid. For doing this first, we have decomposed India into three units namely mountainous, 235 

plain and coastal plain considering meteorological units. Computation of heat wave of each 236 

zone based on IMD-defined temperature threshold limit. In the same manner, the cold wave 237 

zone was identified based on its thermal criteria (≤10˚C for plain and coastal regions, ≤0˚C 238 

for the mountainous region). Heat and cold wave-prone areas were identified for both phases 239 

1 and 2.    240 

Consistency of heat and cold waves 241 

Consistency of heat and cold wave occurrences in a specific period was computed by 242 

integrating grid specific all the heat wave occurrences divided by the total number of years 243 

considered. For doing this, the first grid-based consecutive two-day temperature data was 244 

classified into two parts e.g. (1) ≥ 40˚C and (2) < 40˚C in case of a heat wave. The former 245 

class was assigned by ‘1’ and later one was by ‘0’ as a binary class. The number of 246 

consecutive heat wave days is a crucial factor for intensifying heat waves. Considering this, 247 

the present works counted heat waves both about (1) consecutive two-day and (2) 248 

consecutive five-day. The possible intensity is much greater than in the former case. In the 249 

same way, cold wave consistency was determined considering its threshold limit in different 250 

physiographic units as defined.   251 

Binary classes were done for each year individually and ultimately integrated and divided by 252 

the total number of years in each phase (Eq. 4-7). The consistency value ranges from 0-1, a 253 

value near 0 means low consistency, and 1 means high or regular consistency of heat wave 254 

and cold wave appearance. For the convenience of analysis, the entire range was classified 255 

into three categories i.e. (1) highly consistent (>0.67), (2) moderately consistent (0.33-0.67), 256 

and (3) low consistent (<0.33) (Sarda and Das, 2018)  257 
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[Eq. 6] 260 
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[Eq. 7] 261 

HWPF2i= Heatwave presence frequency (consecutive two days) of the ith grid; 2PFHW i  = 262 

Presence of heat wave in binary format (consecutive two days) for ith grid experiences; Ni= 263 

number of total years considered for analysis in the ith grid. 264 

CWPF2i= Cold wave presence frequency (consecutive two days) of the ith grid; Fcw2i= 265 

Presence of cold wave in binary format (consecutive two days) for ith grid experiences; Ni= 266 

number of total years considered for analysis in the ith grid. Equations 6 and 7, 5F  refer to 267 

heat/cold waves for consecutive five days.  268 

Measuring the frequency of heat and cold waves 269 

The frequency of heat waves means the number of heat wave occurrences per unit time (here 270 

considered year). The frequency of heat waves for consecutive two-day and five-day was 271 

counted for each year and combined about phases 1 and 2 separately. In the same way, cold 272 

wave frequency was counted and expressed as a percentage of the total day count of a period 273 

(Eq. 8-11). It was assumed that high-frequency heat/cold waves and the duration of heat wave 274 

spell signify greater susceptibility. 275 
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[Eq. 11] 279 

2HWF i  = Heat wave frequency for consecutive two days in the ith grid; 2FHW i  = Frequency 280 

of heat wave (consecutive two days) in the ith grid; N= total number of days in selected 281 

period; 2CWF i  = Cold wave frequency for consecutive two days in the ith grid; 2FCW i  = 282 

Frequency of cold wave (consecutive two days) in the ith grid. In Equations 10 and 11, HWF5 283 

and CWF5 refer to heat/cold waves for consecutive five days, other symbols signify the same 284 

as denoted. 285 

Measuring the intensity of heat and cold waves 286 

Here heat/cold wave intensity was defined by combining consistency and frequency of 287 

occurrences. A place with high consistency and frequency does indicate the high intensity of 288 

heat/cold waves. Its socio-ecological and ecological implication is very sensitive. It was 289 

computed by multiplying the consistency and frequency of heat/cold wave of each 290 

temperature grid using equations 12-15. Consecutive two-day and five-day consistency was 291 

multiplied by respective frequency. Heat or cold wave intensity values vary from 0 to 292 

infinity, where more value indicates more intensity. 293 

2 2 2HWPF iHWI i HWF i 
                                                                                              

[Eq. 12] 294 
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[Eq. 13] 295 

2 2 2CWPF iCWI i CWF i 
                                                                                               

[Eq. 14]
 

296 

5 5 5CWPF iCWI i CWF i 
                                                                                               

[Eq. 15]
 

