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Foreword 

Heat waves and cold waves are extreme weather events that can have significant 

impacts on human health, infrastructure and the environment. Heat waves occur when 

temperatures rise above average for an extended period of time, while cold waves occur 

when temperatures fall below average for an extended period of time. 

Heat waves can lead to heat exhaustion, heat stroke and other heat-related illnesses, 

especially in vulnerable populations such as the elderly, young children and people with 

pre-existing health conditions. Heat waves can also worsen air pollution and cause 

power outages as the need for air conditioning increases. They can also negatively 

impact agriculture and ecosystems by damaging crops and causing droughts. 

On the other hand, cold waves can lead to hypothermia and other cold-related illnesses, 

especially among people who are not properly dressed for the cold weather. Heat and 

cold waves can also lead to increased energy consumption as people rely on heating 

systems to keep warm, which can strain power grids and cause power outages. 

As extreme weather events become more frequent and severe due to climate change, it 

is increasingly important to understand the impacts of heat and cold waves and develop 

strategies to mitigate their effects. These include improving infrastructure to withstand 

extreme temperatures, implementing heat warning systems and emergency plans.  

In this meteorological monograph titled "Heat and Cold Waves in India: Processes and 

Predictability", the authors discuss the scientific basis, physical mechanisms and 

predictability of heat and cold waves. The impacts and adaptability issues are also 

briefly discussed. This monograph is thus an excellent reference book for students, 

researchers and policy makers to learn about heat and cold waves in India with up-to-

date information and statistics. 

I congratulate the authors for bringing out this useful monograph published by the India 

Meteorological Department (IMD), Ministry of Earth Sciences. 

 

 

(M Ravichandran) 
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Chapter-1 

Introduction 

Anthropogenic activities such as industry, construction, transport and 

deforestation have caused concentrations of greenhouse gases such as carbon dioxide, 

methane and nitrous oxide to increase over the last 150 years, even faster than since 

the Industrial Revolution. The increase in greenhouse gas concentration in the 

atmosphere has ultimately led to global warming with a trend of about 1.1°C over the 

period from 1880 to 2022. Annual surface temperatures over India have also recorded a 

similar increase over the period 1901-2022. In recent years, minimum (night time) 

temperatures have increased more than day time temperatures, suggesting the possible 

role of moisture and greenhouse gases. 

An increase in the mean or coefficient of variation (CV) of temperatures increases 

the probability of extreme temperature events, as shown in Fig. 1.1. This can lead to an 

increase in the frequency of heat waves as well as cold waves. Extreme weather events 

have become increasingly common globally in recent decades (IPCC 2012; IPCC 2014). 

India is also feeling the effects of climate change as extreme weather events such as 

heavy rainfall, heat waves and intense tropical cyclones are occurring more frequently 

every year. The increasing frequency and intensity of these extreme events causes great 

damage to crops and rural economies.  

Heat waves are anomalous episodes with extremely high surface air 

temperatures, lasting for several days with serious consequences. Similarly, cold waves 

are anomalous episodes of extremely low surface air temperatures lasting several days. 

There is no universal definition of a heat wave or a cold wave. Heat waves are usually 

defined as events in which certain temperature thresholds are exceeded for a minimum 

number of consecutive days. 
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Fig. 1.1. Schematic representations of the probability density function of daily 

temperatures. Dashed lines represent a previous distribution and solid lines a changed 

distribution. The probability of occurrence, or frequency, of extremes, is denoted by the 

shaded areas. In the case of temperature, changes in the frequencies of extremes are 

affected by changes (a) in the mean, (b) in the variance or shape, and (c) in both the 

mean and the variance (Source: IPCC, 2014). 
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Heat waves are not uniform across the world and there is a lack of a common 

index to identify the heat extremes (Perkins et al. 2012). The thresholds used for 

defining heat wave are different for different regions. Thresholds may be absolute or 

statistical and the absolute thresholds depend on the region and its geography. World 

Meteorological Organization (WMO) defines heat wave as "when the daily maximum 

temperature exceeds the average maximum temperature by 5 °C for more than five 

consecutive days, the normal period being 1961-1990".  

Heat waves are a major concern globally and regionally due to their catastrophic 

impact on society (Coumou and Rahmstorf 2012; Coumou et al. 2013; Cowan et al. 

2014; Meehl and Tebaldi 2004; Perkins et al. 2012; Perkins 2015; Pai et al. 2013; 

Trenberth and Fasullo 2012; Rohini et al. 2016; Ratnam et al. 2016 a). The mortality rate 

due to heat waves is higher than any other natural hazard in different parts of the world 

(De et al. 2005). In 2003, an intense heat wave occurred over western Europe, causing 

about 70,000 deaths (Coumou and Rahmstorf 2012). On the other hand, the Russian 

heat wave in 2010 reportedly claimed 54,000 lives. The severe heat wave over the 

southeastern parts of India in May 2015 claimed the lives of more than 2500 people. 

This heat wave was triggered by the delayed onset of the southwest monsoon and 

persistent anomalous atmospheric conditions. The IPCC Fifth Assessment Report (IPCC 

2014) states that the major climate risk for south Asian countries will be the rising 

mortality rate due to the impending heat waves. A moderate increase in average 

temperatures or a slight increase in the duration of heat waves will lead to a significant 

increase in the mortality rate in India. 

Heat waves are considered silent killers because of their direct impact on human 

health (Patz et al. 2005; Hondula et al. 2014, Heo et al., 2019, Ray et al. 2021). Heat 

waves have immense impacts on human health, causing heat cramps, heat exhaustion, 

heat stress and heat stroke (Oldenborgh et al. 2018) and very severe heat waves even 

lead to death (Steffen et al. 2014). Children and the elderly are particularly affected, but 
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also people who already suffer from illnesses such as heart and respiratory diseases, 

kidney diseases and psychiatric disorders (Nitschke et al. 2007; Hansen et al. 2008; 

Wilker et al. 2012; Steffen et al. 2014). 

Another serious impact of heat waves is on agriculture (both crop and livestock). 

Extreme periods of high temperatures can lead to a significant reduction in crop yields 

and cause reproductive failure in many crops (Chaudhuri et al. 2000; Attri and Rathore 

2003; Chakraborty et al., 2019, Dash and Mamgain 2011; Siebert et al. 2014; Steffen et 

al. 2014). Extreme temperatures increase water stress in plants, which can lead to plant 

death due to the cessation of photosynthesis (Schlenker and Roberts 2009; Steffen et al. 

2014). In animals, heat stress leads to reduced appetite, lower productivity, adverse 

effects on the immune system and sometimes death (Lefcourt and Adams 1996; Steffen 

et al. 2014). A decline in agricultural productivity leads to lower food production, which 

in turn leads to an increase in food prices. Chakraborty et al. (2019) examined the 

impact of heat waves on wheat crop production over India and found a negative impact. 

Their study revealed the wheat crop yield decreased by 4.9 %. 4.1 % and 3.5% over 

Punjab, Haryana and Uttar Pradesh respectively.  

 Heat waves also cause damage to infrastructure such as the transport system, 

electricity supply, railways, etc. Heat waves affect the economy through lower labour 

productivity during extreme temperature periods (Kjellstrom and McMichael 2013; 

Steffen et al. 2014), agricultural failure, damage to infrastructure, etc. All these 

catastrophic impacts highlight the need for more studies on heat waves, their impacts 

and their predictive capabilities.  

In India, heat waves (HW) usually occur in the pre-monsoon months from March 

to June. There are two areas in India where heat waves are prevalent. One is central and 

northwestern India, called the heat wave zone, and the other is on the east coast of 

India (Andhra and Odisha). The frequency of heat waves is higher in the heat wave zone 
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than on the east coast of India. Different physical mechanisms are responsible for the 

heat waves in the heat wave zone and on the east coast of India. 

In India, cold waves (CWs) usually occur during the period from November to 

March in association with the incursion of cold winds into north-western and central 

India when westerly disturbances (WDs) pass over the region (Bedekar et al. 1974). WDs 

are transient disturbances of mid-latitude westerly winds followed by the occurrence of 

cold waves, mostly over the areas north of 200 N and rarely in areas south of this 

latitude. There are many previous studies that have investigated various climatological 

features of CWs in India (Bedekar et al. 1974; Subbaramayya and Surya Rao, 1976; 

Chaudhury et al. 2000; De et al. 2005; Pai et al. 2004). Most of these studies have used 

threshold criteria based on minimum temperature anomalies to define CWs. Pai et al. 

(2004) studied the decadal changes in the various characteristics of CWs over India by 

using daily CW information over all meteorological sub-areas of India (the country was 

then divided into 35 meteorological sub-areas by the IMD) for the period 1971-2000 

based on the minimum temperature deviation. 

Bedekar et al. (1974) published the first India Meteorological Department (IMD) 

forecast manual on heat and cold waves, covering both climatological and forecasting 

aspects in detail. This publication is the first comprehensive documentation of the 

various aspects of heat and cold waves. Since then, many research papers have been 

published, especially in recent years when global warming has attracted the interest of 

researchers. However, a comprehensive compilation of the different aspects of heat and 

cold waves with updated information has not been produced. Since 1974, there has 

been tremendous progress in the understanding and predictive ability of heat and cold 

waves over India. The present monograph aims to compile and present the latest 

findings on various aspects of heat and cold waves over India. This monograph is 

intended as a reference book on heat and cold waves for researchers, students and 

forecasters. 
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In the next few paragraphs, a brief review of the recent studies on heat and cold 

waves in India is provided.  

Most recent observational studies suggested an increasing trend in heat waves 

over India (Pai et al. 2013; Jaswal et al. 2015; Pai et al. 2017; Rohini et al. 2016). The 

recent study of Ratnam et al. (2016 a) identified the two prominent areas of heat waves 

over India which is maintained by two different physical processes. The trends of heat 

waves are significant both over the north western parts of India and southeastern coast 

of India (Ratnam et al. 2016 a; Rohini et al. 2016). Variability of heat waves over India is 

linked to El Nino/Southern Oscillation (ENSO) and the Indian Ocean SST anomalies 

(Ratnam et al. 2016 a; Rohini et al. 2016). These studies suggested that occurrence of 

heat waves over northwestern part of India is associated with anomalous persistent 

high along with depleted soil moisture and its variability is strongly influenced by 

tropical ocean SST anomalies. Frequency, duration and spatial extent of heat waves over 

India are found to be more in the succeeding year of El Nino (Pai et al. 2013; De and 

Mukhopadhyay 1998; Rohini et al. 2016). 

In March and April 2022, large parts of South Asia including 

India and Pakistan experienced prolonged hot weather. The month of March was the 

hottest in India since 1901.  Temperatures were consistently 3°C-8°C above average, 

breaking many records in several parts of the country (Zachariah et al., 2022).  

The states of Odisha, Madhya Pradesh, Gujarat, Chhattisgarh, Telangana and Jharkhand 

also experienced heatwaves. In Pakistan many individual weather stations recording 

monthly all-time highs in March. The heatwave conditions continued into April, reaching 

its preliminary peak towards the end of the month. Around 300 large forest fires 

occurred in the country on April 28, a third of these in Uttarakhand (Zachariah et al. 

2022). In Pakistan, temperatures above 49°C were recorded in Jacobabad in Sindh. The 

2022 heatwave is estimated to have led to at least 90 deaths across India and Pakistan, 

and to have triggered an extreme Glacial Lake Outburst Flood in northern Pakistan and 
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ŦƻǊŜǎǘ ŦƛǊŜǎ ƛƴ LƴŘƛŀΦ ¢ƘŜ ƘŜŀǘ ǊŜŘǳŎŜŘ LƴŘƛŀΩǎ ǿƘŜŀǘ ŎǊƻǇ ȅƛŜƭŘǎΣ ŎŀǳǎƛƴƎ ǘƘŜ ƎƻǾŜǊƴƳŜƴǘ 

to reverse an earlier plan to supplement the global wheat supply that has been 

impacted by the war in Ukraine (Zachariah et al. 2022). 

