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Abstract

Humeun beings ure pdversely affected by climote extremes, pertinent (o on incrense in frequency ond intensity of warm
temperatures, eventually inducing warming on u global and regional scale. In a tropical nation like Tndia, high summer tem-
perature and increased moisture with the armival of the southwest monsoon (hereafter referred lo as monsoon) aggruvate the
sultriness of the ambient environment. Ierespective of global climate change, cities alter thedr climate due 10 urbian materials'
imperyvieus surfices and thermul properties, which upsurge moisture wnd temperatuee in wrban settings, Thus, arban dwellars
are peculiarly vulnerable o heat stress health heards. Heal sbress indices allow quantitative ussessment of thermal stress (o
determing the sale limits of thermaol exposure: In the present study, stalistical trends Tn Heat Index were evaluated to anolyze
lvent stress over 4| urban stutions of southern peminsolar Indis over the summer and monsoon season from 1964 w 20135,
Results indicated that almost all stonens registered pstgmificant incrense ot 33% confidence level in hest stress except for an
insignificant decrease al a few stntions. Chuagepoint detection depicted un imcrense in heat stress imitinted in the fote T491)s
tnd eurly years of the decade I000 at most urban stations. Hierarchical cluster analysis purtitioned data into seven spatiol
umite. Accordingly. the highest magnitade ol incredse was observied over ciies located in the nonhedstern part of the study
aréa gnd the southern tip of peninsular India. The study demands aitention to perilous health risks reluted to Indin's increas-
inig heat stress cosualttes and the need for an indigenous thermal stress olerts syslem.

1 Introduction

The rhythm of a climate hos been profoundly altered 1 the
twenty-irsi century on g global and regional scale. Sub-
spantind scientific literature hos reported an increose 1o doily
temperatune extremes and the nuniber of extremety ot doys.
Adgonsiderable incrense in the frequency nnd Intensity of
hentwives hos been successively reflected in the Intergov-
ermmental Panel for Climate Change (1PCC) reports. [PCC
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(2013 affirms that the warming of the earth's climute svs-
tem is unequivocal, and ancmalies observed since 1950 are
unparnlfeled over decades to millennia, An increase in the
trequency of warn daily temperniure extremes and decrenses
i oodd extremes on o globol scale wos ohserved (IPCC
2012 The worming trend continuing over several decades
has been linked 1o nlteration of the lorse-scale hydralog-
eul evele, such be incressing nlmospheric waler vapor con-
tenl in certain areas with o simultameous decrease in others
(Bates et al. 2008). Recent decudes have experienced over-
all moistening of the globe: hoth ground mosture conlent
(Dai 2006; Willets ¢f al, 2008) and atmosplieric humdity
alaft (Trenberth eval. 2005 depicted considerable incredse.
In scorching heat and mugey, humid weather, the human
hody's ability to cool itsell is challenged. The human body
responds 1o excess heat by druning off surplus body fluids
through swestng o cool ixell in hot smbient tempermtore,
but the -hiph loss of flunds mcrenses the nsk of heat-related
illness. Besides the heat component, in the presence of high
pir humidity, perspiration cannot evaporate {rom homon
skin, omd thes outer and core body temperature fails o main-
tonn s idenl temperiture range. Evaporation is a prominent
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cooling process that effectively reduces human body teme-
peruture. Therefore. o humon being feels uncomfortable
ind stressed in hot and humid conditions. Kleerekoper
et ol (2012) infer that global temperature rise combimed
with the microclimatic effec) of Urban Heal sland (UHD
may result in unhealthy heot stress nnd even o significonl
increase in heat-reloted mortality. The orban microclimate
determined by the modified nrban landscape ( Arnfield 2003)
and uttenwited meteorologicul conditions huve severe impli-
cations for humaon thermal comfort (Unger 19949, India, o
developing notion with a dense populotion sond one of the
fostest emerging economies globally s highly dependent op
human resources, Substantinl populotion is predicted 1o zo1
concentrated in urban areas. The present tate of urbaniea-
Lon 15 unsustainable with insoflicient urban resodrces. The
socho-gtonomic condition plays o vitul role in slevating the
risk of heat stress for o sociully and economically valuernbie
popttlation. The study by Smoyer et al. (20000 highlights thal
demographie chameteristics and socio-economic conditions
threiten und tmpede the aduptive capucity of the population
to deal with heat stress adversities. Thus, it 1s evident thot
adaptive capacity to deal with heat stress further deteriomtes
in developing and large population-sized tropical notions
like Indin.

Dependency on heavy nsanual Inbor, lorge populntion size
leading to the msufficient reach of public bealth mensures,
congested unplimned urban vreas nlong with less individonl
uwareness regarding heat-related illness leads o high hem
stress casuulties, The rise in heat stress hos o considerable
adverse impact on human health (Horlan et al. 200143 Kovats
mnd Akhtar 2008: Michelozzi ¢t al. 2(0; Gosling et al
2000}, Heat stress impaets human activity (MMuloney and
Forbes 20117 leading to reduced lnbor productivity (Kjell-
strom et al. 2(09; Dunne et al, 2013; Zander et al. 2015},
Another phenomenon worsening human thermal com-
fort dunng the summer season is heatwaves. Rohint o ol
(2016) mdicuted o stutisticolly significant increase in the
frequency and duration of heatwaves over Indin. De et al.
(2005} noticed o rise in heatwave-induced casualties over
recent decades: Further, they advocated that o decrease i
duily tempernture range due o urbanizition fails 1o neatral-
fire high daytime temperatures during heatwive epochs lead-
ing o homan discomfort,

Steadman originally proposed the Heut Index (Steadmun
19795, and subsequent study published in | 984 [ Steadman
1984 gained scientific attention towards its suntability for
pssessing heat stress, Steodmaon's indices evaluated thermal
comfort using an iterative sotution for multiple vanobles
through multiple equations representing the body's tem-
peratare and moisture ransfer. combining dmospherio air
temperature ond humidity. However, the complexity of the
caleulation of Stendman's (1979) equations mecessitated
medification, ind o <implér version ns a single npproximated
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Hem Index (HI) eguation was pot forth by Rothfusz {(Thea-
nacho 20E2). The present computation of the heat index
1% 0refinement of a resull obtaimed by multiple regression
unalysis carried out by Lons PP Rothfuse and mathemati-
cully explained in 1900 National Weather Service-National
Oceanic and Atmospheric Administration (NWS-NOAA),
United States of America (USA) (Rothfuse 19001), HI s
mathematically expressed as;

HI = —42.379 + (204901523 x T3 4 (10.1433312T x R)
— (022475541 % TR) — (AB3TEI % 107 % T7)
— (S48ITITx 10 x B°) + (1.22874 % 1077 x T°R)
+ (852823 107 s TRY) — (1.99 % 107" 3 T*RY)

where, HI 15 the heat Index (*Fahrenhiet), Tis the Ambient
dry bulb temperature in °F, BRH is the relative humudaty m 6

In the present study. HIwas used by applying necessary
adjustments as prescribed by NWES-NOAMA (hpfewaowpe.
neeponoa govl. HI is one of the most popular indices for
environmentul health research as o measure of thermul com-
fort. The index is used for studies reluted to ouidoor tem-
peratire exposures and the develspment of synoptic scale
heat warning systems (Anderson et al, 20003} Though the
mdex was devised in the USA ind wsed to evaluste thermal
stress conditions for the USA (Robmson 20001 ; Glazar 2005),
it has been applied worldwide (Michelozzi et al, 2009; Dif-
fenbmugh et al. 2007; Zohid and Rasel 20025, In the topi-
cal climate of Indin, the combined effect of temperoture
und motsture alters in tondeny with o seasonol rhythm. In
summer. the temperature over peninsilar Indio freguestly
erosses 30 "C. seldom resulting in convedtive heating and
precipitation il a local and regional scale. This charneteristic
af the tropics, though provides intermilient respite from the
seorching heat, js o temporary phenomenon as the arrival of
the monspon wwards the culmination of the summer sea-
son nereases sultriness in the ambient environment. Thus,
hesides tempernture, humidity contributes to the feeling ol
stltriness and forms an essentinl element to be consadered
while nssessing thermal siress, especinlly for the wropical
climate of Indiz. The study by Hijioko et al. (2004) stopes
that “The population of South Asia is specifically vulnernble:
to heat-related mortality: risk gets further magnified due o
high rate of orbanization ond lock of eficient ndoplation
strateries”. The Hent Index (HI) adopted by NOAA is one
such index that includes tempernture and humidity eompo-
nents and thus devised {or assessment of saltriness emblem-
atic during summer and monsoon months o warm tropical
climute in the cities of peninsular India. Rajib et ul. (2011)
tsed heat index to ossess the impact of climate change on
human thermal comfort. He advocated the applhicability of
HI for areas with & temperatore of more thon 26 °C and
refatrve humidiny osually above 397 Thus HI s refevant
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for the ropical climate of tndin: Jaswal et pl. (2017) applied
HI 1o assess the long-ternt behavior of leat stress coused by
increasing temperniure ond nwisture over the Indion subcon-
liment for uovust spotial coverape by ncquiring data for 283
meteorological stotions over 19512010, In India, Mohan
et al (2014) applied HI to analvze thermaol comfiort condi-
tions for five metropolilan cities. They provided o relative
ranking of the cities hased on thermal comfort (discomfort)
conditions. Pai et al, (2013 evaluated trends in heatwaves
for 1083 stations over India and found that exocerbated von-
ditions during heatwave incidences lead to heat stress and
increased heat-reluted morality, and suggested vsing o heat
stress index to nssess the impact of both temiperature ond
humidity oo hamum health, Recently HI index hos heen pre-
ferred by Indin Meteorological Department (IMID) on an
experimental basis for issuing heatwove warnings to avoid
lsurnan fatalities jointly with Nutionsl Disaster Muanaoement
Auithority INDMA)S. The snitability of HI is jointly anolyzed
by Heal Wave Warning services, IMD, Ministry of Earth
Seciences, Govl of India '

The present study may form croclal reference input to this
endeavor. The sther empiricul and direct indices are devised
for temperate climates and often oot widely tested for Indie’s
tropical peminsular region, The conventional Thermo-Hygro-
metric Index (THI) endows extra weighinze o temperature
than humadity aod thas aoy not form a suieble option for
tropical monsoon mugey conditions, Wet Bulb Globe Tam-
perature {WEBGT) is primandy wsed (o evalunte occupational
leat stress. WBGT has severul versions. while the standard
version of WRGT for outdoor conditions requires an input
uf bluck globe temperature, for which long-term data is ool
aviilable for Indin, The WBGT indoor version provided by
Bernard and Pourmogham (([999) underestinuates tropi-
citl heat. The addition of 2-3 °C 1w the output obtained by
Lembe and Kjellstrom (20012) appears subjective not widely
accepted,

The present study attempis to analyze spatio-temporal
trends in heat Index for 41 selected urban weather siolions
of southern peninsulor Indio dunng summer (March to Moy )
ind monsoonfsouthwest monseon (SWHMM) sedson months
(June to Sepiember). Bused on the abselute change in HI
over the study period, citles were partitioned and grouped.
applying hierorehicul cluster anolysis lechmigues lo hssess
the spatial distribution of heat stress and identify regions of
differential heut stress over peninsular India (Fig. |} The
Sequential Mann Kendall (SQ-MEK) test was applied for
change point detection to determine the approximate period
of chunge n heat stress jrends,

2 Materials and methods
2.1 Dataobtained and study area

For the present stdy, daily dry bulb lemperature and rela-
tive homidity dati were obtained from the India Meleoro-
logical Department (10D} for the summer and monsoun
seascn months, The data was obtnined for well-distnbuted
41 wrban stations of southern peninsulor Indin for 47 years
(1964-2015). Southern peninsulor India experiences o
topical monsoon climate. The wet period is confined to the
monsoon senson (June t Sepriember) for o mujority of the
peninsulor region. while the southenstern region (Tamilnado
und Andhra Prodesh) experiences n wel season during the
northeast monsoon (MEM ) season (Oetober 10 December),
The central interior part of peninsular Indin receives mea-
zer minfall, thus being subjected o a gemi-arid ¢limate.
Summets are exceedingly hot over the hverior peninsular
region of Tndin. During the summer months, medn monthly
temperatures in the region hover amound 35 °C, with doily
mazima pccasionally twopping above H) °C. Towards the
southern tip, high temperature combined witl humidity nug-
ments suliriness, Over the coastal part, temperature bovers
aronnd 32 °C, but proximity to the sea feads to high humad-
iy, Transition months between summer and SWM season
Moy and June) are exceptionally stressful. During weeks
before the monsoon, o decrease in lemperatare i not much
prominent over the south nnd southeast region of the penin-
sula INEM region), while the instigation of high homadity
angments thermal discomfort. The SWM season over Indin
his its distinet essence. SWM gradually progresses indand
in stages. Though the monsoon burst gradually decreases
scorching summer temperatares by 56 °C, from mid-fuly
during 1ntermuttent breaks momonsoon, heat stress pogra-
vales due to sultriness: The SWMM senson 15 charaoenized by
warny tropical temperatures and frequent increase (decreaso)
af atmospheric moistare doe wowet und dry spells:

2.2 Temporal trend analysis

For temporal trend analysis Linear regression mode] (LEM)
wits Used. The teést has been widaly used for several clima-
tological studies to assess long-term tendency in climatic
parameters {De and Rao 2004 Dash et al. 2007} The mag-
nitude of the wend was pbtauned from the slope (value of
*b"1 of the regression line. The significance of trends was
checked with Swdent's ¢ test ot 93% confidence level
Besides the parametric tést. Mann Kendoll Rank (MEK)
unulysis wos used (o verify the results of temparul trends

with the application of a non-parametric test. Gadgil and
Dharde 1 2005); Zorenistannk et al, (20014) had used the test
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for significant temporal trend detection for meteorclogical
tinae series. Theil-Sen approoch (TSA ) was applied (o nssess
slope magnitude in time series doto ( 19609-2015). TSA = a
robust stutistical test compared to the lenst-sguares method
Pecanse of its relative insensitvity (o extreme values and
better perfornumee {or normally distriboted data (Hirseh
gl al. 1982), TEA is a nop-parametric method used w esti-
mate the magnitude of elimatological and hydrological time
series data {Zhoo et al. 2000; Chattopacdhyay and Edwards
2016 Antonopoulos et el 2000 ).
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2.3 Change-point detection

Spevers [ 1Y00) proposed a Sequentinl Mann—Kendall
(SO-ME) test. The method is used (o test an assumption
about the beginning of wend development within a sumple
(Partal and Kohya 2006}, The est determines an approx-
mmuate year for the inifation of & significant trend. [T two
series, progressive L) and regressive £7()1). converge and
then diverse beyond o specific threshold value, the trend 15
considered stmtisticndly significon. The pomt g which for-
ward and backword series converge determines the approxi-
mate yeur of the beginning of o movement. In the gruphical
represgntution of SO-ME, upper and lower confidence lim-
its are set ol +1.96 and — .96, respectively. The SOQ-MK
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test 1= for change point detection i several meteorological
and hydrological studies (Portab and Eohya 2006; Karpoazos
et ol 2010 Safurt 2012). Sneyers (1990) has explumed the
details of the test in the WMO technieal note.

