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1. lntroduction

Heat waves: ol the jreseni time, are recognized as o
wenther digasicr ol over the world, beenise of the
cavsation of human dedithy.  Heat waves mean the
ocemmence of higher-than-normal temperatures for
nosevernl consecutive days thot owould impag
human hialth system. A research study by Zhao ot
al, (2021 reported that <05 million peaple wwross
the warld digd becaupe of extreme emperatures
during the recent 20-vear period of 2000-2019. A

miodes) espmate of hest wave refated homan dearhs:

are = Lol 00 during 19952017, of which nolable
hent wave events bn recent decndes are the LS, heat
wave of 1988 with ~10,000 deaths, the European
heat wave of 2003 with 30000 moralities;
Russian hear wave of 2000 with ~55.000 deaths
IheCiegor et al., 20013) In India, with vast axjranye
of =33 million sg.km wnd o popalation of =13
billion, of which 80 million live below the poverty
line, the mpact of heat waves s enormous.  Heat
waves are recognized oz an amportant weather-
felnted  disasler  in India,  owhich  had  heen
responsible for several human denths during the las
few decndes, estimited a1 25,716 during the 1 S-yeur

period of 1982-2016, 3058 in 1998 and abont 2040

i 2041 5.

Cheeeps: ol o onsines) defao e e TEC Bookler
& HestWave 20450 BOOKS20F innd pdf).
Sinde cold wives also cause human  mortalitics
much higher than of heat waves, extremities of
teperntires are known to impact the human health
sometimes leading o death.

Heat wavek identificanon of recognition vanes with
region or country us the heat wove fmpacts dre
dependent oot only on the high tempetotures bt
also on the temperature vanability ond adoptation.
Thus, o definition of o hem wave signifies
tetmperature relnted heat stresy extending for several
conmdecutive days thit would affeet hunmn' health.
As such, the impacts of o hest weve are o be
assessed considening both  the maxmum  and
muntmum . emperaures: 55 relned o ther clomme
variabllity of the tegion concemed nlong with the
effect of durdtion.  Although severml atmosphenic
variables  such @y temperature,  humidity,  wind
speed, turbulence, and rmadintion are imporiant for
assessmg  heat wave stress on human headth,
hurnrdaty along with temperature plays key role. For
this reason. several of the heat wave indices include
both the temperature and banndity a5 approprine
fior the assessment of heat wave status, The World
Meteoralogical Orgmmzntion (WMCO, hrrpssowww,
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hritanmica, com  sciencefeat-wave-metearalngy)
defines a heat wave penod, when the daily
maxirmum tempernture 15 higher than the average by
570 of mone for ot least 5§ consciutive days.
However, muny nations  confligured  their own
criterin. to defineg a hemt wave, In Netherfands,
Belglum  and  Loxembourg. a heat  wave 1s
recopmzed  whep  the maximom  jemperpiure
Crededs Z5C Tor ot leist e dopsécitive days. ol
which the maxitwtm emperntute records higher
than 30°C on oy 3 days, In Denmark, o beat wive
is recorded if the averdge maximum temperniure
perpss more than fifty  percent of the counny
exeveds 28°C for o period of ot least 3 consientive
davs, In Sweden, o heat wave I8 declaored whin the
dnily  mxium lumpurur{ur: excesds 25°C for
minimom of five consecutive days, In the United
States of Amenca, hent wave definitions vary by
region: m the Northesst ports (soathwest paris’ of
Califorale) hemt wave = déclared when the
temperiture excesds 32.2°C (37.8'C) for three or
more consecutive days, In South Austrabin, o hent
wove fs reported when the maximum temperniures
e above 3570 (400C) ar Dve (three) consévintive
dova In Greeoe, b heal wave @8 identified when the
maximum lempetatures are above 39°C for three
ponsecutive dovs alomg with minimom tempemtures
above 26°C. The United Kingdom Me Office
dueclares hial wave ocournoiee when' the masxinmm
and  mininmum  lempecslures  exeeidd  predefined
thiesholds for @ particular region, snd ot 4 geverity
levels that dependl on the duration of extreme
remperatures. A more general definition of he
waves ax applicable for all regons was proposed by
Rixssay et ol (2005), which considers the hear wive
when the maxinum temperatures excesd the daily
threshold for at least 3 consecutive days, where the
daily threshold is the 90" percentile of the daily
masimnm emperature  Computed using & 3 [-doy
window and with the relorence period as 1981
00 Togamteast, fdia Muwnm!ugiual Depatien|
uses  the following oriterin to recogmise  the
existence of a heat wave at any locarion or regron:

(H mrmal bear weave 15 gonfommed iF the maximom
lemperature ot n sintion reaches = 40°C fir plans
and > 30°C for hilly reglons, and thee departare from
el 15 4-6"C;

(1) severe heat wave s declared i the e
maamum temperatune 15 = 40°C and tempermture
departure from normal s above 6"C or if the sctual
MAXHTum empenhge s = 47°C or If the  adtunl
s ifnum lemperature s = 6.5'C ahave normal,

The eritena for heat waves over constal stations arc
that the maximum tempernture exceeds 37°C along
with departure from normal are > 3°C

Further. the ocvurrence of a heat wave 1s conlirmed
il the heat wave criterion persists continunusly for a
rnnnn of 3 days,

2, Heat Wave Valoerability

Heat waves, meaning occurrence of anomalous high
temperanmes fiv'a considerable perind. are not only
detritmental w0 hamtan health, bul alse are foted
canse social and community vulnernbility through
gausition of psychologenl stress, wild firgs, power
outages, damages 10 roads ete, Exmreme hent (s
barmful, ond soimetmeés [atnl 60 human Health
Exposure 1o extreme heat leads 1o “hypertheéemin™
(hemt stroke), henl cramps  and  exhaustion,
cardiovascular and respimtory. disorders - homons.
Hyperthermia oceurs when the human body cannor
reguldle the exposure to heat whereby the body
wehtperniure pradually rises and. when the body
tempernture |s above ~400C hyperthermis wets bn
leading 1o health disonder. Hyperthermin may
graduslly  manifest  as.  psychologicnl  siess,
dizeiness wned faimting: eramps or rash; oedoma; nod
finully as  hent stroke. Heat waves are known to
ause psychologlenl stross, thig affect o reduce the
physical activity and ]'u.:rfnrrqnncu: levels, and is nlso
gonnegted 1w inerease of erime. High temperanines
nre recognived o he connected with increassd
interpersonnl and societal level contlicts; increased
erime e, particulacly violent erinwy such as
assanlt, murder, and rape (Hsiang et nl, 20153,

Aboormal high lemperatures lead o inerense of
clectricity  consumption  due o Inereaged  wir
vondithoming use, which ofien lend 1o electrivity
spikes ond power outages, For eg, dunpg the
supmmer of 2009, the city of Mdlboume, Australio
expericnced major power disraptions as the heal
wive temperatures datsed blow up of tmnsforiners
that fed 1o power geld failure, which left over halfa
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miliion people withow power. Heat waves are
noted to have catsed damage o infrastrycture
fucilitics such ss buckling and meling of roads on
highways: bockling and kinking of mil lines; and
bursting of water lines, Exireme high temperatures
during night may affect agricultire, as somie erops
may not cool  off  enouch  affecting  crop
priovductivity: and animals thar do not ocon| off
enough couse reduction i milk production. Heat
wuves with high femperobores, when aociated
with low humidity, low minfill- drought conditions
are conducive 1o increase the probability of waldfine
OCCIITENCES,

