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El-Nino Southern Oscillation (ENSO) is a major ocean–atmospheric coupled phenomenon in the Tropical
PaciBc Ocean that inCuences the Indian summer-time temperatures during April and May. In the current
analysis, we examined the impact of ENSO on Indian heat waves. Temperature zones are identiBed when
the maximum temperature exceeds 42�C, particularly during April and May over the Indian subconti-
nent. The results depicted three different regions (west Rajasthan, northwest and southwest UP, and
south-central India) that experienced the frequency in days with maximum temperature above 42�C.
These means are compared with those of Preceding El Nino (PEN), El Nino (EN) and Succeeding El Nino
(SEN) events. It is found that PEN and SEN years experienced high positive anomalies. It can be seen
that an increase in surface temperatures and heat waves are closely associated with the strengthening of
north-westerlies and reduction of geopotential height at 500 hPa level, reduction of soil moisture and
increase of sea surface temperatures (SST) during PEN and SEN events. The results also show that the
variations in temperature and heat waves over northeast India are different from the rest of India during
EN and SEN years. The three maximum temperatures regions of (1) west Rajasthan, (2) east Uttar
Pradesh, and (3) Vidarbha, are identiBed based on both the magnitude and frequency days of above 42�C
maximum temperatures. The spectrum analysis is performed for the monthly time series of the days
exceeding daily surface maximum temperature 42�C for the three regions and identiBed the dominant
periodicities with 2.2–2.8 and 3.3–8.5 years, which could be endorsed to ENSO and QBO frequencies.
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1. Introduction

Heat waves are the extreme events during the
summer season, impact the Indian subcontinent
significantly. From the mid-20th century, many
parts of the country have been experiencing an
augment in these events frequency and duration
(Cowan et al. 2014). Extreme heat waves have
large societal impacts, particularly, human illness,
crop failures, wildBres, power outages, infrastruc-
ture disruption and damage (Garcia-Herrera 2010).
Horton et al. (2016) mentioned that the heat waves
are exacerbated due to the changing climatic con-
ditions and have become one of the deadliest nat-
ural disasters in modern existence. Current
observations recommend that the frequency,
duration, and intensity of heat wave events are
escalating over land regions across the globe
(Coumou and Rahmstorf 2012). This alteration in
heat wave characteristics mainly depends on the
modest amounts of mean global warming associ-
ated with anthropogenic climate change (Coumou
et al. 2013).
It is well acknowledged that ocean is the primary

driver of climate variability and an essential source
of increased summer temperature variability due to
differential land and ocean warming, particularly
from variations in circulation patterns or land
surface/radiative Cuxes (Bronimann 2007; Holmes
et al. 2015). The local weather systems and climate
of a region can be inCuenced by the anomalies of
SST through the changes in the atmospheric Cow
patterns and also inCuenced by the remote eAects,
so called teleconnections. El Nino Southern Oscil-
lation (ENSO) is linked with the sea surface vari-
ation in the equatorial PaciBc Ocean, and plays a
key role in the heat management on the global
scale (Firpo et al. 2012; Newman et al. 2016).
ENSO is a climate event (Ropelewski and Halpert
1987; Su et al. 2001), which inCuences the air
temperature and precipitation variability in many
regions all over the globe (Kushnir et al. 2010;
Pezza et al. 2012; Rusticucci et al. 2012; Hoell et al.
2017; Ham 2018) in association with the changes in
the SST anomalies (Bhalme et al. 1983; Rasmusson
and Carpenter 1983; Kiladis and Diaz 1989; Hal-
pert and Ropelewski 1992; Hastenrath and Heller
2006). The El Nino events have an important
relationship with the extreme weather events over
the globe (Wolter et al. 1999).
There were many studies regarding the

tremendous temperature variations over India
during summertime (Kothawale and Rupa

Kumar 2005; Alexander et al. 2006; Rupa Kumar
et al. 2006; Srivastava et al. 2009), but very few
studies attempted in relation with El Nino
events. Previous studies reported that the day-
time and night-time temperatures are increasing
over western PaciBc and East Asia regions during
the succeeding El Nino years (Nicholls et al.
2005). The Asian continent heat waves are
associated with enhanced incoming solar radia-
tion, decreased precipitation, and increased sur-
face pressure, presence of low-level anticyclonic
circulation (Lu and Chen et al. 2016). Strength-
ening of subtropical high in the Western North
PaciBc (WNP) acts as the main contributor to
the development of heat waves in the Asian
region (Luo and Lau 2017; Zeng et al. 2017).
Mazdiyasni et al. (2017) reported that the mean
temperatures over the Indian subcontinent
increased by more than 0.5�C during 1960–2009,
leading to a higher mortality rate. A significant
correlation was observed in April–May between
ENSO and aerosol loading which was particularly
observed in the North Indian region (Kim et al.
2016). Chase et al. (2006) found that the natural
variability of El Nino and volcanism may have
greater importance than any general warming
trend in causing extreme regional temperature
anomalies. While soil moisture is imperative to
understand heat wave development through
land–atmosphere feedback, due to the lack of
dense soil moisture observation networks in var-
ious parts of the world (including India), several
studies have employed terrestrial water storage
(TWS) observations to scrutinize heat waves
(Andersen et al. 2005; Fischer et al. 2007; Hauser
et al. 2016).
There is a significant enhancement in the length