297 

Where, HWI2i= Two days heat wave intensity of ith grid; 2CWI i = Two days cold wave 298 

intensity of ith grid 299 

Grid-specific time series analysis of HW/CW frequency from 1961 to 2021 was represented 300 

in a heat map for different physiographic units.  301 

Mapping co-existence of HW and CW 302 

For mapping co-existence characters of HW and CW, 2-day and 5-day consistency and 303 

intensity maps were reclassified defining absent, high, moderate, and low classes. After that 304 



HW and CW matrices were developed indicating different possible combinations 305 

(theoretically 16 possible classes) of co-existence. This map was prepared for 2-day, 5-day 306 

consistency, and intensity in phases 1 and 2. Co-existence of both high-intensity HW and CW 307 

is highly susceptible to the ecosystem and human health (Stillman, 2019; Weilnhammer et al., 308 

2021; Drakes and Tate, 2022).    309 

 310 

Figure 2: Methodological flow chart of the work 311 

Results 312 

Spatio-seasonal distribution of extreme temperature  313 

Figure 3 depicts the phase-wise extreme temperature distribution in summer and winter 314 

months for about 30 years, 7 years, and 1-year maximum/minimum. During the summer 315 

months, entire north western India, central India, and eastern India experience high maximum 316 



temperatures (Figure 3). The one-day maximum temperature effect is more pronounced over 317 

a wider geographical area followed by 7-year and 30-year average maximum temperature. 318 

Range of 30 years, 7 years, and 1-year maximum during summer season were respectively 319 

20.53 to 45.26, 31 to 46.66 and 32.99 to 47.49 in phase 1 and 19.45 to 45.30, 30.93 to 46.60 320 

and 31.80 to 48.46 in phase 2 respectively. During the winter season, 30 years, 7 years, and 321 

1-year maximum temperature between two phases show little significant change. During the 322 

winter season, except in Jammu and Kashmir, the rest part of India showed extreme 323 

temperatures above >30˚C. Minimum extreme temperature in summer and winter seasons 324 

varies from -5.07-22.26˚C and -9.12˚C to 19.39˚C in phase 1, whereas in phase 2 -3.89-22.61 325 

˚C and -9.02-20.44˚C in summer and winter seasons. It is observed that the minimum 326 

extreme temperature rise in the summer and winter seasons from phase 1 (1961-1990) to 327 

phase 2 (1991-2020). 328 

 329 

Figure 3: Spatial distribution of extreme temperature during summer and winter seasons in 330 

Phase-1 (1961-90) and Phase-2 (1991-2020) 331 

Spatio-seasonal pattern of extreme temperature 332 

Spatial pattern of extreme temperature’s hot and cold spot for summer and winter months in 333 

both the phases is shown in figure 4. 30-year maximum temperature hot-spot of summer 334 



season recognized major parts of 8 meteorological subdivision units as a statistically 335 

significant hot-spot (>95% confidence level) patch in phase 1. In phase 2, this area was 336 

squeezed into small patches in 6 meteorological subdivision units indicating the noticeable 337 

change in the hot-spot pattern. About 4% of the statistically significant (95% or more) area 338 

was turned into an insignificant area. Significant cold-spot (99% level) was found in J&K and 339 

north eastern India in phase 1, but it was found quite a similar result in phase 2. Statistically 340 

significant hot-spot at 99% confidence level was increased from 0.07% to 1.16% and hot-spot 341 

at 95% confidence level from 9.04% to 9.29%.  About 7-year and 1-year maximum 342 

temperature, 8 and 11 metrological subdivisions were recognized as significant hot spots 343 

(95% and 99% levels) in phase 1 and the pattern was noticeably shifted towards the western 344 

direction in phase 2.  6 metrological subdivisions were identified as significant (99%) cold-345 

spot in phase 1 and this pattern was recognized almost unchanged in phase 2 for & years and 346 

One-year average extreme temperature. 347 

The hot-spot pattern was also analyzed about the minimum temperature of 30 years, 7 years, 348 

and 1- year. 30 years average minimum temperature in the summer season shows that a wider 349 

part of the Deccan trap region (MR, RAY, NKR, TE, and VD) falls under hot-spot (95-99%) 350 

covering 9.59-9.66% area and north India covering 2 meteorological units with an area of 351 