3. Temperature Data over India

Indiz Motesroloiical Deparbment (IMD) has the
sndate to muke abservations of ol meteorolbgical
variables at the surface amd specificd upper levels
ha
remperature dota from observatories are avoilable
fnge PRTS (httpsymansamimd.govoin/dhmedabad
‘docs/data-procedure pdfl, At the current  lime,
surfice temperature ditn i avallable from <350
nhservatories and these data were the source of
several  swmdies on fhe  charncterizanon  of
temperatures over the Indian subcontment, IMD has
generated  datly  gridded  temperntuee O ditn
comprising of maxinwon, minimum snd - mean
temperntores at | longtude » 1" latitude over the
Indinn spboomtnent for the period saping from
(9ay Il 2005 (Srivaswyva ef al. 2009), which (s
being updated ot regulir infetvals.  The daily
aridded twmperatire data are being used by several
researchers and scientists for charnctensution of
temperature: varinhility and hear woves and for
validatiom of muwmerical
predictions over Indinn subdontinent,

include  surfoce  tempermture.  Surface

model simulations  and

4. Heat Waves over [ndia

This section presents a review ol the analysis and
predicton of heat woves over Indin. The physicul
mechanism for the ocewrence of a heat wave
over a region miay be elucidited bosed on
thermodynamics and dynamics,  Since heat
wave & defined as sudden spurt i the
tempemiures bevond a threshold of its climate
normal sustained for a few days, both the local
thermodynmumie ond synoptic seale dynamic
processes are important.  Seasonal heating due

o insplation contributes to the location of the
relative warm regiotis over e cantinental part.
primarily because of the heat absorption and
retention capabihties of the sml. Direet hesting
at the surface from msolation cause the near
surlace rempeniures 1o rise, but this rise
beyvond o point  leads W thermodyoasmie
Instability and subsequent neutral wimasphere.
Bagic phisics denote that the temperatures ot
any locotion will ineresse because of the two
important  processes of heat advection and
subsidince-warming, and both arise due to
dymimicl processes related to synoptic scale
cirvilation changes,  This grel deseription
belps 10 undestand  the  development  of
understanding the occurrence nnd
clharacterization of heat waves over: India in
this paper. Since heit waves imply the occurrence
of unemalous heh temperatures. festly an overview
of the seasonal varignons of empermtures s
presented  followed by o descriprion of  the
chromsdogical sequence ol lemperature studies over
the Indinn stbcontinent,

The Indian subcontinent. os per the erminology of
the India Meloorological Department, features {our
senond gamely winter  Januiry-Februiry), Pre-
Maonsoon  (Mareh-May),  Southwest  Monsoon
(lume-September]  and Post-Monsoon | October
Decombery Chetpe/imd govin/ seeton/ nhac
wifig,pdl]) whicreas the elimole sgasons of winter,
spring, swmmer wnd, sutumin prevail over the other
parts of the northern hemispliere, In his paper, e
pre-monsnon sepson 15 referred 0 ons Csummmor
season” [or brevity of understanding the heal wave
charpctonstics us the wage of “preqmonsoon’ may
nol relleet the referente to temperature, During this
season, the temperdiures gendually rise connoling
the tansiton from winter 1o summer, A figure of
the sputial distrbation of monthly mean madimum
temporntures prepardd using the IMD daily bridded
terperature duta for the peniod 1951-2015 for the 4
moiths of Muarch-April-Mav-June (June & #lso
shown as bot season provials over north till =1 July,
the onsgt of southwest monsoon covers the entine
Indiz) are presented  in Figure 1. Indion
subeontinenl extending meridionally from 6N o
TN latitucdes, with the “Trophe of Caneer™ sitinted
approximately olong. the central parts, dsplay laree
mertdional  varmtions ol temperature.  with the
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southern parts recording  moderate  high
temperntores  throughout the  year whereas  the
porthern parts exhibit low  (high)  temperatures
durmg  winter (pro-monsoon) (Jain of ol 2007).
Apuirt, the coustl reglong of peninsuloe Indi
featurie smaller wemperature varistions due 1o the
inflience of occans. Because of the apparent
movement of the Sun townrds the nomh, the
southern parts expericnee the bot wealher season i
Murch-April-Muy  whereas  he  northem  parls
experience the hot season during April-Mayv-June. It
is observed that temperatures gadually Hse from
March  onwands, reaching highest  surface
lemiperatiures over lurge parts in Moy, although high
lemperatures contiie over Nogh India i1l June. I
My, highest temperstures often exceeding 40 U
are observed over o wide area extending from
northwest 1o central and south-ceniral paris of
India. The distribistion of the nurdiber ol days/vior
with  femperures excesding 40 "C (Figure 2)
hroadly coincide with the region of maximum
tempernture, with the hghest moagnitode of -0
dlays'year over the porth-centnl parts, The summer
keason s churactertoed by b steady increase of
lemperatures  due  to increasing  insolation in
confunction with the transition of Sun into the
northern  hemusphere from  the spring  equinos.
Consequentially, remperateres grodually nise from
gouth to morth, resching highest in Moy wherein thie

oeeurrence  of  hunderstorms i85 dlso higher
(Normand 19210 Koteswaram and De 1959,

Umnkanth et al 2621), The hot scason ends around
I June ower Keraln (southernmost part of Indin)
with thie of  monsoen o thie
temperatures graduilly revede a8 the  motigoon
current advamees northward around | July, As sueh,
the temperatures may hover around 45 “C m nud-
Moy over moest parts of the northern plains, and
iometiines exceed 45 °C in the northwest pirts of
Indid, Along the conatal regions, the temperatures
vary around 30 "C, with esst eoast parts do be
slightly wrrmer by n low degrees than the west
coast and the coasinl regions: possess  higher
homuedity than the ioland parts. This  desenplion
shows that the pre-moensoon (sununer) season s the
warmest over the lirgest part of South Asia, and the
ahnormal logh temperatores during  this  season
gomefimes lead o hentwave condiions {Kothawle

ks il

34

et ak. 20000, A review of the literature shows thit
the studics on heat wayves were imitrated as far back
a5 1960s, although sdier of temperatures over
Indin were available ever smee  métcorological
ohservations s been ndtinted in tie lost Quarer of
the 19" century