of heat wave days, frequency and intensity of heat
waves over India and also the anomalies of SST
over the Indian Ocean and El Nino events, Indian
and PaciBc Ocean eAect heat wave occurrences
over India (Rohini et al. 2016). Tropical Indian
Ocean SSTs have been showing an increasing trend
since the last half-century (Roxy et al. 2014, 2015).
They will continue to increase in the future due to
the aggregation of greenhouse gases and also in one
of the study authors proposed that the average
climatic condition of the tropical PaciBc is
estimated to vary in future because of warming
induced due to greenhouse gases (Cai et al. 2015).
Because of these changes, the frequency of extreme
events such as El Nino increases and also, with an
increase in the SSTs of the tropical Indian Ocean,
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more intensiBed and more durable heat waves
probably occur in the future over the Indian
subcontinent.
Multiple studies suggest that maximum, mini-

mum and mean temperatures over the Indian
subcontinent are expected to increase in the future.
Kothawale and Rupa Kumar (2005) identiBed a
significant increase in annual mean temperature of
about 0.05�C per decade during the period
1901–2003 and 0.22�C per decade during the period
1971–2003 over the Indian region. The highest
intensity of heat waves was recorded in India
during 2015, which took a death toll of nearly 2500
and 2320 human lives in Andhra Pradesh and
Telangana states respectively (Dodla et al. 2017;
Naveena et al. 2021b). India practiced a sequence
of heat waves in the past and that exposes impor-
tant mortality impacts. For example, the Orissa
state (Odisha) faced an unprecedented heat wave
situation in 1998 and around 2042 people lost their
lives. In another case, during 2003 in Andhra
Pradesh nearly 1421 people were dead and also
nearly 1344 people were killed during 2010 in
Ahmedabad city, India due to heat waves.
The main motivation for the study was taken

from the research article by Pai et al. (2013). The
present work has broadened our understanding of
the inCuences of ENSO on temperature changes
over India. This work focuses on examining the
impacts of ENSO on various aspects of HW events,
including frequency, duration, and amplitude, by
analyzing observational records collected by a
dense network of weather stations. We identiBed
the temperature zones based on maximum tem-
perature during the months of April and May over
Indian subcontinent for this purpose. Here we
made an attempt to show the heat wave charac-
teristics such as the frequency, area of coverage
and intensity of heat waves along with its associ-
ated synoptic features during Preceding El Nino
(PEN), El Nino (EN) and Succeeding El Nino
(SEN) years for the period 1951–2015 during the
pre-monsoon season. This also implies classiBca-
tion of the vulnerable regions of heat waves, iden-
tifying the probable reasons by understanding the
connections in terms of regional atmospheric Cow
variations. This study strives to enhance our
understanding of HWs across India. This eAort will
also improve our skill in forecasting HW
occurrences.
Moreover, existing studies mainly focused on

extremely high temperatures rather than consecu-
tive HW events. As the ENSO phenomena in the

PaciBc are known to impact weather and climate
over various parts of the world, this phenomenon
impact on the HWs during PEN, EN and SEN
years over India was examined.
In the present analysis, we have examined the

mortality rate due to heat waves during El Nino,
along with the preceding and succeeding years and
noticed that the death rate due to heat wave is
higher during succeeding El Nino year when com-
pared to El Nino and its preceding year as shown in
table 2. The Indian subcontinent experiences heat
waves during the summer months of April and
May, but the highest intensity occurs in the month
of May. We also analysed the spatial distribution of
temperatures, frequencies in days when the daily
maximum temperature exceeds above 42�C, and
heat waves over the Indian subcontinent during
April and May in different El Nino phases. The
results are illustrated in section 3 in detail and are
summarised in section 4.