3.77-14.36% fall under cold-spot (95% and 99%) in phase 1. This pattern is almost uniform 352 

for 7 years of average minimum extreme temperature cases during this phase. But the 1-year 353 

extreme temperature in the summer season shows a quite different picture. In phase 2, Along 354 

with north India, north-eastern 3 meteorological subdivisions and some parts of eastern India 355 

fall under the category of cold spot (95% confidence level). In phase 2, the spatial pattern of 356 

significant highly hot and cold-spot (99%) does not show any observable variation but the 357 

areal extent under significant hot and cold spots has been squeezed (Table 3).  358 

The maximum temperature during the winter season about 30 years, 7 years, and 1- year 359 

average shows that J&K, HP, UK, and PB sub-divisions were recognized as significant (99%) 360 

cold-spot covering 11.53-11.97% of the area in phase 1 to 11.41-11.97% area in phase-2. No 361 

such change was identified in phase 2. About 30 years, 7 years, and 1 year in hot-spot, 0.59-362 

4.64% areas of central Deccan plateau physiographic units under 10 meteorological sub-363 

divisions were found as statistically significant hot-spot at a 95% confidence level in phase 1. 364 

No area was found significant at the 99% level. In the case of 1-year maximum, areal extent 365 

was proliferated by 0.59 to 6.09%, while in the case 30 years average, noticeable decline in 366 

areal extent (Table 3)        367 



About winter minimum in phase 1, 13.70-15.05% area at 99% and 4.52-5.58% area at 95% 368 

levels were found significant cold-spot covering 2 meteorological sub-divisions. Conversely, 369 

about 20% areas come under significant (95-99%) hot-spot (Table 3) covering 12 370 

meteorological sub-divisions. The conditions are almost uniform in 30 years, 7 years, and 1-371 

year average minimum.  372 

From the analysis, it is very evident that there is no major shift in the extreme event 373 

distribution pattern with statistical significance between phases 1 to 2. However, the 1-year 374 

hot and cold-spot pattern of maximum and minimum temperatures is more pronounced than 375 

average extremes indicating increasing uncertainty of this occurrence. Therefore, 30 years 376 

and 7 years of average study is a very fruitful approach for examining extreme temperature 377 

situations. 378 

 379 

Figure 4: Hot and cold spots of maximum and minimum temperature during summer and 380 

winter seasons of Phase-1 (1961-90) and Phase-2 (1991-2020) 381 

Table 3: Hot spot and cold spot of extreme temperature in summer and winter seasons of 382 

phases 1 and 2 383 



Season 

Extreme 

temperature 

category 

Gi* Hot-Spot Classes 

(Z-score) 