Righovin (1966) stinhed the tine amd  sparial
variations of temperatures using observations from
all over India and reported that heat waves over
Indin oceur during Warch 1o June, with highes
frequencies over nodh. porthwesl, centrl and the
east copst ports of Indin, Ramomouethy (1972)
performed o case study of the heal wave during 2-
1 July, 1966 awsing  temperature diln from
mreteornlogical abservaories during July, 1966 tha
corresponded  wath severe hest conditons  ower
South. 68 well as Narth ports of Indin.  Noemally,
remperniutes over the Indian subcontinent would
reduce as the monsoon mins set-in all-over India by
I July, but break monsoon conditions led we the
pecurienee il a sovere hienl wave over Easl
pendnsular India during (he 17 week, loter aver
North during the 2% week of July, 1966, The author
considered the IMD criterion of higher-than-nogmal
maximum femperatures of 6-7 (24) "C 10 define
modernte (severe) beat wave. The analysis of
masimun lemperalures dusing tuly, 1966 have
shown thyt maximum  wemperatures  higher  thim
normal by 1012 "C have persisted for several disys
amd with temperniures exceeding 40 "C af several
stations. The aulhors have idontiled that the fouar
petiody of 3-5; 6-8; 9-11; [2-13 Julv hpd
vorresponded with (1) heat wave onset ovar East
peninsuly  (South  Coastal  Andhran Prodesh,
Telnngann, East Vidarbhay, (i) shift of heat wive o
Central parts covering Telongano, Marathwada,
Hagt parts of Madhya Mahamshtra, Vidioebhs ond
west paits of Madhya Prdesh: (it} severest period
of hest wave over West Madhya Pmadesh ond
adjorning East Rajusthan and covering nearly 1wo-:
third of Indm: ond (iv) cessofion’ of heal wave
conditions respectively, The author confirmed thot a
heal wave of this magnitade and extent b not
necurred i the pror 70 hears. An onalysis of
synophic conditions revenled that the built=up of
brieak mensoon conditions, which mrelv manifest in
July, had eauséd the occurrence off prolonged heat
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wave conditions for a continuous period of 10 days
from 2-11 of July, 1966, This study 1s important as
it emphasizes the impact of break  monsoon
condition to (rigger beat waves over Indin during
the msnsoon rainy season, althpugh this type ol
heat wirve conditions are unlikely as per the recolis
of Raghoavan {19667, which had imdicated anly 10%
probabifity for heat  woves o occecur  in Juby,
Bedekor el all (1974) provided o statistical andlysis
of the heal waves over Indih considering the
temperiture dats from  different (meteorological
nbservilones for the penod 19111961, A month-
wise frequency of heat waves fiw cach of the
political staes of Indin had been estimated along
with the mean monthly pressure and wind patiems,
A ense study of severe heat wave during 7-12 June,
366 had been mode and reported that increased
lower tropospheric  thickness and  abnormal
morthwest winds were ssociated  with! the heat
wove.  Subburnngovyn and Suryarno (1976) hove
analysed  maximum tempernture dats fom 176
stations in Indin 1o assess the charneteristics of heat
waves. The authors grouped all sations oo 16
divisions mnd determimed the otcurrenee of a heat
wiave over p division in termg of percentige that s
binsed on the number of stations that have recarded
higher than 100" F (=378 "C}). The puthors hove
reported  thar widespread  heat wove  conditions
weeur during April, May and June omd thot their
fequency  is Highet  ovet Maodbve  Prodesh,
Rafusthan, Punjab and Telangann, The heal wive
occurmences are noted to be higher in April o
May, but reduce wm June over southern pars of
India duc to runs sssocisted with the onset ol
siiithwest monsoon. Romnchomlsn el al, (T95H)
studied  the  lempersore da from 14
Meteorological observatomes in Karnataka state for
the penod of 1964 - 1983 o dennify the occurrenge
of heat waves over the Karbatakn swte. The
peetirmenee oF 4 heal wave o devens hent wave |y
considersd when the lemperalure antmmlies aboye
the climate normal at o station is between /-7 'C
nnd =8 "C respectively. Therr study revealed that
highcst oumber. of 21 scvere heat weives had
weenrmed in Belgaunm district, amd highest (Jowest)
number of 95 (211 bem wave dave Ino Bellary
(Mysore] district. Further, the results have shown
that larger part of the Karmatoka site expenences

Lak

L]

heat waves till the anset of the mansoan and that
the heat wives persist for the highest duration of 6-
T dovs in June, Poornachandrn: Rao nnd Prabhakar
1999 v nade o case stady of o it wave thiot
occurted over Amdhr Prudesh during 19-26 May,
1980, using temperature and other meteorolegical
varinbles data from several observibion stations m
Andhra Pradesh.  The criterion of o least % 'C
above the bormal tempernture s considerad | o
recogitlze 4 sevore heat wave 48 per IMD definition,
The authors have demiified severe hent wave
conditions 1o ecxast ot the coastal stations of
Kaokinada on 19 May: ar Machilipatnam on 20, 21,
23, 24 and 25 of May and during all the divs of 19-
26 May ot Ongole. A synoptic analydis over the
parts of South India during 1926 May, had shawn
that the onsct of sca breeze was cither delived or
did not ser in ar the three coasial stations during the
Beal wave perioil. which wos atthibuted o b low
pressige aren that moved from Khmataks  ood
situated over central parts of constal  Andhra
Prdesh during 17-26 May. This study had shown
gessation of sen breeze wn be onc of the plousibile
rensons for the drimess and heat ncreiise. Bhadenm
el al, (2005) hove snolysed lemperaiure duta of pre-
monsoan months for the period 1901-2002 from the
IMD observation stations in Andhra Prdesh. Ther
study had 1dentified May and June 1o be the hoimes
months and also that the frequoeney dnd duration of
heal wave spells had shown an Increasing end.
The authors hive computid some of the heal
mihices namely “Heat lndex, Thom's Discomfort
Index and Webbs Comfort Index™ and reported thu
those idices refléel the seveniy of heat waves. Pai
et.al (2013} hnve made a comprehensave study of
the hewt waves during Mir-July for the SO-year
period 1961-2010 using tempernture observations
fram 103 stanions, over the Indian subcontinent.
Soverl aspeéts of the héat waves such as long term
climutology, decidul  variations and bong term
trenids and eleconnections were studied. The
puthors have considered the definition of IMD for
the idenufication of moderate and severe heat
waves, The nuthors had roponed that the averee
frequency of hewd waves is 8 doys, they gecur
mastly  over  MNorth,  Norhwest, Ceptml  and
Northeast  peminsula, with  maximum
oceurrences durmg My and June. The authors have

anicd
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also notified that the duration of moderste hea
wave spells sanes: from 10 to 15 davs whereas
severe heat wave spells hove dumtion of =7 days.
Interestingly, o station (Mellere) rome éoasial
Andhet Prudesh was wdeniilied 1o be mosi prone to
heat waves in respect of both frequency and
duration. Their analysis of the dtmdal'mrinlinn of
hear waves indicated thar the areas with: higher than
H heat wave doyvs was relatively higher danng the
bwi recent decodes of 19192000 qnud 2000-2010 as
compared to Ahe previous three decndes during
F96 1-1990; and also that the number of severe heat
wave days had incrensed during 20012010 as
compared to the prior four decades during 1961 -
2000, Their results netified thal heat waves over
North, Northwest, Central India. Tomil Nadu, and
Andhro Prodesh hod incrensing ends  wherens
stanions (0 Cirisso, West Bengal, Pumgob and Ulitar
Prodesh hod shown decressing trond, The duthos”
dnnlvads of hent wave dave In pelption w ENSO (E]
Nint Southern Oscillation) events had indicated
that the heat wmve events hove relatively increased
during Bl Nino phase and more during £l Nino + 1
vinr whisreas the hemt wave doys wore haoted o
deerense during the La Ning +1 year. This study
hind wot only estimated the heat waves over India,
hut also provided the linkowe to Pacific Cecan
temperature: varianons denoted by Bl Nino and La
Nin.