2. Data and methodology

Daily maximum and minimum temperatures data
for the period 1951–2015 at 1�91� horizontal res-
olution for the Indian region (Srivastava et al.
2009) had been taken from India Meteorological
Department (IMD). The monthly climatological
means of maximum and minimum temperatures
were calculated for April and May considering the
65-year study period at each grid point. Composite
anomalies were computed for preceding El Nino
(PEN), El Nino (EN) and succeeding El Nino
(SEN) years. The El Nino years were identiBed
based on the Oceanic Niño Index (ONI) and taken
from the website https://ggweather.com/enso/oni.
html and also listed in table 1. ONI was computed
as a 3-month running mean of SST anomaly for the
Niño 3.4 region (5oN–5�S, 120–170�W).
We calculated the number of days with maxi-

mum temperatures [42�C in April and May at
each grid point to identify the extreme tempera-
ture zones.
The number of heat wave days were identiBed

based on the IMD criteria used in many studies (De
and Mukhopadhyay 1998; Chaudhury et al. 2000;
Pai et al. 2004, 2013, 2017; Ray et al. 2013; Ratnam
et al. 2016), which is as follows: (i) normal heat
wave is conBrmed if the maximum temperature at
a station reaches C40�C for plains and C30�C for
hilly regions, and the departure from normal is
4–6�C; (ii) severe heat wave is declared if the mean
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maximum temperature is C40�C and temperature
departure from normal is above 6�C or if the actual
maximum temperature is C47�C or if the actual
maximum temperature is C6.5�C above normal;
and (iii) over the coastal stations, the heat wave is
declared if the maximum temperature exceeds
37�C along with departure from normal is C4�C.
Additionally, the existence of heatwaves is estab-
lished only if the criteria of heat wave continue for
at least 3 days constantly. The Bltered time series
were then applied to spectrum analysis using
maximum entropy methods (Barrodale and Erick-
son 1978).
NCEP (National Centres for Environmental

Prediction)/NCAR (National Centre for Atmo-
spheric Research) Reanalysis-1 global analysis
monthly mean data at 2.5� spatial resolution was
used to compute mean composite anomalies of
zonal wind at 925 hPa, geopotential height at
500 hPa and soil moisture for PEN, EN and SEN
years during 1951–2015 (http://www.esrl.noaa.
gov/psd/data/gridded/data.ncep.reanalysis.html).
And also in our present analysis, a new

methodology called percentile method was adop-
ted. 90th and 95th percentile of maximum tem-
perature for PEN, EN and SEN years in the study
period for April and May months using IMD grid-
ded data was performed. This method is often used
to calculate temperature extremes usually ranging
from 90th to 99th percentile (Alexander et al. 2006;
Moberg et al. 2006; Fischer and Schar 2008, 2010;
Lhotka and Kysely 2015; Hoy et al. 2017). The
choice of selecting percentile is very important such
as 99th percentile enhances the chance of the
identiBcation of the events probably creating seri-
ous threat to environment and society, but the
frequency of happening of such events create an
amount of improbability due to scarcity (Zhang
et al. 2011). Hence by considering all these aspects,
90th and 95th percentile were chosen for the
present analysis.
Further, the monthly SST data was archived

from NOAA extended reconstructed sea surface
temperature (SST) V4 for April and May during
1951–2015 (http://www.esrl.noaa.gov/psd/data/
gridded/data.noaa.ersst.html).

3. Results and discussion

In the present study, we analysed the heat wave
characteristics and their associated synoptic fea-
tures in PEN, EN and SEN years for the period
1951–2015. We compared the heat wave induced
mortality rate during PEN, EN and SEN years and
were shown in table 2 and this data was obtained
from the India Meteorological Department.

3.1 Mean maximum and minimum temperature

Climatological features of surface maximum and
minimum temperatures during April and May were
shown in Bgure 1. In April (Bgure 1a), the highest
mean maximum temperature around 40�C was
observed over Vidarbha region and a broad belt
of high temperatures of about 38�–40�C were
observed over north and south-central India. In
contrast, rest of the country experienced around
38�C. An increase in the intensity of temperatures
was noted during May (Bgure 1b) and most parts of
India were experiencing the highest intensity of
heat waves during this month. Maximum temper-
atures above 40�C extend from west Rajasthan to
coastal Andhra Pradesh region passing through
west and east Rajasthan as well as southern parts
of west and east Uttar Pradesh (UP), Madhya
Pradesh, Vidarbha and Telangana during this
month. The highest temperatures above 42�C were
recorded over the south-central parts of Vidarbha
and northwest Madhya Pradesh regions. It is vital
to note that the maximum temperature over west
Rajasthan, a desert climate (sandy soil) region, is
at least one to two degrees lower than over north
and central parts of India. This clearly shows that
May month is the representative month for highest
temperatures over the Indian subcontinent. Along
with this, we also studied the behaviour of mini-
mum temperatures during these months. During
April, the minimum temperatures above 24�C were
observed in the east coastal region, Telangana and
south Vidarbha (Bgure 1c). Around 22–24�C were
observed in some parts of Gujarat, Saurashtra,
Kutch & Diu, Konkan & Goa, Madhya Pradesh

Table 1. List of El Nino years used in the study.