Pai et al. (2004) studied the decadal variations of cold and heat waves using the 

data of 1971-2000. A significant increase was noticed in the frequency, persistency and 

spatial coverage of both of these high frequency temperature extreme events (heat and 

cold waves) during the decade (1991-2000). These changes might be the manifestation 

of regional impact of highest ever decadal scale global warming recorded during the 

period (1991-2000). A part of these changes might also be caused by local factors such 

as deforestation, urbanization etc. The Cold Wave (CW)/Severe cold wave (SCW) activity 

over north India showed increase from the decade of seventies to eighties and then to 

nineties. Pai et al. (2013) examined the occurrence of heat waves over India in detail 

using the data of 1961-2010. It was observed that many areas of the country (north, 

northwest, central and northeast peninsula) have experienced HW days of more than 8 

days on an average per season. The severe heat waves were mainly experienced over 

north, northwest and central parts of the country. Significant long-term increasing 

trends in HW days was also observed over India during the analysis period. In general, 

the frequency, persistency and area coverage of the HW/SHW days were found to be 

more than average during the years succeeding El Nino (El Nino +1) years.  

Recently, Pai et al. (2017), have summarized the results related to heat and cold 

waves over India. During the hot weather season (AMJ), stations from the north, north-

west, central, east India and north-east Peninsula (together called Core Heat wave Zone) 

are most prone for HW/SHW days with relatively highest frequency experienced during 

May. During the cold weather season (DJF), stations from CCZ that is nearly same as CHZ 

but includes Jammu and Kashmir and excludes coastal Andhra Pradesh are most prone 

for CW/SCW days with the highest frequency during January.  
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Satyanarayana and Bhaskara Rao (2020) studied the phenology of heat waves 

over India using the data from 1951-2015. Their study revealed three localized regions 

of heat wave vulnerability in the north, northeast and southeast parts of India, which 

are different from the three maximum temperature zones.  Dodla et al. (2017) analyzed 

the 2015 catastrophic heat wave over the east coast of India, which claimed about 2500 

lives. Analyses revealed that isolated region of Andhra Pradesh (AP) had experienced 

severe heat wave conditions during May 23ς27, 2015, with temperatures above 42°C 

and the sudden escalation by 7ς10°C within a short span of 2ς3 days. Short-range 

weather predictions with Advanced Research Weather Research and Forecasting model 

at 3-km resolution, up to 72-h lead time, have been found accurate with statistical 

metrics of small mean absolute error and root-mean-square error and high index of 

agreement confirming the predictability of the heat wave evolution.  

Kishore et al (2022) studied the human influence on the changing patterns of 

heat waves in India using the Heat Wave Magnitude Index daily (HWMId). Their study 

found that anthropogenic factors have increased the probability of occurrence of severe 

heat waves in central and central-southern India by two times during the twentieth 

century. The risk of heatwaves is projected to increase tenfold in the 21st century. More 

than 70% of the land area in India is expected to be affected by heat waves with a 

magnitude of more than 9. Mazdiyasni et al. (2017) suggested that future climate 

warming will lead to a significant increase in heat-related mortality, especially in lower-

latitude developing countries like India, where heat waves will be more frequent and 

the population is particularly vulnerable to these extreme temperatures. The study also 

shows that even a moderate increase in average temperatures can lead to a sharp rise 

in heat-related mortality and supports the efforts of governments and international 

organizations. 

The study by Murari et al. (2015) using CMIP data suggests that heat waves are 

projected to be more intense, have longer durations and occur at a higher frequency 
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and earlier in the year. Southern India, currently not influenced by heat waves is 

expected to be severely affected by the end of the 21st century. Projections indicate that 

a sizable part of India will experience heat stress conditions in the future.  

Vittal et al. (2020) examined the role of Atlantic Ocean SST anomalies on Indian 

heat waves. They used observations and climate model experiments to show that Indian 

heat waves during the period 1961-2010 period were only weakly driven by Indian 

Ocean SST, but were instead strongly tied to SST in the Atlantic Ocean. The conditions in 

the Atlantic that drove those heat waves were exacerbated by greenhouse emissions 

rather than natural forcing.  

Pai and Smitha (2022) examined the impact of extreme phases (El Nino and La 

Nina) of El Nino-Southern Oscillation (ENSO) on the frequency, duration, magnitude and 

spatial coverage of heat waves (HWs). It was observed that there is an appreciable 

increase (decrease) in the number of HW days during El Nino (La Nina) events. Severe 

Heat waves were more prominent (longest and hottest) in El Nino years. Exactly 

opposite association was observed in case of CW days. El Nino event mostly inhibits cold 

wave activities over India. Nageswara Rao et al. (2020) examined the heat waves 

occurring over the east coast of India (Odisha, Andhra Pradesh and Telangana). The 

study revealed the continued increase in maximum temperature and its variability as 

the hot weather season progresses. In the recent period, a notable increase in the 

weekly Tmax and its variability has been observed.  

Earlier studies (Bedekar et al. 1974) showed that cold waves occur mostly due to 

the intrusion of cold air from northern latitudes into the northwestern parts of India. 

The cold wave conditions over the northern parts of India are often associated with the 

passage of western disturbances, which manifest as an eastward moving well marked 

troughs in the upper tropospheric westerlies north of 20°N and often seen extending to 

the lower troposphere, transport cold air from northern latitudes into India. There are 

also few instances of occurrence of cold waves due to a low-pressure system over the 
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North Arabian Sea. In these cases, the easterlies to the north of the low-pressure system 

transport cold air from higher latitudes. 

 Jaswal et al (2017) studied increased trends in temperature and moisture 

induced heat index and its effect on human health in climate change scenario over the 

Indian sub-continent. Using dry bulb temperature and relative humidity records from 

283 surface meteorological stations over India, they analyzed the heat index (HI) during 

summer and monsoon seasons. Averaged over the country, HI is increasing during 

summer and monsoon seasons at the rate of +0.560 C/decade and +0.320 C/decade 

respectively, which is statistically significant at 95% level. The increasing HI indicates 

high level of discomfort in both the seasons which is primarily due to increase in 

humidity in summer season and maximum temperature in monsoon season. Spatial 

distribution of HI indicates greater chances of heat related illness in India, more 

prominently in the southeast coastal regions (Andhra Pradesh, Orissa and Tamil Nadu) in 

summer and over northwest India (Rajasthan and Indo-Gangetic plains) in monsoon 

season.  

Srivastava et al (2022) conducted a heat weather hazard analysis over India, 

attempting to quantify the impact of different meteorological parameters on heat 

waves in different regions of India for different summer months (March, April, May and 

June). The impact of different meteorological parameters is determined for different 

months and regions of the country. The cumulative values are calculated for different 

regions considering different meteorological parameters to make an initial analysis of 

the heat wave and zonation for the entire country.  

Narkhede et al (2022) developed an empirical model-based framework for 

operational monitoring and forecasting of heat waves based on temperature data. In 

this study, they proposed an operationally applicable empirical model that uses a set of 

indices to monitor and forecast heat waves on the short-term time scale. The model 

consists of two main components: a) index-based monitoring over a spatial domain and 
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b) temporal prediction over different locations. Three heat wave indices are calculated, 

the heat stress index, the heat stress index and the heat stress factor. They have also 

considered the effects of meteorological parameters such as wind and humidity on the 

intensity and duration of heat waves. For the prediction component, they have used a 

simple machine learning based method for predicting the overheating factor index. The 

study shows that the heat wave indices can be predicted with this simple model up to a 

lead time of 2-3 days for most regions of India. 

Sharma and Mujumdar (2017) studied the impacts of concurrent droughts and 

heat waves that could have more serious impacts. Meteorological drought condition, 

which is characterized by low rainfall can be amplified with simultaneous occurrence of 

heat waves.  The study found significant changes in concurrent meteorological droughts 

and heat waves. There is substantial increase in the frequency of concurrent 

meteorological droughts and heat waves across whole India. Statistically significant 

trends in the spatial extent of droughts are observed in Central northeast India and west 

central India. However, the spatial extend affected by concurrent droughts and 

heatwaves is increasing across whole India. 

Dubey et al. (2021) addressed the hot weather dynamics and variability. The 

seasonal composites for extreme temperature years show that hot season over North 

India (NI) occurs mainly due to blocking high in upper atmospheres. Similarly, daily 

temperature anomalies for the heatwave days during hot years exhibit stationarity of 

such blocks centered over the region. Two global teleconnections have been found to 

be responsible for the NI seasonal anomaly, (i) a continuous anomalous low over Europe 

cause anomalous high across the region, (ii) the subtropical jet stream and the polar jet 

stream help to maintain stationarity of anticyclonic blocks over the region. Sinking of air 

due to an upper atmospheric high over NI causes adiabatic warming near the surface.  

The cold waves are known to increase mortality rate owing to the socio-economic 

conditions of people of the northern parts of India. For example, the cold wave that 
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occurred in January 2003 resulted in death of about 900 people. During 1978ς1999, a 

total number of 3264 deaths were reported due to cold waves in the northern parts of 

India (Ratnam et al. 2016 b). The cold waves also affect Rabi crops, crops that are sown 

in winter and harvested in the following spring, of the northern regions of India. A 

survey on the impact of cold wave on the Rabi crops showed that the economic losses 

were to the tune of 6230 million Indian rupees in the state of Rajasthan during 2005ς

2006 Rabi season alone.   

Raghavan (1967) used 51 years of data (1911-1961) to prepare a detailed 

climatology of cold waves and severe cold waves over India and Pakistan. The study 

revealed that Jammu and Kashmir experiences maximum cold waves in a season.  

Subramayya and Surya Rao (1976) used 150 IMD stations for the period 1954-56 to 

examine heat and cold wave occurrence over India. They have found that for the 

country as whole, maximum heat wave and severe heat wave occur in the month of 

May. Maximum severe cold waves occur in the month of January.  

In this monograph, the definitions of heat and cold waves are discussed in 

Chapter-2. In the chapter-3, long term climatology of cold waves and observed long 

term trends are discussed. In the chapter-4, long term climatology of heat waves and 

observed long term trends are discussed.  In the chapter-5, the physical mechanisms of 

heat waves and in the Chapter-6, physical mechanisms of cold waves are discussed in 

terms of large-scale dynamics and local factors. In the Chapter-7, the forecasting aspects 

(in all time scales, short range to seasonal) are discussed in terms of synoptic setting for 

such heat and cold waves. Skill of short to medium range forecasts, extended range 

forecasts and seasonal forecasts are also discussed using weather prediction models of 

Ministry of Earth Sciences (MoES)/ IMD as well as other TIGGE weather prediction 

models. In the chapter-8, we discuss the impacts and adaptation issues related to heat 

and cold waves. In the last chapter-9, the main aspects are summarized.  
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Chapter -2 

Cold and Heat Wave Indices and Methodology 

There are no universal definition of heat and cold waves. Heat and Cold wave 

events are anomalous situations with above (below) normal temperatures respectively. 

The criteria used to define how much above/below normal could differ. India 

Meteorological Department (IMD) uses criteria for heat and cold waves using station 

temperature data. Definitions of heat and cold waves based on area average or gridded 

temperature data are however different but very similar.  

Heat waves have wide range of impacts on different sectors. Because of this, the 

definition of heat waves will be different for different applications. Some studies 

(Alexander et al. 2006, 2007; Fischer and Schar 2010; Fischer et al. 2011; Avila et al. 

2012; Jiang et al. 2012; Perkin and Alexander 2013) used ETCCDI indices for heat wave 

analysis and these indices are not good enough to heat stress related studies. The 

indices like Predicted Mean Vote (PMV) and the Physiological Equivalent Temperature 

(PET) are used for the health-related studies (Matzarakis et al. 1999; McGregor et al. 