1-year 7-year 30-year 

Phase-

1 

Phase-

2 

Phase-

1 

Phase-

2 

Phase-

1 

Phase-

2 

Summer 
Maximum 

Temperature 

Highly Cold spot (<-

2.58) 19.46 18.18 18.72 18.48 11.66 10.61 

Cold spot (-2.58--1.96) 3.69 4.08 3.43 3.62 6.22 6.17 

Cool spot (-1.96--1.65) 1.83 2.24 1.99 1.88 2.36 2.79 

Not statistially 

significant 47.69 51.69 46.48 48.97 59.60 59.25 

Warm spot (1.65-1.96) 12.59 8.82 13.62 11.89 11.05 10.73 

Hot spot (1.96-2.58) 10.20 7.26 11.79 8.64 9.04 9.29 

Highly Hot spot (>2.58) 4.55 7.73 3.97 6.53 0.07 1.16 

Winter 
Maximum 

Temperature 

Highly Cold spot (<-

2.58) 11.97 11.97 11.94 11.95 11.53 11.41 

Cold spot (-2.58--1.96) 0.97 1.15 1.07 1.04 1.32 1.38 

Cool spot (-1.96--1.65) 2.82 0.95 0.57 1.00 0.58 0.59 

Not statistially 

significant 72.35 72.72 73.34 72.20 73.98 75.02 

Warm spot (1.65-1.96) 11.30 7.12 8.45 7.68 7.97 10.60 

Hot spot (1.96-2.58) 0.59 6.09 4.64 6.13 4.62 1.00 

Highly Hot spot (>2.58) 0 0 0 0 0 0 

Summer 
Minimum 

Temperature 

Highly Cold spot (<-

2.58) 15.18 18.19 14.56 13.41 14.36 12.59 

Cold spot (-2.58--1.96) 4.06 6.41 4.06 3.30 3.77 2.56 

Cool spot (-1.96--1.65) 2.56 1.48 2.38 2.05 1.91 1.84 

Not statistially 

significant 53.06 48.17 54.39 57.85 55.49 60.67 

Warm spot (1.65-1.96) 4.73 3.67 4.11 4.35 5.23 4.93 

Hot spot (1.96-2.58) 12.74 9.58 9.71 8.50 9.59 8.19 

Highly Hot spot (>2.58) 7.68 12.49 10.79 10.54 9.66 9.22 

Winter 
Minimum 

Temperature 

Highly Cold spot (<-

2.58) 15.05 10.46 13.70 11.52 14.87 12.43 

Cold spot (-2.58--1.96) 4.52 5.65 5.58 5.84 5.55 5.91 

Cool spot (-1.96--1.65) 2.07 4.12 2.67 2.49 2.43 2.73 

Not statistially 

significant 57.19 59.72 56.43 60.22 54.92 57.89 

Warm spot (1.65-1.96) 2.54 2.19 2.33 1.91 2.27 1.95 



Hot spot (1.96-2.58) 5.76 7.61 5.27 7.55 5.67 6.36 

Highly Hot spot (>2.58) 12.88 10.26 14.02 10.46 14.28 12.72 

 384 

Consistency, frequency, and intensity of heat and cold waves 385 

Heat wave (HW) characters 386 

Figure 5 depicts consecutive 2-day and 5-day heat wave consistency, frequency, and intensity 387 

of HW in phases 1 and 2. About 2-day consistency, about 65% of the area (Table 4) over 388 

Northwestern, Central, and Eastern India (19 meteorological sub-divisions) was found highly 389 

consistent (>67%) in heat-wave appearance in both the phases without having any significant 390 

difference. The frequency of heat-wave (in case of 2-day consecutive) varies from 0-22% of 391 

total days in both the phases. 5-day consecutive heat wave frequency patches covering around 392 

85% area to the total area were identified around eastern Gujrat, Delhi, Chhattisgarh, north 393 

western Odisha, and Telangana regions. The average annual frequency in the Gujrat region 394 

was 62 per year in phase 1 and 70 per year in phase 2. In the Delhi region, it was 36 and 395 

38/year in phases 1 and 2 respectively. The intensity pattern of HW is almost with some 396 

minor spatial-temporal changes. The areal extent of HW consistency, frequency, intensity 397 

domain, and their spatial pattern is slightly less in the case of consecutive 5-day HW analysis. 398 

Such spatial juxtaposition explains the fact that most of the regions experience consecutive 399 

two-day HW often last 5-day or more. If year-wise of short-term variation is examined one 400 

can get higher regional variation, however, long-term average database analysis quite 401 

eliminated the extremities to some extent.  402 

 403 



Figure 5: Consecutive 2-day, 5-day Heat wave consistency, frequency, and intensity in 404 

Phase-1 (1961-90) and Phase-2 (1991-2020) 405 

Cold wave (CW) characters 406 

Figure 6 shows the CW consistency, frequency, and intensity in phases 1 and 2. Consecutive 407 

2-day CW consistency covers J & K and north-western India, and a wider part of the 408 

Gangetic plains, Central India, and parts of the Northeastern hilly region in phase 1. In phase 409 

2, it was intensified in the north-eastern hilly region, and wider part of West Bengal while 410 

declining to some extent in the Saurashtra region (Figure 6). The geographical location of a 411 

consecutive 5-day CW surge area is almost similar to a 2-day CW surge, however, the major 412 

CW tract over north-western, central India was found squeezed from its southern fringe. 413 

About 49 to 58% area was found where there was a co-existence of consistent (67 % or 414 

above) 2-day and 5-day CW. In phase 2, about 1 % area of the high consistent area was 415 

proliferated. Some patches were found where high consistency was increased. The frequency 416 

and intensity of CW were found very high (>20%) in the northern extreme of J & K and 417 

relatively high (10-20%) in north-western India in phase 1. While the areal extent of the 418 

frequency and intensity of CW declined from phase 1 to phase 2. For 2-day consecutive 419 

5.82% area falls under high cold wave frequency and intensity in phase 1, whereas in phase 2 420 

this category covers 2.25% of the total mainland. Regional disparity in the change of CW is 421 

very prominent in this analysis. If the analysis is done considering the entire India shift of 422 

high CW intensity zone to relatively lower zones (Table 4) and extension of low to moderate 423 

intensity areas were recorded.  424 

 425 

Figure 6: Consecutive 2-day, 5-day Cold wave consistency, frequency, and intensity in 426 