Sl. no. El-Nino type Years

1 Moderate 1951, 1963, 1968, 1986, 1994, 2002, 2009

2 Strong 1957, 1965, 1972, 1987, 1991

3 Very strong 1982, 1997
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and southern parts of Chhattisgarh. The mean
minimum temperatures were also showing an
increasing tendency in May. There are two distinct
regions of temperatures exceeding 26�C, which are
in east-central parts of India (Telangana, Andhra
Pradesh, Vidarbha, the southern part of Chhat-
tisgarh and Orissa) and north-central parts of India
(east Rajasthan, west and east Madhya Pradesh,
east UP) (Bgure 1d).

3.2 Frequency of days above 42�C days and heat
wave days

The number of days with maximum temperatures
exceeding 42�C is computed and presented in

Bgure 2(a and b) during the period 1951–2015. In
April, the frequencies of heat wave days above 42�C
are less and it is about 2 days over northwestMadhya
Pradesh(MP)and southwestUttarPradesh, andeast
Maharashtra (Bgure 2a) (Satyanarayana and Dodla
2020; Naveena et al. 2021a). During May, the spatial
distribution shows that the higher frequency regions
are consistent with the areas of maximum tempera-
ture. It is identiBed that the occurrence of heat waves
are more in the regions of west Rajasthan (T1),
northwest Madhya Pradesh (T2) and southwest
Uttar Pradesh (T3), and east Maharashtra
(Bgure 2b). The highest frequencies of about 10 days
per month are noted in three regions, whereas west

Table 2. Mortality rate and heat wave days during PEN, EN and SEN years.

PEN year EN Year SEN Year

Year No. of HW Deaths Year No. of HW Deaths Year No. of HW Deaths

1981 6.17 75 1982 6.22 0 1983 10.95 185

1986 6.51 156 1987 8.188 91 1988 9.66 627

1993 8.65 42 1994 7.82 234 1995 11.53 413

1996 6.81 26 1997 7.58 21 1998 18.17 1655

2001 6.20 70 2002 8.44 909 2003 13.15 1494

2008 4.22 616 2009 9.27 1071 2010 1274

Figure 1. Spatial distribution of mean temperature (upper
panel) maximum (a, b); (lower panel) minimum (c, d) during
the period 1951–2015 for April and May.

Figure 2. Spatial distribution of mean maximum temperature
frequencies of (upper panel) above 42�C days (a, b); (lower
Panel) mean temperatures [40�C and anomalies above 4�C
days/year (c, d) from 1951 to 2015 for April and May.
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Rajasthan experiences the frequency of about 8–10
days. The frequencies of about 2–8 days are observed
over north and south-central parts of India. The
spatial distribution of maximum temperatures and
the frequencies clearly indicate the three regions
extending from northwest to north-central and fur-
ther to south-central parts of India are the hottest
zones compared to the rest of the Indian subcontinent
and are clearly distinguishable. It is clearly seen in
Bgure 2(b), that the three distinct isolated hotspots
are important identiBcations that would be useful to
understand the occurrence of heat waves.
The climatological mean of frequency of days

above 42�C was also plotted from January to
December individually for the study period as given
in the supplementary section. The days with tem-
peratures above 42�C were observed only during
April, May and June. The description for the days
with temperature above 42�C for April and May are
given above. In June, highest intensity was observed
over NW and north-central India of the order of
6–12 days as the hot season in southern India is
Bnished by the initial days of June with the onset of
summer monsoon, whereas it ends by early July in
the northern India. No days with frequency above
42�C were observed in the remaining months.
Following the heat wave definition by the IMD

as given in section 2, the spatial distribution of the
number of days with the maximum temperature
exceeding 40�C and their deviation is higher than
4�C during April and May are shown in Bgure 2(c
and d). In the month of April, a very less number of
heat waves (0.8 days/year) occurred over west
Rajasthan and northeast India (Bgure 2d), whereas
in May, the distribution of frequencies shows a
broad region extending from northwest part
towards northeast up to the West Bengal and
extending southwards covering the southeast
coastal regions (Bgure 2c). This resembles a
‘comma’ pattern and with the northern and eastern
parts having higher frequencies than the southern
parts, except a small region over southeast (coastal
AP). Although it is easier to understand higher
frequencies over the north, the maximum over
southeast India is an important feature that has
been further investigated.