2.4 Cluster analysis

Chister anabysis (CA) is o multiviriate statistical techoigque
psed lor combining amd segregating observations hased on
(hveir similarity and dissmmilarity (Gong and Richman 1995},
CA thus involves the groupings of similar entities or ohser
vations thot exhibit two properties external 1solation and
imternol cohesion (Cormack 197 1), Cluster anolysis imposes
o chorscteristic strocture on datn for explonilory purposes;
The hierurchical clustering nlzgorithny creates o nestod
sequence of partitions of the patterns from the dissimilarity
matrix und proceeds throwgh d series of elther suceessive
mergers o successive divisions (Gong and Richman 1995],
In the present paper, for hiemechical cluster anolysis Ward
miethend wis used by applying both the agelomerative sched-
le and proximity matris, The squared Evclidean distance
was wsied to measure dissimilarity {stmilurity) between ele-
ments of the cluster, Ward's approach does net successiully
combine the two most similar ebjects; instead, the procedure
chooses those whose merger decrenses overall within-cluster
varinnee to the slightest possible degree. Thus, sufficiently
equully sized clusters nnd dotaser results metude fewer oundi-
ers {Moon nnd Sarstedr 200 15, Ward's method usesun analy-
siv of varinnce approach to evaluate the distundes betwaen
clusters: Thus, this method minimizes the sum of squares of
any two clusters formed ul each step.

3 Results

3.1 Hierarchical cluster analysis and temporal
trends

In thie present study, daily heat index values were culeulated
for each of the 47 vows and sommarized inw monthly sver-
uges for summer (March to Mav) ond SWM senson months
(Tunie 1o September). The absolute chunge evaluated from
slope valoe 'b' of LEM and TSA for the summer and mon-
sopn months was given as an input for closter analvsis,
Wird's methodd of cluster analysis applied grouped 41 urban
stations in seven different clusters,

Cluster | comprises stations located in the northwest-
ern part of the study aren: The cluster includes six stations,
noamely Abmedobod, Indore, Owar, Bojkor, Bamagirn, and
Surat {Fig. 1). Thie absolute changein beat stress al these sti-
lions either shows o decraasing trend or a meager morease.
During the summer season in Muorch and April. dll stations

depicied n decreasing trend, However, n shght imnsignifi-
cant increase was noted in May ot Rajkot. Surat, and Ozar
iFig. 2). A significont decrease 10 heat siress was observed
wnly ut Ratnuzirl, which continued antil Awpust (Fig. 3).
During the monmsoon season (Fig. 3) sautstically significant
incregse was ohsarved in June a Rajkot, where the tem-
periture remains high os the monsoon reaches there lote,
exicept Hamagiet, which his o coastal location, All the cities
north of Ratnaggirt depict an increase in heat stress, However,
15 July beralds with monsoon roins, either decrease or un
insignificant slight increase in thermal stress was observed.
In August, Ahmedabad and Indore noted o substantial sig-
nificant increase (Fig, 3}, Following TS5A obsolute increase
over the study period of these stotions was 223 "Cand 2.9 °C,
respectively. A similor significant incrensing e nd sustoined
over Indore until the end of the monsoon senson,

Cluster 2 meludes cities located in the western part of
peninsular Indin. This cluster also extends southward anmnd
tward from the coast lowards semi-arid zones of penin-
sular India (Fig. 1}, Mumbai s o prominent metropolitan
wity that has developed in multitnde and sustains o subsian-
tial working urban populution. The city noted a positive
trend in heat stress during all summer and monsoon season
months (Figs. 2 & 3). An increase in heat stress was not
much prominent for March and April. but from Moy onwards
tll the end of the monsoon seakon significant rise in heat
sirgss wis observed os per the TSA test. During the sum-=
mier season ot Aurangabod, the city Iocated in the seni-arid
climute regime. un ahsolute inerouse in Moreh was 2 °C.
which elevated to more than 3 °C in April and reached ap
te 4 °C during Muy, During suceessive summer months. o
similar increasing pattern wis noticed at Kalaburagi, where
an increase of 4.5 °C was witnessed in May, the highest
absofute morease for this cluster during the summer seuson.
In Moy, most of the stations in this cluster denoted a sig-
nificant increase in heat stress (Fig. 2. In monsoon season
invariably, all the stations in this cluster reflected a nsing
trend m hear stress, porncularly cines within the semi-nrid
climatic rone. nomely Avmngabad. Solapur, Porbhont, and
Hydernbud. are vulnerable 1o heat stress pdversities, A sig-
nificunt increase of more than 2 °C was noticed in these cit-
tes during slmost ull monsoon months (Fig. 31 AL Mumbai
and Pune. which experience tropical wel and dry elimates,
the end months of the monsoon season portrayed o signifi-
canlincrease in thermal discomion, Cvemll, for this cluster,
month of Aupust was prone to significantly high heat stress,

Cluster 3 oomprises of oaly three citics having triangu-
lar positioning over the southeastern part of the study nres.
These cities nre: Bengolpru, Coddalore; pand Cuddapah
(Fig. 1). The Cluster does not show o noticeable increase:
in heat stress trends during the sumimer season. Only Cud-
dnlore registered b significant rise i March and Muay. How-
ever, the inerease in heat siress wis meager. This significant
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inereasing trend continued during monsoon season months
but remunined fuctuntosg oround | °C. Bengoluru. thoogh
depicted oo incrensing trend 1m0 thermn! stress, the absp-
lute rise wous well within | °C. Cuddapah represented 4
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stmumer seiwson munths during the petiod - 1969-2015 (HT vatwes are i

significant decrense 1n heal stress from April onwards snd
towirds the end months of (Abgust and September) mon=
SO0 SEa50.

The fourth cluster indludes cities situsted in the north-
eastern part of the study area, The stations in this cluster
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Fig. 3 Abwelute change in HI (obraimee) by linear regression midel ) for monsoon season months doring the perbod 1369-2005 (I vadues are in

depree celMiix)

lig in dry sub-humid (Ranchi, Ihoarsagudo, and Sambal-
pur) o monst sub-homid climatie (Kolkotw and Bhobane-
swar) pone (Roju et nl. 2003). From Figs. 2 ond 3.t can be
observed that the cluster depicts a murked merezse m hem
stress from May omwards until the end of the monsoon sea-
son. In contrust. Bhuldaneéswar ond Sumbolpor experienced

o stgnificant increose from April enwards 1l Seplember.
Absolute inorease a1 Bhubaneswar was consisiently above
2.3 °C and haghest m Muy (3.7 "C), while ur Snmbalpur;
summer heat stress hud mereased from 3,9 1w 4.2 °C during
April and May. respectively. In July, the marked absolute
imecroase in heat stress reschied up o £ °C (TSA ) Al Kolkatn,
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asignificant merense wis noticed from May onwards, whiie
A meager significant increasing trend was detected in March
and April. Ranchi and Jharsagoda do net depicl a notable
increase in heat stress during the summer season, Still. mon-
soon season months in these cities showed a significantly
high mecreasing trend in heat stress. The cities in this cluster
depict o notceable merense 10 hest siress during monsoon
senson months.

Cluster 5 combines almost all the smbons situnted over
the southern tip of peninsular India (Fig. 1). This cluster
registered the hishest significant increase in heat stress, par-
ticolarly in the monseon season. [t nelodes cities along the
wesl coast, namaely Panoji. Mongoelore, Cochin, Kozhikode,
and Thirmvananthapuram, which experience o tropical mon-
soon climate, These clties receive most of thelr rainfall dur
ing the SWM seuson (June to September), while other cities
within this cluster have tropical wet and dry climates: Chen-
nual. Madumat, Tirschirappalh Coimbatoere, and Salem. These
stations receive o majority of anmual rainfal] doning the NEM
spason (Seprember 0 December). Consequemly. thoogh
summer hgh temperoiures show o slight decrease from
June to Seplember. no interim veliel from SWM shiowers i3
experienced ul these cities and thus seldom provides relief
from thermal discomfiort conditions: Chennal ond Salem. o
metropolitan city dod a major industrial hub, suppor a lorge
working population. Botly of these locations depict a signifi-
cant increase in thermal stress during commencing months
of the summer seaxson. During April, a moderate incredse
was observed, while in May, already the hottest menth, an
abselute increase of about 3 °C was noticed at these two
cities (Fig. 4}, Maodurai plso depicted a significant increase
in heat stress during Moy (2.3 °C) Towchirapallic thoogh
consistenly wimnessed an increasing rend i heat stress, the
highest increase was observed in May (2.7 *C) During all
monscon season months, Madurad experienced o significant
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increase in heot stress. However, ut Salem and Coimbatore,
a4 minor inerease in monsoon season months was observed
compared to the summer season. Southwestern coastal cities
consistently depict whighly significant rise during ull three
months of the summer season (Fig. 2}, The highest imcrease
of more than 3.5 *C was noticed at Kozhikode, followed hy
Mungalore and Papagi (pbove 2 9C). The city of Thuyvanan-
thopurnm depicted o moderote b significant increose; less
than 2 °C (Fig. 4). Cochun was the ondy ciy, which remnined
thiermally comfortable during the summer season. bat during
the monsoon season. all the months depicted o significant
increase in heat stress (Fig, 31, Though Kozhikode experi-
enved the highest consideruble incrense in monsoon seison,
wnvariably, all the cities alluﬁg the southwest coastline experi-
enced i significant increase in thermal stress above 2 7°C. sel-
dom reaching 4 °C in mid monsoon months ( Fig. 4). Amune
cities along the southeast coast, Chennai has experienced
the highest increase in heat stress (above 3 °C). The highest
ghsolute increase was ohserved in July (4.3 *C). Overall,
cities i this cluster were Jughly vuineroble w the rise in
thermnl heat stress.

The cities wwards the northeast of cluster 3 sitdated
along the central part of tie sastern cosstline form ¢luster
6 (Fig. 11 These siations remoined comparatively ther-
mally comfortable over the study perind. The trend annly-
sis results do pot depict o significant mereise in the sum-
mer season except (op Machilipateam (more than 2 °C).
Thie highest increase in this cluster for both seasons was
also noticed at Machilipatnam in April (3.0 °C}. During
the monsoon season, Kokinada and Vishokhopatnam wit-
nessed n sianificant incrense i heat stress during Joly,
Except for Kokinoda, ot the other three stations, the end
months of the monsoon season showed o moderate but
stgnificant increase in heat stress (Fig. 3).
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The cines located i the northern central part of the study
mren, namely Nogpor. Bhopal Jabalpor, and Ambikapur, bad
comiorable commencement of the summer season. March
either registerdd a decrensing trend in heat stress or wslight
unnoticeable merease (Fig. 2). Bud, at Bhopal, April and
May depicted un ohsolute rise of more than 2 “C. Naspur, o
stolion near the tropie of cancer. had a consplonous incrense
in Muy (3.9 °C) while March and April showed a decreasing
irend and a slight meager inerease. A significont increas-
ing trend continued i both these cities during June, and
later, thermal discomfort increased significantly durning the
end of the monsoon season, At Ambakapur, July and August
showed a modest statistioally significant imcrense in heat
siress. This cluster of cites wos most thermolly comiore-
nble among all the clusters identfied during the onolysis.

3.2 Change-point detection

The SQ-MEK test was applied o detect the probable year
of initiation or prominent change pomnt in temporal irends,
The resull of the SQ-MEK test further elaborates temporal
palterns, v analysis identifies approximate years for com-
mencement of significant trends, The results of the SQ-ME
test are presented in Table 1.

In cluster |. no pronanent year of chunge was 1dents-
fied for the summer season. except ot Ratnogin significam
decrease during May initinted Lter in 1989 pnd surpassed
i negative significance Tevel in 1999, During monsoon sed-
son, o change point wos detecied at Rajkot and Ahmedobuad
in 1981 Jume and 1977 August, respectively. surpassing o
positive significance level in the lute 1990y, [n cluster 2,
cities that depicted a significant inerease in heal stress show
the commencement of the trend during the late 19905 in the
surmmer season (Tuble |}, Particularly at Aurangabad, & sig-
miftcant increasing trend matiated loger in 1995, This pattern
continued for the monsoon season. as the early 19905 marked
the heginmng of p substantial jmorease (Table 1) Thoogh
o significant increase i summer wis observed during the
19805, the month of May was an exception, with three fnrge
metropoliton cities, Mumboi. Pune. und Hydembad depicted
the early initintion of on increasing trend in the 19805, In
monsoon sexson during June, the early 1990s marked the
beginning of a significant increasing trend. [n Mumbai and
Parbhani, rising heat stress wis a recent phenomenon thal
commenced in 2009 and 2012, For July, the rising trend
in thermald stress was triggered recently in the cities within
this cluster (Table |5 End months of monsoon were pecu-
harly thermolly uncomforioble tor this cluster. Almost all
the cities depicied the imuaton of a significant trend in
the louter halves of the 1990=. Still. in certuin semi-ard cit-
les. b rise 1o bew stross wos nrecent phenomenon during
e August month. while in September. Mumbal and Pune
depicted lote commencement of heal stress trends (Toble 1.

A Coddolore, a city located i cluster 3, from Moy onwards
ull July beginning of o significant incrense, was idemified
recently, During the lote mensoon D0 and 071 series con=
varge und mok the commencement of o significant trend
in the late 19805, while in olher cities in this cluster [ate
1990s il the decade of 2000 morked the beginning of an
inereasimg trend,

In cluster 4, cities lgeated in the northeastern part of the
study area, during the summer season, a significant rise in
hizat stress was trigpered recently in the decade 2000 at Bhu-
baneswar. In May, cities in this cluster noticed the initiation
of the significant increasing trend in the mid-19490s. For
the monsoon season during June, & significunt increase in
heat stress was infited recently. In July, the chinge point
was identified at all the stnions. However, the oppriximate
pertod of significhnt incrensing trend differs. For Bhu-
baneswar and Ronchi (mid-20007, Kaolkoty ond Sambalpur
murked an nereose in the 1990y opwards, while ol Jhar-
saguca, early commencement of heal stress was observed
(1973),

Similarly, Sambalpur marked the early beginning
of increasing heal stress during Auvzost and September
(19861987 ). Cluster 5 is the lorgest group of cities situated
over the southern tip of peninsular India, Ameng the cil-
1ex over the southeastern coast of peninsular India, Chennoi
depicted on mereasing trend in the 1990s during the summer
months except for Moy, However, ot Salem. o significant
inerease in heat stress was trigeered during the late 1980s. Tn
wastern coastal cities, heat stress increased n the late 1990
exeept or Panajl. wherain an inerease in heal stress was u
recenl phenomenon (Toble L), Though n April. o positive
significance level ransversed recently ot western coastal sta-
tions, but in May, rising heal stress triggered much earlier
in the 1970s and 19805 i majority of the cuses. During
THOOECOT SEason, I most western coastal cities, increasing.
heat stress commenced in the late 19905 and early years
of 20041, ‘At Cochin: o moderate rise wis observed in ther-
mal stress, which invarobly imtnted in the decdde of 2000
duaring all monsoon months except September. In June, o
sionificant fse 10 thermal discéomfort was trigered recently
{or the cities located nlong the east coast. For the rest of the
monsoon months, heot stress invariably inliated o the 1990
i Table | ). The remaining cities of clustérs 6 and 7 SQ-MK
tesl identified significant frends in a few cltes, Machilli-
patnam marked un increasing trend o the lute 19905 wnd
surpassed a significant level in the early years of 2000 m the
summer season: For cluster © cities increase in heat stress
was o recent phenomencon in July and Aysust, However, 1o
September for oll the stations in this cluster, the lote 19905
marked the beginning of o significant mcreose {Table 1),
I eluster 7, during monsoon months, heal strese inoreaséd
in the late 19805 except ut Nagpur and Ambikapuar, where
initinl months noted un ineredse over recent decodes.
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Table1 Resolts of Sequentsl Munn Eendall (SO-ME) st depoting cluster wise gpproximate year of the change pount for ihe sglecied citges
during summier and monsoon sesson months