Ratam et'ul. (2006} fudled the spatinl ocdurrence
of bt waves over Indin and their caugation relited
ty ceroin climste modes. The authors hove
pnalysed IMIY danly goidded punsimum tempernture
datn fore the periodd Muareh-Tune Tor the years 1982-
2003 o dentify hewt wave vulneruble yegiong
Analysis of cempiricnl  orthogonal  functions
indigated two domunmant patterns, the first mode 10
correspond with the heat maxunum over North and
Centrnl [odin and the secohd over East coast
regions of Indig, In this siudy, hest waves were
identified,  considering  anomulies of  dally
maxsmum emperntures and the IMD eriterion, for
the two representative box regions of North: and
Centrnl Tndim (TI-80E, Z1-308) and East Coast
region (TU-R3E, 15-TUN). The resulls have shown
the oucarrence of |9 henl wive evenls over North
pnd Centrol Indin with  tempernture  anommlies

higher than 3 "C in contrast to |3 events over Easl
const regions where the temperture anomalics.
were helow 3 C, and thay the heat wave vuloerable
regions coincide with ' the regions having larger
standond devigtion in (he maximum lemperatire.
The authors have atempted o0 upderstand, the
globdl télecommecttons with respect 1o the two
identified hear wave patterns. Their anolysis hove
incdheatied that eat wiaves over North und Central
Indis were ciaused by the presence of an anamulons
antievelone over Ipdip depioted, in the 200 hita
stream: function analysis that is related to o quasi-
stationary wave train extending  from  Northwess
Afrion 1o which s
triprered by an apbmalows antievelone blocking
pattern over North Atluntic Ocean. Their results
also mdicoted that the moximom  temperature
annmalies owver ndin have accurred with o lag of 2
days o0 the geopoténtial anomalick over North
Adlpntie, Further, the suthocs cogjéctured that the
Fost comst histt waves were ralilad 1o anomidous
cooling over the Pacific Ocean ns the cooling
ECOLTIEE twao apomalous amieyclonie pamerns ol
200 hPa level over the West Pacific and a8 a resalt
of Matsuna-Gill response extending to lower levels
lending to two cyelonie cells ot the K30 hPa level
.EH;TIIIEE the cqlmin.r over the West Pacific. These
cyclonie  airculations generate anomalous:
aoheyvelone circulation ol lower levels over South
Indin, ard ps the westerliss an the northern side of
the antievclone Hunsport moisture away fom she
gast caust, and this anomalous tomspon of mostre
fead o dry and hot gcopdinons thar wigger hear
waves ovir Southeast coast fndin. The aithors howve
dunde 0 cape study of the heat wave during Z1-31
May, 2015 over Noeth Indin that coused more than
200) human deaths and hove shown that ther
hypothesis of anomalous anticyelone over North
Atlantic that genorsted Rossby wave tmin pattern
wid tespentsible Jor anomalous aerthwest winds
that pdvegted dry. air from northwest parts Tending
to the poted hent wave, This study had identified
two Types of heat waves, over Norh-ceniral and
Edit-voist Todin, und hypothesized two diffecent
teleconnedtion mechunisns ahanating from North
Allantic Ocenn and Norh Pagifie Ocean that trigger
the noted heat waves over Norht-central and East
coast respectively.

the Hdian  sabeontinent,
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Basha el al. 12017) studied the changes in surface
temperntore over India using 109 CMIPS malhi-
model simulations generated for the 20" conmury
Clomate to undestand the role of greenhouse gases
and lond-uge and aonlysed the 217 century. CMIPS
future climate prajections with different RCP
ermission soenarios to estimate (ulune choracteristics
of heat waves: The CMIPS simulored surface
temperntuores were validitéd by comparison. with
rhpnthly goidded dote foom Climate Research Unit
for the peviod 19012005 apd with IMD daily
gridded temperature data for the period 1969-2003,
and reporied good concurrence over major paris of
Inddim, exeept West Coast western Ghobs, Northeast
dand Himalavin reglony whetd (he bias s lhargeer,
which is due to complexities in the inelusions of
arggraphy in pumencal models. Analysis of the
trends during the 20th ceniury had shown higher
warming over e centrul part of Indis a8 compared
to other tegions, ond the obsetved warming is more
conspicuous during summer, Their results hive
indicated that greenhouse gas emissions and lond
use distribution were responsible for the mercase
sirfiice temperature over India o the  presint
climate, with the warming rates os 0014 = 0533 K
and 0.06 002 K per century respectively, The
stody  indicated  that  anthropogenic :
cantrthute o conling. more due 10 indireer than of
direet forcini,  Forthir, the results invie shown that
the sudden increase in the Emperatie after 960
were atmributable Wy inerense of greenhouse ases
whereas the mmpact of lond-use was more since
1980, Forther the nerease in wends 0 surface
emperiture due to gréenhoise guses 16 moted 1w be
highet over nonth and west pokte of Indin, The
resilts from CMIPS multi-model sinmilutiony with
RCP 8.5 of the curment climnte coincide with the
abserved varnations i surtace jempernture; and
hoalysis of CMIPS future projechois with RCT 8.3
déennrin indivate mpid inordide In warming, with
catresponding rise of lemperiture of approximitely
5 K by the end of 21" century. The climnte
projections from CMIPS sumulations algo indicated
incrouse of heat wave events theoigh the 217
century. Interestingly, the resulis with RCP 2.6
emipslon scemrio showed an increasing warming
tremd til] 20051 and 2 decreasg thereafier. This study
15 comprehensive, as it evaluaied the CMIPS

aerosals
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simulations and confirming the concurrence of
RCP8.5 scemario nesults with the curremt 20"
genmury ¢limate observations as they are pmportun
to understand and  interpret the  foture climate
projeciione

Mushra of al, (2007} analysed the charactenistics of
beat waves over Indm during 19512013 wsing IMDD
aridded daily dits of tadinmm temperatures and
aled projected  ufore changes Ino the heal wave
chatmeteristics using CESM-CMIPS projections up
to- 2100 constdering the RUP 2,0 and 8.5 seenaros.
The authors  have wsed  varinble  maximum
temperiure threshold, which we defined based on
the 90™ percentile centred on a Y-day window, in
contrast to (MO definition where the threshalds are
fixed and predefined. The authors have reported
thar mest of the heat waves have ocenrred during
Muy, and alio o substantil  inefcase o the
frequency ol heat witves during the period [951-
2013, Their results indieated that the most severe
heat woves hive oceurred in 1998, 1995 and 2012
sequenced in terms of miensity. Their analysis also
had indicated that the heist wisve daiing 2015, which
was chamneterized by high' tempetutures and high
umidity, had caused higher human mortality. Their
onnlysts wsing ensemble means have indicated that
the frequency and duration of severe hear waves
over India Tof the low emission seenmios of RCT
1.5 and RCP 2.0 will be substantially less than of
REP 8.5 during the mid and end of 21 ¢entury. The
suthors have also reported that the frequency of
heat waves would have an cight-fold ingrease in the
low warnog seennno By 20212050 with respect o
1986-2015 and the sume would tide by 30 limes at
2100, Under the RCP 8.3 seeninvio the frequency of
severs heat waves is expected 1o ingrease by 40
times ag 2100,