2002; Pantavou et al. 2008). Another index named Heat Index (HI) also known as 

apparent temperature (Steadman 1979, Steadman 1984) used for heat stress related 

studies in many regions (Zahid and Rasul 2009; Rajib et al. 2011; Rakib 2013; Opitz-

Stapleton et al. 2016; Jaswal et al. 2017) as it combines air temperature and relative 

humidity.  

There are some similarities across these heat wave matrices, all definitions 

include at least one form of temperature (maximum, minimum or average temperature) 

(Perkin 2015). A recent study (Perkin et al. 2012) compared the various heat wave 

characteristics obtained from 3 different indices (90th percentile for maximum 

temperature, the 90th percentile for minimum temperature, and positive extreme heat 

factor (EHF)) and it indicates that qualitative measurements across the indices are 
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similar but the quantitative values are different. This implies the importance of selecting 

an appropriate index for the impacted region. 

People residing in a place for sufficiently long time get more or less acclimatized 

to the normal weather conditions of that place. Human body is quite sensitive to any 

physiological change which takes place due to significant departure of weather 

conditions from normal. These definitions are designed to take the physiological 

changes also into account.  

2.1 Heat wave Indices.  

India Meteorological Department (IMD) considers only maximum temperatures 

(Tmax) for defining heat waves. They define heat wave as " if the maximum 

temperature of a station reaches at least 40°C or more for Plains, 37°C or more for 

coastal station and at least 30°C or more for Hilly region ". The detailed IMD criteria of 

heat waves are given below (Table 2.1).  

Table 2.1 

Criteria used for declaring Heat Wave by India Meteorological Department (IMD) 

Nomenclature Departure from Normal Temperature 

Criteria for Heat Wave/Severe Heat Wave 

a) When normal maximum temperature of station is 40oC or less 

Normal -10 C to 1o C 

Above normal 20C 

Appreciably Above Normal 3o C to 4o C 

Markedly above normal/Moderate Heat 

Wave  

50 C to 6o C 

Severe Heat Wave 7o C or above 

b) When normal maximum temperature of station is more than 40oC (The term 

moderate heat wave will not be used) 
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Normal -10 C to 1o C 

Above normal 20C 

Heat Wave 3o C to 4o C 

Severe Heat Wave  More than 50 C  

c) When normal maximum temperature of station is 450C or more for two days 

or more 

The condition may be declared as Heat Wave 

 

To declare a heat wave, the above criteria should be met at least in 2 stations in 

the meteorological sub-division for at least two consecutive days. 

For defining heat waves, there are more indices used in scientific literature, 

especially with area averaged or gridded data. The first one is the 90th percentile 

threshold of maximum temperature (Tmax90) based on a 5-day window (Rohini et al. 

2016).  

The second index considered is the Excessive Heat Factor (EHF) (Nairn and 

Fawcett 2013; Perkins and Alexander 2013, Rohini et al. 2016). This index is based on 

two excessive heat indices, namely Excess Heat (EHIsig) and Heat Stress (EHIaccl). The 

unit of EHF is oC2.  

The Excess heat represents unusually high heat arising from a daytime 

temperature that is not sufficiently discharged overnight due to unusually high 

overnight temperatures. The Daily Mean Temperature (DMT) averaged over a three-day 

period is compared against a climate reference value to characterize this index. The unit 

of EHIsig is oC. 

The Excess Heat Index is calculated as 

ὉὌὍ
4 4 4

σ
4  

where T95 is the 95th percentile of DMT (Ti) for the climate reference period of 1961- 
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1990. The daily mean temperature is the average of maximum and minimum 

temperatures as defined by 

Ὕ
 Ὕ    Ὕ

ς
 

The heat stress which arises from a period where the temperature is warmer, on 

average than the recent past. Maximum and subsequent minimum temperatures 

averaged over a three-day period and the previous 30 days are compared to 

characterize the heat stress. This is expressed as a short term (acclimatization) 

temperature anomaly. The unit of EHIaccl is oC. The heat stress is defined as 

ὉὌὍ
Ὕ Ὕ Ὕ

σ

Ὕ ȢȢȢὝ

σπ
 

where Ti is the DMT on ith day.  

The Excess Heat Factor (EHF) is defined as follows: 

 

ὉὌὊ ὉὌὊ ÍÁØρȟὉὌὍ  

A heat wave is considered when the value of EHF is positive, and the daily 

climatological Tmax is greater than 35°C for consecutive three days or more. These 

criteria were selected carefully to choose the heat wave events occurring over the 

Indian sub-continent. The 35 °C criterion was used to restrict such events occurring over 

the hilly regions. 

The significant associations between high temperature and mortality and morbidity 

have been studied in many parts of the world (Heo et al. 2019). Therefore, 

understanding associations between heat waves and various health outcomes is 

essential to prevent the current and future burden of heat impacts on human health. In 

many countries, the Heat-Health Warning Systems (HHWS) adopted thermal comfort 

indices, which quantify a combined effect of a series of meteorological factors (air 

temperature, humidity and wind) on perceived temperature, to represent the actual 

human thermal situation during heat waves. The effectiveness of a HHWS using a 
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thermal index (including ambient temperature) depends on how properly the heat wave 

definition can relate heat wave periods and related health problems, and choice of 

which thermal index to use is a critical public health issue for policy (Heo et al. 2019). 

There are such indices to define and monitor heat waves in the context of its health 

impacts. Some of such indices are Heat Index (HI) and Wet Bulb Global Temperature 

(WBGT) (Heo et al. 2019). HI attempts to represent the human perceived temperatures 

by the impact of humidity. HI is an index that combines air temperature and relative 

humidity to determine a human-perceived apparent temperature to determine how hot 

it actually feels. It is a measure of the stress placed on humans by elevated levels of 

atmospheric temperature and moisture. It implies that an extended period of unusually 

high heat stress may have adverse health consequences for the affected population. The 

computation of HI is based upon the formula given by Steadman (1979) where the 

author has quantified the physiological effects of high heat and humidity on human 

being. The variables used in the formula include heat generation and loss, fabric 

resistance, vapour pressure, wind speed, solar radiation, terrestrial radiation, 

proportion of body clothed and other factors (Steadman, 1984). ¢ƘŜ {ǘŜŀŘƳŀƴΩǎ 

equation was further modified by Rothfusz (1990) by performing multiple regression 

ŀƴŀƭȅǎƛǎ ƻƴ ǘƘŜ Řŀǘŀ ŦǊƻƳ {ǘŜŀŘƳŀƴΩǎ ǘŀōƭŜΦ Jaswal et al. (2017) used this index to study 

long term trends using IMD station data. More details of the index are available in 

Jaswal et al. (2017). 

The equation used by the National Weather Service of the National Oceanographic 

and Atmospheric Administration (NOAA) is given below.  

HI = -42.379 + 2.04901523*T + 10.14333127 *R - 0.22475541 *T*R - 6.83783x10-3*T2 

-5.481717x10-2 * R2 + 1.22874 x 10-3 * T2 * R + 8.5282x10-4 * T *R2 - 1.99x10-6 * T2 * 

R2 

where,  T= Ambient dry bulb temperature (0F) and 

R= Relative Humidity (Integer percentage). 
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Wet-bulb globe temperature (WBGT) is one of the most commonly 

used indices by many organizations since the 1960s. This index was originally invented in 

the 1950s in efforts to lower the risk of heat disorders during the training of the US 

Army and Marine troops. Since that time, WBGT has been applied in other settings, and 

is widely used for the evaluation of occupational heat stress exposure (Budd 2008; 

Alfano et al., 2014). WBGT is a weighted average of dry bulb (air) temperature, natural 

wet-bulb temperature and black globe temperature. Black globe temperature is a 

function of radiant heat, temperature, and wind while natural wet blub temperature 

measures the amount of cooling by humidity and wind (Budd, 2008). By incorporating 

black globe temperature, WBGT considers radiation effect whereas many other 

simplified thermal comfort indices do not. In sunny conditions, the weighting 

coefficients are 0.7, 0.2, and 0.1 for natural wet temperature, globe temperature, and 

dry-bulb temperature, respectively. At other times, the weighting coefficients are 0.7 

and 0.3 for natural wet temperature and dry-bulb temperature, respectively, while the 

globe temperature is not considered in the calculation. Until recently, several 

approximation formulas of WBGT using readily available meteorological data (e.g., 

temperature, humidity, wind, and radiation) have been suggested for practical use as 

the original components for calculating WBGT are not standard meteorological 

monitoring data. Further details of WBGT are available in Heo et al. (2019).  

The health risk assessment is subject to the designated heat wave periods, and 

more extreme heat wave definitions with the higher thresholds generally identify fewer 

heat waves of shorter duration and higher intensity. Thus, the definitions with higher 

thresholds, which reflect the most intense heat waves but also lead to the shortest heat 

wave periods and fewer designated heat waves, may not necessarily result in the 

strongest or the most significant health effect estimate. 

Effectiveness of a weather service to prevent health risks from heat exposure is 

subject to the precision of weather forecast. Temperature tends to be more accurately 
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forecast than other weather components, which may hinder the use of thermal indices 

that use other weather components for heat wave warnings. Currently, historical 

forecast data are available through an open data source for everywhere for components 

including temperature, humidity and wind speed.  

Russo et al. (2014) introduced another index for heat wave activity, namely the 

Heat Wave Magnitude Index (HWMI). The computation of HWMI involves multiple 

stages that begin with the computation of daily threshold (90th percentile) with 

reference to the baseline period (Das and Umamahesh, 2022). Next, the selection of 

heat wave events is carried out according to the minimum three consecutive days Tmax 

above the threshold. The selected heat wave is then grouped into sub-heat waves, 

where each sub-heat wave is a heat wave of three consecutive days. More details of this 

index are available in Russo et al. (2014).  

2.2 Cold Wave Indices 

Based on station temperature data, India Meteorological Department (IMD) uses 

the following definition of cold waves over India, as shown in Table-2.2 

Table 2.2 

Criteria for Cold Wave/Severe Cold Wave 

Nomenclature Departure from Normal Temperature 

Criteria for Cold Wave/Severe Cold Wave 

a) When normal minimum temperature of station is 10oC or more 

Normal -10 C to 1o C 

Below normal -20C 

Appreciably Below Normal -3o C to -4o C 

Markedly Below normal/Moderate Cold 

Wave  

-50 C to -6o C 

Severe Cold Wave -7o C or above 

b) When normal maximum temperature of station is less than 100C (The term 
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moderate cold wave will not be used)  

Normal -10 C to 1o C 

Below normal -20C 

Cold Wave -3o C to -4o C 

Severe Cold Wave  -5o C or less  

 

Ratnam et al. (2016 b) considered cold wave events over India when the 

normalized area average Tmin anomalies are less than one standard deviation for four 

or more days. Some researchers used the 10th percentile criteria for defining cold waves.  

2.3 Temperature data  

 For studying heat and cold waves over India, researchers generally make use of 

IMD station data or IMD Gridded daily temperature data set. The IMD gridded 

temperature data set was prepared indigenously by IMD researchers in 2009 (Srivastava 

et al. 2009). The details of the IMD gridded temperature data set are given below. 

 IMD maintains around 550 surface observatories in the country, where daily 

surface air temperature observations (maximum and minimum) are taken. These 

data are compiled, digitized, quality controlled and archived at the National Data 

Centre (NDC) of IMD. However, daily data from 1969 onwards only are digitized and 

archived at NDC. Later this data set was updated with the daily temperature data 

from 1961. From the list of stations for which daily data are available, only those 

stations which have minimum 10 years of data, at least for 300 days in a year during 

the period 1971ς2000, were selected for further analysis. The data were subjected 

to basic quality checks like rejecting values, greater than exceeding known extreme 

values, minimum temperature greater than maximum temperature, same 

temperature values for many consecutive days etc. Unusual high values were flagged 
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by putting a filter which allowed values only in the range mean±(1.76+0.8 N) 

standard deviation for further data analysis. 