Caf i/ lunieTs Sumimed srasun Momscion seasin
Murch April Miy Tune July Augus| Septembar
Cluster: |
Ahmedabaid L5770
Tneiloire
Ching
Rajkot |us ], Lo
Ratnagiri faR, 1aat
Sunﬁ
Cluster 2
Auvrpngabed 19495, 1999 [ 1994 1954 R ) | s 1595 19493
Belagayi 1992, 2000 1995
Hyderahad (999 1584, 2001 1y ke 1422, 240 153, 20600
Mumbai 80 2009 L 20085
Pome FOTE. 9] A 2005
Solapur | D05 2000 | s 190 2002
Kalhuraai 196 2 2K b 195 aon3
Kuornod] 1957 LS
Parhibui 2012 20k Iwsd 10%6
Cluster 3
Bengalury | e, 2005 1457, 3018
Cuddulore 2w 20008 20l | i 14ad
Cuddipi 2000 1997
Chaster 4
Bhubpneswar N0 20 20010 2115 2000)
Bolknta 15 19595, 2002 197 TH5E 2014
Runch: 2011 003 1593 2010
Tharsuguida [ St |975 907 20
Sambaipur |993, 1997 |97 | gty |9EG 1987
‘Cluster 5
Chenmai IR (&7, 281 | 20006 2005 J |t 2008
Cochin 20 il LI 1547
Joezhikioe fal7 RLET R 1493y 2008y |99 ]
Mgl 2y Ll 1996 K3 bk
Mangulove ] 1989, 3013 17T 1990 | a7 02 | a5 19H)
Panaygs i1 2002 1940 2033 | L L
Thiruvananthaguram 17 1974, 213 Loy, 2000 2005 2 Ty [992
Tuncturappalli ] 1494 Jhrad 2002 1958 19935
Copumbalore 1995 1998 2
Salem 98K 19T, 1987 1987 | GG, 2000 1997 1940, 1993
Cluster &
Kakinmld 4%, M0k
Visakhupainam Jon2 Laas, 2001
Machilipatnam Laag 19ga_ N3 1965, 2001 w4 | 995
Jawilalpr 20 2010 | Bk, 1605
Chusler 7
Ngpur 2106 204 |ug | 98
Bhepal 202 20] Y L
Jabolpir
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Table 1 (ciontinued)
Cittes/vlaslers SO =410 Munsoan seisom
Adisrch Apral Muy Jumna July Aigust Seplemher
Ambakapur o 1986, 1995

Similarly, in summer gt Bhopul. dsing heat slress com-
menced over récent decadey. Most cities in the |ast fwo clos-
lers div not depivt a consistent perind of significant change
im hewt stress wrends. St in a few prominent cities, the
approximate peciod of tronsition was identifed.

4 Discussion

The hierarchical cluster unalysis technique opplied to the
manthly magnitude of trends has proved helplul in imposing
a chorncteristic spatial structure by partitioning and groug-
ing the cities within variows clusters for distinctly 1dentfy-
ing areas of variahle trends in heat stress in selected cities,
Accordingly, cities in cluster 4 locuted in the northeustern
part of the study area and cluster 5 embracing cities situ-
ated over the southern tip of peninsular [ndia depicted a
marked sygnificant increase in heat stress, particulariy durmg
momsoon season months, Most of the southeastern cities in
cluster 5 recerve most rmnfoal| during NEM, while SWM
provides seanty ruinfall with prolonged intermittent breaks.
Besides these two clusters. specific cluster 2 cities experi-
encing semi-orid climatic conditions are highly susceptible
tor barilding heat stress from Moy omwards mntil the end of the
micasonn season. Spatio-temporal trends draw attention o
steadily intensifying heat siress conditions over developing
urban centers of India towards the culmination of the mon-
soon seasen, Increasing patterns were vorable i mognitude;
cities of the southern and northeastern parts of the study anea
pre highly vulnerable with n consistent increase above 2 °C
and seldom nse of more than 4 *C. In contrast, the mag-
mimde of gsignificant increase in the resoof the cites was
compiaratively modest. The towns located in northwestern
icluster 1), north-central (eluster 7), and southegstern coust
(cluster 6) do not depict a notewoerthy incréasing trend i
heal stress. The esull of change-point detection describes
(hat the rising trend in leat stress s a recenl phenomenon al
kst stations and initiated in o decade of the 1990s or during
the early decade of 2000, Incidences of early initiation in
heat stress (the $980s) were peculior to May ond a few cities
towards the end month of mensoon {Septembery. Analysis
prcertnins that the month of Avgust s highly valnerabie to
building hear siress. the maajorny of cines depict nsigniiican
increase i this month, while in terms of the mognitode of
the rise: both Moy and August were highly susceptible to
rising thermul discomion,

5 Conclusion

The present study infers that most of the prominent cities
of southern [ndia and the northesstern part of the stody
uren depict increosing heat index trends durisg the sumimer
and monsoon season monthy. These regions reprosented by
clusters 4 ond 5 comprise leading metropolitan cities sos-
tuining considerably luwge populations like Kolkatn (elus-
ter 4} and Chennol (¢laster 533 11 15 crucial to onote thal.
irrespective of cluster adherence. most of the emerging
urhban centers were experiencing a significant increase in
heat stress during the study period, In these thriving urbun
centers, imely appraisal of increasing thermal discom fors
can be resolved through appropriate urban planning for
developing nmely resilience to rising heat stress. It con be
inferred that for the study period considered, hent stress
conditions get worse 10 the trapsition period of summer
and monsoon season and during the retreating mionsoosn
phase vver most paris of Indin. The chonge point detec-
tion marked the 1990s and 2000 for significant initiotion
af soaring heat stress. The heat index provides vulner-
ability mapping for the region concerned. However, it was
pbserved thal the heal index shows a marked increase in
certnin eoastul cities due 1o high humidity, namely Mangi-
lore: Pamaji, Thiruvananthapuram. and Kozhikede oo the
western coast, and Kolkata, Machilipatnom. and Madurai
in the east. This was observed o be g signuficant short-
coming of HL, that it inflates heat stress values for coastod
uress. Thus, HI might bave oversiated heot stress condi-
tioms in the case of the above cities. The additon of ambi-
ent wind conditions to the H1 as an input component may
provide better results, particulorly for constal locations.
Another major shorteoming of HIL which forms an essen-
tinl determinant {or the tropics, is radistive feat which has
not been given due consideration in HI formuolation. The
rodiative companent can be incorporuted by the input of
bluck globe temperature for which long-term daily records
are not available. An ambient object's radiation and heat
emission are duly represented by mean rodiant iemperature
i Trart). However, HI ignores this component. Thresholds
for HI need 1o be reformulated for tropical regions:os pre-
sent thresholds ure a mere ndaptation used in temperate
regions. Hence it has been almest essential to develop and
set the threshold regionally, which demands an extensive
regiom-specific meso, even microscale approach. While
cﬁ:pﬁiuully- tested and widely used heat stress indices, like
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“heat index”, provides o requisite alert for heat stress vul-
persbility mppping for regions with distinet ¢limaic and
geographical conditions. The impoct of climate vorphil-
ity on human health cannot be ignored. Developing heat
stress over recent years is o condern as it has Gn adverse
impact on human health. sceoputiona] productive capacity,
and growing cooling energy demund. The rise in human
thermal discomion is a clamant issue, and inereasing heat
stress must be deall with regional mitigation strategies.
Peveloping an indigenous thermal discomfort index for
the tropical climate of India and its peculiar socio-eco-
nemic conditions is esseatial, The present study is 2 mod-
esi attempt 1o depict the increasing vilneratlity of India's
vrbno population and demaonds the urgency for dealing
with heat stress adversities

Acknowledgements The reseerch is funded by the Comeil of Seien-

1ifie anl leelusteial Repearclh (CSIR ), New Delhe, India, The suthors

abse express thedr oralitede towards the anonymous reviewsrs for thelr
sugpestions, which hetped to improve this menuscripl's qrality.

Data availability The datascts generated during amd/or salyied dur-
i the currem stidy are available trom the corresponding suihor on
regsanable reouest

References

Anderson G, Bell ML Peng BRI (201 3) Mothods o coloulate th ke
indes. 4y an exposue metrie in envinonmental hegith research.
Envimn Health Perspect E200100: 111 1-1119

Anfopopoulos V2L Papamichuil DMV, Mitsion KA {2001 ) Statistical ad
tremsd dmalvais of wiler quality end quanticy dida for the Strymon
River in Greeee. Hydrol Earth Syst Set 564):679-69]

Arnfeld Ia (20030 Two decades of orban clinute reselrch: @ roview
of wrbulenre, exchanges of energy aml water, and 1 he urban beat
dskaml. m ) Chimatol 230 1y =26, lipsetdonore/ L0002 0c. 859

Bates BC, Kandzewice ZW, Wi 5. Palulikof JP (eds) (2008) Clinmte
whunge amd witer Technical Paper of be Innttgovernmental Pang
wun Chimate Change (IPCC) Secredarial. Genevi, 210

Bernand TE. Poormoghani M (1999 Prediction of workplace wet bulb
eloshal lemperature, Appl Oceup Enviran Hyg 840026134 bips
diod oot/ 1O LOSIN 04732799303 306

Chattopedhyay 5. Edwards DR (2016) Long-term trend anatysis of
previpititon sl dr lempensiure or Kentucky, United States
Chimate 40100115 itps i ong/ 10 3390/cli40 10010

Cormack RM (1971 A review of classification. T-R Sinl Soc
3443 321-367

Drad A (20060 Recent climatology, variability. and trends in global
surface homidity. 3 Clim | 9: 3582360, psdoi o 30 173/
ICLEAR6.

Dok S Jenumani R Kale: SR Panda SEC2007) Some evidenca al
climule chumge in twenlieth-cenhery Indiz, Clim Change 85299
320, epsffdot om0, | Q7S FOSRL-00T-205-4

Die U5, Ran GSP (20404 ) Urban climate tremds—the Indian seenario. J
Trecian Geophvs Unjon B{3):199-203

B U5, Dube RE Rau GSP (2003) Exmreme weather events over Indba
in thie lust 100 yewrs. §Indian Geophys Usion 9030 (73187

ﬂ S]:rn':ns-u:

Dilfenbaugh NS, FalIE, Giorgi F, Gao X (007) Heal stress intensifics-
L fek the Medilermanean climate change hivspol, Geaphiys Res
Lt 34 1, Bttps oo 0 | 0220070030000

Dromme JP, Stoutfer R, fobn 16 (2013) Beductions in labor capuciry
frowme Bt saress nder elimule warming . Nat Clim Chang 304500
4 hups:Hdoi om0 1038 achmale FR2T

Ciadpal A, Dibuwde A (20057 Temperatmre trends in reentieth-century
il Pane, tndin, Atmcs Environ 3% 35 06330-R336, huips: il o)
L0, V0 ey Ak mos Envirom, 2005, 07 032

Cilazer JL 2005 ) Mana gemen! of healstoke and heat exhauston, Am
Fiim Physlcian 71001 021332142

Gionpg X, Rachmun MB (19933 On the application of clister snilysis o
SIowWing seisin precipitation datwin North Amenes east ol the
Rockies. I Clim #:807-93]

Ciosling SN, Lowe JA, McGregor GR. Pelling M. Malumod BT {2009
Assucintions hetween elevated stmuspherse emperdture aml
b mortality: eriteal review of the Bierabme. Clim Chunge
93341209341

Hirdan SL, Chowell G. Yung S, Petitts DB Buther EIM. Ruddell BL
Reuidilell B8 (20041 Heat-related deaths in bs cilies dstmiled
of humun tolermnce o high-temperatire thresholds: Tni I Boviron
Res Puhlic Health | 1330433306, hitpscddod o 133800
h1 10303304

Hinoka YE, Linn I, Pereira RT. Corteit X Coi GE. Insarov RO Losen
E Lindgren, Surjan A (20047 Asia e Climste Chunge 2084
tmpacts adaptatien, and valmershility. Part B: Regonil aspects,
Contriburion of Workeng Groop o the Fifth Assessment Repor
of e fmergrvernmental Pinel on Climeate Change |Barros VR,
Field CR. D Dokken. MO Mastrindred. K1 Much, TE Hilie, M
Chutleries, KL Ehi. YO Estroda, RC Genovi, B-Girm. ES Kissel,
AN Levy, § MacCrscken, PR Mustrandres, and L1 White deds 1],
Cambridge University Press, Cambridge, United Kingdom sad
New York, NY, USA: 13271370

Hirscl RM. Slack TR, Smith A (1982 Techniguees ol mend analysis
lor munibly water goulity dats. Wiler Resour Res [8:107-121.
hittps:Aidod crg/ 10, LOZYWR 80010107

[PCC (2012 Manazing (he sk ol extreme events sl disaslers i
pidvanee climate chenge mlaptution In: Feld CH, Barms V,
Stocker TE. Qin 1, Dokken DT Ehi K1 Mastrandrea MDD, Mach
I, Plattner GR. Allen SK. Tignor ML Midgley PM (eds) A spe-
einl report of Working Geonps T and 11 of the Inlergovernmental
Pancd on Clomiale Change. Cemtbridpe University Press: Cam-
bridze. paR2

Themnacho 20048 Can the LS Natimal Weather Service heat indes
subststuie for Wel Bulh Globe Temperuture for beal siress expo-
st dasessment” Graduae thesis and dissertalbon. The Univer-
silv ol South Florsda. hitpfscholpeommons. sl ednfell/ 5244
Accessed 16 Aug 2017

[PCC (20 3y Summary for pelicymakers. e Climate Clange 2013
The Phisical Sciente Basis. Conlotmilon of Warking Groop |
1o the Filth Assessment Report of the Inleroovernmental Panet
oy Chmate Chunpe |[Stocker TF, Qin D, Plattuer GK, Tignor M.
Allén SK. Boschmng 1. Mutels A, Xia Y. Hex V. Midgley M
feds)] Cambridge University Press, Cambridge, United Kingdom
ind New York, NY. UsA

Taswal AK. Pudmbkuman B, Kumar M, Kane PA (20177 Increasing
trend in temperature and moistare induced beat imdex, and its offect
o iumue heabh o climate change seemario over the Tndian sk-
contimenl. J Clim Change 3:11-2

Karpouzos DE. Kavalieraton 8. Bebajimopeulos C (20000 Trend anaty-
sis 0f precipitation ditd in Piecia Begion (Grece). Eur Water
RIS B

Kjellstrom T, Holmer 1 Lembo B (2009 Workplace heat siress, health
il product vity-an Inerewsng chullenge for low and nnddle-
tneome countries durtng climmte chunge, Glob Health Action
2 h-a. hirpsfdoior/ 10,3402 phe v 2i0, 2047



Vulnerability of tropical Indian cities to augmenting heat stress during summier and mensoon, ..