Pandna et ul. (2017) made 8 vomprehonsive study of
the sputial variability and trends-of heal Wives over
the Indian subcontnent using IMD datly yridded
moximorn and minimom temperature datn ot |
degree resalution, The puthors have computed
daytime and might time heat waves considering a
cenlred 1Saliy time window ropresentative of cach
day 90 percentile 1o determine threshalds of Both
the maximum and minbmum  femperstures  and
“exeessive  hear factor ndex”  based on 3-
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consecutive  dny  temperatures, Heat  wiye
charicteristics were determined for the three time
periods: of 19512003, 19812013 and 1998-2013
representative ol corrent globul swarinme.  fapad
wirming  post 1980 god Nue pause in global
warming  periods  respedtively.  The  authors’
estimited the heat wave number. heat  wave
durotion (days). hear wave frequency (dayvs), hen
wave  anplitisde "L hottest diy of the hotbest
eventd hnd hest wave  mognitide ("C, avemge
intensity of al| heat wave events) considering daily
masimum, minimuin and mean temperdtizres for the
entire year. Thetr resplts have indiented that during
the period TR5920130 the average nomber of hoal
wave days were highest of 810 aver Narth ond
Cenimal India the daytime heat wave number, heat
wove tays and the heat wave durntion had m
ingrepsing frend e the raes of (049 evemis, 29
dayr/decade mnd 053 divsrdecade respectively and
with no sieificant trend in the night time heat wuve
dayvs of duration, The authors have also reported
sionificont mise in the monolies of maximmemn
minumum and mean tempemiures ot a rate of 0,12,
0.04 and 0.08 "Chlecade wherens heat  wive
dmplitude hnd shown an inéreasing trend of 0018
"Crdecude during 19592013 with respect to the
haseline period of 1961-1%43,  The mthors hove
analysed hear waves: during the perod JE95-201 3,
which i vomsidered ox & paese in the global
witming and reported that the trends were mot
significant.  During the period of 1951-2013, the
avernge heamt wave number was 3.5:4.5 over most
parts of India. whereas the ends. in the frequency
aod  dorstien of heat waves Swere oot signd Dooat
dlthough inereasing trend of two events per decide
were noded over Nogth Imdin but due 10 slightly
rediced trend of (015 ' over Centml ond South
India. Inverestngly, the study had repored inerease
of hottedt nights dunng 1981-2013 with warmiig at
.51 "Cidecnde thar was mainly altribuied 1w
warmiing  over North India. The  umhors  had
specifically malysed the heat waves in relation
droughts and reported thar the severe heat wave
conditions durmg 2003 and 20000 ware due to the
antecedent severe drouglt conditions in 2002 and
2009 respeetivelys and that the severe Tea waves
during 2013 and 2015 were noted to be due to

reduced  soil  msisture  and  anomalous  high
temperitures during the preceding years of 2012
and 2014, This study, as the authors claim, is the
fimst to emphusize the role of drovght in0 the
preceding vear on the suteesding year heat waves.

Mazdiyasni of al, (2007} have studicd the trends m
the surface temperamres; frequency. seventy and
curlicn of Heat waves during the suminier season
over Iondin Tor the pefiod 9602009 using IMD
daily gridded temperiiure dota. For the analysis,
heat waves were identified considering the eritena
that the temperatures above the 83" percentile of
the hottest month exising for three or miee
consecutive  days,  Specifically, lour  different
mietrigs (Le) the aceumulnted heat wave imensity,
grnual heat iﬂ.'.w; count, mean heal wave duration
and hear wave days were considered. The results
Buvi shown thal e sdmmior mean lemperataros
have murkedly ncteased all dver Indib durlig
1960-2009; wherens the secumulnted  {mensity,
nomber of heat waves, heat wnve durntign and heat
wave davs. have wncreased over the Northern,
Western and Southern parts of India. Further, their
results indicated thit the heat wave events hud
increased by S0%, and comespondingly the heat
wave doys and dumtion have mereased by 25Y%
durtng T985-2009 than of 1960-1984, implying tha
the hedt waved had substuntinlly increased during
the Inter 25-vear period (1985-2009) than of 1960-
[ 984, The study had also indicated an increase of
heat related mortality dunng the stady period Le.
960-2004.

Dodla et ol (2017) studijed the héat wave that
pecurred over Andhm Pradesh (AP), India during
My, 2005, which was the eause of <2500 human
deaths. The mwicorological dat from: fonr sources;
IMD daly gradded temperatore duta, IMD AWS
CAutpmtic Wenther Sintiedn) ayffice
meteornlogical daw, ECMWF  ERA (Europenn
Centre for Medium-Range Weather Forecasts -
Furopean Reanofysis) amd NCEP GEFS (Notional
Centers  lor Predwtion  Cilobal
Farecast Sysiem) global nnalysis were used (or
unalysis and evaluation of model simultion. The
muthors have considered the IMD eritenion for the
wentificanion of the hear waves, An anolysis of

Envircinmental
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maximun temperatures had shown this OCCUTTE e
of severe heat wave conditions over  Andhra
PMrodesh during 23 = 26 May, 2005 during which
period, twmperatire anonialicd of 6-7 "C prevailed
for 4 consecutlve days, During this period, high
emperitures of 4245 C were neted an 200
increased to 4648 "C on 22™ and >34 "C during
2326 Mav over AP and Telnngano:  The authors
unalysis of synoplic conditions  hod  idicated
dnomalovs weslerly Tow over North Afrien amd
Middle East staming  around 16 May  tha
accentuated the northwest Now advecting heat from
Northwest Indin w Ceptral and Southeast India
triggiecing the heat wave conditions over Asdhra
Pendesht and Telangani, The nuthors had observed
heat convergence thar led 1o heat accumulation: of
heat aver Andhr Prodesh, and hypothestzed that
the sca breeze along the coastl regions contributed
W the vonverging of heat air advection from
Morthwest over coastnl region< of Andhro Pradesh,
Thie authers had sttempred (o predict the heat wive
conditions esing. WREF (Wenther Research  amd
Forecasting) medel  and  reported  thar  model
prediction was good with a lead tmie of 72 hours.
The wuthors have sstablished the orgin of hent
waves over Southeast Indin 1o be doe 1o anomalous
westerly flow from North Africa to Northwest India
and anomalogs Northwest flow thar advect warm
ir from Northwest to Sootheast parts and Teat flox
canvergence dlong the cosstline supparted by sea
hreeze girculation.