 ¢ƘŜ ƛƴǘŜǊǇƻƭŀǘƛƻƴ ǿŀǎ ǳǎŜŘ ŀ ƳƻŘƛŦƛŜŘ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ {ƘŜǇŀǊŘΩǎ ŀƴƎǳƭŀǊ 

distance weighting algorithm for the present analysis. In order to avoid biases in the 

gridding, daily anomalies were used instead of the absolute values. For this purpose, 

climatological normal of maximum and minimum temperatures for the period 1971ς

2000 was calculated for each station. The daily anomalies were calculated as the 

difference of each daily temperature from its daily normal values. The present 

interpolation method requires an under-standing of the spatial correlation structure 

of the station data. Therefore, the interstation correlations were calculated to 

determine the distances over which observed temperature anomalies are related. 

For each month, for each pair of 395 stations lying within 2000 km, correlation was 

calculated and then binned according to their separation over intervals of 100 km. 

The mean correlation was estimated over each 100-km interval and a two-degree 

polynomial function was fitted to these values. For interpolating the station data, we 

have to define the radius of influence. This was estimated as the correlation length 

scale (CLS), which is defined as the distance at which the mean correlation, 

represented by the fitted function, fell below 1/e. 

 More details of this data set are available in Srivastava et al. (2009). This data 

set is being used very extensively by researchers worldwide. 
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Chapter 3 

Climatology and long- term trends of Cold Waves 

In this chapter, the long-term climatology and long-term trends of cold waves 

over India are discussed. For this purpose, the results based on the IMD criteria and 

criteria based on percentile have been used.  

Cold waves are predominantly experienced during the period December-

February, when minimum temperatures drop to very low levels, especially over the 

northern parts of India. Fig 3.1 a shows the long-term climatology of minimum 

temperatures (Tmin) and Fig 3.1 b shows spatial distribution of 10th percentile of Tmin. 

The long-term climatology was prepared using the daily minimum temperature data of 

1971-2000. Daily temperature data developed by Srivastava et al. (2009) have been 

used for this analysis.  

 

 

Fig 3.1 a) Climatology of seasonal (Dec-Feb) Tmin (oC) (1971-2000) and b) 10th percentile 

of Tmin (0C) during 1971-2000.  

 Seasonal Tmin values are below 150 C over northern parts of the country, north 

of 200N. Over parts of Jammu and Kashmir, the Tmin values are even below zero. It is 

interesting to note that over the northern parts of the country, the isolines of 
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temperatures run parallel, with a large north-south gradient of over 100 C. North of 250 

N, the 10th percentile values of Tmin are generally below 7.50C. A large north-south 

gradient is also observed in this pattern over the northern parts of the country. There is 

hardly any north-south gradient over the southern peninsula. The coastal regions, 

especially the east coast, are relatively warmer compared to the inner parts of the 

southern peninsula, with Tmin values above 200 C. 

3.1 Cold Wave Statistics Based on IMD Criteria 

The criteria used by the IMD to define Cold Wave (CW) are listed in Table 2.2. 

From Table 2.2 it can be seen that CW/SCW conditions imply a certain drop in the daily 

minimum temperatures at a station compared to the respective normal climatological 

value. As shown in Table 2.2, a relatively intense CW is classified as severe CW or SCW. 

In this section, we mainly discuss the results obtained by Smitha et al. (2016) on 

cold waves over India. They had considered 86 IMD stations for the analysis of cold 

waves over India. Fig. 3.2 a shows the spatial variation of mean number of Cold Wave 

(CW) days during the cold weather season (DJF) over the country expressed as days per 

season. Most of the areas except Kerala, coastal Karnataka, Tamil Nadu and coastal 

Andhra Pradesh experience 2 CW days or more per season. Many areas over northwest 

and some parts of central India experience 8 or more number of CW days.  

Fig. 3.2 b shows the long-term trends in the number of cold wave days (CW) 

during the cold weather season (DJF) over the period 1971-2020. The blue (red) colour 

indicates decreasing (increasing) trends. Statistically significant trends (at a 95% 

significance level) are shown as filled triangles. It can be seen that many stations over 

the northern parts of India show a decreasing trend in CW days. Only a few stations over 

the central and eastern parts of the country show increasing trends. Fig. 3.2 c shows the 

spatial distribution of Severe Cold Wave (SCW) days for the period 1971-2020.  It shows 

that most of the SCW days are observed over the central and north-western India and 
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they last for more than 2 days. There are hardly any SCW events over the southern 

peninsula and north-east India. 

 

   

(a)           (b) 

Fig 3.2. a) Seasonal climatology map of number of CW days, b) Long term trends in 

number of cold wave (CW) days during the cold weather season (DJF) during the period 

1971-2020. Blue (red) colour shows decreasing (increasing) trends. The trends which are 

statistically significant at 95% significance level are shown as filled triangles. The 

climatology was computed by averaging the number of CW days for the period (1971-

2010). (After Smitha et al. 2016). 

Fig. 3.3 a shows the spatial variation in the mean number of cold wave 

frequencies during the cold weather period (DJF) over the country during 1971-2020, 

expressed in numbers. In many areas in the northwest, about 8 cold waves occur during 

the season. North of 200N, the frequency of CW is more than four. Fig. 3.3 b shows the 

long- term trends in the number and frequency of CW during the cold weather season 

(DJF) during the period 1971-2020. The trends which are statistically significant at 95% 
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significance level are shown as filled triangles. Most stations in northern India show 

decreasing trends in the frequency of CW during the December-Feb season. A few 

stations over Punjab, Haryana and Andhra Pradesh show increasing trend but it is not 

statistically significant. The decreasing trend in the frequency of cold waves could be 

related to increase in minimum temperatures observed over India during the recent 

years. The maximum duration of cold wave days (Fig. 3.4 b) shows a decreasing trend in 

most parts of northern India. Fig. 3.5 clearly shows the decreasing trend in the 

frequency, duration and maximum duration of cold waves over India during the winter 

season. The long-term trend in CW frequency, CW days and CW duration is -

0.36/decade, -0.62 days/decade and -0.37 days/decade respectively. These trends are 

statistically significant at 95% significance level. 

 

 

 

Fig. 3.2. c. Spatial distribution of Severe Cold Wave (SCW) days during November to 

March (After Smitha et al. 2016) 
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Fig 3.3. a) Seasonal climatology map of frequency of CW events, b) Long term trends in 

number of cold wave (CW) frequency during the cold weather season (DJF) during the 

period 1971-2020. Blue (red) colour shows decreasing (increasing) trends. The trends 

which are statistically significant at 95% significance level are shown as filled triangles 

(After Smitha et al., 2016) 

 

Fig 3.4 a. Seasonal climatology map of maximum duration of CW days during the cold 

weather season (December-February) b) Long term trends in maximum duration of CW 

days during the cold weather season (DJF) during the period 1971-2020. Blue (red) 

colour shows decreasing (increasing) trends.  The trends which are statistically 

significant at 95% significance level are shown as filled triangles (After Smitha et al., 

2016). 
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Fig. 3.5. Long term trends of a) frequency b) total of CW days and c) maximum duration 

averaged over the cold wave core for the period 1971-2020. (After Smitha et al., 2016). 
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Earlier studies (Pai et al. 2017 and Smitha et al. 2016) showed the relationship of 

occurrence of cold waves over India with the El Nino and La Nina phases. To understand 

the impact of El Nino and La Nina on cold waves over India, composite spatial maps of 

mean CW days over India for El Nino/La Nina events are constructed. Fig. 3.6 a and b 

show the composite spatial maps of mean CW days over India for El Nino and La Nina 

events. These maps were prepared using data from 1971-2010. The composite map for 

El Nino shows a relatively lower frequency of CW days compared to the climatology 

map. However, the La Nina case shows that most areas experience significantly more 

CW days than the climatology, with large areas of the central and northwest India 

experiencing more than 8 CW days. An increase (decrease) in the frequency of SCW days 

[Fig. 3.7 a and b] was also observed over central parts of the country during the La Nina 

(El Nino) fall.  Ratnam et al (2016 b) suggested that both ENSO phases (La Nina and El 

Nino) provide a favourable background for the occurrence of cold waves over India, 

however, more frequent in La Nina years.  This aspect is further discussed later in the 

monograph. 

              

(a)               (b) 

Fig 3.6 a) Average CW days during the El Nino years and b) Average CW days during the 

La Nina years. (After Smitha et al., 2016)  



33 | P a g e 
 

   

(a)        (b)  

Fig. 3.7 a) Average SCW days during the El Nino years and b) Average SCW days during 

the La Nina years (After Smitha et al., 2016) 

Fig. 3.8 shows the duration of the longest CW period over each station across the 

country. The CW cycles with a duration of 10 days or more are shown in red. The 

stations with the longest CW periods of 10 days or more are in the north-west and 

central India. The station in Jammu and Kashmir experienced the longest duration of 

cold wave (18 days). Bikaner and Jodhpur in western Rajasthan experienced the longest 

CW period with a duration of 16 days. Gangtok in Sikkim experienced the longest CW 

period with 17 days (December 10 to 26, 1986). Even over Maharashtra, the maximum 

duration of CW days was more than 8 days. Most of the stations that experienced the 

longest CW period of 5 days or more are in North, Northwest and Central India. As 

mentioned earlier, there are no cold waves in the south of peninsular India. 
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Fig. 3.8.  Map showing the duration of the longest CW spell over each of the stations 

used in the study during the analysis period of 1971-2010. The duration of CW spells of 

10 days or more are shown using red colour (After Smitha et al. 2016). 

3.2 Cold Wave Statistics Based on Temperature Gridded data 

In this section, the cold wave statistics based on gridded temperature data (area 

averaged over 10X 10 grids) is discussed. For this purpose, the IMD daily gridded 

temperature data (Srivastava et al., 2009) have been used. This analysis will provide us a 

different perspective about cold waves than the statistics based on IMD station data and 

IMD criteria.  

 For this analysis, December to February season is considered and the data from 

December 1970 to February 2021 have been used.  The criteria considered for the 

analysis of cold wave and severe cold wave are given below: 

 A cold wave is considered if minimum temperature (Tmin) is less than 10th 

percentile of daily climatological value and the climatological daily Tmin is less than 
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15oC. This condition should satisfy consecutively for three days to be considered as one 

cold wave event.  Similarly, severe cold wave (SCW) is considered if daily Tmin is less 

than 5th percentile of daily climatological value and the climatological daily Tmin is less 

than 150C. It should be satisfied for three consecutive days to consider as one cold wave 

event. The period 1971-2000 was used as a reference period to calculate the 

climatology. The percentile has been calculated for a 5-day moving window.  

Fig 3.9 shows the long term climatology of cold wave frequency, cold wave days 

(days) and cold wave intensity (oC) for the period 1971-2021, calculated using the above 

criteria. It is to be mentioned that the above criteria are based on departures from long 

term normal and not the actual minimum temperatures. To satisfy as a cold wave, the 

temperature departures should be more than this threshold (10th percentile).   

 

Fig 3.9 Climatology of a) CW frequency b) CW duration and c) CW Intensity based on the 

data of 1971-2021. The DJF season is considered for the analysis.  

The greatest frequency of more than one event is observed over the northern 

parts of the country, north of 200N. In this region, more than 6 days of cold wave (CW) 

occur on an average. In some areas, the average number of CW days is also more than 

8. The CW intensity is the lowest temperature measured during a CW event. In the 

extreme northern parts of the country, CW intensity is close to zero or below zero. With 

these criteria, no cold wave event is generally observed south of 200 N. 
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Fig. 3.10 shows the long-term climatology of severe cold wave frequency, severe 

cold wave days (days) and severe cold wave intensity (0C) for the period 1971-2021. The 

maximum frequency of 0.5 SCW events is observed over the central parts of the country 

north of 200 N, which means that one event occurs every two years. In this region, an 

average of about 2 days of severe cold wave occurs. In some areas, the average number 

of CW days is also more than 8. The SCW intensity is the lowest temperature recorded 

during the SCW event. In the extreme northern parts of the country, the intensity of the 

cold wave is close to zero or below zero. With these criteria, no severe cold wave event 

is generally observed south of 150N. 