Phase-1 (1961-90) and Phase-2 (1991-2020) 427 



Table 4: Percentage (%) of area for Heat and cold waves in Phase-1 and Phase-2 428 

Criteria 
Heat wave Cold wave 

Consistency 

class Phase-1 Phase-2 Phase-1 Phase-2 

2-day 

consecutive 

Absent 14.35 14.38 6.19 4.14 

<0.33 14.63 14.69 24.14 25.96 

0.33-0.67 4.79 6.01 11.94 11.59 

>0.67 66.22 64.92 57.74 58.31 

5-day 

consecutive 

Absent 14.80 14.80 9.71 11.01 

<0.33 15.55 16.36 28.44 27.78 

0.33-0.67 6.91 8.17 11.98 11.01 

>0.67 62.74 60.67 49.87 50.19 

2-day 

consecutive 

Frequency class Phase-1 Phase-2 Phase-1 Phase-2 

Nil 14.35 14.38 6.19 4.14 

<10% 64.27 57.71 60.51 67.82 

10--20 21.26 27.66 27.49 25.79 

>20 0.11 0.26 5.82 2.25 

5-day 

consecutive 

Nil 14.80 14.80 9.714 11.01 

<10% 77.76 73.15 68.999 76.03 

10--20 7.44 12.01 19.076 12.44 

>20 0 0.03 2.211 0.52 

2-day 

consecutive 

Intensity class Phase-1 Phase-2 Phase-1 Phase-2 

Absent 14.35 14.38 6.19 4.14 

<10% 64.35 57.90 60.54 67.84 

10--20 21.18 27.47 27.46 25.77 

>20 0.11 0.25 5.82 2.25 

5-days 

consecutive 

Absent 14.80 14.80 9.71 11.01 

<10% 77.84 73.30 69.02 76.03 

10--20 7.36 11.87 19.06 12.44 

>20 0 0.03 2.21 0.52 

 429 

Grid-specific trend of HW and CW frequency 430 

Although long-term average HW frequency does not show any significant difference between 431 

phases 1 and 2, however, grid-specific yearly HW frequency of coastal and plain regions 432 

presented in heat maps (Figure 7) reflects that over the progress of time HW frequency was 433 

observed to increase particularly in between 2010-2020. The coastal region grid id 0 to 52 434 

(Supplementary Figure S1) shows consistently high-frequency HW. In the plain region, this 435 



trend is clearer (Figure 7). Five days frequency is 5-7% lesser than the two-day frequency. 436 

HW frequency was found significantly high in the five high-intensity HW patches as 437 

indicated earlier. A large number of grids are found where there is no definite trend of change 438 

of HW except in the high-intensity patches and surroundings. In the coastal region, HW 439 

frequency is quite greater than in the plains region. The mountainous region did not register 440 

any HW so far as the present study length is concerned. The grid-specific trend of CW 441 

frequency showed that a good many grids in J & K and adjoining parts recorded a gradual 442 

decline of its frequency while some grids of north-western and central India recorded an 443 

increasing trend of CW frequency. Heat maps of CW frequency were put here separately for 444 

coastal and plain zones respectively (Figure 8). 445 

 446 

Figure 7: Grid-specific yearly 2-day and 5-day consecutive heat wave frequency in coastal 447 

and plain zones from 1961 to 2020 448 



 449 

Figure 8: Grid-specific yearly 2-day and 5-day consecutive cold wave frequency in coastal 450 

and plain zones from 1961 to 2020 451 

Dual hazard (HW and CW) matrix 452 

Figure 9 depicts the co-existence character of HW and CW in the consistency and intensity. 453 

HW and CW matrices were generated both about consecutive two and five-day consistency 454 

and intensity. About 45.53% of the area over Northwestern and Central India is characterized 455 

by both highly consistent (consistency level: >0.67) HW and CW. The areal extent of five 456 

consecutive days of high HW and CW consistency is found in 35.93% of areas, which is 457 

lesser than two days. Regarding HW and CW intensity matrix, two patches in the Rajasthan 458 

and Delhi regions covering an area of about 11.26% area of the total area were identified 459 

where the co-existence of both high HW and CW is noted.  Phase-wise changes in location 460 

and the areal extent of high consistency and intensity of HW and CW are not significantly 461 

observed. While moderate-intensity HW and high-intensity CW areas were identified in parts 462 

of Rajasthan, Punjab, and Haryana in phase 1 were reduced to some extent in phase 2.   463 