Joseph et ol (201%) have attempted 1o develop a
pew oriterion oo dentify the ogeurrence of hen
wavi ¢pispdes from observational dits and sssiss
extended range predictability of the heat waves an
time seile o two weeks using a mulii-model
ensemble  prediction system. The ensemble
prediction method uses 44 members genernted from
4 variants of NCEPSCFSVE (Climate  Forechst
Swvstemn Version2) model, The  authors  have
identified the occurnence of heal wirves using =
criterin shightly modified 1o that of IMD wherein
90", 93% and 99" percentiles of the maximum
tempernture were considered 1o desiznate heat
waves and severe hept waves, The CFSVE model
defived tempernture have heen subjected 1o blas
eotrection  oimsiderme  the obsenvotion for the
period  1960-2010  and  the  bias  correcied

-
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emperntures were validated. The suthors™ analysis
of heat waves dimng 19812015 has shown that
Northwest, Central amd Southeast parts of Indin,
which are the thrie regions of highir heat wisve,
hod dan overnge of iy bent wave davs per vear, In
erms of prediction, the authors have dndicnted thn
the ensemble predietion skill of hot days has T0%
probability up 1o 20 days. The authors haye psed
noomaly correlabion cocficmt of maximun and
minimum lemperatures wp o4 pentadls (200 duys)
and indicated that the probability of prediction s
70, 30 and 50 "% for hot. heat wave and severe heat
wave categories and that the predicnon skill s
highor over Northwest ind Sontheast parts of Tndia
where heal wave oceurrencds nre hipher, This siidy
15 fmportant a5 the predictability of the heat waves
up 1o 20 doys using nulti-model ensemble system
15 conclosively esmblished, which would  help
wptlement heht wave allevinbion measares.

Ross ef ol (2018) analysed the IMD gridded duly
maximm, mimmum and mean temperature data
over Tidin during the perrod 1951-2013 w idenify
trends during the pre-monsoon, southwest momsean
ard  pest-monsoon  sepsontd,  The  asthors  hnd
reporied that o gredunl merease m the magnitude of
wmperatures on o decadal tme-seale from 1950
2010 during the pre-monsoon periad of April sod
May, with the temperatires 10 be of = 40 "C diring
1950 thit esealated 10 42 °C by 2000 Their results
mificated two regrons of highest tempemture, over
northwest and south India ond o cooling pattern
over portheast Indin extending towards centrnl
parts. The authors have weatified the warming ovet
morthwest amd southern parts of Indin 10 he
associated with the global warming in the curment
industrinhization period whereas the coolimg over
norhienst India are conélusively shown b be due 1o
the increase of acrcinls is notified by the aérosol
optical depth data. These results are significam as
they hrouwght forth contrasting warming and cooling
regiong within the Indion subcontinent during the
summer months with supporting vilidation from

model experinents.

Olddenborgh e ol (2018 studicd the hear wives: of
20ES that sdvect worm alr and 2006 over India
congldering the tecord high lemperatures: over
Northwest Indie. The authors considered  the
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aeeurrence ot highest daily masinmum temperatires
of the year as the criterion of the heat wave on the
premise that this definition would better represont
b woepilimoes numsire and the severity of the heal
wave a5 reguired for thelt extreme volue stilistics,
which contrrsts with the definition of IMD: I their
analysis, the authors have assessed the nfluence of
three factors, nomvely  the  decadal  wariabality,
werasol trends ind atmosphene homidity varmtins
o the ogeurrence of heal wives, The suthors”
analysis ~ of  ERA-Interim  daily  maximum
tempernture data for 2006 had shown record highest

temperatures between 43-50 'C oand the wet-bulh:

temperatores higher than 30 'C on 19" Muy 2016
pver Rajasthon an Noelwwes) Indis el indicale
severe heat stress resulting from the combined
effect of tempemture and  homodity,  Further,
analysiz of the heat wave owver Southeast India
2015 had shown the wet ball temperiatures to be
hitghel bl ot s el of the 2006 et wave over
Northwest India. The authors™ unalyses hiye
indicated o clear mereasing trend in the nnmunl
miean temperatures bur nol o significant trend m the
daily maximum temperntures. The authors have
reparted thot El Nine 34 fndes |5 an bnporiint
mode that contributes 1o 25% of the temperiture
VATIANCE. ..-"uﬁnrl. the pacific decadal oscillation is
noted o mfluence the higher iemperatures along the
Indian coastal momons, which implics the indireet
etfect of El Nino. The resulis of this study also hove
conclusively shown that increse in serosols from
arr pollution over India had contdbured to reduction
i maximum femperatures becanse of decrease n
insolation’ af the surfoee. Thix finding Conbecis o
the obszrved cooling trend over Enstentral [ndin,
which [s distinctively differenl from the incrensing
trends over Northwest, West-gentrnl and’ Southeast
parts of Indin (Ross ¢r al. 2008y, The awhors have
lse reported thot depleted soil molsture m the
preveding miny season have dontribated o higher
lenperitures over Nomliwest Indie during 2016
Contastingly, mereased imgation causes higher
humidity. i the ammosphere,  which  would
Exmiorbate the hoat wiave stress. This stady s
inportant as it identified the cuses of hoatwaves in
relution to Bl Nino index, and the cooling over east-
central parts to be due to acrosol [nading.
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Mandal et ak (2019) hove attempted to establish
possible erterion for the detection of heat waves,
using IMIY duly goidded maximum temperntune
dita over Indian sub-continent. which eoald be
upplicable Tor chivsicterlatlon aF heat waves using
numerical models. The suthors have used  the
critetion to determine the occurrence of a heat wave
when one of the four specified condimions were
safisfied,  which when  the  maxinmm
empernture  estemde  the  elivuologicnl 95"
percentile computed using data of Mareh-June (or
the period af 1981-2000, or it exceeds 36 "C, or its
deparmure  from pormpl 15 above 3.5 "C, or s
nbsolute valie ix higher than 44 "C. The threshold
of 36 'C was chosen considering the <patial
distribution. of climatological 95  percentile
gonernted | using the data for 19812010, The
authors firsr anplysed the spanal distibubion of
maximum demperntores and  dentfied e héat
wive prode fegiods 0 be over Northwest ond
Southeast, whete higher than 4 heat waves during
Mnreh-April and Mny hnd been recorded. Further,
aren averaged walues of maximum temperatures
over  Morthwest  and Southewd!  regions were
candidered 1o deteet the heat wave apells dver the
respective tegions. The authors have used hindeast
predictions for the period from 2003-2017 using.
CFSv2  based MME  (Muli-Model  Ensemble)
pridicton system developed ot Indion Tnstitufe of
Tropical Meteoralogy and operationally cim at the
Indize Meteorological Department. The authors hive
reporied that anomaly correlation coefficient have
indicated remarkable. prediction skill with 70%
probability up 1o twvo weeks Tead e, Therr resulls
have  dmclicnted  that  the  ensémble  prediction
overestimates the heul waves over Southesst ag
compared to Northwest regions. Farther, the results
bave shown consistent prediciabibiy of heat wave
events thot extend from Monbiwest (o Southeast