 

Fig 3.10 Climatology of a) SCW frequency b) SCW duration and c) SCW Intensity based 

on the data of 1971-2021. The DJF season is considered for the analysis.  

Fig. 3.11 shows the long-term trends in CW frequency, duration and intensity for 

the period 1971-2021. These graphs show that the frequency and duration of CW is 

generally decreasing in most parts of northern India, except in Chhattisgarh, Jharkhand 

and Bihar, where a slight increase is observed. The declining trend is most pronounced 

in the north-western parts of the country where the duration of CW decreased by more 

than 1 day. However, this trend is also reflected in the spatial distribution of CW 

intensity. In most parts of north-western India, CW intensity is increasing, which means 

that the minimum temperatures observed during CW events are increasing. In the 



37 | P a g e 
 

north-eastern parts, especially over Bihar, the CW intensity decreases, which means that 

the lowest minimum temperatures decrease or, in other words, the CW events become 

harsher.

 

Fig 3.11 Trends of a) CW Frequency b) CW duration and c) CW Intensity. The trends are 

in decade. The data of 1971-2021 have been used to calculate these trends.  

Fig. 3.12 shows the time series of a) frequency of cold waves and b) duration of 

cold waves over the period 1971-2020. The red line shows the linear trend and the 

dashed lines on either side of the trend line indicate the 95% confidence levels. The time 

series is averaged over a larger area: 72.50 E-87.00 E, 20.50 N-37.50 N. Both time series 

show a decreasing trend that is significant at the 95% significance level. The trend in 

frequency is 0.15 per decade and the trend in duration is 0.81 days per decade. The 

trend based on the IMD criteria (Fig. 3.5) for frequency is slightly higher than this trend 

value. However, the trend for duration is lower than the trend obtained from the 

gridded data. This could be due to the slight differences in the criteria used to define 

cold waves. While the IMD analysis used station data, the present analysis is based on 

area-averaged gridded data. However, both data sets show a very clear downward trend 

in CW frequency, days and duration, suggesting that the recent increase in minimum 

temperatures is leading to a decrease in the characteristics of cold waves over India. 
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Fig 3.12. Time series of a) Cold Wave frequency and b) CW duration during 1971-2020.  

The red line shows the linear trend and dotted lines suggest 95% confidence level.  The 

time series is averaged over a larger area 72.50 E-87.50 E, 20.50 N-37.50 N.  

A further analysis is carried out to see the spatial pattern of ocean influence on 

cold waves. Fig. 3.13 shows the spatial pattern of correlation between cold wave 

duration and sea surface temperature (SST) using data from 1971-2020. SST data from 

HADI SST was used for this analysis. The spatial pattern shows very clearly that cold 

wave duration is negatively correlated with SST over the equatorial Pacific and Indian 

Oceans, suggesting that the La Nina phase of ENSO and the colder Indian Ocean cause 

more days of CW duration. The same type of conclusion was drawn by Smitha et al. 

(2016) using IMD data and IMD cold wave criteria. Ratnam et al. (2016 b) suggests that 

both La Nina and El Nino phases can cause cold waves. They referred to them as Type 1 

and Type 2 events respectively. However, the Type 2 cold wave events that occur during 

the El Nino years are less frequent and only affect the northern parts of the country. 
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Fig 3.13. Correlation between Cold Wave Duration and Sea Surface Temperature (SST) 

during the DJF season. Period of data: 1971-2020.   

Further, a list of CW events which persisted for more than 5 days is prepared 

using the 90th percentile criteria. For this purpose, data of 1971-2020 was used. Cold 

Wave events are calculated using area averaged minimum temperatures over the cold 

wave core zone (72.50 -82.50 E, 20.50 -350 N). The criteria for identifying the cold wave 

events are as follows: 

1) Daily Tmin is less than the 10th percentile of daily climatological value and the 

climatological daily Tmin < 150C.  

2) The cold wave event should persist with minimum duration of 5 days.  

Table 3.1 shows such CW events that occurred during the period 1971-2020. The 

intensity suggests the lowest minimum temperature observed during the event. The 

longest cold wave event observed was 10 days during 01-10 December 1971. There are 

many cold wave events with 8 days of duration. The lowest Tmin recorded during the 

CW events was 0.930C during February 1974.  On average duration of CW is 6 days.   

Table 3.1 also clearly suggests the cold wave frequency is decreasing during the recent 

years. During the decade 2011-2020, only six cold wave events were observed.  
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Table 3.1 

List of cold wave events during the period 1971-2020 

as per the 90th Percentile criteria based on IMD gridded data set 

 

Year Date  
Intensity 

( C) 

Total 

Duration 

(Days) 

1971 

1 Dec-10 Dec  4.74 10 

29 Jan-02 Feb  3.43 5 

1972 

6 Jan-12 Jan 2.97 7 

14 Feb-20 Feb  2.35 7 

1974 5 Feb-10 Feb  0.93 6 

1975 19 Dec-25 Dec  3.34 7 

1976 8 Dec-13 Dec  3.74 6 

1982 12 Dec-16 Dec 4.43 5 

1983 01 Feb-06 Feb 3.49 6 

1984 21 Feb-28 Feb  3.17 8 

1985 18 Dec-25 Dec  3.46 8 

1986 04 Jan-08 Jan 2.43 5 

1989 

10 Jan -15 Jan 2.22 5 

19 Feb-23 Feb 5.02 5 
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1991 01Jan-06 Jan 1.45 6 

1993 20 Jan-24 Jan  2.87 5 

1994 21 Dec-25 Dec 4.43 5 

1997 8 Dec-14 Dec  3.09 7 

2006 12 Dec-19 Dec  3.98 8 

2008 

21 Jan-28 Jan 2.43 8 

09 Feb-15 Feb  2.48 7 

2011 

18 Dec-22 Dec  4.48 5 

5 Jan-11 Jan 2.72 7 

2012 10 Jan-14 Jan 2.95 5 

2013 05 Jan-09 Jan 1.91 5 

2019 26 Dec-31 Dec  2.96 6 

2020 27 Dec-31 Dec 2.92 5 
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Chapter 4 

Climatology and long- term trends of Heat Waves 

In this chapter, the climatology and long-term trends of heat waves over India are 

discussed. For this purpose, the results based on the IMD criteria and the criteria based 

on the percentiles were used. As mentioned earlier, heat waves occur mainly during the 

period from March to June when maximum temperatures rise to very high levels, 

especially in the northern parts of India. 

4.1 Heat wave climatology based on IMD Criteria. 

In this section, long term climatology and long-term trends of Heat waves over India 

are discussed using the IMD station data and IMD criteria. For this purpose, the data of 

1961-2020 have been used. The details of heat wave criteria followed by IMD are given 

in Chapter-2.  

Fig 4.1a shows the average frequency of heat wave days using the data of 1961-

2020. On an average more than 2 heat wave events occur over northern parts of the 

country and coastal Andhra Pradesh and Odisha. In some pockets, heat wave frequency 

even exceeds four in a season. Most of IMD stations are showing increasing trends of 

heat wave events during the 60-year period (1961-2020) (Fig 4.1.b) as shown by red 

triangles.  

Fig. 4.2 shows the spatial distribution of the duration (days) of heat waves. The 

plot shows that heat waves last on an average 4-8 days. In some areas of central and 

north-western India and parts of Odisha and coastal Andhra Pradesh, the duration is 

more than 8 days. Over Gujarat and Chhattisgarh, heat waves last 2-4 days. Fig. 4.2 b 

shows the long-term trends in the duration of heat waves for the individual stations 

during the period 1961-2020. It clearly shows that most IMD stations show an increasing 

trend in the duration of heat waves during the March-June season.  
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Fig 4.1 a) Heat wave average frequency during March-June for the period 1961-2020, b) 

HW frequency trends, station wise during the same period. 

 

 

Fig 4.2 a) Heat wave average total duration (days) during March-June for the period 

1961-2020, b) Station wise, HW duration trends during the same period.  

 

Fig. 4.3 a shows the maximum duration of heat waves in March and June for the 

period 1961-2020. Fig. 4.3 b shows the long-term trends of maximum duration of heat 
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waves in the same period for the individual stations. On an average, the maximum 

duration of the heatwave is 2-4 days. In some areas in central and north-western India, 

it is more than 6 days. In coastal Andhra Pradesh, the maximum duration is more than 8 

days. The maximum duration of heat waves during March to June also shows an 

increasing trend in the northern parts of the country. The trends at some stations in the 

northern parts of the country are statistically significant at 95% significance level. 

 

     

Fig 4.3 a) Maximum Duration of Heat Wave days during March-June for the period 1961-

2020, b) Station wise, trends of maximum duration of heat waves during the same 

period.  

Fig. 4.4 shows the spatial distribution of average severe heatwave (SHW) days 

from March to June for the period 1961-2020 based on the IMD criteria. This shows that 

SHW days tend to occur in the extreme northwest of India and in the eastern parts of 

India (Bihar, Jharkhand and surrounding areas), but 1-2 days during the hot weather 

season. 

Earlier studies (Pai et al. 2017, Rohini et al. 2016, Ratnam et al. 2016 a) suggested 

a link between heat waves over India and the El Nino/Southern Oscillation (ENSO). El 

Nino (La Nina) is known to cause warming (cooling) around the globe, especially over 
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the tropics. Studies have shown that the frequency and duration of heat waves 

increases during El Nino years. 

Fig. 4.5 shows the average heat wave days during a) El Nino years and b) La Nina 

years, which clearly shows that heat wave days are much more during the El Nino years 

than La Nina years. It is interesting to note that heat wave activity over the east coast of 

India however remains the same or slightly enhanced during the La Nina years. Ratnam 

et al. (2016 a) and Rohini et al. (2016) have done some detailed analysis to show how 

ENSO events can influence heat waves over India. This relationship between heat waves 

and ENSO events is further discussed in detail in Chapter 5. 

 

Fig 4.4. Spatial distribution of average Severe Heat Wave (SHW) days during March-June 

for the period 1961-2020.  

   Fig. 4.6 a shows the longest heat wave in days and Fig. 4.6 b shows the 

longest severe heat wave in days for the period 1961-2020. Over central and north-

western India and coastal Andhra Pradesh, the longest heat wave days exceed 10 days 

at many stations. Over the far northwest of India, the longest heatwave even exceeded 
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15 days. The longest severe heat wave generally lasts more than 5 days in central and 

north-western India, while it is less than 5 days over the southern peninsula including 

the Andhra Pradesh coast. 

 

Fig 4.5. Average HW days during a) the El Nino years and b) La Nina years during the 

period 1961-2020. 

 

Fig. 4.6. a) Station wise longest heat wave spell during 1961-2020 b) Station wise longest 

Severe heat wave spell during 1961-2020. 
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4.2 Heat wave climatology based on area averaged (gridded) temperature data 

In this section, heat wave statistics based on the IMD gridded data (Srivastava et al., 

2009) are discussed. Based on the gridded data, two criteria can be used to define heat 

waves. The first is the 90th percentile and the second is the Excessive Heat Factor (EHF). 

These two criteria are discussed in detail in the Chapter 2. The statistics discussed below 

are based on the 1961-2021 data and the March-June (MAMJ) period is used to 

calculate the statistics. The period 1971-2000 has been considered for calculating 

climatology and temperature deviations.  

Fig. 4.7 shows the spatial distribution of a) heat wave frequency, b) heat wave days 

and c) heat wave intensity in the period from March to June. Data from 1961-2021 were 

used for this analysis. Fig. 4.7 a shows two predominant areas for heat wave occurrence. 