3.3 Periodicities of above 42�C maximum
temperature days

Using the maximum entropy method, we obtained
the power spectra of maximum temperatures days

(above 42�C days) of May during 1951–2015
(Bgure 3). The power spectra indicate that predomi-
nant power is conBned to frequencies with periods
ranging from 2.0 to 12.8 years. Therefore, the periods
are divided into four categories: 2.0–2.5 years,
2.6–3.5 years, 3.6–8.0 years and greater than
8.0 years. It clearly shows that the Vidarbha region
exhibits 2.46 years, 4.57 years periodicities,
whereas Rajasthan and east UP are exhibiting the
periodicities of 2, 3.6, 4.9 and 8 years. Generally,
2.4–2.7 years periodicity is attributed to QBO,
3.3–8.4 years periodicity is attributed to ENSO.
The 2.0–3.0 years periodicities have been reported
by many of the earlier studies (Parthasaradhy and
Dhar 1974; Webster et al. 1998) and may be
attributed to the quasi-biennial oscillation (QBO).
The significant 3–8 years periodicities may be
attributed to El-Nino Southern Oscillation
(ENSO) (Trenberth 1976; Philander 1983;Webster
et al. 1998). From the above periodicities, the eAect
of quasi-biennial oscillation and ENSO are more on
May month maximum temperatures and days
exceeding 42�C over India.

3.4 Composite anomaly of mean maximum
temperature

We estimate the composite anomalies of mean
maximum temperatures during the three phases of
El Nino, i.e., preceding El Nino (PEN), El Nino
(EN) and succeeding El Nino (SEN) years. In
April, during the EN years, negative anomalies are
observed all over India indicating the cool phase
(Bgure 4b), whereas positive anomalies are shown
during the SEN years leading to the warm phase
(Bgure 4c). During PEN years, positive anomalies
are shown over northwest and northeast India and
negative anomalies remaining parts of India
(Bgure 4a). Similarly, in May during PEN years
(Bgure 4d), southern parts of India show positive
anomalies, EN years central northeast India
(Gangetic West Bengal, Jharkhand, Bihar, Sub-
Himalaya, West Bengal). Parts of northeast India
show positive anomalies (Bgure 4e), and during
SEN years all parts of India except central north-
east and northeast regions show positive anomalies
(Bgure 4f). From this analysis, it is evident that El
Nino plays a major role in the occurrence of the
heat waves over India and the shifting of heating
region. From this analysis, during SEN years in
both April and May India experiences warmer
temperatures and cooler during EN years.

  166 Page 6 of 16 J. Earth Syst. Sci.         (2021) 130:166 



3.5 Composite anomaly of mean minimum
temperature

Spatial patterns of mean minimum temperatures
during PEN, EN, and SEN years for April and
May are presented in Bgure 5. These features are
similar to maximum mean temperatures as
described in section 3.4. During PEN years,
northwest and parts of southern India show
positive anomalies in April (Bgure 5a), whereas
south peninsular India regions are warmer in
May (Bgure 5d). During EN years, April and
May show a cold phase as directed for maximum
temperatures (Bgure 5b, d). During SEN years,
April and May show a warming phase over the
Indian region (Bgure 5c, f). The spatial distribu-
tion of minimum temperature anomalies clearly

indicates the warm phase during the SEN years
and the cool phase during the EN years all over
India for both April and May months.

3.6 Composite anomaly of frequency of days
above 42�C

Composite anomalies of the frequency of days
exceeding maximum temperature above 42�C are
analysed and presented in Bgure 6. The Bgure de-
picts the spatial patterns similar to maximum
temperature (Bgure 4). During EN years, both
April and May show negative anomalies, show
cooling period (Bgures 6b, e) in almost 70% of
the Indian region. During PEN years, positive

Figure 3. Power spectra of number of days maximum temperatures exceeding above 42�C over (a) northwest India; (b) north-
central India, and (c) south-central India for the period 1951–2015 using maximum entropy method.

Figure 4. Composite anomalies of mean maximum temperatures during PEN, EN and SEN for April (upper panel, a–c) and May
(lower panel, d–f) from 1951 to 2015.
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anomalies are observed over central India during
April and over parts of southern coastal regions
(AP and Telangana) during May (Bgure 6a, d).
Positive anomalies are noted during PEN years in
most parts of the country (Bgure 6c, f). This
analysis shows that frequency of days above 42�C is
more during SEN years both in April and May and
contributing to maximum temperatures over most
parts of the country.