AT

Satyanaravana und Bhagkar Rao (2020) giudied the
charmetirization of beat waves over India during
IUS1-2015 psing IMD daily gridded  surfice
mgx i emperpiure dopsa. An annlvsis of the
spatial  distribution ol mean surface  maximun
eitpernture date: and the number of dave with
temperitures exceeding 42°C hid shown (Figure 3)
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three distingt regions of maximum! over Wey
Rajasthan, Norhwest Madhyan  Pradesh  andl
Southwest Uttar Pradesh, and  Eass Maharashtra
(Vidarbla). This studv  exhibited the  regiong
extending from northwest o north ceniral and 1o
somtheentrl  parts of India are the hotlest as

compared to rest ol the Indign subcontinent dunng

the perod from March o Mav. Synoptic annlysis
huod shown thol the wind flow pattém over Soath
Asio revenl the weslerhy/ southwestérly. wind 1w
from Middle East hrings-in hot air into the Indian
subcontinent through northwest desert parts, which
records the highest temperpures  dunng  pre-
donsoon {sunnner] scason, nnd that the dorthwest
winde advect heit from the Nahwest 1 the
Central ponts of Indin (Figure 4),  Further, hemt
wove occuprences were identified ssing the IMD
eriterion for the Indian subcontinent barring the
highland regions for the 65-year period of 1951 -
2005, This analvsis hiwl revedled thres distinel heat
wave vulnemble regions. one covering parts of
Narth Rajosthon, Pumjab and Haryano, one covening
parts of Hihar and Jharkhand and another covering
Anidbri Pradesh (AF) and Telangana (Frgure 5).
Interestingly, these 3 heal wive vulnerability
regions are morkedly different flom the  three
identified maxddmom tempernture zones. Principal
companent aralysis of the maxmmum fempemiures
for the study period had vieldisd thrée modes; with
highest vardanee over North Indis, Dollowed by
Southesst  India and  Nootheast  India tha
corresponded with the three identified heatwave
zomes, Thowgh seems ppradoxical, this swdy is the
first 1o the remond  of  maximiam
weimperpture nid hent woves bised on estnblished
stutistieal methods,  Further unalysis (o undemtand
the causation of heat waves, had shown that
anomalous  southwesterly,  westerly/ northwesterly
hod sorthawesterdy wind  Tow  fiom the  high
tempenitine regons of West Rujnsthan, Norfhiwest
Mudhya Pradesh, Southwest Utar Pradesh, and
East Maharsshtra contribute to the onsct of heat
woves over North, Northeast and Southeast pans of
India respiectively. The authors Tuve provided an
gevount of the hent Save doys during 19531-2015
with respect o the three fdentified Tear wive
vitlnerable regrons, which disclosed that the mumber
(days) of heat woves were 3 (182 days) over

domarcate
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Northeast; 31 (165 days) over Novth: and are 21
(1171 diys) over Southeast parts of India (Table 1)
The authors reported an important notification that
the vecurrenee of heal waves over South India hove
bean noticed Kinee 1970 only, which {5 sitributed 1o
the current globnl warming trends and complements
the result by Ross et al, (2018), The authors had
also apalysed surface vemperare dam from four
difforont CMIPS . model sinutlations and feportied
that wll the simulptions vielded three regions of
maximum temperaiure  that coincide  with  the
itlthors identified zones of maximutn temperature.
This study thus vahidares the CMIPS simulations for
the Indian subcontinont, bs lempeishire s the prine
climote vatiable that results Fom several plivsical
processes  of  madiation.  surface processee  dnd
bowndary layer. This recent study hrought out an
impariant resuli, hitherto not reported, thar the hear
wave ‘vulnerability zones are dstinetly  different
froun the 2ones of maxiouim temperalures bad that
ot air advection fom & particular cause hett waves
over a particulor region due to downwind hot air
advection.

Naveena ¢ ol (2020) studied IMD dilly gridded
tempernture. dat for 1951-2019 and other refated
daln sets o chomelerize o “hot blob™ region over
Vidarbho (Enst Mnphotashien) during  the pre-
monston  (sutmwr) season.  Their results have
miicated that highest temperatures with  highest
frequeney of hot days occur over Vidarbha and
Telangnny, which s conirury 1o the genernl nolion
of Rajnsthan over Northwest parts 10 be the hotlest
region du 1o its desent soil conditions.  This result
was confirmed by Principal Component Anadysis,
which  hod  shown 1wo  distingt modes over
Morthwest and  Southeast  Tndin.
synoptle condinions hive showd that the existence
of o "COL™ regton embedded between two high
pressune cirenlations sitwated over the Arabian Sea
and Bay of Bengal was ancibured 1o the divergenge
(zinking mistion) sl accamulation of heal over
Vidarbhn and neighbourhood.  An analysis ol
CMIPS monded climate daty for the corresponding
period confirmed the “hot blob™ over the Vidarbha
goimeident with the resulis from analysis of IMD
aridded temperature doin This research is impertant
for e adentification of o reglon ol highest

Andlvsin of
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Figure 3: Spatial distributions of (a) mean maximum temperatures ("C) and (b) averige number of days

with maximum temperatures exceeding 42°C for May, Maximom temperatore zones sre marked as
DBoxes and Tabelled in (D).
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Figure 4:  Mean 10-m level wind Now (vectors) and 2-m level air temperatures ("C. shaded)
corresponding to 090 UTC for May. (Wind vector length denote wind speed st lem cgual to 15m/isée).
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Figure 5: Spatial distributions of the number of days with mean temperatures > 40°C (=37°C) for plains

{coastal sonesjand anomalies (a) above 4°C and (bh) above 5o( days during May as accumnlated for the

period from 1951 to 2015,  Heat wave zones are marked as boves and Inbelled in (b).
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Table 1. Number of heat waves and heat wive days during May over North, Northeast and Southeast
zones of maximam temperature for each year during 1951-2015. Heat waves are ideniified based on IMD
nomenclature. Heat wave days are shown in parenthesis.

Year North | Northeast | Southeast | Year North Northeast ] Southeast
1951 0 29 0 1986 i 0 |

1952 0 i 0 1987 [\ i 0
1958 0 i 0 1988 | 21l a8 {
1956 | 111} 13) 0 1989 i iy 0
1957 0 (6} 1 199] I\ 0 ] )
1354 0 Ity 0 1992 0 I\ ] )
1959 0 2012) 0 1993 L(%) 1id) ] f
1960 0 A1) 0 1994 | 7 0 | L)
1961 0 13) 0 1995 | L3 214) | ¢
1962 0 1(3) 0 1996 i 0 | 1(%)
1964 0 i 0 1997 N 0 ] f
1968 f i ) 1998 W7 1(5) ] 1)
1964 209 0 | 0 1999 (51 0 | 4]
1967 i 0 0 2000 i N | 13)
wes |0 1 0 |2m | 27 R BT
1069 i 1] 1] ' :.!.muh [{h) 1 | 115}
W0 | Wy | 20100) 15y | 2003 0 | 2
wiz | o 214 0 [2004 | 27 R B
w29 | 1) 072006 | hi) T B
1974 0 H3) 0 2007 ( 0 |
wis | @ | 2w 4 2008 | 1 R T
1976 0 0 ey | 2009 | o) 0 ] 0
197 | 2413 1i4) 1) 2010 H6) Li5) | f
we |0 0 o |20 | s 0o
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MNoveetin et al [2021a), from the analysis of