One is over the central and north-western India. The other is the coastal area of Andhra 

Pradesh and Odisha. In the heat wave zone (central and north-western India), 1-2 heat 

waves occur on an average. Coastal Andhra Pradesh also experiences 1-2 heat waves 

per season. In most parts of central and north-western India, heat waves last for about 

6-8 days. Heat waves also last for about a week in the coastal Andhra Pradesh. The 

spatial distribution of the intensity of the heat waves indicates that the maximum 

temperatures in the northern parts of the country exceed 44°C during the heat waves. 

In coastal Andhra Pradesh, the intensity of heat waves exceeds 40°C. However, due to 

the higher humidity in the region (because of its proximity to the sea), heat waves can 

have huge negative impacts on human health. For example, the 2015 heat wave on the 

Andhra Pradesh coast reportedly claimed 2500 lives. 

Fig. 4.8 shows the spatial distribution of a) frequency of severe heat waves, b) 

duration (days) of severe heat waves and c) intensity of severe heat waves during the 

March to June. 
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Fig 4.7. Spatial distribution of a) heat wave frequency, b) heat wave days and c) heat 

wave intensity during MAMJ. Period 1961-2021. 

Fig. 4.8 a shows two predominant areas of severe heat waves, one over central 

and north-western India and another over the coastal Andhra Pradesh, where on 

average one severe heat wave occurs in 2 years. Severe heat waves last for about 3-4 

days over central and north-western India. During severe heat waves, maximum 

temperatures exceed 45°C in the northern parts of the country. 

Fig. 4.9 shows the long-term trends in a) HW frequency b) HW days and c) HW 

intensity, indicating that the frequency and duration of heat waves are increasing over 

central and north-western India. The frequency and duration of heat waves are also 

increasing in coastal Andhra Pradesh. The trend in duration is more than 1 day/decade. 

Most of the observed trends over central and north-western India and coastal Andhra 

Pradesh are statistically significant at 95% level of significance. Fig. 4.9 c shows that the 

intensity of heat waves (highest maximum temperatures) increased over the northern 

parts of the country, suggesting that higher maximum temperatures were observed 

during the recent heat waves. However, over the coastal Andhra Pradesh, the intensity 

of heat waves decreased. It is important to understand the physical causes for these 

observed trends.  
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Fig 4.8. Spatial distribution of a) Severe heat wave frequency, b) severe heat wave days 

and c) severe heat wave intensity during MAMJ. Period 1961-2021. 

 

Fig 4.9. Spatial distribution of a) Trend in heat wave frequency (number/decade), severe 

heat wave days (days/decade) and severe heat wave intensity (oC/decade) during 

MAMJ. Period 1961-2021. The trends which are statistically significant are shown as 

dots. 

 Fig. 4.10 a shows the average maximum heatwave days (days/season) and Fig. 

4.10 b shows the trend (days/season) of maximum heatwave days. The maximum heat 

wave days are more than 6 days over central India (Maharashtra and Vidarbha) and 

eastern parts of central India (Jharkhand, Bihar). In northwestern India, it is generally 

more than 5 days. Over the coastal areas of Andhra Pradesh and Odisha, it is more than 
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5 days. In most parts of the country, the maximum duration of the heat wave shows a 

statistically significant upward trend (Fig 4.10 b).   

 

 

 

 

 

 

 

Fig 4.10. Spatial Distribution of a) average maximum HW days (days/season) and b) Long 

term trends. The trends which are statistically significant are shown as dots.  

Fig. 4.11 shows the time series of heat wave frequency, heat wave duration and 

maximum heat wave duration averaged over northwest India (700 E-780 E, 220 N-310 N). 

The time series shows increasing trends in all three aspects of heat wave, frequency, 

duration and maximum duration. The observed trends are 0.16, 0.93 days and 0.31 days 

per decade, respectively, which are statistically significant at 95% significant level. 

Accordingly, the average duration of heat waves has increased by 6.5 days in seven 

decades (1961-20201), which is highly significant. The maximum duration has also 

increased by about 2 days in the same period. 

Fig. 4.12 shows the time series of area-averaged heat wave frequency, heat wave 

duration and maximum heat wave duration averaged over the coastal region of Andhra 

Pradesh (120 ς 160 N, 780 ς 810 E) based on the 90th percentile criteria. The frequency, 

duration and maximum duration of heat waves are also showing increasing trends in 

coastal Andhra Pradesh. However, the trends (0.25/decade, 1.3 days/decade and 0.45 

days/decade) are higher than the corresponding trends observed over northwest India. 

This is an interesting aspect to note and we need to find out the possible reasons for 

this.  
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Fig 4.11. Time series of area averaged heat wave frequency, heat wave duration and 

heat wave maximum duration, averaged over northwest India (70E-78E, 22N-31N), 

based on 90th percentile criteria. 

  Fig 4.13 shows the time series of area averaged heat wave frequency, 

heat wave duration and heat wave maximum duration, averaged over northwest India 

(700 E-780 E, 220 N-310 N) based on the EHF criteria. Based on the EHF criteria also, there 

are increasing trends. There are long-term increasing trends of heat wave frequency, 
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duration and maximum duration over northwest India.  However, the magnitude of the 

trends based on the EHF criteria is different from that based on the 90th percentile.  

 

 

Fig 4.12. Time series of area averaged heat wave frequency, heat wave duration and 

heat wave maximum duration, averaged over Coastal Andhra Pradesh (12-16o N, 78-810 

E), based on 90th percentile criteria. 

Fig. 4.14 shows the time series of area-averaged heat wave frequency, heat wave 

duration and maximum heat wave duration averaged over the coastal region of Andhra 

Pradesh based on the EHF criteria. As in 90th percentile criteria, there are increasing 
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trends in the frequency, duration and maximum duration of heat waves in coastal 

Andhra Pradesh, though the magnitudes are different.  

Sandeep and Prasad (2018) examined heat wave episodes over the east coast of 

India and their inter-annual variability. The heat wave episodes exhibit a significant 

intra-annual variability. Intensity of heat waves averaged over the east coast of India has 

shown an increase of 0.060 C per heat wave. The geopotential height anomaly, vertical 

velocity, and soil moisture exhibit significant intra-annual variability between the 

episodes and become decisive parameters for the maintenance and variability.  

 

Fig 4.13. Time series of area averaged heat wave frequency, heat wave duration and 

heat wave maximum duration, averaged over northwest India (700 E-780 E, 22o N-31o N) 

based on the EHF criteria. 



54 | P a g e 
 

Table 4.1 shows a comparison of long-term trends of heat wave frequency, 

duration and maximum duration based on these two different criteria over northwest 

India and coastal Andhra Pradesh. In general, the trends based on EHF are lower than 

that based 90th percentile. The trends over east coast of India are relatively larger than 

the trends of heat waves over central and northwest India.  

 

Fig 4.14. Time series of area averaged heat wave frequency, heat wave duration and 

heat wave maximum duration, averaged over Coastal Andhra Pradesh (120-160 N, 780-

81o E), based on EHF criteria. 
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Table 4.1 

Long term trends of frequency, duration and maximum duration of heat waves over 

northwest India and coastal Andhra Pradesh 

Area Criteria Frequency  
No/decade 

Duration 
Days/decade 

Maximum 
Duration 
Days/decade 

Northwest 
India 

90th Percentile 0.16 0.93 0.31 

EHF 0.15 0.80 0.31 

Coastal Andhra 
Pradesh 

90th Percentile 0.25 1.30 0.45 

EHF 0.12 0.66 0.32 

Singh et al. (2021) analyzed long term trends of heat wave and severe heat wave 

ŜǾŜƴǘǎ ǳǎƛƴƎ La5Ωǎ ƎǊƛŘŘŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ŘŀǘŀΦ The study found a spatio-temporal shift 

in the occurrence of heat wave events with a significantly increasing trend in three 

prominent heat wave prone regions that is northwestern, central, and south-central 

India, the highest being in West Madhya Pradesh (0.80 events/year), while a 

significantly decreasing trend was observed over Gangetic West Bengal 

όҍлΦмоŜǾŜƴǘǎκȅŜŀǊύΦ {I² events showed a southward expansion and a spatial surge 

during the decades of 2001ς2010 and 2010ς2016.  

In order to obtain the relationships between the characteristics of the heat 

waves, the frequency (Fig.4.15 a) and intensity (Fig.4.15 b) of the heat waves are 

presented as a function of duration and mean areal extent. This analysis was carried out 

only for the heat wave prone area of northwest India, NWI (22°-31°N, 70°-77°E). 

Fig.4.15.a provides the probability of occurrence of heat waves per year based on the 

mean areal extent and duration. The most frequent heat waves (Fig.4.15.a. ~ 0.3 to 0.5 

events per year, i.e. 16 to 27 events for 1961-2015) last 5 to 9 days with a mean 

intensity of about ~ 43°C. These heat waves have a mean areal extent of 15% to 30%. 

The moderately frequent heat waves (~0.2 events per year, i.e. 10 events for 1961-

2015) have a duration of about 10 days with a mean intensity of 41°C and a spatial 
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extent of 25% to 40%. The rare heat waves (less than 0.1 events per year, i.e. 5 events 

for the period 1961-2015) have extremely high intensities (~45°C) and a longer duration 

(~ 9-20 days). 

 

 

 

 

 

 

 

Fig. 4.15.  (a) Heat wave frequency (events year-1) as a function of mean areal extent and 

duration for AMJ season. For each bin, heat wave frequency is averaged over 1961-

2015. (b) Heat wave mean intensity (°C) as a function of mean areal extent and duration. 

For each bin, mean intensity is computed as mean Tmax during heat wave events 

averaged over 1961-2015. (After Rohini 2020). 

Table 4.2 shows the heat wave events over northwest India during the period 

1961-2021, identified using the 90th percentile criteria and Table 4.3 shows the heat 

wave events over the coastal Andhra Pradesh during the period 1961-2021 based on 

90th percentile criteria.  
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Table 4.2  

Heat wave events over northwest India as per the 90th Percentile criteria during the 

period 1961-2021 

Year Date LƴǘŜƴǎƛǘȅόх/ύ Duration (days) 

1970 23Apr-27Apr 42.8 6 

11May-18May 43.5 8 

1973 20Apr-2May 42.4 13 

6May-10May 43.3 5 

1978 9May-13May 42.8 5 

1979 6Jun-10Jun 43.4 5 

1980 18Apr-22Apr 41.4 5 

1981 15Jun-23Jun 43.1 9 

1984 23May-28May 43.4 6 

1987 19Apr-23Apr 40.8 5 

26Jun-30Jun 41.6 6 

1988 10-18APr 40.8 9 

8-15May 43 8 

26-31May 43.8 6 

1989 12-23May 43.3 12 



58 | P a g e 
 

1992 16-21Jun 42.3 6 

1993 3-8May 42.1 6 

 
8-12Jun 42.5 5 

1994 29May-2Jun 44 5 

1995 30May-9Jun 44.3 11 

1998 21-28May 43.4 8 

1999 8-12Apr 40.9 5 

 
29Apr-5May 42.5 7 

2004 9-17Apr 40.6 9 

2005 19-23Jun 41.8 5 

2009 27Apr-1May 42.8 5 

 
20-27Jun 41.2 8 

2010 8-20Apr 43.1 13 

 
19-26May 44.5 8 

 
19-23Jun 43.3 5 

2013 18-24May 43.3 7 

2014 4-11Jun 44.4 8 
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2016 15-21May 44.7 7 

2017 12-21Apr 41.9 10 

2019 29May-11Jun 44.5 14 

 

Table 4.3 

Heat wave events over the coastal Andhra Pradesh as per the 90th Percentile criteria  

during the period 1961-2021 

Year  Date  LƴǘŜƴǎƛǘȅόх/ύ  Duration (days) 

1967  1-9Jun  40.7  9 

1972  5-14Jun  40.7  10 

1973  26-30Apr  41.6  5 

1976  2-7May  41.4  6 

1980  19-28May  43.1  10 

1982  2-6Apr  39.8  5 

1983  1-21Mar  38.5  21 

1984  22-27May  41.2  6 

1985  23-28Apr  40.4  6 

1-5May  41.3  5 

1987  7-15Apr  40.3  9 
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1990  20-26Apr  40.8  7 

1992  5-10Apr  39.8  6 

1996  8-18May  41.8  12 

1997  29May-5Jun  41.3  8 

1998  19-23Apr  40.5  5 

 
27May-5Jun  42.3  15 

1999  12-16Apr  40  5 

2000  26-30Apr  41  5 

2001  10-14May  41.8  5 

2003  18May-13Jun  43.1  26 

2004  16Mar-26Mar  38.7  11 

 
14-20Apr  40.5  7 

2007  15-21May  40.9  7 

2010  1-7Apr  39.1  7 

 
9-14APr  39.7  6 

2012  18-24Mar  38.1  7 

2014  28Mar-1Apr  39.1  5 

2016  18-22Mar  39.6  5 
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1-7Apr  38.8  7 

 
11-17Apr  40.6  7 

 
19-26Apr  41.9  8 

2017  30Mar-3Apr  38.7  5 

 
16-27Apr  40.5  12 

2019  28Mar-3Apr  39.3  7 

2021  30Mar-3Apr  39.9  5 

 

4.3 Future projections of Heat Waves over India 

In the earlier sections of the chapter, we discussed the observed long-term trends of 

heat waves over India. The frequency, duration and intensity of heat waves over India 

have shown an increasing trend over the last 50-60 years. Greenhouse gas emissions 

from fossil fuels are likely the cause of this observed trend in heat waves. In the future, 

greenhouse gas emissions from fossil fuels are likely to increase further. Logically, the 

next question is what might be the heat wave scenarios over India in the future climate. 