3.7 Composite anomaly of heat wave days

Figure 7 shows the composite anomalies of the
number of days with the mean maximum tem-
perature exceeding 40�C along with more than
the mean+4�C days corresponding to PEN, EN
and SEN years for April (top panel) and May
(bottom panel). The spatial distribution of
composite anomalies shows positive in SEN

Figure 5. Composite anomalies of mean minimum temperatures during PEN, EN and SEN for April (upper panel, a–c) and May
(lower panel, d–f) from 1951 to 2015.

Figure 6. Composite anomalies of frequency of days above 42�C during PEN, EN and SEN for April (a–c) and May (d–f) from
1951 to 2015.
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years in April and May months in most of the
parts of the country (Bgure 7c, f), whereas
negative during EN years (Bgure 7b, e). During
PEN years, negative anomalies (Bgure 7a)
during April and positive anomalies over AP
region kept remaining regions negative in May
(Bgure 7d). Finally, we understood that most
parts of India warmer during PEN years and
cooler during EN years during April and May,
but these anomalies having a higher magnitude
in May.
In recent years, the inCuence of El Nino is more

brutal due to the global warming and leads to
deteriorating the situation as the temperatures
continuously increase. This analysis also proposes
that the increase in the number of heat waves is
mostly governed by the rise in temperature due to
anthropogenic emissions of GHGs.

3.8 Composite anomalies of maximum
temperature for 90th and 95th percentile
for April and May

The spatial distribution plot of the anomaly of 90th
and 95th percentile of the daily maximum temper-
ature for the study period for April andMaymonths
have been plotted. These percentiles are significant
statistical tools that specify the characteristics of
temperature changes. These anomalies of 90th and
95th percentile during the PEN, EN and SEN indi-
cate the characteristics of temperature represent the

features in that perspectivemode of climate. For the
90th percentile in April during PEN, negative
anomalies were observed all over the Indian sub-
continent except over a small region of north-west-
ern Madhya Pradesh indicating a decrease in
temperatures during PEN years (Bgure 8a–c). Dur-
ing El Nino years all over the Indian subcontinent is
occupied with negative anomalies of 90th percentile
except over northeasternpart of the country.During
SEN years in April, higher intensity of positive
anomalies was observed excluding few parts over
northeastern and southeast coast India. In May,
characteristic features of temperature were
observed clearly during PEN, EN and EN
(Bgure 8d–f). During PEN, only southeast coastal
parts were warmer and in EN years, the north-
eastern India is warmer and remaining country is
cooler, whereas in SEN years complete India is
warmer except NE India. Similar phenomenon was
observed for 95th percentile but with a lesser
intensity of anomalies as shown in Bgure 9.

3.9 Anomalies of zonal wind and geopotential
height at 500 hPa for May month

To classify the large-scale mechanisms occupied
with Indian heat waves, we studied the large-scale
atmospheric circulation patterns during the heat
wave periods. ENSO is inCuencing the occurrence
of heat waves due to the Walker circulation shift
over the PaciBc Ocean. Our analysis showed this

Figure 7. Composite anomalies of heat wave days (mean+4�C) during PEN, EN and SEN for April (a–c) and May (d–f) from
1951 to 2015.
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with the geopotential and wind anomalies and soil
moisture at the surface level. Atmospheric circu-
lation is one of the most critical factors inCuencing
weather and climate conditions, including extreme
events. An increase in atmospheric circulation
stability is considered one of the main factors
explaining the more frequent extreme air temper-
atures in India.
Ratnam et al. (2016) and Rohini et al. (2016)

were discussed the processes maintaining the
heatwaves over India, particularly on the atmo-
spheric circulation patterns. However, their arti-
cles main objective is to deBne atmospheric

circulation conducive to the occurrence of heat
waves, which is an important issue and gives a
chance to explain the origins of these extreme
events. SpeciBc types of pressure patterns at sea
level and at the geopotential height of 500 hPa,
which lead to extreme air temperature values, are
distinguished and characterized. To Bnd out the
pressure and thermal conditions in the middle and
higher troposphere accompanying heat waves, the
vertical structure of geopotential height anomalies
and corresponding anomalies of air temperature at
an appropriate geopotential height during the
episodes of surface highest temperature are

Figure 8. 90th percentile of maximum temperatures during PEN, EN and SEN for April and May during 1951–2015.