Page130f13 61

kleerekoper L Vin Esch M. Saicedo TB (20125 How to nike g city
climute-proal. addressing 1he trban heal island effect. Resour
Consery Recyel 64:30-38. htips:/fdoiarg! |0, 7006/ resconres
200 106,004

Kaovats S Akbtar B 2008 Clamuate. chimate change, amd buman kealth
in Asian cities. Envirpn Urban 20000 [63-1 75 ps:ddo oro/ 10,
[ 1775624 TROMIBY LS4

Lemke B. Kjellsteom T(2012) Calduluting workplace WBGT from
metenroligicn! ditn: a ool for ¢limate change assessmont. ind
Health S0:267-27H, hirps:/doi.org/ 10248 hfAndhealth MS | 352

Muloney SK, Forbes CF (20011 ) Wil effect will a fow degrees of cfi-
mite chungs have on homan beal balance? Tmplications for homen
activily: [nt ) Biemeteorol 357 047-160, https fidonorgsd L0, 10057
SN0 I-0320.6

Micheborzi P, Accetti G, Die Sario Mo DV Ippotitl D, Murino C, Bac-
cime M. Bigzen A, Anderson HE, Katsouyanm K. Ballester F,
Bisanti L. Cadum E, Forsberg B, Fotustiere F, Goodman PG,
Hajs AL Kirchmiaser 1, Meding 5. Paldy A Schimdler ©, Sunver
1, Peruces €4 (200% Hagh temperatores and hospitalizations for
cardiovascular and respierlory comses in 12 Errapean cities, An
Respir Cri Cure Med [ 79:383-389, hitpaidod orgf [T 16ddcem
2ORE02-2 TR

Muhun M, Gupie A, Bhati 8 (2004) A maodified approach 1o analyre
thermal comion classification. Almos ChHm Sc14:7-19

Moo E. Sarstedt M (20011 A concise puaide 1o market
resgarch, Springer-Verlmg. Berlin, bitps ddoorgd L. Lo0T
TH-3642-12540-6_9

Par DS, Nur 54, Remonathan AN (20135 Long-term climitology
trenids of heat waves over Indsa doring e recent S0 vears (196] -
200100, Muusam fbid pERF-604

Prrmal T, Kahys E (20006} Trend anabyses i Torkish precapitaiaon data,
Hydml Process 200201 1-2026

Rajit MA, Morora ME, Seimi 5. Ankur AK. Rahovan MW (20010
Incrense of heat mdex gver Bangledesh: Inmpact of elimate change.
World Acal S¢i Technol 58: 402405

Rajn BME, B0 K. Venkiteswario B, Rao AVMS. Rama Rao CAL
Rap YUM. Bapuyp Hao B, Rayl Komar N, Dhakar | Swapna
N, Latha P U203 Revisiting climilie classthoation in Imbia a
distrect-level gnutysis. Core Sci 1034492405

Rotinson P 206N ) Om the detiniton of a heatwave. J Appl Meteorol
4 TRI-TIS

Rohini P Raeesan M. Srivastava AR (200 6) On the variahility ond
increasing trends of heat waves over [ndia, St Rep 626133
bitps st o/ 10, 1038 smep26 153

Rothfuse LF (1990 The beal index cqumilaon (07, more Hian yon evier
wanted to krow ahout heal index ), Techmcal Attechment SRISSD

90123 Ntionu] wealher Service Office §. Reg Hesdquarters, Forth
Wrth

Sufure B (2012) Trend analysis of the mean mnnual lemperitiuge in
Rwundi during the Last (ifry-two vedrs, 1 Environ Protection
3538551

Smover KE; Ruinhum DGO, Hewko TN (20000 Hest-stress-relted mor-
Lality in five clties i Southern Ontaro | 980-19%, Inl | Biom—
cleorol 44 190 |57

Sneyers 5 (19900 On the stalisticnl analysis of series of ohservalions.
Technical note e 143 WHO No, 723 415 Seorelaniat of the
World Meteomologieal Orgariceation Geneva 192

Steadmun RG {1979) The sssessment of sullriness. Part [- a femper-
itre-humidity indes based o bomen physiology amd clothing
smence | Appl Moleorol [5:856]1-173

Stoadmun RG {1964 A universal scale of appardat temperatioe: T Clim
Appl Meteoml 23 1674|687

Treaberth KE, Fasullo J, Smith L (20053 Trends amd variability in col-
mmn-integ rated atmesphesic waler vapor, Clam Dyn 24.74] =738,
bt commd 10, QDT SO0 E2- M50 T4

Uliger J (4994 Compirisons of urhan and meal biochmatological eon-
ditions in the case of & contrl-BEuropewn cay. Int 1 Bometeoral
43 130 L4 Brps e ebod a1, 100 T 0040 G301 20

Willett KM, Janes PD. Gillett NP. Thorne PW (20081 Recent changes
in sorfece Bemidity: development of the HedCRUH dataser J
Climy 21:3364-3383, htgpautdod ora/ 1 |1 7320080112374 |

Fichidd M, Ranul G (20125 Rise in simmer heat index over Pakistan,
Pekcistan J Meteorod 6f L2859

Funder KK, Bulzen W, Oppermann £ Kjellstrom T, Garnett ST
{2075) Heal sleess cumses sabstintial bor prvductivity loss in
Ausirnbia. Nat Chim Chung 507167651

Furenistinak M. Dhonle AG, Kripalini RH (2004 Tremd analysis
anil ehange point detéction of snmal and seasonal precipita-
ficin and lempernlone series over sinthwest I, J Earth Sys S
123{25 281 -2

Zhue G, Hormunn G, Fehrer N, Zheng 2. Zhal 120000 Streamiow
trenids and chimule varinbility impacts'in Povang leke basin,
Charat, Watter Resonr hanag 24068906, higpsdsdon oagd 10, 1 E7
s12600000465.7

Publisher's Mote Sprenger Naoe remmns nettral with regand (o
jurtidectional clmms in published maps and istitionsd sfiiliaions

&) Springer



MALISAM, 72, 4 [(Cutoher 20010}, 915-934

551.524 : 551.584.5 (540

Evolution of Heat Index (HI) and Physiological Equivalent Temperature (PET)
Index at Mumbai and Pune Cities, India

MANASI DESAL ASHISH NAVALE® and AMIT i, DHORDE®
Depariment of Geography, Symbilosis College of Arts and Commerce, Pune —411 004, India
*Department of Geography, Savitribal Phule Pune University, Pune—<411 007, India
{Received 27 Seprember 2009, Accepted 23 August 2021}

¢ mail : amitdhorde@unipune.ac.in

AN — TR FUIOA A, WREESD ¥R SOO0 fi sEew (TaEE) T FEend T Hgee
Fufie s wAeE & Hdod & @ 1960 § 2915 T 47 oW F a0 F We oo mEt, qo
o Amg W v ol T AvEE S WER F AR N TH FOEEE S e e e
Ciet O e = A e R G e M 2 R il 2o O 1= B L e T e O L1
e S T T S ) R | B e o ﬁnwmﬂuﬁmﬁﬁmmmmm
m#wm?ﬁ:w‘ﬂﬁﬂmﬁmﬁﬁmﬁﬂ:nﬁﬁ#‘ﬁmmﬁ$mﬁ—mﬁ
% &5 ¥ = a9, Feae ¥ AR & A A & dtw, Sen w9 # Aot aed
wefewal & |, ZF0 MR A e amieur i @ o #1 BT S9N ¥ AR S HET
F A W Sl B R anEs ggae i Sffsre s w3 A F S o A
FAEE S I8, FWiE, AWES A, T & F4m St mEae FA Y FEie meE 7 e }ﬂT'a§H
Fiw' F gr, gw N 99 A Wi § Foe A g g 81 W0 gEem § FqeR i A 0 A
‘woEp’ W WA A ¥ o@ewt # B swieta S e, o AEs A, CTw S
A ﬁﬁlﬂﬂmﬁﬁﬂamﬁmmnmmﬂmﬁa:m#m&aﬂﬁm
mmﬁ#m#mm#ﬁvﬁ@ﬁmmmhﬂ#ﬁwﬁ. 2|3 = e e

T, Wioeidn gE1 S0 A & #E TN 99 A, TAAd 50 aeeew g g Wl
# FEEE gi @1 vgles & v TS9N & §E4 1 WIS & A g9 £ T AR aET gad e
#mﬂﬂﬂfﬁﬁ&hﬁ.’ﬁﬁﬁﬂ:mwuﬁﬁmﬁmh

ABSTRACT. I the present study, tremds in hear sress during summe amd moensoon season monzhs ware assegse)]
for rwo cities, Pome and Mumbial, for the geriod of 47 vears from 19649 (02015 with the application of empincally dedved
Haat Indey (HI) amsd rional hest balance based Physinlpgical Enoivelent Temperamre (PET) ndew. A swpwise multpte
regression analysis was applied to desermine . contmiieing meteomilegital pammetsrs Tesponsible. for changes in heat
itress incidences. The study roveals o Considerable increase in beat stress during the summer monts Gver Mumbsal
compered 1o Pume city, Simiturdy, dunng the ond months of monsoon season, dermal discomion conditions aggmvie
over Both thid cities, with saiisstically significani msing seods. The eomal el ication, i categonzation of deermalbly
rhiscemiortalle days during the stedy period In accordance with the Hen Index wore moderace, They remdined consisten
tr Pume dariing zurmmies, bewever; (6 manseon, el smess incidenoes were mmger, Wiile o Mombal days with 'High'
cand Wery Hich,' heat stress have imcreased townrds recent vemrs Categoenization according o PET fndex degied
conzpiruos presence of Sieong and 'Extreme hes stross’ a0 PFone, while a1 Mumbal, "Waim' snd Hat' days porbgyeda
aligh incremse, The sssewsment of meteorological parmmetens dopicted i Doressed homidity and {9mpeTatie: wers b
rrain coneer fop dee e in Bheat stress over Miomshal . n conirast, meE radian pmpersure, ambient air empers
with restricted wind spord feading 1o high semible kear may be responsibie for the: sigaiticent increasing tend in PET.
Tae wtudy infers thig bl the cities are vabnerible o escalang. el stesy and may have adverss impHcations o e
hevalth of ciry dawel Lo,

Key words — Heat  lodex, Physinbogical Equivalent Tempermure, Themal discomforr, Temgoral  mends,

Muombal, Pune.
1. Imivoduction Hemisphere (IPCC, 20145). On  pglobal scale, baoth
frequency and magnitude of warmm daily tfemperature
The pericd from 1983 to 2012 was the warmest extremes have increased with an apparent decredse 1n cold
0year period of the last 1400 years for the Northem extremes. Similarly, the length of warm spells or hea
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waves has Increased since the middle of the 20" CEntlry,
According to [PCC's Fifth Assessment Report: for South
Asta (IPCC, 2014h), the nomber of warm days and nights
bave increased since 1950 in Asia, and the hearwave
frequency has increased since the middie of the 20"
century In farge part of Asia In India, several studies
reported temperatnre variablllty during the last cemtory
(Pal of @l., 2004; De ¢ al., 2005, Kothawale and Rupa
Kumar 2005; Rao et af,, 2004; Kothawale of al, 2010; Pai
etal,, 2013; Taswal et al., 2015). It was observed that all
Inin mean annual temperature has increased in pecent
decades  (1971-2003), thus deneting  sobstantial
acceleration o the warming trend (Kothawale and Rupa
Kumar, 2005), Pai et al. (2004) studied the increase in
frequency, persistency, amd spatial coverage of high-
frequency temperature extreme events like heal waves.

Rohini o al. (2016} sipnify that exireme
temperateres during summers reduce latent heat transfer o
the atmosphere and increase sensible heast  transfer
inducing positive feedback and thus enhancing surface
warming, In aggregate, hot weather extremes - and
recurring heatwaves lead o severe societal hazards and
have distinet adverse implications on human health and
comiont (Kothawale et al,, 2010), The cbservations made
by Kothawale et al. (2010) for well spread 40 stations af
India showed that heatwave Incidences are more frequent
in May than June, while they are relatively sparse o
March and Aprii. Forther, spatial analysis shows that over
the western coastal region and interior peninsular region,
there |s 5 significant increasing trend in boi days.
Simultanecusly  frequency of cold days depicted a
significant decreasing trend. Kothawale of ol (2018)
revealed that wrbanization has a wvital role in rising
temiperatures in major cities during the recent period
(18971-2013). The study further noted a significant
imerease in annual mean temperature alter 1985, De ef al.
(2005) observed that the diornal range of temperature has
decreased due o wbanization, which fails (o newtralize
high day-lime temperatures doring beat epochs leading (o
human discomforl. Changes In climatic  conditons
towards successive warming have implications on luman
health In numerous ways, One of the crucial impacts is in
terms of thermal adjustriient and sdaptability to changing
climatic conditions,

The cities are characterized by a peculiar wrban
micepclimatic condition: that outwardly aupments heat
stress risk than thelr rural counterparts. Thos, Imespective
of global climate change, citles alter their climate
pertaining 1o impervious  surfaces.  In mictoclimate
modified by urban landscape (Arnfield, 2003), atemated
meteorological parameters have higher implications on
human thermal comfort (Unger, 1999), Although the
agdvent of whanization and industrisllzation led (o

comfortable urhan lving conditions; cities create unlgue
micmiclimatic comditions leading to Esues of homan
adjustment. The rapid growth of mdusirializaton and
mirease in synmthetic materials has led o rise o the
termperature of wrban reglons (Memon et al, 2008),
Highet atmospheric and surface temperatures in urban
areas than [n the surrounding roral areas are termedthe
urban heat island (UHI) effect (Voogt and Oke, 2003).
Urban beat island s characterized by the large exponse of
impervions materials, which has a consequent increase in
sensible heat flux (Oke, 1982; Owen cf of., 1998), The
UHI etfect intensifies due to anthropogentc heat generated
by trafflc, mdustry, and congested baoilding structores,
which tends to affect energy exchange and conductivity
levels (Yuoan and Baver, 2007).