Climate and Earth system models are the best tools available to understand future 

climate change under increased anthropogenic activities. Previous studies (Alexander 

and Arblaster 2009, Meehl and Tebaldi 2004) suggest that significant trends in 

temperature extremes in different parts of the world will continue into the twenty-first 

century. For heat waves over India, Rohini et al. (2019) examined nine CMIP5 models to 

understand how the frequency, intensity and duration of heat waves over India will 

increase due to increases in greenhouse gas emissions. They have considered the pre-

monsoon season (April-June) for the analysis of heat waves as the frequency of heat 

waves that can affect human health is much higher during this season. The IPCC RCP4.5 
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scenario for the period 2024-2060 was used to assess future climate change scenarios. 

Long-term atmospheric circulation data are also used to understand future changes. 

Despite moderate variations in daily temperatures, the CMIP5 models showed a modest 

ability to realistically simulate the observed heat waves in terms of spatial pattern and 

frequency. The models suggest an increase of about two heat waves and an increase in 

the duration of heat waves by 12-18 days over the period 2020-2064. 

In the future climate change scenario, the southern parts of India and the coastal 

areas of India, which are not currently affected by heat waves, are likely to be affected 

by heat waves. The spatial trend analysis of heat wave frequency (HWF) and heat wave 

duration (HWD) indicates that both HWF and HWD will increase significantly in central 

and north-western India, by 0.5 events per decade and 4-7 days per decade, 

respectively. Fig. 4.16 shows the observed and future changes in the frequency and 

duration of heat waves over northwest India as derived from 9 CMIP5 models and the 

multi-model ensemble model (MME). All CMIP5 models indicate a systematic increase in 

both the frequency and duration of heat waves over central and northwest India. 

According to the MME, northwest India could experience about 4 heat waves per 

season with a total duration of 30 days by 2060. This is a significant increase from the 

present climate. 

As shown in Fig. 4.17, the future increase in heat waves is supported by the 

strengthening of the mid-tropospheric high and the associated subsidence over central 

and northwest India. Land surface processes such as soil moisture depletion and 

increased sensible heat fluxes are also responsible for the increase in heat waves. The 

CMIP5 models also suggest that El Nino Modoki events (with maximum warming over 

the central Pacific) may be responsible for the longer and more frequent heat waves 

over India in the future climate.  
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Fig 4.16 a. Time series of frequency (number/year) of heat waves averaged over the 

northwest Indian region 220-320 N, 700-780E as derived from observations and CMIP5 

models. The IMD observations are shown in black colour. Model simulated frequency 

during the historical period (1961-2005) is in blue colour and future projection (2006-

2064) is in red colour. (After Rohini et al. 2019).  
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Fig 4.16 b. Time series of duration (days/year) of heat waves averaged over the 

region 220-320 N, 700-780E as derived from observations and CMIP5 models. The IMD 

observations are shown in black colour. Model simulated frequency during the historical 

period (1961-2005) is in blue colour and future projection (2006-2064) is in red colour. 

(After Rohini et al. 2019).  
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Fig 4.17. Composite anomaly of geopotential height (m) and wind vector at 500 hPa 

level from the CNRM-CM5 model during heat wave events a) historical period (1961-

2005), b) future projection (2020-2064) and c) difference between future and present 

(Future-present). The period 1961-1990 was used as reference period for calculating the 

climatology. (After Rohini et al. 2019). 
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Mishra et al. (2017) studied the exposure to heat waves in India in the current, 1.50C 

and 2.00C warming scenarios. They characterized the maximum potential exposure of 

people (without passive/active reduction measures) to severe heat waves in India. They 

showed that the frequency of severe heat waves will increase by 30 times the current 

climate by the end of the 21st century if the global average temperature is limited to 2.00 

C above pre-industrial conditions. In contrast, the frequency under the RCP8.5 

(business-as-usual" emissions) scenario will be about 2.5 times higher (than under the 

low warming scenario). Under the low warming target of 2.00 Celsius, population 

exposure to severe heat waves is projected to increase by 15 and 92 times current levels 

by the middle and end of the 21st century, respectively.  

Mukherjee and Mishra (2018) used observations and model simulations from 

climate of 20th Century plus detection and attribution (D&A) and CMIP5 models to show 

that 1 and 3-day concurrent hot day and hot night (CHDHN) events have significantly 

increased. The frequency of 3-day CHDHN events is projected to increase 12-fold the 

current level by the end of 21st century and 4-fold by the mid-21st century under the 

high emission pathway of RCP 8.5. The increase in 3-day CHDHN be limited to only 2-

fold by the end of 21st century under low emission scenario of RCP 2.6. Restricting global 

mean temperature below 1.5° from the pre-industrial level can substantially reduce the 

risk of 1 and 3-day CHDHN events and associated implications in India. 

Ullah et al. (2022) examined projected heat stress and associated socio-economic 

stress in South Asia and its sub-regions using CMIP6 model data and GDP projections. 

They considered two common socio-economic pathways (SSP), namely SSP2-4.5 and 

SSP5-8.5, and three time periods: short-term, medium-term and long-term compared to 

the baseline period (1985-2005). The study found that the South Asian region has the 

potential for widespread changes in global wet bulb temperature (WBGT) of 6.50°C, 

which could exceed the theoretical limits of human tolerance by the mid-21st century. It 
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is noteworthy that the climate effect is more dominant than the population effect, while 

the changes in the GDP effect contribute to the overall change in GDP exposure. 

Das and Umamahesh (2021) examined the future projection of heat waves over 

India using 13 CMIP5 and 12 CMIP6 model simulation data. The Heat Wave Magnitude 

Index (HWMI) was used to characterize heat waves over India. The study found that 

maximum temperatures are likely to increase in the future, leading to more intense, 

frequent and prolonged heat waves over India. Large regions in the south, northeast 

and west of the country, which are currently unaffected, are expected to be severely 

affected by heat waves.  

Dubey et al. (2021) and Dubey and Kumar (2022) have undertaken an analysis of 

future projections of heat wave characteristics and dynamics over India using a high-

resolution regional earth system model (ROM). The heat wave characteristics simulated 

by ROM are largely consistent with observations, although some discrepancies have also 

been noted. The typical synoptic features associated with heatwave days for the 

identified regions show the presence of an elevated geopotential height with an 

anomalous anticyclonic structure forming an atmospheric blockade over every region 

except the southeast coast. The projected frequency will double and the average 

duration will increase by 8-12 days per season by the end of the century. Severity will 

also increase by 2°-3 °C. Similarly, future dynamic features will be associated with an 

increase in geopotential height (thickness) and a gradual decrease in potential vorticity. 

According to the study, the frequency of heat waves will more than double by the end 

of the century in most regions except the Himalayas and the northeastern hills. The 

duration of heatwaves is also expected to increase by 8-12 days in most parts of the 

country. The severity of heat waves is also likely to increase by 2-30°C in the distant 

future. 

 Murari et al. (2015) examined intensification of future severe heat waves in India 

and their effect on heat stress and mortality. Their study revealed that heat waves are 
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projected to be more intense, have longer durations and occur at a higher frequency 

and earlier in the year. Southern India, currently not influenced by heat waves, is 

expected to be severely affected by the end of the twenty-first century.  

Therefore, there is a general consensus that under future climate change, both the 

frequency and duration of heat waves are likely to increase significantly. Those regions 

where heat waves are not as frequent (such as the southern peninsula) are likely to be 

more affected in the future. 
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Chapter 5 

Physical Mechanisms of Heat Waves 

In the earlier chapters, we have discussed the observed climatology and long-

term trends in heat and cold waves over India. There are systematic long-term 

increasing trends in heat waves (frequency, duration and intensity) over India. On the 

other hand, the frequency of cold waves is decreasing over the same period, suggesting 

that increase in temperatures is the main cause of these observed trends. Natural 

variability must also have played some role in modulating the frequency and intensity of 

heat waves. In this chapter, we discuss the physical mechanisms of heat waves in terms 

of large-scale dynamics and local or regional influences. The physical mechanisms of 

cold waves will be discussed in Chapter-6.  

Heat waves are basically meteorological events, even when studied from a 

climatological perspective. Most heat waves last for about a week. The development of 

heat waves is caused by the synoptic environment and the interaction of large- and 

small-scale processes. Previous studies have shown that heat waves are usually 

associated with anticyclonic flows in the middle and upper troposphere that extend into 

the lower troposphere and dynamically lead to strong subsidence, clear skies, warm air 

advection and prolonged hot conditions at the surface (Black et al. 2004; Meehl and 

Tebaldi 2004; Perkin 2015). The blocking high (anticyclone) in the upper level, which 

blocks the passage of synoptic transients, has been responsible for many extreme heat 

waves, such as the 1995 Chicago heat wave (Meehl and Tebaldi 2004), the 2003 

European heat wave (Black et al. 2004; Vautard et al. 2007; Vautard et al. 2013) and the 

2010 Russian heat wave (Dole et al. 2011; Trenberth and Fasullo 2012). The persistent 

highs associated with the subtropical ridge are responsible for heat waves over Australia 

(Parker et al. 2014, Perkins 2015). In the Northern Hemisphere, the blocking/sustained 

highs responsible for heat waves are centred over the affected area (Black et al. 2004; 

Della-Marta et al.2007). Anticyclonic anomalies are often part of a large-scale stationary 
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Rossby wave pattern (Ratnam et al. 2016 a). Recent studies suggest that atmospheric 

Rossby waves have expanded meridionally in recent decades due to Arctic amplification 

(Francis and Vavrus 2012). These slower propagating Rossby waves in 500-hPa height 

fields favour heat waves (Francis and Vavrus 2012; Parker et al. 2014). All these studies 

suggest that the necessary ingredients of heat waves are persistent/blocking high-

pressure systems (Perkins 2015 and reference therein). 

Bedekar et al. (1974) while examining the heat waves over India found the 

following favourable factors for occurrence of heat waves. 

a) Hot dry air should prevail over the concerned region 

b) There should be a region of warmer dry air and an appropriate flow pattern 

for transporting the air over the region 

c) There should be little or no moisture present in the upper air over the area  

d) Sky should be practically cloudless to allow maximum insolation over the 

region. 

e) The lapse rate should approach dry adiabatic in the airmass to allow warming 

to a considerable depth  

f) There should be a large amplitude anticyclonic flow or thickness values should 

be considerably above normal in all layers. 