Figure 9. 95th percentile of maximum temperatures during PEN, EN and SEN for April and May during 1951–2015.
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identiBed and described. Recognizing the circula-
tion patterns governing the occurrence and dura-
tion of heat waves may help to forecast these
events.
Here, we have analysed the mean zonal wind and

geopotential height (GPH) anomalies at 500 hPa
during PEN, EN and SEN years over the south Asia
region for the month of May and are presented in
Bgure 10. The spatial distribution of mean zonal
wind anomalies at 925 hPa during PEN years shows
negative anomalies over north and north-eastern
parts of India, and positive anomalies over north-
west and southern parts of India (Bgure 10a). Dur-
ing EN years, positive anomalies are observed in
north-eastern parts of India and maximum core
region is observed in Bihar, West Bengal (0.6 m/s),
whereas negative anomalies over the northwest and
southern parts of India along with maximum value
seen over the southeast coastal regions (Bgure 10b).
Therefore more heat waves occur over northeast
India during El Nino years because of increasing of
westerlies. The westerlies from northwest, i.e., from
southern parts of Middle East and southwest, i.e.,
from Oman coast brings hot air resulting in the
advection of hotter air that supplements the sea-
sonal heating during pre-monsoon season (Yadav
2016).
In SEN years, the negative anomalies domi-

nated over southern and north-western parts of
India. However, the positive anomalies are

shown all over the northwest and southern parts
of India. It is observed that the maximum pos-
itive values concentrated over north-western
parts of India during this period. Hence, the
positive anomalies indicate the westerlies are
more strengthening during SEN years
(Bgure 10c).
The 500-hPa GPH anomaly shows the negative

anomalies during PEN years over many parts of
the country (Bgure 10d). In EN years, the maxi-
mum negative anomalies observed over the Indian
subcontinent except over southern India occupied
with positive anomalies with minimum values of
0–2 (Bgure 10e). During SEN years, positive
anomalies are observed all over the country
(Bgure 10f). These positive anomalies in GPH
suggest that large-scale circulation patterns linked
with high temperature conditions.
From this, we noticed the strengthening of

geopotential height due to the increase of clear sky
days, associated with higher pressure might be one
of the reasons for increase in surface temperatures
and intensiBed heat waves during preceding and
succeeding El Nino years.
A positive anomaly in 500-hPa GPH indicates a

clear sky that is associated with conditions such as
air subsidence, generation of light wind movements
and warm air advection, and results in prolonged
hot conditions at the surface (Meehl and Tebaldi
2004).

Figure 10. Composite anomalies of zonal wind at 925 hPa (upper panel) and geopotential height at 500 hPa (lower panel) during
PEN, EN and SEN for May month from 1951 to 2015.
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3.10 Composite anomalies of soil moisture
for May

Previous studies found that summertime temper-
atures to be aAected by soil moisture, depend on
spring precipitation (Della-Marta et al. 2007; Fis-
cher et al. 2007). The soil moisture variability is
vital to comprehend the temperature changes
through land–atmosphere feedback (Andersen
et al. 2005; Fischer et al. 2007; Hauser et al. 2016).
Sandeep and Prasad (2018) reported a strong cor-
relation between the maximum temperature and
soil moisture (�0.56), which indicates that soil
moisture regulates the heat waves over India. The
mean soil moisture anomalies are computed during
PEN, EN, and SEN years in May which are shown
in Bgure 11. The positive anomalies are observed
over Telangana, coastal Andhra Pradesh, Orissa,
Vidarbha, Bihar, eastern UP, Gangetic West
Bengal and Jharkhand, whereas the rest of the
country prevailing with negative anomalies
(Bgure 11a) during PEN years. During EN years,
the whole Indian subcontinent is shown with pos-
itive anomalies (Bgure 11b). During SEN years,
except north-eastern parts, the rest of the country
is occupied with negative anomalies (Bgure 11c).
The negative anomalies of soil moisture are the

triggering factor for increasing surface temperature
during summer which leads to the occurrence of
heat waves most predominantly in SEN years.

3.11 Composite anomalies of sea surface
temperature for April and May

It is well known that the oceans are major drivers
of internal climate variability, aAecting climate
around the globe. Many climatic variability modes
are coupled ocean–atmosphere phenomena, such as
the El Niño-Southern Oscillation (ENSO), which is
the most essential mode of variability for global
climate on inter-annual timescales. An El Niño
episode aAects many regions worldwide through
atmospheric teleconnections and increases global
average temperatures in that year. ENSO also
aAects temperature extremes in many regions
across the world. SSTs can also be necessary for
regional climate. Regionally, significant correla-
tions between SST-driven runs and observations
were mainly found in the tropics.
The spatial variation in sea surface temperature

(SST) was observed over the Indian Ocean during
PEN, EN and SEN years for 1951–2015 during
April and May. Composite anomalies of SST

Figure 11. Composite anomalies of soil moisture during PEN, EN and SEN for May (a–c) from 1951 to 2015.