Moreaver, the urban areas have sparse vegetation
due to its tvpical land use, exacerbated further by solar
radiation stored In urban areas due o massive construction
material (Memon of ol., 2008). A human being 18 exposed
to Tis surrodnding  thermal  environment directly ol
indirectly.  Climate  ond  weather  conditions  are
determinants of environmental heat  siress, affecting
etficiency. and productivity and may even  threaten
survival (Epstein and Moran, 2006). Very high or shallow
temperabures induce the experience of thermal discomfort
as human beings need to mainmain thermo homeosiasis
equilibrivm, that 15 care body temperature needs o be
regulated around 37 °C (Auliciems and Szokolav, 2007),
The inleraction between surrounding thermal environment
with the human metabolic processes leads o continuoes
exchange of bodily heat through conduction, convection,
and mainly. through perspiration; this helps to preserve
body core and skin remperature within susfainable limits.
American Society. of Heating, Refrigerating and Adr-
Condltioning Engineers {(ASHRAE) defines; “Thermal
Comfart as the state of mind, which expresses satsfaction
with the thermal environment {ASHRAE, 2004)'. The
definition emphasizes on subjectivity of thermal sen=sation
omigue o every human being, however, (o provide
generalized  effert of thermal  sepsation on human
population several outdeor thermal indices have been
devised The outdoor thermal discomfort indices are
broadly categorized as thermal stress model based indieces,
which study effect of excessive heat on human bady in
relation o meteorological parameters, while other group
comprises of more comprehensive heat bodget model of
buman biometeorology, which akes into account all the
mechanisms of heat exchange (Tahbaz and Behesht,
2000, In mopical bot and homid climate, combined effect
of high temperature and sudden increase in moisture with
arrival of monsoon, towards culmination of somomer
sedson  increases  sultriness o ambient environment
Warming over several decades has heen linked to
alteration in the large-scale hydrological cycle such as
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Increase in atmospherlc water vapor content in certaln
areas with simubtaneous decrease in others (Bates o al.,
2008). Thus, besides temperatore, humidity contributes (o
the leeling of sultriness and essential elememt o be
considered while assessing thermal stress. The population
of South Asia is highly sulnershle o heat related
mortallty, risk forther magnifies due w high rate of
drbamiziation and lack of efficient adaptation stralegies
(Hijioka er al, 2014), Hear swess index  alfows
cuantitative assessment of thermal stress and osed o
cetermine limit of thermal exposure. The Heat Index (HI)
adopted by NOAA s one such index that Includes
temperatiure and humidity component, and therefore, is
advised for asséssment of sulttiness emblematic during
summer and monsoon months 0 troplcal warm climate at
the cities of peninsular Iodla. The heat index is a4
refinement of o result obtained by multiple regression
analysis carried out by Lans P, Rothfuse and described in
a 1990 MNational Wealher Service-National Oceanic and
Atmosphedc  Administration  {NWS-NOAA), United
Siates of America (USA) (Rothfosz, 1990). In the present
study, HI is osed by applving necessary adjustments as
described by NOAA-NWS (2004). H1 is one of the most
popular indices for envirenmental health research as a
measure of thermal comtfort. It is used for studies related
to putdoor temperature exposures and development of
synoptic scale hedt warning systems (Anderson ef al.,
2013). Though the index was devised In USA and bad
been used Lo evaluate thermal stress conditions lor USA
{ Robinson, 2000; Glazer, 2005) | has been widely applisd
worldwide (Michelozzi et ol,, 2009; Diffenbaugh ot al.,
2007). Zahld and Rasul {2012) wsed HI for identifving
regions in Pukistan wvulperable 1o heat stroke during
simmer season. Therefore HI had been applied earlier io
assess heat stress conditions in Indian subcontinent region.
For India Mohan et al, (2014) with the application of HI,
studied thermaol comfort conditions of five metropalitan
citles and provided relative ranking of the cities on the
basis of thermal comfort experienced in each af the five
cities. Rajib ef al. (2001) wsed beat index for assessing
impact of climate change on humom thermal combort, he
advocated  applicabillty of HI for the areas having
temperatire of more than 26 °C and relative humidity
usually above 39%. Jaswal et al. (2017) applied HI for
asgessing long-term behaviour of heat stress caused by
increasing  temperature  and  moisture over  Indian
subcontinent for @ vast spatiel coverage by acquiring data
bor 2823 meteorological stations over the period from 1951
to 20110k The HI Index has been recently chosen by India
Meteoralogical Department (IMD) |ointly with National
Disaster Management Authodty (NDMA) on experimend-tal
basks for issuing heat wave warning to avaid homan {atallties,

However, the complete assessment of ouwdoar
thermal bloclimate considering environmental and liemman

physiological characteristics is possible anly  through
rational Indices. The ratinnal indices are based on human
heat  balance and  thws provide  comprebensive
mnderstanding of thermal stress (Epstein and Maoran, 2006;
Blazejezyk ef al., 2012), The Inherent complex nature of
urban areas creates mnique microclimate conditions. The
urban  peometry, urban morphological characteristics,
streel orientation and positioning of bulldings as well as
urban materials attenuates metecrological  parameters
(Ahmed, 2003; Steeneveld et al., 2011; Goggins er ol
2012 Alvarer, 2013; Amitham et al, 20014 Lindberg
et al., 2016). Overall high temperature, higher radiation
due to high emissivity of urban structures, slower wind
speed as a result of high-rise buildings, modified hnmidity
quirtient as well as artificial combustion heat are some af
the prime effects of arban form on meteorological
parameters (Jones ¢t al., 1999; Stone and Rodgers, 2001
Matzarokis ¢ al., 2000), However, there are several
difficulties  Ipvolved in using rational approach  of
eviluating thermal bioclimate. The initlal ntricacy arlses
due to complicated calculation of these indices Invelving
several imput elements, soch impediments are resolved by
progress in computing techniques corresponding o human
energy  balance assessment requited  for determining
thermal bicclimate by analytlcal (rational) appreach
{Happe, 1999}, The Physiological Eguivalent Temperature
{FET) is one such raticnal index that |s most widely
applied for several climatic condltions as well as serving
varied practical thermal bioclimotic assessmenl needs
{Matzamskis of al., 2010), PET hos on added advantage
because it |s obtained in the widely lmown onit, degree
Celsins, which makes It easier to comprehend for urban
and regional planners {(Matzarakis @ al., 1999). PET Index
is based on the Munich Energy-balance Model for
Individuals (MEMI) that deserbes the thermal binclimatic
conditions in & physiological relevant way (MNastns and
Matzaralds, 2013). PET index assessment scale |s derived
by evaluating Fanger's PMY (Predicted Mean Vote)
equatlons (Van Hoof, 2008) for yvarying air temperatures
with reference o0 ambient epvirooment for  human
physiological conditions for 4 persen having (ollowing
cliracieristics; height : 1.75m, welght: 75 kg, age: 35
voirs and sex male with 80 W of light metabolic acivity
and hest resistance of clothing 0.9 clo (Hoppe, 1999)
Gomez et al., (2013) explain that, assumptions of caonstant
values for clothing and metabolic activity for PET index is
necessary o keep index independent of any subjectivity
ansing out of individoal bebaviour. PET index can be
conveniently evaloated through the use of thermal
bipclimate computing model, RavMan {Matzarakis ef al.,
2007). The RayMan model enables the calculation of
mean radiant temperature {T,,) which accounts far shor
and long wave rmdiation fluxes and most difficull
parameter o compule. The PET Is o aniversal index and
evaluates thermal conditions in physiologically significant
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manner (Matzarakis et al., 1999). PET index considers the
outdoor thermal environment In totality accompanying
environmental configuration elements such as shy view
factor (SVF), vegetation cover, Hiw iheight/width) ratio
in the urban scenarto, etc, 1L bs thus widely sed o urban
micra bio-climate studies (Tsiros e al., 2012).

Presently Universal Thermal Comitort Index (LTI
has been put forth by a group of gver 40 scientists from 23
countries collaborating within COST (Ewopean Union
program  promoting  Cooperation. |6 Science  and
Tecdmology) Action 730 (Brode of ol., 2013). The UTCI
represents @ universal soluwtion o the problém of
characterizing the human thermal environment based on
the  advanced —multmode  model of  human
thermoregulation  (Morabite of al, 2014). UTCI has
pniversal powre and  represents  varied  hioclimatic
conditions (Blazejczyk et qf., 2012} However the UTC]
index has not been widely wsed for assessment of heat
stress over various climatle regions of the world, thus
practical applicability of the index in yet o be validated
for ropical climate as well, Pantavou er al. (2018) tested
thermal sensation threshold [or hoth PET and UTCT in
varied climates and showed that average increase In
threshold was significant only for PET Index. The study
by Zare ot al (2018) inferred that UTCL has highest
correlation coeffictent with PET, thus in the present study
among both the rational indices PET and UTCI, PET has
been used doe to jts wide applicability over various
climates and efficient caleulation tool made available
through RayMan model, The objective of the present
study is to evaluate tempaoral wends in thermal discomfort
by applying Heat Index (H1), which is thermal stress
model  based Index  and  Physiological Egoivalen
Temperature (PET) which is heat budget model fnedes.
The PET lakes intn consideration all the relevant
meteorological  pammeters  affecting heat  exchange
between human body and environment. The present
research aims ol analyzing temporal trends in HE and PET
index: for Mumbal and Pung for the period of 47 vears
(1969-2015) during summier and monsoon seasen. The
summer season is characterised by scorching hot weather
over the wropical lands. As monsoon approaches, humid
hot conditions lead to oppressive muggy clmate. These
conditions create high thermal discomfort and related heat
SITESS.

1.1, Srudy drea

The cities selected for the present study are Mumbai
and Pune (Fig. 1), located in Maharashtra, Indla. Mumbai
is a westerm cosstal city lmown as the economic capital of
Indin, and It Is one of the most populated cities of the
conmiry (census, 2001) Pune, simted 150 km southeast
of Mumbal, acts a5 8 counter magnet for Mumbal city,
attracting commercial activities and a working population,

Arabian | © ' Bay of Bengal
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Flz: 1. Location of Mumbial snd Poze Ciésy

According (o the 2011 census, the growth rate of Pune is
30.34%. Both the cities have different climalological
conditions due to their distinctive geographic location.
Miurmbai being o coastal city, has a hot and homid climate,
while Pune experiences o semi-arid climawe due 10 is
continental location.

2, Daia and methodelogy
2.1, Data procurement

Daily data fnr weather parameters, namely dry bulb
ternperature (DBT), wet bulb temperature (WBT), relative
humidity (RH}, wind speed (WS) and global radiation
(GR), were obtained from IMD for the period 1969 to
285 for Mumbai (Santacruz) and Pone. Mumbais
(Samacruz) global radiation data has a high number of
massing values, Thus, for evaluation of thermal comtor
using the PET index, the analysls for Mumbal needed to
be limited op to 2010, The data homogeneity of
parameters selected was evaluated with robost Standard
MNormal Homogeneity Test (SMHT) (Alexandersson and
Maoberg, 1997).

Oipe of the inputs needed for calculating the PET
index was sky wview pholographs. For falfllling  this
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purpose fish evelens was used to obtain 180 degrees of
sky view for both the meteorolegical stations of Pune and
Mumbal The camera used was Nikon D5500 and the fish-
eye lens used wis sigma 8 mum. The camers was mounted
on o tripod at the height of 1| meter. The lens captures o
180% view of the entire area. The sky view photographs
obtained by Hsh-eye lens were used (o ldentify radiation
conditions when objects such as vegetation canopies or
buiidings obscure the sky. Witk this, direct and diffuse
solar tadiation at o particular point can be caloudated
by plotting solar path on photographs along  with
global radiation received at that specific point [Blennow,
1995),

2.2 Thermal discomfort Indices
2.2.1. Heuat Index (H1)

Steadman originally developed the Heat Index (HI),
which was later modified by U5, Natonal Oceanographic
and  Armospheric  Administration (NOAA] (Rothtusz,
1990, In this index, air temperatore and relative humidicy
are combined o determine actual human  perceived
temperatiure, commonly known as apparent temperature,
The Heat Index assumes an ideal condition where a person
57" tall and welghs 67 kg wearing long trousers and shior
sleeved shirt with Imternal body temperature ar 37 °C,
walking outdoor at the speed of 3.1 mph in light wind of
6 mph (Rothiuse, 1990). The Heat Index is the product of
extensive bio-melesrological studies. The pammelers used
in the equation are expressed i terms of magnitude o
simplify and comprehend the model. Thus, the model is
reduced o the relationship between DBT and skin's
resistance o heat and moisture (Rothfusz, 1990). HI
guantifies suliviness and is used as the heat counterpart for
the windchill index (Yan & Oliver, 1996). In India, the Hi
has been applied by Mohan er all (2004 for relative
ranking of five metropolitan citles of India and has
determined the threshold level for voplcal clties of India,
which has been used in the presemt study to determine
fevel @l heat siress. Heat Index |= mathematically
expressed s

HI = —42.379+(2.04901523¥ T)+ (10.14333127xR)
~ (0.2247554 1xTR) — (6.83783% 10 x T)—
5.4B1717 m w ) + 1.22874% m « T'R)
+ #5282 10" = TRY- (1.99= 107" = T°RY)

where,

Hi = Heat Index (“Fahrenhiet )

T = Ambient dry bulb lemperature in °F
RH = Relative Humidity in %
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In the present stidy, this index was convernted from
Fahrenheit to Celsins since Celsius Is the standard unit
used in India.

2.2.2, Physiological Equivalent Temperoture (PET)

PET 15 defined as Physiological Equivalent
Temperature at any given place (outdoor or indoor) and is
equivalent 1o the air remperoure at which, in a typical
indoor setting condition of the hear balance of the human
body (work metabolism 80 W of light activity, added
basic metabollsm; heat resistance of clothing 0.9 clo) is
maintained with core and skin temperatures equal to those
under the condidons being assessed (Hippe, 1999).
Compared to ather Indices Hke Predicied Mean Vo
(PMY), PET has an added advantage becaose it |s
obtained |0 the widely known unit degree Celsius, making
it 2asier 1o compichend {or urban and regional planners
[(Matzarakis et al., 1999), PET Index has been derived
from the Munich energy balance miodel for Individuals
(MEMI) and enables a thermo-physiological relevant
assessment of buman  thermal  conditions. The PET
combines the meteorological parameiers of the thermal
environment with physielogical components of the human
body such as activity level, age, clothing, etc. (Hoppe,
1999; Muthers er al,, 2010), In the present study, PET was
evaluated for a standard person (male, age 35 vears, body
weight 75 kg) enpaged in metabolic activity of 80 W
(standing person) with clo (clothing) factor of 0.90. The
PET index was calculated using RavMan 2.1 version
software.

The RayMan model aims 1o calcoiate racdiation flux
densities, sunshine duration, shadow spaces, and thermo-
physiologically refevant assessment indices wsing only a
Himited number of metecrologlcal and other input data
{Matzarakls er al., 2010). In the present study, dally input
data feed in RayMan model for calculating PET Index
were: dry-bulb air temperature (DBT), vapor pressure
(V) relative Jmmidity (RH), wind speed (WS), and
global adiation (GR) obtained from IMD for 47 vears
from 1969 to 2015; The GR {or the perind considered was
oniformly converted in watts per meter sguare, along with
actual meteorological station site locatlons for Pune and
Mumbal (Santacroz) in the form of fish eye photographs
to calculate sky view factor (SVF). The GR and SVF were
wilized to caleulate mean radiant empemmre (T, @
prevequisite and crucial inpuwt parameter for obtaining
FET. Ty Is defined as the unilform temperdture of a
surrounding  surface giving off black body radiation,
which results in the same radiation energy gain af the
human body |n prevalling radiation foxes that usaally
vary under open space condifions (Matzarakis eof ol
2000). The RavMan model  simulates  shon,
and  long-wave rtadiation {lux  densities using GR
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TABLE 1
Categories of HI
5. Mo, CHegory Heat Indax
1 Layw piak <33
2 Moderae rish w39
3 High nsh. I b
4 Waory igh risk > A6

and  three-dimensional sumoundings In simple  and
complex ervironments by calcolating SVF trom fsh-eye
images supplied o enumerate Ty, Tp, 15 the most
signiticant meteorelogical lopul tor evalating  lomman
energy balance n tropical intense summer conditions.
RayMan allows modiflications in cloud cowver, urban
topography and morphologies (Matzaralds of al, 2010),
thus considering most of the related components for better
evaluation of T, The radiation input in T, and those
mentioned  above meteorological  and  physiological
parameters form vital information for the PET index, The
PET is a universal thermal index for characterizing human
bioclimate and thus |s extensively used for owdoor
thermal comion assessment (Hoppe 1999; Matzarakis
cf al., 199%; Matzarakis of al., 2007, Matzarakis of ol.,
2010; Muthers er al., 2010; Kmger ef al,, 2013; Erell
et al,, 2014).

2% Suatistical technigues

The daily’ HI and PET indices calculated were
averaged to obtain mean monthly HI and PET for summer
season months from March o May and monscon season
months from June to September, Over the mean monthly
HI and PET wvalues for each of the seven months, the
pericd of 47 years, a linear regression maodel for trend
analysis was applied to detect a temporal change in
thermal discomfort.  The magnitude of the wend was
determined from the ‘h* (slope of the regression line)
vilue, while Student’s f-lest was used o delerming the
statistical significance.