Southeentrnl parts of Indin.  which may  be
trigaering of hewt wiaves over Southeast regions

muxinum temperntuees during the perdod 195§-
2019, repored that the maximum temperatures ane
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the highest during May thit mostly prevail over
Central Indin whereas tempertures below 30 'C ane
noted over Jammu and Kashmir of Norh indiag
West  voust  hilly  resson,  and  dver Asson,
Megholava aod Nagalond of Northenst Indin, Their
analysis of trends revenled thit emperaiurss hive
the highest increasing trend of 1,28 'C over Jammu
pnd Kashmir and South penmsula (which are
peftively coolet dorme the sumnier deiison), wml
deereusing rends over East-céntral lndin, agreving
with Ross et al. (2008, The higher increasing trend
over South peninsuln makes it heat wave prone in
the next decades as temperniure would exceed 38
UC. Maveena ot al. (20216 studied the variations in
sanimum emperatures over India hnorelation 1o El
Nint using IMD daily gridded tempermtine data for
the peniod 1951-2015, Their results indicatod that
the mtensity and frequency of hear waves 15 more
durmag the T-yenr sucededing the El Nino than
during El Nino pad the 1-vear preceding El Nine
over North and Southeast parts whereas there s no
tremd ribserved over Northeast  The outhors, from,
the analysis of synopric conditions. reported thay
unomalous westerlics are observed o prevail over
Northwest India Juring El Nine +] year leading o
hieat waves and that the decreased soil maisture was
also a factor to exacerbate the heat wave condlitions.
I'ms stdy provided a possible linkage of hew
wivis ver Indid o chmate miode teleconneetions,
eapecially the El Nino phenamenon,

5. Disaster Management in India

Government of  Indin, recopmising  the  soiring
hirman deaths due to hent waves 1n recent decades
ped other societ]  mpaets,  coondinared  three
ngencies nantely the Mational Disaster Manogement
Autharity  (NDMA),  Indin  Meteoralngical
Department (1M1 and Natlonal Resources Defense
Coumeil (NRDC), to prepare 1 “Heat Action Plan"
specific for p ooty thor would help mitigote hea
wove conkequences. These Agenoies have come ol
with 4 "Heat Action Plan™ thot domprises of carly-
warning syslems from IMD, ﬂ:ruullu:mj as color-
coded tempernture alerts, imitatieg community
outreach  progmms, and  establishing  capaciry-
bullding petwerks among govermment sl hedlth
pinfessionals (Padmanabhan, 2021), As the plan
would be tallof-made for o speeific location, the

local mwnicipsl authority will be regponsible to
mplement the heat action plin on the ground akin
to tropicsl eyelone wdvisorics.  This plan wall
clearty specify thie rdle and responsibility of various
depariments 1o wed upon the heat wave olerts and 1o
implement the action plan.  The heat action plam
wats fiest designed and mplemented for the city of
Ahmedabad, Gujamy i 2003 ns a resthed and
finding it suceessful, plan for Nagpur city in
Muharaxhtey i« underway,

6. Summary

This paper presents o review of the scientific
progress in the understanding and prediction of heat
waves aver Indin. Humanity and all spegies of |ife
thrive on enetgy fecerved [om San b radistien,
which monifests as heat that s messured A
temperiture, For this reason, |_m|}ii.=sl regiony where
highest temperatures are recorded, which receive
grenter  mnsalation, are more velneroble o hear
waves  whereas  the polar remons e more
vilhetnble (o extremie cold. Confining our fodus on
heal  waves  alone. extreme  hol  weather
ftemperatures] are known 10 impast buman fife in
several ways nntably 100 cause healih problems
sometines  leading  to  death. Normally  sature
profecis life through adaptntion, which is the feason
why human susceptibifity differs. from plice to
place and which is also the reason for differences m
the identification of hent wave voinernhility as
noted (o) the imirodoction.  This meview confines o
the heat waves over India alone nnd 30 the gradunl
development of scientific undemtanding of heat
waves s presented chronologically nnd also os
groups related o investiganons based on location
basid  leniperntare observations;  stodies Gsirip
global and  Indiun-region  gridded anplysis; and
those related to climate mode  teleconnection
mechanisms.

Studies on heat waves have been imitinted since
[960s us nwmpernture dara Trom observitones have
become available o a considerable’ penod.  First
nitempls were made [or specific regions such as
Andhr Prodesh, Kamataks, Gularal ete. as case
stgdies and Iater for North ond Sowth India and
entire Indin as the observabions inereised spatially
nod temipornlly. While mast ol (hie stadies reported
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miaximum temperatures (o be over North Indes and
diring May, one study analvsed the severe heat of
July, 1966 thar existed for =10 days and extented
ar ledst wwver 600G of Indin, which was shown Lo
resull frome an wnosual prolonged break monsoon
conditions. A< such, the earlier studies eould bring
farth the salient features over Indin with respect o
the regions of oceurrence and duration of the hea
waviss anc it is possible that the analysis could not
be exhuustive due 1o the sparsity af dith,

Ever slnde global reanplysis dits, from different
souties such as NCEP-RA, ERA, JRA that inchide
tempernture and other atmospheric vanables ot four
cardinal timee points daily for periods from 1950
onwirds, and IMD daily. grdded temperstare data
slnce 1951 hive become avnilable, luvestigations
an the charseterisation of heat wives over India had
increased.  As the review elaborated in one of the
previous seetinns, heat wove studies conelusively
identificd the heot wave valnerability (o terms of
the nrei. frequency and intensity, All of the swdies
hisve confitmsed the hest wave prone regiins, hised
o the anomalies of movimem tempemiore (mostly
s per the IMD criterion and few using percentile
methad) to be over NMorth, Northwest and Soath-
central parts of Indsp and nleo thot the heat wive
frequeney and insensity show inereising tenileney
One stuily, brought out o decisive result that (here
exift three regions of maxiomm Temperanmwe ond
thiee heat wave vulnerability, which are distinetly
different and 'that the advectlon of heir by
anomalous winds dirscted from the regions of
maximem tempernlure trigeers heal waves over the
downwind regions,  This resull 15 an mmporian
tevielation, which modified the general dotion ol
maximuin temperature reglons are alio the heat
wave vulpgrable regions, that would be imperative
in the formulntion and planning disaster mitigation.
Two stuiies have shown conclusive evidence of
Coaling Eastcentral  pords,  which  wiere
attributed to aerasol lopding thit effects 10 reduced
insalation, One study has shown the role of global
scale clumate mode teléconoections on the heat
waves over  Indig owih dhe  oference  tho
nfmospheric  leleconnechons emanating  due o
dnomolons blocking high preskure region over
North Afluntie Ovean and anomalous Macific Ovean

Ovel

vonling are responsible for riggering heat waves
over North India and Southeast coast India regions
respoctively. Other studics have shown heat waves:
to be impacted by El Moo and La Ninn condifwons
over Pacific Oceun in the preceding vear indireelly
through causing drought and dry soil coniitions
over Indidn subcontment.  Another  nmportant
finding iz the exiwienee of o zone of maximum
tetnperniure over Vidorbhn (Eust Midhyn Pradesh)
that would couse heat wuve conditions over Easi
Coasgt Indin under favourahle wind flow conditions,
This review presents the current status of the
understanding and predicuon of heat waves over
India. MNeedless: to say, the availability of daily
pridded  tempetuture  dotn loe the  Indion
subcontinent from 1931 onwards from the India
Mewcomalogical Deparmment  hod  Jod to  many
imporiant  research  findings during the lasi 2
decades. This rieview wso brings forth the necessiny
of furthier research an the quantification of the heat
weave durntion dod intensity i the curment elimite
along with their tromsformation in future climate at
feast fll 2100, A probabiliny based quantification
will bilp the administrutors, planners and the soiial
communities to have reallstic perception of the
vulperpbility and disaster management. Thus, a
brief narmtion of the “Heat Action Plan™ imtiated
by the Government aof tndia is provided as par of
thiis réwviciw.
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