 464 



 465 

Figure 9: Consecutive 2-day and 5-day HW and CW consistency and intensity matrix in 466 

Phase 1 and Phase 2 467 

Discussion 468 

Spatial pattern analysis revealed that north western and central India was recognized as 469 

statistically significant hot-spot about maximum summer temperature and northern and north-470 

western India was recognized as significant cold-spot in both the phases with some changes 471 

in areal extent and intensity. Comparison of hot and cold-spot areas coincide with HW and 472 

CW maps prepared based on two and five consecutive days of extreme temperature (1-year, 7 473 

years, and 30 years). So, the hot and cold-spot analysis would be an alternative for finding 474 

out HW and CW potential areas.  475 

Historical records show that HW mainly occurred during summer months like March, April, 476 

May, and June mainly in the continental climate dominated by a subtropical monsoon 477 

climate. Wide parts of the Indian mainland experience HW during the summer months but its 478 

occurrences, frequency, and intensity are not consistent enough. But parts of North West and 479 

Central India are highly susceptible to HW. However irregularity, and regularity of HW are 480 



linked with both regional and global climatic regimes like the presence of anomalous anti-481 

cyclonic flow over northern India, quasi-stationary Rossby wave, major climatic anomalies 482 

such as Pacific Decadal Oscillation (PDO), El Nino/Southern Oscillation (ENSO), North 483 

Atlantic Oscillation (NAO), etc. (Rohini et al., 2016; Naveena et al., 2021; Dar and Dar, 484 

2022). Variability of the CW phenomenon is also associated with some regional and global 485 

climate anomalies (Serrano-Notivoli et al., 2022; Parliari et al., 2022)  486 

The presence of positive height anomalies and the presence of anomalous anticyclonic 487 

conditions over northern tracts of India at the levels of 500 hPa and 200 hPa promote 488 

consistent heat wave occurrences across this region (Rohini et al., 2016). Anomalous 489 

cyclonic and anticyclonic flow in the mid-latitude of the Northern hemisphere in pursuance 490 

of the presence of the Rossby wave pattern is one of the major reasons behind heat waves 491 

over this region.  The presence of the anomalous high and low-pressure cells over the North 492 

Atlantic and adjacent Europe and an anomalous low over central Asia respectively insists 493 

anticyclonic condition over northern India where HW predominates (Rohini et al., 2016). 494 

Perkins (2015) reported that anti-cyclonic blocking also caused major HW over Russia and 495 

Europe. Such blocking triggered by anti-cyclone does not permit assimilation of warm 496 

tropical and cold polar air and promotes surface warming. In the case of India, the effect of 497 

sub-tropical high or persistent high (Perkins, 2015) and accompanying anti-cyclonic flow at 498 

the upper and middle troposphere enforce sinking motion and this condition leads to warming 499 

surface caused by adiabatic shrinkages (Rohini et al., 2016). This condition again is 500 

responsible for the continuous soil moisture depletion and reduction of the atmospheric water 501 

(Lorenz et al., 2010). Moreover, summer solstice and positive diurnal heat balances for long 502 

days are also responsible for the nucleation of HW in north-western and central India. In the 503 

northwestern part of India, the presence of Thor desert, very least moisture availability, and 504 

long photo hours make the situation grave. Antecedent moisture availability may be a crucial 505 

determinant of the variability of HW incidents. For example, the year with high antecedent 506 

moisture may have less likelihood of HW.  507 

Apart from this, global climate anomalies in the central Pacific and the tropical Indian Ocean 508 

are also linked with such HW. Kenyon and Hegerl (2008) and Arblaster and Alexander 509 

(2012) reported the effects of North Atlantic Oscillation (NAO), El Nino/Southern 510 

Oscillation, and Pacific decadal oscillation (PDQ) on the variation of HW frequency and 511 

intensity. Warming of the tropical Indian Ocean surface concerning ENSO increases the HW 512 

occurrences (Rohini et al., 2016; Naveena et al., 2021). One degree rise in sea surface 513 



temperature can promote temperature rise across a wider part of India (Revadekar et al., 514 