To determine days with sobstantial heat stress over
the 47 years dally dataset, summer and monsoon season
days were categorized according to Table tfor HI and
Table 2 {or PET. These categories represent an actual
mumber ol heat stress days for each of the 47 years during
summer and monsoon seasons. While assessing thermal
discomfort for tropical cities in the hot regime, the heat
Index categories from moderate w very high risk were
considered. In eontrast, summer and monsoon season days
were citegorized from slightly warm to very hot for the
PET index. The results obtained were represenied throogh
stacked dingrams.

TABLE 2

Categories of PET

1 Stightly warm 290 Slight hea stress
2 Warm 2535 Mesderate fmat stross
- Hot Hiwdl Strong heat stress
4 Werv lisl =41 Exfreme haal stress

Stepwise multiple regression was applied to evalunte
which of the meteomlogical parameters were closely
assoiciated with changes in HI and PET index during
summer and monscon seasons. In the stepwise multiple
regression model, HI and PET were dependent variables
while DBT, WBT, RH, VB, W5 and mean radiam
ternperaiure (T,,,) derived from GR were independent
variables, Muoltiple linear regression is an exeension of
simple Hnear regression that considers the role of several
independent variables |n assessing varlance in a single
dependent wviriable (MNathans er al., 2012). The stepwise
multiple regression was caleulated in SPSS 22 The main
ohjective was o ldentity relevanl regressors from the
muymirer of possible ones In stepwise multiple regression,
earh variable fs enmtered in sequence, and fis value is
asgessed. I the variable added contributes (o the model,
then it is retained, but all other variables in the model are
re-tested to see if they are still contributing to the model's
success, 1f the variables no longer contribute significantly,
then they are removed, Thus, this method ensures o end
up with the smallest possibhle relevant  predictors
{varlables), In the present study, relevant meteoralogical
variables responsible for modification in HI and PET
during summier and monsoan were (dentified with the help
of multtple stepwise regression

3. Resolis and discussion
3.1 Temporal Trendsin Heat Index (HI)

3. 1.1 Monthly trends in HI dwring swmmer ond
MONSO0n Seson

A linear trend was analyzed for 47 years of Heal
Indes valoes for summer {Maich to May) and monsoon
[(June to Seplember) seascn months at Pune and Mumbal
Far Pune city, in the month of March, (he heat stress was
near oF ohove the mean for most of the years after 1960,
During 1994, 1996 and 2004, the hedt stress surpassed +1
standard deviation level [Flg. 2({a)]. In April, which is the
hottest  month  for Pone  city, unanimous increasing
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HI trends dunng semmer &t Pone (6) dod Mumbai (b, Horzontal foes abéve snd belesw ihe mesn line teplesent +1 and -1

stamrlard devision, Significant remdy ane and marked with **

tendency above mean was abserved later o 1998 excepl
for 2005, 2006 ard 2011 to 2013, during which heat stress
was below the mean. Fig. 2{a) shows that during May, (he
heat stress level was above the mean for almost all vears
from 2002 onwards, The years 1969, 1991, 1993, 2010
and 2015 distinctly stand oul with positive anomaly above
ong standard devigtion increase in beat stress. All these
years were weak to strong El Nino vears and warmest
years on the record (WEAA), During the summer months,
Pune city registered an increase o heat stress brend during
the sty period, bot onoly in May, heat sbress was
statistically significant.

Similarly, in Mumbai significant increasing end
was ohserved in May [Fig. 2(b)] At Mumbal, the mean
heit stress level for March, April, and May was 31 °C,
35 °C and 38 °C, respectively. According to HI categories
(Tabie 1), moderate heat stress risk initiates ar 33 *C, thus
during April and May, years portraying heat stress above
mean level is undoubtedly vulnerable, as heat stress sk
worseped during these wyears. The year 201} was
particularly susceptible in this sense since It depicted heat
stress above [he mean level during the whole of the
simmer season. The year 2010 was also recorded as the
fourth warmes| year on record (NOAA)Y Durdng April
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from 2007 to 2012 except 2008 and 2015 noticed episodes

of unusually high heat stress

levels, while discrete

episodes of high heat stress were observed in the years

1980, 1984, 1596 and 2000,
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Similarly, in May, the above mean pattern was
observed, consequent tor the year 2000 @il 2015,
amsually high heat stress incidences in this month were
experienced during 1998, 2004 and 2015, Kothawale and
Ropa Kumar (2005) had noted an abnormal sorge in
warming treads over recent decades. This contimed
warming has besn reflected in high heat siress incidences
OVED Fecent years.

Monscorn  heralds  Intermittent  rellef [rom  high
summer-time temperatures. However, only o few degrees
drop in mercury is noticed. Increased air moisre Jeads 1o
muggy weather conditions. High daytime temperatures
contribute (o high semsible heat, particularly in urban
areas, At the same time, a rise In ambient humidity further
augments suliriness due to the reswicted dissipation of
heat from the human body by suppressing  sweat
evaporation that acts as an effective cooling mechanism.
This phenomenon particularly proves te for Mumbai
city owing to s coastal location. While at Pune, thoogh
weather conditions become guite amiable In monsoon
season, the extended breaks in monsoon with accumulated
air moisture and high temperalure may increase hei
stress, At the continental locanon of Pune, for transition
months between summer to the monsoon season of June
experienced  mean Hl level drop to 27 °C from
approximately 34 °C in May. However, in the coastal city
of Mumbal, June's mean HI level still remained between
36 °C to 40 °C for May. 1t can be observed {rom Fig, 3(h)
that |m June, high heat stress incidences were quite
common over recent vears. The month of Jume has more
or less similar heal stress tendency observed during
summer season months, especially in Mumbal city. The

July HI1 graph depicts freguent incidences of high above
mean heat stress conditions at Mumbai, noticeably from
2002 o 2012, with a conspicunus sharp drop in 2013 and
2014, a similar below mean sharp decrease in HI can be
ohserved at Pune city [Fig. 3(a)l. Since 2009, Augost is
muarked with an increased risk of heat stress over Mumbal,
while at Pune, Hi values sre condined between 24 “C and
28 °C with thermally comfortable conditions In
September, mean HI al Mombai reached up to 34 =C
following d similar pattern of high HI values during recemt
vears, lkewlse in Augusl, while a slight Insignificant
increase from mean HI level was observed at Pune At
Mumbai, extended above mean paiem Over recent years
may.  have contributed positively o a  significantly
increasing  trend  dunng  retresting monsoon - season
maonths.

3.1.2 Heat stress intensity categorization and per
arrum percentage distribution (Heat Index)

The daily HI1 wvalues calcalated lor summer and
monsoon season were categorized according 1o heat stress
thresholds defined by NOAA from moderate risk (33 °C
to 39 ) oo very high risk (above 45 *C) for both the
cities, Pune and Mumbai, This exercise proved bepeficial
to underszand the percentage disribution of hear stress
days in each category (moderate risk, high risk, and very
high risk) during each of the 47 years of the study period
(1969-2015), At Pune city, It wis abserved that during the
sommier season in the year 19689, 75% of days wers
experencing moderate risk, there onwards moderate sk
days vary between 457 to 50%, but later to 2002 again
sudden increase In the percemtage of moderate risk
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Fig. 5. Numher of keat stress diys inmonsaon af Pune sl Mumnsbai
days was observed (60% and above) which persisted till 3.2, Temporal  trends  in Physiologically
2010, Further, from 2013 jo 2015, more than 50% of day= Eguivalent Temperature {PET) !r_lr:fc_\'
were under moderate heat stress risk (Fig, 4). High-risk
davs had non-frequent random  distribution and were 321, Monthly trend in PET during summer and

ohserved 1o coincide with warmes( vears or El Nino vears
on record Iike the vears 1969, 1992, 1998, 2002, 2005,
et. Wery high-risk days were observed only in 1996,
Compared 1o Pone, the percentage of high-risk days in
each of the 47 years were frequent over Mumbai. For maost
of the years after 2001, high-risk days varied from 8% to
15% and reached a whopping 40% in 2010, The moderate
risk days floctiane around 40% to 60% (Fig. 4) for 47
years. Very high-risk days for Mumbal were observed in
1975, 1996, 1999, 2004, 2007 and 2015, The summmer
seazon al both of these troplcal dties was thermally
discomfortahle towards the last decade and precautions for
heavy long exposure outdoor activities are needed.

During monsobn sedson at Pune clty, moderate risk
days were less than 20% (Fig. 5). Thus for the rest of the
monsoor season days, al Pune, there was low risk of heat
siress, or days owere thermally comibomable, While
Mumbal, due to the high humidity, percentage of days
with moderate risk was well above 50% for all the
47 years (Flg, 5). Alter 1990 the rate of moderste sk
days had |ncreased to 65%. Also, the percentage of high-
c=k days increased doring 1995, 1998, 20010 and
2014which had high-risk daws of about 20%. For the rest
of the years, high-risk days were well abowve 7%, Thus,
according to the HIU Index, high homidity was a cracial
contributing factor for high thermul discomfort during the
study period in Mumbai.

MONSON SPasons

FET is the most ratlonal and comprehensive [ndex
for human biometeorotogical assessment. The index 1s
hased on heat exchange between metabolic beat energy
generated by the human body and environmental heat
energy. For the present study, PET was calculated through
the RayMan model. The output yield by the model is
Mean Hadiam Temperature (T, and Physialogical
equivalent  Temperatore  (PET). Daily PET  walues
were averdged 1o obtain mean monthly PET walues lor
each of the seven months of summer and monsoon
SEASOTIS.

Orver Pune city, there was significant increase in PET
in May. Though the increasing trend in Marnch was not
statistically substantial, above average (41 °C), PET was
consistent from 1996 onwards il 2013, except for the
year 2006 [Fig. 6fa)l. During the same month; notable
changes can be observed during 1977-1978, wherein
1977 PET increased by 2 °C above the mean
Contradictory to this, PET showed a decrease of 2 °C in
1978, The absolute increase during  April was 13 *C
PET wvalues in this month were consistently above the
mean and near to one standard deviation {rom 1998 till
2004, During May from 1996 1o 1958 and from 2008 o
2015, PET was above the mean value af 41 °C. In May
absolute increase in PET was 1.9 °C
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PET wenids duning sammer at Puns (o) and Mumba (b), Hoozonm] lines shove and bolow the mean ine eoiesent = 1 and-1

stangard deviation, Sipoibicast tends are aml marked wich =

The absolute increase in PET during April and May
af above 1 °C in recent years surpassing one standard
deviation above mean PET Indicates high thermally
uncemfortable conditions, The average PET value of these
manths {5 near and above 38 °C that posesa severe risk af
heat stress casualties, Al Mumbal, mean PET values [n the
summer season Enge between 30 °C and 34 °C. 1t may be
dur to smoothening factors of coastal locotion and land
and sed breeze effect (Mordio et ol., 2015). At Mombai
during all sommer months later to 1999, consistent above
mean PET can be observed. Exceptionally. high PET of
more than 3 *C sbove mean PET of 32.2 #C was recorded
during April in 2006, one of the ten warmest years from

1680 10 2016 (NOAA). During all the summer months
over Mumbal, PET values were above mean since the year
2002, Fig. 6(b} shows that the deviation of FET from the
mean was highest in March, whereas lowest in May.
Overall at both the stations during summer season
frequency of years with above mean PET was high during
recent years, that is after the year 2000, It points out that
thermal comfort conditions in these cities ame getling
worse. In comparison, Pune ls more vulnerable, as the
average PET In this city was consistently above 40 °C,
which already falls in the category of high heat stress and
thus calis for essential precautionary measdres from
thermal stress adversities.
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Figs, 7T{efil). PET trends during monseon @ Fune (2} and Muambai (b)), Horizoatal loes sbove and below (e mean lne represest +1 and

-1 stamdand deviathon, Signitesnt oemds are and marked with ="

During monseon season, global radiation tends to be
low due 1o ¢loud cover. Monsoon rains provide sudden
relief from the scorching summer heal during wel spells

and establish thermally comfortable conditions: However,
dry spells with reasonably high temperatures and high
moisture  content  of alr créate sultry,  oppressive
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conefitions. June is 4 transition month between sommer
and monseon <cason, and the mean PET values were still
high, For the citles of Pung and Muombai mean PET was
32 °C and 30 °C, respectively, In the successive months,
from July tll Augusi, mean PET values were between
23 °C to 26 °C In Pune and 26 *C 1o 28 °C in Mumbai.
Both the cities depicted a significant increasing trend in
PET values in July and August.

Chver Pune, the highest absohite increase of 3.4 °C
PET was noticed In Augusl. The discemible Increase of
aboul 3 *C above the mean PET was detected in the same
month during 1998, which s co-incident with the year
1998 heing the eighth warmest vear on record (NOAA)
Crver Pune, in July and August, most of the years later 1o
1995 depicted high positive anomaly from mean except
for 2005, 2008 and 2013-2014 in July [Fig. 7(a)]. In
September al Pune, most of the yvears loter to 2000 showed
ahove mean increase in PET with the noucesble tise over
copsecutive years from 2000 to 2002, The monsoon
season @l Mumbai s omarked by heavy raintall, high
humidity and comparatively low temperatures, which are
reflected in relatively low mean PET values compared to
the summer season. Al Muombal, during June, PET
{luctuates arpund the mean value, and no consisten| long
perind  of increase or decrease was  observed. The
increasing trend In fune was nol statistically stgnificant,
For July 1992 and 2002 were the years of the positive
anomaly of almost 2 °C higher PET than mean. During
Auguost a considerable ncrease was noticed and Tater to
1995 most of the yvears had obove mean PET. The above
mean PET patiern was initiated dunng the last decade
{2000-2009) 0 September, but exceptionally low PET

Pune gt Mumbai

wias ohserved in the year 1973 during this month The
memsoon PET graphs of Mumbal also. depicted that the
irequency of below mean PET has decreased (owards
recent yeirs, consistent with sommer trends. Howsever
there I8 an increasing discomfort level in the peak
momsaon months of July and August [Fig. 7(B)]L

3.2.2. Heat, Stress  Intensity  Calegorization  ond
Percentage  Distribution  (Phystologically
Equivalent Temporature )

According to the heat stress categories of PET
suggested and applied by vadows authors (Matzarakis and
Mastns, 20011 Rauche of al., 2013; Ndetio and Malzarakis,
2013), the PET wvalues for summer and monsoon davs
were categorized in percentage number of days in slight
warm (23 °C (o 29 °C) o extremely high risk (very hot)
category for the Pane ond Mumbal cities. During the
summmer season at Pune city percentage of days in warm
and hot categories were discernible thronghont the study
period from 1969 to 2015 [Fig. B(a)]. The rate of warm
and hot heat stress days was 61% in 1995, increasing by
10% in 2005 (71%6), The percentage of days with extreme
heat stress (very hot) Tose from the year 1990 @il 2015,
from 20% reached up to 40%. Al Pune city, it is
comspleunds to pote that strong (hot) and extreme heat
stress had a discemible increase later 1o 2004 In Mumbal,
the percentage of slighl heat stress days have decreased
after the vear 2000, Warm heat stress days were 50% o
G0% untll the year 1980, while during the decade of 1980
to 1990s thev increased to 60%-70%. From 2000 to 2010,
the percentage of warm days decreased ar the cost of
increase in-hot days from 10% o 20% until the year 2000
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and reached upto %6, Very hot days were meager 1% to
4% till the year 2000 but i 2006 and 2007 extreme heat
stress days increased to 7%, Compared to Pune; the
percentage of sweltering very hot  days, stong and
extreme heat stress days, was less in Mumbal. Mumbai
mainly experienced moderate heat stress during  the
summer season [or the study period of 1969 (o 2010

[Fig. 6(b)].