Along with blocking/persistent high-pressure systems, the land surface processes 

also play a significant role in intensifying the heat waves (Alexander 2011; Hirschi et al. 

2011; Mueller and Seneviratne 2012; Perkins 2015; Miralles et al. 2012, 2014). There are 

many observational as well as model simulated studies to understand the influence of 

land surface processes mainly on dry soil on heat wave across the globe (Diffenbaugh et 

al. 2005; Seneviratne et al. 2006; Seneviratne et al. 2010; Seneviratne et al. 2014; 

Fischer et al. 2007a, 2007b; Lorenz et al. 2010; Alexander 2011; Hirschi et al. 2011; 

Mueller and Seneviratne 2012; Nicholls 2012). Land surface processes affect extreme 

temperatures through changes in the lowest layer of atmospheric boundary layer. 
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The effects of soil moisture on temperature extremes are explained in Fig. 5.1 

(taken from Alexander 2011). When the land surface is sufficiently moist, surface energy 

is balanced by the release of latent heat flux (Fig. 5.1a.) through evapotranspiration, 

which cools the surface and increases the concentration of water vapour in the 

atmosphere. This process leads to cloud formation near the surface. On the other hand, 

a dry soil increases the sensible heat flux (Fig. 5.1.b), resulting in a deeper, warmer and 

drier atmospheric boundary layer, which tends to inhibit cloud formation. Under dry 

conditions, an increase in sensible heat flux leads to warming of the near-surface 

atmosphere and creates a positive land-atmosphere feedback that tends to amplify heat 

waves (Alexander 2011). 

 

 

 

Fig. 5.1. Changes in the role of the land surface on temperature when soils are wet (a) 

and dry (b). A smaller boundary layer and sensible heat flux, and an enhanced latent 

heat flux occurs when soils are wet, however this is reversed under dry conditions. This 

explains in a simple context the coupling of drought and heat waves. Source (Taken 

from Fig. 1 of Alexander (2011)). 
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Variability in climate modes is another factor influencing heat waves (De and 

Mukhopadhyay 1998; Kripalani and Kulkarni 1999; Kenyon and Hegerl 2008; Alexander 

and Arblaster 2017; Arblaster and Alexander 2012; Hu et al. 2011, Hu et al. 2013; Wang 

et al. 2014; Rohini et al. 2016; Ratnam et al. 2016 a; Murari et al. 2016). Previous studies 

(Black and Sutton 2007; Alexander et al. 2007; Feudale and Shukla 2010) indicated the 

relationship between global sea surface temperature (SST) and heat waves. Variability in 

global SST anomaly patterns is important for modulating extreme temperatures 

(Alexander et al. 2007; Black and Sutton 2007). 

A handful of studies investigated that climate mode variability, especially the El 

Nino/Southern Oscillation (ENSO), has a significant impact on extreme temperature 

events in many regions such as Europe, the Americas, Australia, India, China and South 

Korea, and Africa (De and Mukhopadhyay 1998; Kripalani and Kulkarni 1999; Kenyon 

and Hegerl 2008; Arblaster and Alexander 2012; White et al. 2014; Murari et al. 2016; 

Sun et al. 2016; Lee and Lee 2016; Luo and Lau 2019). However, the relationships 

between regional heat waves and ENSO depend on the mode phase, i.e. El Nino or La 

Nina (Arblaster and Alexander 2012; Luo and Lau 2019). 

The Atlantic Multidecadal Oscillation (AMO) is a large-scale pattern of 

multidecadal variability in North Atlantic SST that has a significant impact on global and 

regional climate (Chylek et al. 2014). A study from the UK suggests that the AMO has an 

influence on variability in the frequency and duration of heatwaves (Sanderson et al. 

2017). The AMO is also linked to the multi-decadal variability of summer heatwaves 

over Western Europe (Della-Marta et al. 2007). Over Australia, seasonal extreme 

temperatures are influenced by variability in climate modes such as ENSO, the Indian 

Ocean Dipole (IOD) and the Southern Annular Mode (SAM) (Nicholls et al. 1996; Min et 

al. 2013; Perkins 2015). 

The impact of climate mode variability on heat waves in the Indian region is not 

well understood except for a few studies (De and Mukhopadhyay 1998; Pai et al. 2013; 
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Rohini et al. 2016, Murari et al. 2016). Murari et al. (2016) observed that warmer and 

prolonged heat waves occurred over India during the El Niño years. A better 

understanding of the physical drivers that lead to the occurrence of heat waves will be 

helpful for better predictability of these high-impact events. 

5.1 Composite Analysis of Heat Waves over India 

In this section, various aspects of the physical mechanisms of heat waves over 

India are discussed. To understand the physical mechanisms, a composite analysis has 

been carried out. For this purpose, a list of major heat waves that have occurred over 

NW India is provided. Then, a composite analysis of geopotential height and wind 

anomalies at 200 hPa and 500 hPa levels was carried out for the selected major heat 

wave events. The major heat waves were identified using the averaged daily maximum 

temperatures of an area (NWI, 22°-31°N, 70°-77°E, i.e. an area prone to heat waves) 

meeting the heat wave criteria (Tmax 90th percentile criteria) for five consecutive days. 

The heat waves thus identified are listed in Table 5.1.  

The wind anomalies averaged for these events at 200 and 500 hPa levels are 

shown in Fig.5.2 a and b, respectively. The composite anomalies indicate the presence 

of positive height anomalies and anomalous anticyclonic flow over the northern parts of 

India at the 200 hPa level, which also extends to the 500 hPa level. The composite also 

shows the presence of a quasi-stationary Rossby wave pattern with anomalous cyclonic 

and anticyclonic flow over the northern mid-latitudes. There is an anomalous blocking 

high over the North Atlantic and adjacent Europe and an anomalous low over central 

Asia. The anomalous high and associated anticyclonic flow is observed over the northern 

parts of India, the area where heat wave activity is predominant. The blocking highs 

prevent the mixing of cold polar air with warm tropical air, leading to surface warming. 
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Table 5.1 

List of Severe Heat Wave Events over NW India 

Year Heat Wave Spell Year Heat Wave Spell 

1967 23-29 Jun 1994 28 May-4 Jun 

1970 23-27 Apr 1995 7-11 May,29 May-6 Jun 

1971 8-12 Apr 1998 15-28May 

1973 27Apr-2May 1999 6-12 Apr, 29Apr-4 May 

1980 1-6 Jun 2002 1-8May 

1981 15-23 Jun 2003  31May-5Jun  

1987 18-23 Apr, 26-30 Jun 2005  18-22Jun  

1988 13-18Apr, 6-14May 2006  4-8May  

1989 15-23 May 2009 27 Apr-2 May 

1991 31-7 Jun 2010 5-11 Apr,13-19 Apr,12-17May, 
19-26May 

1992 11-21 Jun 2012 2-10 Apr 

1993 8-12 Jun 2013  17-23May  

However, the anomalous high pressure over the northern parts of India is not 

associated with the classical blocking (as observed in the European heat waves), but 

with a subtropical high commonly referred to as a persistent high (Perkin 2015 and 

reference therein). The persistent high and associated anticyclonic flow in the middle 

and upper troposphere causes a sinking motion that leads to surface heating due to 

adiabatic compression. Fig.5.3 a shows the vertical velocity at 500 hPa, indicating a 

sinking motion (with positive values of omega) over the northern parts of the country. 

These atmospheric conditions are also associated with depleted soil moisture (as 

shown in Fig.5. 3.b) and reduced precipitable water content over the northern parts of 

the country (Fig.5.3.c). These conditions are also combined with clear skies with large 
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positive anomalies of outgoing longwave radiation (OLR) (Fig.5. 3.d). Previous studies 

(Seneviratne et al. 2006; Fischer et al. 2007a, 2007b; Lorenz et al. 2010) showed that soil 

moisture-temperature interactions increase summer temperature variability, resulting 

in extreme temperatures when soil moisture is low. Reduced soil moisture leads to 

reduced latent heat transfer into the atmosphere, but enhanced sensible heat transfer 

induces positive feedback between atmospheric heating and further drying of the soil. A 

dry soil moisture condition along with persistent high (anticyclone) amplifies the 

positive feedback and enhances surface warming. 

To further understand the occurrence of heat waves, an analysis was made from 

5 days prior to the onset of heat wave up to the last day of heat wave and each event 

has been analyzed individually. Since duration of each heat wave events are different, 

for making a composite, 5 days from the onset date were considered. However, the 

entire duration was considered for the analysis of individual events. Composite analysis 

using ERA-Interim data set is presented here. 

The analysis suggests that the slowly developing mid-tropospheric anticyclone is 

the main synoptic component of the heat wave over India. It starts developing over 

North Africa and Saudi Arabia, 5 days before the onset of the heat wave, and is 

established over India by the 2nd day of the heat wave (Fig.5.4). The composite anomaly 

of Tmax and Tmin during each day of the heat wave is shown in Fig.5.5. Both Tmax and 

Tmin show an increase in temperature (Fig.5.5) during the development of the 

anticyclone (Fig.5.4). The adiabatic compression of the air by the anticyclone contributes 

to the high surface temperatures during the heat waves over NWI. A large positive 

anomaly (> 1.5°C) of Tmin is observed from the first day of the heat wave over NWI 

(Fig.5.5). Elevated Tmin does not allow the necessary nighttime cooling to compensate 

for the high Tmax during heat waves (De et al. 2005). The analysis of all heat wave 

events shows that the occurrence of these events depends mainly on the anticyclones 

of the middle and upper troposphere. 
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Fig 5.2. Composite anomalies of geopotential height (gpm) and vector winds at 

(a) 200 hPa level and (b) 500 hPa level during the major heat wave events. The major 

heat wave events are given in Table 5.1. The geopotential height in gpm is shown as 

shaded and the winds are shown as vectors (Taken from Rohini 2020). 
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Figure 5.3. Composite anomalies of (a) 500 hPa Omega (Pa sec-1) (b) Soil Moisture 

(fraction) (c) columnar precipitable water (Kg m-2) and (d) Outgoing Long wave Radiation 

(W m-2) during the major heat wave events (Table 5.1). (Taken from Rohini 2020). 

A similar analysis as in Fig. 5.5, as well as a time series analysis over NWI (heat 

wave prone area) was performed for each dynamic and physical parameter (such as 

wind, geopotential height, omega (vertical velocity), sensible heat flux, latent heat flux, 

soil moisture, OLR, net shortwave and net longwave radiation). This analysis shows that 

each event is influenced by large-scale dynamics. However, the influences of regional 

factors such as land surface processes vary from event to event. Therefore, the 

composite analyses (as in Fig.5.5) of these parameters are not shown here. However, 
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the analyses of the individual events show that the amplified events are largely 

influenced by land surface processes. 

A detailed analysis of the surface energy budget and the dynamics of the large-

scale currents associated with these heatwave events showed that land surface 

processes do not necessarily play a dominant role in all events, except for the more 

intense events. Therefore, only the most intense events are considered for the analysis 

of the surface energy budget, discussed in the next section. 
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Fig. 5.4 Composite anomalies of geopotential height (m) and vector winds at 500 hPa 

level from 5 days prior to, to day 5 of heat wave event. 

 

 

Fig. 5.5 Composite anomalies of Maximum temperature (Tmax °C; Left panel) and 

Minimum temperature (Tmin °C; Right panel) from 5 days prior to, to day 5 of heat wave 

event. 

5.2 Analysis of Surface Energy Budget during heat waves 

The physical processes which affect the surface radiation budget are also 

responsible for the temperature variations (Zhang et al. 2011). Surface temperature (T) 

variation with respect to time is expressed as follows (Oueslati et al. 2017) 

 