2009; Panda et al., 2014). Murari et al. (2016), Rohini et al. (2016), and WMO (2022) also 515 

reported increasing the likelihood of ENSO can enhance the frequency and intensity of HW 516 

in the Indian subcontinent. In the present study, HW and CW frequency represents through 517 

heat maps in Figures 7 and 8. This result is quite accordant with the result of Revadekar et al. 518 

(2009), Panda et al. (2014), Panda et al. (2017), and Dubey and Kumar (2022). Long days 519 

average did not show any prominent increase of HW frequency and intensity over a wider 520 

part of HW susceptible areas but a good many grids in this tract were found where such trend 521 

is clear. The regional character of high temperature and HW occurrences are linked with land 522 

use characters (Habeeb et al., 2015; Findell et al., 2017; Pal and Ziaul, 2017). High-intensity 523 

HW patches over Delhi mega cities and its surrounding proves that the urban landscape 524 

insists on HW intensity. Densely built areas and the poor presence of green and blue spaces 525 

are responsible for this enhanced HW condition in association with climatic events. 526 

Extreme northern India, Northwestern India was found highly susceptible to both consecutive 527 

2-day and 5-day CW occurrences. High altitude and decrease of temperature as per normal 528 

and adiabatic lapse rate, expansion of airmass in high altitude is the main cause behind CW 529 

occurrences in J & K and its adjoining areas. The spatial extent of CW susceptibility and its 530 

intensity was found maximum during the winter season due to the winter solstice caused by 531 

the southern migration of sun and oblique sun rays in the Northern part of India, particularly 532 

in this part located in relatively higher northern latitude (Sanjay et al., 2020). Now, why CW 533 

consistency and intensity was found high in north-western and central India particularly 534 

Rajasthan, Delhi, and adjoining parts? Due to the winter solstice in the northern hemisphere, 535 

usually northern India receives oblique sunrays with around 10 hours of photo duration, but 536 

the return time is more. It causes a lowering of temperature in this area (Miller, 2019). The 537 

location of Thor desert in Rajasthan and adjoining parts where reflectivity is greater than 538 

Gangetic plain is one of the major causes behind it. Another major issue of CW is needed to 539 

be explained. Previous studies on the mechanism and maintenance of CW in the Indian sub-540 

continent showed that intrusion of cold air train from the Ural-Siberia region (500 hPa eddy 541 

stream function positive anomalies) through anomalous trough over South China is the most 542 

crucial factor for regular CW occurrences (Bedekar et al., 1974, Ratnam et al., 2016). Its 543 

intensity and interruption are highly associated with CW frequency and its severity in north 544 

and north-western India. Western disturbances (WD) often insist on the formation and 545 

intensification of CW in north and north-western India (Bedekar et al., 1974).  WD is a good 546 



tract eastward-moving westerlies troughs in the upper tropospheric north of 20°N energized 547 

by the subtropical westerly jet stream and often found extending up to the lower troposphere 548 

(Rao & Srinivasan, 1969; Bedekar et al., 1974; Ratnam et al., 2016). It is also responsible for 549 

transporting cold air from the higher latitude and intruding CW into India. Prevailing 550 

duration, break-in WD often determines the behavior of CW in India particularly in the 551 

northern halves of India. Bedekar et al. (1974) also explained CW variability in the low-552 

pressure system in the northern part of the Arabian sea. A low-pressure system enhances the 553 

inflow of cold wind from higher latitudes and consequently a cold environment over northern 554 

India. Akhila et al. (2022) also reported that sea surface temperature anomaly triggered 555 

cyclonic events in the Arabian sea waking up the insurgence of CW.  The present study also 556 

exhibited that the frequency and intensity of CW were increased by 13-26% in the 557 

northwestern CW tract and it was found to extend eastward over time. Frequency 558 

enhancement over time was also according reported by Panda et al. (2017), and Malik et al. 559 

(2020). It clarified the fact that anomalies of some global climatic events are also linked with 560 

CW incidents and their variability (Ratnam et al., 2016).  561 

Ratnam et al. (2016) establish a link between El Nino and La Nina phenomena over the 562 