The monsoon season at Pone clty was alsg marked
with a substantially high percentoge of  thermally
discomtortable days, this may be peculiar during the
breaks i monsoon season. Decrease inoshght warm days;
in contrast, retlected o increase in warm days. During the
last decade and a half, from 2000 to 2015 percentage of
warm days increased and varfed between 20% and 35%
{Fig 9} Simblarly, the frequency of hot days has
increased, Later to 1990s, very hol days were jecorded in
almost all vears which varied between 10% and 20%. In
the cose of Mumbal, during monsoen seasan, the thermal
discomfort ‘was lower than that of Pune city, and
percentage days In slght warm to hot can be observed,
that # from slight heat stress’to strong heat stress. The
conditicn of extreme heat stress wils absent in the case of
wumbai: Slightly warm days were 25% o 50% il the
year 1980, while they were in the range of 50% 0 60% in
the 149905, Again, towards the end of 1990s percentage of
slight warm days decreased, and increase In warm days
was nbserved after 1991 ll the end of the study period,
The rate of warm days, that s, moderate heat smess days,
varied between 20 and 45%, In each of the years after
1976, abaut 5% to 12% of davs were hol davs, that are o
perceniage of days experiencing inlense heat stress,
However, the tendency of hot days that are thermally
uncomfortable remained similar during the stody period in
Murnbai ciry:

3.3, Analysis of selected meresrological porameters

The stepwise multiple regression initially selects the
variable showing the highest comelation coefficient with
thee dependant varlable and then subsequently sets other
variables [Johnsson, 1992), Applying this fechoigque,
meteornlogical paramelers acting as significant predictors
affecting thermal discomfort (or heat stress), here n terms
of HI and PET (as a dependant variahle) during summer
and monsoon  season were  ldentified and  onalveed
{Tablé= 3 to 10).

The linearity of each variable was checked with a
Linear mairix plot. The linearly disioibuted variables in
terms of precictors were Included in the model to calculate
stepwise. multiple regression, For the Pune city
during summer and monsoon sedsons, the correlation
mutrix depicted a statistically significant  correlation
between the dependent vartable and each of the
independent variables. The R sguare and adjosted R
square values for the final model showed that the
weighted combination of predictor varables explained
more than 90% variance in HI and PET both in summer
and monsoon season at Pune city. The unstandardized
coefficients represent what effect one unit of change in
will have op the variable y,

In contrast, standardized coefficients refer o how
many standard deviations a dependent variable will
change per standard deviation increase in the predicior
variahle. Standandization of the coefficient is usually done
to answer the goestion @ Which independent variables
hiave a more significant effect on the dependent variable in
multiple repression analysis  when the variables are
medsured n different units of measurement. In the present
study, climatic parameters gsed are 1o different units of
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TABLE3

Results ol Elzpwhenl::ﬂlpll r:gnlsll_m ol surmmey HI for Pune city

Hisdel Unstandardized coeflicton U fiond coeticiait Pearsan
B Sud, prror Bew ¥
Comam 7t 118
DET 0797 001 n7ar 0.&72
i a5 o040 w471 Havs

The dependent variable wan heat Indek, B = 0988, Adjosted B = (0987, *ndicates significace al (005 level

TABLE 4

Hesults of stepwize multiple regression of summer PET for Pome city

il Ulrstandardized eoefficien ey -, Pl
B Stid. mor Beta T

DET 0.855 .035 B2+ (.870

Tt 0384 0.0t Nz 083

Ws R EE T g <. 295* 357

The dependemt varishie was hoat index. RY = 0,999, Adjosted R-= 0590, *indicates signiticancs o 0205 [evol

TABLE S

Hesults of stepwise multiple regression of monsoon HI for Pune ity

Llrz.tgﬂ:lﬂnriihed coedfictent Kb Cosffictet D
Madel
B il imror Bt T
ot 10513 i
DET 131 .41 (TR el {4,563
Vi N nnzd. f10s* (R )

The dependent variahle was heat index. B =0.984, Adjusted B = 0584, *ndicates signiticmee at .05 [evel

TABLE 6

Result= of stepwise moltiple regression of monsoen PET for Pune ity

il Urstiinamdized coedficion T oy ., g ——
B Stk mrror Heta T
Comstint -AL.T4G 1015
DET 1140 0,451 IR R 3,853
w5 2353, noe .33 EECHED
g 7o 032 PARA NS Inaoy+ fyE21

The depentdont varkabiewis heat indey, 5= 0987, Adjusted B = (0580, *indicates sipnificinee at 0005 les]

529
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TABLE?

Results of stepwise multiple regression ol summer HI for Momtbal city

Unstandardized coeflictent

Standordized costficient earsam
Model _
& S, prrar Beel :
Clmstant T
WET La50 0,750* (365
TET o fia3 g [FF RS

The dopardent varzhle was heal index. B =0993, Adjested 5= 0.992, *indicates sipmificanod ot 0,05 lovol

TABLE ¥

Hesults of stepwise multiple regression of summer PET for Mumbai city

Urnstandantized coelliciemi

Samilmdized costiicient Poarsen

M B Strf, error Bty T
P Yy P
DET 1273 R4 R .824
ws EET] f557 0740
T 1224 naoe (.165

Thie dispendet vorkahlewis heat index, 85 = 0914, Adjosned B = 0,907, "indicates significinee al 005 level

measurement,  thus  for  analysis  purpose,  both
unstandardized and standandized coefficients are used.
During the summer season di Pune city, the dependent
variable {f.e., HI) has the highest comelation with the
independent  wvariable DBT (0.872). Colomn  of
standardized coefficients beta values shows that predictors
positively affecting dependant varigble (HI) were DBT
(0.743) and WEBT (0471} thar have high positive beta
weights (Table 3), Thus, & substantial increase in ambient
alr temperature during the summer season increase In HI
can be explained. In the cose of the PET Index, significant
increase in the summer season months of April and May
can be explained by increasing temperature and radiation
() 8nd & decrease o wind velocity (Table 4), The PET
index values positively carrelate with T, (0.837) and
DBET (0.870). Tahle 4 depicts that DBT has the highest
positive beta welght (ollowed by T, while a decrease in
wind speed {WS) contributes to @n increase in PET. High
T dccounts for high radiation; which s ultimately
responsible for high tempermture. Combined with the
absence of wind velocity tn dissipate bodily heat, these
tactors explain a sigoificant increase in PET during the
simmer season. During mensoom seasen at Pune city, the
temperature {5 a dominating factor for a notable rise in HI;
the unstandardized coefficient B value of independent
variahle DBT is (1335) (Tahle 5), The significam
increasing trend In PET during all the monsoon season

momths was well explained by an increase [n OBT and
Ty, which bave a high positive Peamson correlation with a
PET valse of 0853 and 0.821. Similar to the summer
seasom, a sipnificant negative comrelation of PET and wind
spead (WS) existed during the monseon season (Table 6).
The standardized beta weights depict 0.401 welghtage of
Tow: 0.549 of WBT, and the pegative bem weigh
of WS [(-0.391), comributing to an overall increase
in PET,

At Mumbal during  the summer seasom, the
parameters selected as prediciors correlate with HI and
PET's dependant wariable. The model summary proved
that R sguare and adjusted R Sguare values for all the
summer and monsoon season stepwise multiple regression
maodels were above 0.90. During the summer season, Hl
had a high correlation with WBT [0.965) and DBT (0.843)
(Table 7). A significant increase in summier season H1 was
prominently due to the presence of water vapor at lower
atmospheric  levels, which has been reflected by
standardized beta value weightage of WET (0.750). The
significant increasing trend in summer months PET during
the study perind was determined by substantial positive
standardized beta weights of DBT (0.561) and T, (0.210]
{Table &) with a simultaneous decrease InWs (£0.557).
Thus,an increase in sensible heal and radistion heat
fogether  was  responsible for  the  increase  in
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TABLEY
Hesults vl stegrwise muitiple regressiom of monsoon HI for Muombad city

Urestandardized coeflicten Wyenitlritzad costfictent Ploreriann

Pl il
& S, prrar Beel :

Clmstant A201 1274
DaT £ai4 n.054 00,700 L5165
i 0,415 0,04 {5 HAzL
WEBT -0.321 12 0115 0.802

The dependeat varnhle was heat index. = 0,999, Adiusted B = 0,994, “ndicates significance at 0,05 eyl

TABLE 10

Tosulis of stepawise multiple regression of monsean PET for Mombal oy

Unstondantized coofficion

Madel Hundmﬂh;:l;u&ﬂlc[ml Fua]'!?m
B St errar
Clonstunl =203 4752
DaET pR R 187 IhiGE= 0.ize
Tim LA LiFl L noag+ 574
Wws 0,051 nnza 213" L5654

The dependen yaizbie wits lieat index. R = 114515, ﬁ;leLu.'ln:I K = 918, *indicates Htﬁﬂili-ltﬂl'h?ﬂ i 005 T

PET. During monsoon season simllar pattern can be
observed concerning factors affecting PET (Table 10).
DBET and T, had a high positive correlation with PET
and beta values, contributing to an increase in PET values
of 0,681 and 0284, respectively., Hindered and thus
lowered wind veloclty In the city area reflected a
sigmificant decrease in WS with a beta value of -0.213.
Therefore, wind speed was also a crucial factor o bring
about positive change in PET. In monsoon season Hi, the
correlation betwesn HI ond  Independent variable DBT
was high (Tahle 9), with a beta valde of 0700, Thoogh
this mav be the case, successive variable derived from the
timat model of stepwise regression VP refllects significam
increase with the standardized beta weipght aof 0.558
{Table %), Thus it can be inferred that the subsiantialnse in
monsoon season Hl ar Mumbai was due w high aw
temperature and added suliriness affected due w high
moistire comtent.

5. Conclusion

The study evalustes heat stress conditions al pwo
prominent thriving uban centers of Maharashtra, having
different climatic régimes, the hot and humid climate of
Mumbal and the hot and dry conditions of Pune. The Hi
imdex  emphasizes  thermal  discomfort  cauwsed by
temperature and humidity, while other climatic parameters

included through the regression equation are assumed
constant. On the other hand, PET I3 a more comprehensive
index, considers all  the relevam  meteorological
parameters and physiological specifications can also be
incorporated. According to both the indices, increasing
heat stress in all the summer and monsoon season months
at fune and Mumbal was evident. At Pune, increasing H1
was nol statistically  significant, bot the PET index
depicted a considerable increase doring the end months of
summer and momnsnon seasons. However, in Mombal, an
increase In HI was significant In May. Besides the
monsoon months ol June and July, significant increase in
HI was noticed In the late monsoon months of August and
Septemiber. In accordance with the PET index: though all
summer and  monspon  season months reflected  a
noticeable increase at Mumbal, PETS rise was statistically
insignificant.  Although  the  increasing  tend  was
prominent in both citles, the magnitude of the increase
was higher in Mumbai than in Pune, Thus, in Mumbat,
heat siress was bullding faster over the study period of
1969-2015. For Pune city mean HI value during the
summer season ranges between 32 °C amd 35 °C while
heat stress condition becomes guite amiable in monsoon
with Hl range lowering upto 25 °C to 29 °C. In contrast,
in Mumbat HI range during summer and monsoon do not
vary muoch. Similarly, PET wvalue durlng summer was
38 °C to 40 *C and decreased to: 24 °C to 29 °C during
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monsoon at Pune, while at Mumbal, varation in mean
PET range beiween consecutive sedsons wis meager
(3 °C o4 “C),

The analysis thus reveals that, though the magnitude
of ‘ircrease over Pune was less, the city was already
experiencing high mean heat stress inm summer, Any
positive deviation from mesn HI apd PET values may
develop the risk of high to extreme heat stress. Howaver,
monsoon heralds immediate relief from hol, oppressive
summer conditions;, though an  increasing  trend  in
monsoon months during recent years 1s pronounced. The
most thermally uncomfortable month and month aof
highest magninude {nerease in heat stress was May in Pune
city, while af Mombai transition month of March was
vuloerable (0 increasing heat  sress. The  actual
citegorization ol heat stress days in different categories
showed that the percemtage of @ moderate-risk  and
sliphvmoderate heat stress decreased during the study
period from 1965-2015. While percentage davs of high
risk, extreme heat siress increased over the last decade,
particularly during the summer seasomn,

Investigation  of  meteornlogical — parameters
responsible for changes in HY and PET indices revealed
that over Pune increase in HI du.nr:g the summer season
can be explained by Increasing temperature and partially
by high air moisture content. On the other hand, muliple
regression analysis for summer PET reveals that high Ty,
leads o & rise Inamblent air temperature, and restricted
wind flow subsequently Increases PET and heat stress,
Mumbal's high humidity in the summer season and
temperatiere rother than radistion heat were cansative
factors for high heat stress. 10 the monsoon season, though
temiperature remains a dominant factor for the Increase in
HI at Pune city, contrary to i, at Mumbai, temperatire and
VaPOT pressure noredse in combination were responsible
tor I increase during summer months, However, during
monsoon at both the stations, mdiation heat and senstble
heat were formative in significant growth of PET. Among
the indices wsed im this study, PET is applicable to
elucidate thermal discomfordt conditions af hot and dry
climates, In contrast, higher welghtage to the HI index's
combined effect of temperature and humidity makes it
relevant for hol and homid conditions. The study reveals
that, though the growing urban centers act as o magnet duz
to innumerable opporiunities, the population in these cliles
is exposed (o increasing heat stress, which may deteriorate
healthy living conditions and affect human performance.
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Abstract Drought is a patwal hazard that has a significant effect on the socio-economic, agricultoral, and
envirmnmental aspects of & reglon. The Marathwada division of Maharashtra state Is infamoos for recuiting Iﬂ.Tﬂ-!JEhI
situations, Poor precipitation, lack of water storage, relatively high lemperature In pre and post-monsoan seasons,
ant variahle imfsvorable weather conditicms |ead (o drought i this reglon. Post-monsoon drought mainfy ocours doe
to deficit rainfall and o sudden increase | lemperature. This study represents the overall assessment of post-
monstin drought over Mamathwaely during Ociober, November, and December for the perfod 2601 0 2017,
Monsdon rainfall deficll resols o post-monsoon drought In subsequent moeths, Detection and monitsring of
dronght over large areas are possible troegh emote sensing indices namely, Tempemtore Condition Index (TCT),
Vepetation Condition Index (VOI), and Vegetatiom Health Index (VHI), VHI is the resultant index from (emperatore
and vegetation indices, which helps to understand vegetation health, Puring the lasi 17 years, moderate to severs
dronght has been observed in two successive years of 2014 and 2015, where TC1, Vi, and VHI indlces indicated
these years as diought-prone years for the post-monsoon season, Particularly, Bid, Osmanabad, Latur, Nanded, and
Parbhani districts suffered severe drought in these successive years, Whereas, all the other years excepl 20010 and
2017 experienced nivmal conditions to moderate drought (o the Marathwada region. Doe o ematic raintalf, @ i
necessary o plan water utllization and storage in Mamathwada (o overcome the recoment dmooght experienced nthe
reglon. This may help agronomists and planners in better management of water resoorces, pamicalarly for the
agriculiural sector,
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1. Introduction

Drought |= a natural hazard dccorring mainly due 10
lack ar deficiency of precipitallon and adversely affecting
all human activities of the area, primarly agricultore. s
onset and evolution are very =low and themefore It Is
difficult 1o predict. It 1 often said that drooght |s 8 most
complex natural hazard than any other, and It &ffects a
large number ol people [1]. It has significant odverse
effectz on the economy, agriculure, ond environmental
conditions: High evapotranspiration, scanty rainfzll and
averuse  or  exploitation  of water resources, or a
combination of these parameters and Insulficient moisture
comtent in the atmosphere might be responsible  for
drought eonditions [2.3], Direct impacts of drooght are
forest fires, reduced crop production, and water level,
damage of fish habitat, livestock morality rate, and its

indirect effects include reduction in crop production, the
Increased market valoe of pocds, vegetables, and other
commadities [4].