Figure 12. Spatial distribution of mean sea surface temperatures anomalies (upper panel) April, (lower Panel) May for the period
1951–2015 (a, d) PEN; (b, e) EN; (c, f) SEN.
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during PEN (EN) in April indicates that both the
Arabian Sea and Bay of Bengal have positive
(negative) anomalies. In contrast, southwest and
southeast Indian Ocean have negative (positive)
anomalies as given in Bgure 12(a and b). During
SEN, the whole Indian Ocean is occupied with
positive anomalies (Bgure 12c).
In May, almost similar phenomenon is observed

during PEN (Bgure 12d), whereas the rates of
anomaly enhance during EN (Bgure 12e) and
decrease during SEN (Bgure 12f) with respect to
the April month SST anomalies. The robust posi-
tive relation between heat wave features and
warming sea surface temperature (SST) indicates
that the association of heat wave with SST
anomalies and whole Indian Ocean has positive
SST anomalies.

3.12 Temporal correlation between sea surface
temperature and heat wave zone 3
maximum temperatures

We have prepared the correlation map of heat
waves with that of the global SSTs to understand
what other ocean basins are important for the heat
wave occurrence and ENSO. Satyanarayana and
Dodla (2020) identiBed three heat wave zones that
are vulnerable to heat wave. Among these three
zones, the highest recorded death rate due to heat
wave was over zone 3 (HW3) and the regions come
under this zone are Andhra Pradesh and Telangana.

Global mean monthly sea surface temperature data
for the period 1951–2015 during May and maximum
temperature data for HW3 for the same period is
taken and temporal correlation was seen. These two
parameters are positively correlated and a positive
correlation of about 0.4–0.6 was observed over West
Indian Ocean. Central and western PaciBc Ocean is
also positively correlated. May month maximum
temperatures over HW3 were positively correlated
with SST gridded to generate a map presenting the
SST-maximum temperature connotation at a global
scale (Bgure 13). Furthermore, around the global
ocean, significant correlations were observed over
the western tropical Indian Ocean, eastern and
western tropical PaciBc Ocean, signifying these two
oceans’ imperative role in manipulating maximum
temperature in the HW3. The spatial distribution of
correlation coefBcients recommends that the May
temperatures in the HW3 were closely connected to
the El Nino (Eastern PaciBc SST anomalies near
South American coast). Hence few areas were rec-
ognized which has a strong connection for maximum
temperature in the HW3 during May.

4. Conclusions

This study investigates the heat wave character-
istics during PEN, EN and SEN events using daily
maximum and minimum temperature gridded data
from IMD. The intensity, duration, frequency and

Figure 13. Temporal correlation between sea surface temperature and heat wave zone 3 maximum temperatures for the period
1951–2015.
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area of extent of heat waves and how do they vary
during PEN, EN and SEN years are also carried
out. Some of the important Bndings of this study
include:

• The climatological mean of maximum tempera-
ture is evident that the maximum temperatures
are higher than 1–2�C over north and central
parts of India with respect to west Rajasthan.

• The frequency of heat waves with above 42�C
gives a clear identiBcation of the three isolated
hotspot regions, namely northwest Madhya
Pradesh, southwest Uttar Pradesh and east
Maharashtra (Satyanarayana and Dodla 2020).

• The frequency of heat wave days with climato-
logical mean+4�C is maximum during May over
the southeastern parts.

• It was observed that heat wave events during
SEN years intensify compared with the events
during EN and PEN years. Also, the duration of
heat wave events extends (shorten) during SEN
(EN and PEN) over many parts of Indian
subcontinent.

• The composite anomalies of mean maximum
temperature, the frequency of days above 42�C
and heat wave ([40�C and mean+4�C) days are
higher than normal during SEN and cool during
EN years all over the Indian subcontinent. Still,
over northeast India reverse phenomena is
observed.

• Composite analysis of minimum temperature is
higher than the normal during SEN and lower
during EN years. Also during PEN, minimum
temperatures and heat wave days were higher
over south-eastern parts of the country.

• Observed the synoptic features associated with
heat waves during PEN, EN, and SEN from
composite anomalies of zonal wind at 925 hPa,
and it is evident that westerlies strengthen in
SEN over the Indian subcontinent except over
northeast India, which is the reason for the
occurrence of more heat waves over these
regions. Soil moisture anomalies regulate India’s
heat waves, which mean that maximum temper-
atures increase when soil moisture decreases and
vice versa.

• Positive anomalies of SST are associated with
warm temperatures over the Bay of Bengal and
the Arabian Sea during PEN and SEN years.

The above results indicate that the observed QBO
and ENSO phenomenon clearly reCects the above
42�C days and heat wave frequencies over India. It

might be interesting to explore the periodicities of
the surface maximum temperatures.
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