Pacific ocean. They correlated occurrences of Type 1 CW (cooler temperature effects across 563 

most parts of India) with La Nina and Type 2 CW (mainly in northwest India) with El Nino 564 

events. Mukhopadhyaya et al. (2021) established that prolonged La Nina is linked with high-565 

intensity CW in India. Akhila et al. (2022) also reported the signature of tropical cyclone-566 

induced wakes of CW in India. So arrhythmic pattern of such global climatic events is largely 567 

responsible for the spatial and temporal variability of CW incidents. Cai et al. (2021) reported 568 

that ENSO sea surface temperature variability and extreme ENSO incidents are likely to be 569 

increased amid the global warming scenario. It may further increase the intensity and 570 

variability of CW in the Indian sub-continent.  571 

The present study incorporated all the gridded data of India and showed long-term extreme 572 

average temperature for 30 years, 7 years, and 1-year conditions pattern with consequent HW 573 

and CW pattern in India from 1961 to 2020. 30 years average extremities were presented and 574 

compared since 1961-1990 was defined as dry phase and 1991 onward as wet phase by 575 

Guhathakurta and Rajeevan (2006) in National Climate Centre (NCC) report. A novel 576 

approach was adopted for analyzing the consistency of HW and CW. The frequency approach 577 

of each grid data was applied for HW and CW consistency mapping. The intensity of the 578 

same was measured by developing a new index multiplying consistency and frequency. This 579 



approach and attempt to show the long-term average extreme temperature covering the entire 580 

India is new. The study explored that the average long-term extreme temperature in the wet 581 

phase is quite less than in the dry phase. Along with its novelty part, the scope of further 582 

research is needed to be mentioned. The study compared the extreme temperature condition 583 

based on two phases. Therefore, averaging the situation the Moving average approach in each 584 

phase could help to detect the specific extreme years.      585 

Spatial mapping and analyzing the spatial trends of extreme temperature hot spots, cold spots, 586 

HW, and CW are of immense importance for designing priority basis spatial level planning. 587 

WMO (2022) sketched a conceptual framework of the impact of extreme temperature events. 588 

Increasing drought events, degradation of fish habitat, fish yield, ice melting, a decrease of 589 

wheat yield, increasing power shortage, heat stroke events, etc. CW has also some adverse 590 

impacts on the environment, health, and economy (Birthal et al., 2021). A wider part of 591 

northwest India was identified where the co-existence of both the high-intensity HW and CW 592 

are found. It does mean that the region is both ecologically and economically susceptible. 593 

HW and CW matrix map in this context is very useful from the planning point of view.   594 

Conclusion 595 

Spatial pattern analysis revealed that statistically significant (at 95% and 99% levels) hot-spot 596 

(maximum 1-year, 7-year, and 30-year) were found in the north western and central parts of 597 

India. The spatial extent of the 1-year hot spot was found more extensive than 7-year and 30-598 

year in both the phases. A highly significant hot-spot area was observed squeezed over the 599 

recent phase. Cold-spot areas of winter time minimum temperature were recorded in extreme 600 

northern and north western parts of India. These hot-spot areas of maximum temperature 601 

(summer season) and cold-spot areas of minimum temperature (winter season) were also 602 

found susceptible to HW and CW respectively. HW consistently occurs over 60-65% 603 

geographical area covering north-western, central India, however, high-intensity HW 604 

(Greater than 10%) is confined within five major patches of this part covering only 27.72% 605 

geographical area. Intensification and extension of CW-prone areas were identified in the 606 

North-western Indian tract. CW intensity was found very high in the northern extreme of J & 607 

K and relatively high (10-19%) in north-western India in phase 1. While the frequency and 608 

intensity of CW in J & K declined to <30% and the north western tract was increased to 13-609 

26.34%. CW with >10% frequency and intensity were extended towards the east in the 610 

continuity of its previous areal extent. About 46% of the area over Northwestern and Central 611 



India is characterized by both highly consistent (consistency level: >0.67) HW and CW in 612 

1991-2020. High-intensity HW and CW were found in the Delhi region and parts of 613 

Rajasthan covering only 11.26% area of the total area and phase-wise change is not 614 

significant, Areal extent of 5-day consecutive HW and CW co-existence is lesser than 2-day.   615 

The finding of the study not only explored the areas of HW and CW-prone areas separately. 616 

Moreover, mapping the co-existence of high-intensity HW and CW is crucial from a 617 

vulnerability point of view. The regions' experiences co-existence of different intensity HW 618 

and CW requires different forms of planning implementation. The findings of this study 619 

would be instrumental for exposure, sensitivity analysis, and building adaptive capacity and 620 

accordingly designing adaptable planning.   621 
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