In [ndia, several stodies have been done on drooght
monitoring using spatial indices on varioes geopraphic
regioms ke western Indis [4] Aravalll Reglon (2], Indian
Gangetic Plains (6], Gojaral [6], and Maharashira (8], 1t is
Important to monitor drought continonously in time and
space during the drought pefod with the help of Palmer
Drought Severity Index (PDS1), Standardized Precipitation
Index (SP1), and other Indices [9). In Indi, Rajasthan, Kutch
of Gujrat, Marathwada, and Vidarbha in Maharashira, ancd
some parts of Orrisa are major drought-prone areas (DFA),
Marathwada is one of the DPA in Mabharashtra which has
serious issues related to agricultural crops, water storage,
and temperature incredse since the last decade.

Various studies in the past have used peospatial data
and indires depved from them to study drought,. Some
studies hove wsed NOAA AVHER datn to estimate
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temperatire conditien  index  (TC1) and  vegetatlon
condition ndex (V1) [ 10, 11] which were ultimately used
0 derived vegetation temperature condition index (VTCT)
using the fommula VTET = 0.7%Y CO+03«TCL A comparative
study has been camied out between SPI, Standardized
Water-level Index (SWI1), and VHI lor the pre-monsoon
and monsoon season over the Aravalll part of India |2].
According to this study, meteamnlogical and hvdrelogical
conditions  have t© be considered o onderstand  the
phenomenno of drought. Droughts are estimated by using
TCL, VOl and WVHI validated through SPI and SW1 |6],
Landsat data has been used for estimation of TCI, VI,
and VHI where Digital Numbers (ON] values, Brightness
Temperature (BT), Normalized Difference Vegetation
Index (WDVI), and Land Swriace Temperare (LST)
algorithm has been used (o estimate drought over Lebanon
[2]. MODRIS instroment bs another way to achieve RS data
for EVI and LST. Indices derived were TCI, VI, ond
VHI and compared with each other over East Java during
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El Wino year of 2015 [2], Different indices discussed
above reveal different Information relevanl to drought
stieelles.

It has been reported thut extremely hiot days during
winter and summer are increasing In some parts of
Maharashira and Karnataka [2] which makes 1t imperative
ln analyze dmoupght conditions over this area. Also, In
Maharashtra, over Vidarbha and Marathwada, scarcity of
rainfall and miswse of avallable groundwater leads o droughts
in almost every successive year and an increasing rate of
tarmer suicides is one of the conseguences of increasing
droughits in this region. Changing agriculiural practices,
less tainfall, water scarcity, and changing weather
condliions play a crocial mwle in incidences of droughts In
the study region,

2. Study Area and Data Used
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The main aim of the study 1s 0 investigate spatial and
temporal aspects of drought over the Marathwada region
(Figure 1) of Mabharashira {India) during the post-monsoon
season |ming varioos indices ke TCI, VWO, and VHI {op
the period of 17 years from 2001 to 2017. Marathwada
region  includes 8 districtss of Maharashira namely,
Aurangabad, Nanded, Lawr, Parbhani, Jolna, Beed,
Hingdll, and Osmanaboad. The total geographical area of
the region is 64590 km". The major part of the region is
located inothe Godavari river basin, the largest fver in
southern India, The siudy area is one of the low
precipitation zones in Maharashtra with an annual rainfall
of approximately 882 mm from June to September (Source:
hittpi/fwww. raimwaterharvesting org/urbanrainfall i), In
the last |5 years af the study period, the lowest annual
rainfall is observed over Aurangsbad and the highest
rainfall is received over Nanded. The study has been
carried out in the post-monsoon season and it is known as
“Rabl Crop Season® in Maharashira. The average day
temperature (maximum temperature) ranges from 28°C o
38°C and the average night temperature  (mindmoam
temperature) ranges from 20°C to 27°C. During summer
temperaure goes armund 46°C in Nanded.

Satellite data and remote sensing technology play a
vital role in monitoring natural hazards as well as crop
health and development refated o climatic condltions. The
present study has utllized satellite dats from Moderate
Resolution  lmaging  Spectro Radiometer  [MODIS)
on-hoard  terra satellite with  two  products  namely
MOD11AZ and MODI3AZ, MODIAZ s LST B days'

B58

composite |3 product at | km spatial resolution with
emissivity bands whereas, MODI13A2 s NDVI and EV]
16 days' composite 1.3 prodoct at 1 km spatial resolution
avallable in the sinusoidal grid,

3. Pre-processing

The present study s based on Spatio-temporal analysis
along with trend dnalysis of temperature and vegetation
condition. All the satellite data has been projected o
Albers Conical Equal Area pmjection with WG5S 1984
Datum, For the study, ENVI Arc(GI5, and ERDAS
Imagine softwares has been used. For statistical analysis,
Arciils and Microsoft Excel have been used, The stody is
carriéd oul over Marathwada for the pericd of 17 yeas
(2001 to 20173 and therelore required satellite dats were
acguired for 17 vears,

4. Methodology

All pre-processed data of MODITAZ and MODI3AZ
is nsed to estimate TCI, YCI, and WHI using the
methodalogy lustrated o Figere 2, Minimum  and
Maximum LST and NDV] are required to mun the
algarithm for achieving TCI and VI, which were derived
by building & model using the ERDAS Imagine software.
The vegetation health index was computed using TET and
VLI index,
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4.1. Remote Sensing Indices

There are several types ol drooghts amonp  them
agricultural drought has been monitored using the most
efficient and popular spectral Indices such as TCI, VCIL
mnd VHI, which are focused on temperature-based stress,
vegetation stress, and overall health of the vegetation
respectively,

4.1.1. Temperature Condition Index (TCI)

Temperalure Condition Index is used (0 estimare
vegetation stress due o emperature and excessive wemness
[ 12]. 1t represents relative changes in the thermal comditions
ohtained from land surface temperature data, Changes in
the vegeration health due {0 thermal stress can be observed
using TOL. It can be expressed in the fommula as,

LST,. . —LST
TCN = 100X I ! i1
mie — L5 Tqin

Where, LST,, L5T,,, and LST,,, are defined as LST of
the current month, minimom, and maximom LST values
in multi-year series respectively. TCT values range from 0
ton 100, where low T indicaies unfavorahle condition
with high temperawre and dryness and high TCH values
indicates favorable condition with minimal temperature
stress. Yalues near and more than 50 indicate moderate o
good vegelation conditon due (o (emperature,

4.L.2. Vegetation Condition Index (VCI)
The Vegetation condition index 15 a NDVI normalization

pixel-hased Index, where it shows vegetation health doe o

vegetation condition, Swessed vegetstion with  lower

Applicd Ecology and Environmental Sciences

Where NIV, NDVlge and SDO%T. are defined as
MOVT of the current month, minimum, and maximom of
NDVT values in multi-year series respectively. VO values
range from O (o 100, where low VO values (ndicate
unfavarable condition with high drvness and high vl
valges indlcates the favorshle condition. This index
Indicates owment vegetation conditions. VC1 values around
50 suggest falr vegetation conditlon and values between
50 and 100 suggest good condition.

4.1.3. Vegeiation Health Index (VHI)

This index is the combination of the moisture and thermal
condition of vegetation which shows overall vegetation
health [14]. Equal weights have been assigned o TiCT as
well as VCI since the moisture and temperature condition
during the vegetation cycle is carrently not known and 1t is
assumed that the share of weekly TCI and Y1 Is equal
| 14]. Extremely unhealthy vegetation conditions {low YHI)
are normally associated with both severe moisture stress
(W) and thermal stress (TC1) and vice versa | 14],

Yegetation Henth Index can be expressed as:

vHI =((0.5% TG )+ (05X ver)) (3

Lower walues of VH] have a greater intensity of drooght
whereas higher values of VHI have lower intensity of
drogght. VHI has been. used for many applications
depending on purposes, like drought severity, tme and
period of drought, and normal droughe identification.
There are 5 classes ol drought for identifying  the
vegetation health or droughl conditinn,

Tabile 1. Drought dass Tor VHI

MOV depicts poor health of vegetation whereas NDWI of Cirmuight laks VHI
| depicts dense vegetation with good health. The use of | Exrems Drought < il
NDWVL is the primary tool [or the deseription of vegetation Sevare Thouphl = 1 and = 20
phenology, continental knd cover, vegetation classification, Modermie Drought =M aind = 3
and dvoomics and cropping practices [2]. VOl can be Mild Drough = 30 el < A
expressed as: Mo Trrouphl =40
NIV — NDWT,
VEI = 100X L~ mn (2)
NDVI gy — MOVl 5. Results and Discussion
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Temperature Condition Index (TCI) - Oct 2001 to 2009
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Temperature Condition Index (TCI) - Oct 2010 to 2017
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Temperature Condition Index (TCI) - Nov_2001 to 2009
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Temperature Condition Index (TCI) - Nov_2010 to 2017
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Temperature Condition Index (TCI) - Dec_2001 to 2009
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Vegetation Condition Index (VCI) - Oct_2001 to 2009
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Vegetation Condition Index (VCI) - Nov 2001 to 2009
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Vegetation Condition Index (VCI) - Nov_2010 to 2017
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Vegetation Condition Index (VCI) - Dec 2001 to 2009
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Vegetation Condition Index (VCI) - Dec 2010 to 2017
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Vegetation Health Index (VHI) - Oct_2001 to 2009
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Vegetation Health Index (VHI) - Oct_2010 to 2017
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Vegetation Health Index (VHI) - Nov_2001 to 2009
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Vegetation Health Index (VHI) - Dec 2001 to 2009
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Vegetation Health Index (VHI) - Dec 2010 to 2017
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In the present study agricultural drought-based remote
sensing  indires. pamely TOL, VC1 and VHI werne
implemented  for the year 2001 10 2007, The highly
varlable mature of rainfall over Marathwada can be
understond from Figure 3, which is the primary reason for
high drought frequency in the region. Scanty rainfall in the
monsoon season over the Marathwada region [eads o
dryness and poor vegetation condition. Changes In the
drought condition due to thermal fmpact, vegetation
condition, and overall crop health were identified in this
research, Owerall crop health helps o undersiand  the
intensity of drought, As drought depends on varioos
factors, such as rainfall deficiency, the molstare-holding
capacity af the sail, heat waves, etc, These indices assisl
In identifying and assessing drought situations without any
subjectivity.

TCI, VI, and VHI resulis were obtained for the
post-monspon =eason (Le. October, November, and
December], The spatial pattem ol the sbove three indices

for the month of October s shown in Figure 4, Flgure 5,

Flgaure 10, Figure 11, Figure 168, and Figure 17. Wherever
VHI shows green shades in these maps, it implies beter
NDWVI and LST values over the same due to normal
precipitationymaoisture availability.

It can be noticed that overall the years 2014 and 2015
(Figure 5, Flogure (1, and Figure [7) suffered a lol from
dryness and thermal stress than any other years over
Marathwada. Whereas If observed districi-wise then, the
western part of Beed and Auangabad suffered brom
temperature siress. In the vears 2007, 2008, and 2009
{Figure 4), most of the parts of Jalna and Hingall suifered
from moderate stress. In October 2001 (Flgore 4), o severe
drooght siation occourred due o thermal siress covering
almose the entire region. Due w the unavailability of
Cictober 2010 LST data, TCI for the same has not been
generated (Figure 4).

In the case of VI, October data for the years 2001 and
2009 were not avallable [Figoe 10), and therefore, maps
for these could not be generated. Like TCL, in V1 again
2014 and 2015 show poor végetation conditions with
severs drought (Figore 11), The vears 2002, 2003, 2007,
2008, 2011, and 2012 appeared as moderate lo poor
vegetation conditions: I observed  district-wise,
Aurangabad suffered from dryness and less moisture
during 2002 and 2012 identified with' low NDVI vilues
during the study. Good vegemtion conditions with high
NEVT values were observed in the years 2010, 2016, and
2017 where rainfall seems o be more prominent and
sufficiently high (Figure 10, Figure 11). Except for the
years 2084 and 2015, al! the other yvears detected moderate
tono drought conditions due (o vegetation cover (mois|ure
condition), [ most of the years, moderate vegetation
condition has been observed over the central pad of
Marmthwada during the study of VI

I has been noticed that wvepetation health s a
combination of TCl and VCI representing thermal stress
and unfavourable malsture condition. Therefore the resulls
observed through VHI closely maich with those of TCI
‘and V(1 resulis.

The TCl map tor the month of November (Figure 6,
Figure 7) revealed severe drought conditions during the
years 2001, 2002, 2003, 2008, 2012, 2014, 2015 in some
districts or over the entire region. Moderate o falr

conditions were observed for the rest of the years, The
three years 2003, 2014, and 2015 stand out with sweeping
drought sitmations over the reglon. Similar conditions are
represented by the VO index represented in Figore 12 aned
Figore 12, Bui the year 2007 indicates more severity in the
case af VEI than TCL “YHI resulte for the month of
Movember brought oul simllar characteristics (Figure 18,
Figure 19).

During December the severlty of droupht Increased
during the wyears 2008 and 2012 according o T
(Figure B, Figure 9). Severe conditions observed during
October and Movember in the year 2015 are also ohserved
in December, suggesting a prolonged drought situation
during the end of the season. The same result can be
concluded for the resulls abtained with VCI (Flgure L4,
Figure 15). The VHI map for the yvear 2012 (Figure 21)
Indicated more severs drought in the eastern pant of the
region (Aurangabad, Jalns, and Bid districts) compared o
the months of Cictober and November. Close observation
during this vear suggests that drought praopagated from
west to east in the reglon.

6. Condlusion

ver Marathwada, rainfall s very scanty which has led
to semi-arid to arid climatic conditions. One of the
geopraphical factors that contribute (o the scanty minfall is
the location of this reglon in the rain shadow zone:
Biespite It= climatic adversity, Marathwada contribotes 1o
aboul 10.10% of the state gross domestic product of
Maharashira, and 73.83% of its population is ergaged in
agriculture [16]. The study of drought over this region
using remote-sensing-based  indices has led 1w the
identification of geographical variations in the intensity
and severity of drought over this area. Since the remote
sensing data are more continuous spatially, they are best
suited to bring oot the minor details of a hazard that
inflicts a wvast megion. The present siudy has  been
stccessful ih identifving the dlstrets in the reglon which
are more prone to drought, These are mostly the western
districts of Aurangabad, Jalno, Bid, and Chemama by, They
are very well represented by the drought of 2003, Bul the
drought In 2014 snd 2015 also revealed that the eastern
districts 'of Manded, Parbhani, Latur, and to some extent
Hingoli are equally susceptible 1o drought. In most case, it
is noticed that dought osually begins first in the
northeastern or easiern part. During the entive siudy period
It was noticed that during more than 58% of years, at least
half ol the area was under moderate to severe drought
conditions. With changing climate Marathwada has to be
ready  lor higher rainfall vadability and iocreased
uncertaingy of assured ralntall. The dismicts that are highly
pione to drought will have to formulate plans lor
mitigation af futre droughts.
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