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L. Iniroduction

The global wban  population has  witnessed
unpresedented growth, growing rapidly from 751
pillion in' 1950 to 4.2 billion in 2018 Nearly 68%
of people will live in citics’ by 2050 compared 1w
55% In the year 2018 (LIN, 2018). In Indin, the
urbin population hias inereased from 2853 milliom
in 2000 w 3770 millien m 2001 (Jaysawnl and
Bahi, 2014, Census of ndia. 20111 which will be
GO0 million by 20000 and by 2050, moee that $0%
of the 1ol populution, will reside in whban areas
(WLIP, 2018},

Inerepsed  urbonization  bos modified  mony
biophysicnl processes influencing endrgy balance,
infiltmtion,  storm-water  runoff,  precipitation,
temperature, air quality, carbon storage, and local
biodiversity of an aren (doy Santos et al. 20017).
O of the alhemibig concerms ol urbanization 15
mpid increpse of loeal nir temperture s well os
Inned sutface tempertture. Higher fempersture in
urban arens, relative o the surropnding peri-urban
‘rurnl areas. gves rise o what 8 popularly known
as  Lirban Heat Bland (UHT, UHL has been
inereasingly reported due o relptive temperpiung

difference within the city ranging up oo g few
depress. There we severnl reasons altributed (o the
UHI effect within cities minibuted to concrete
strugtures. high building density, low vegetation,
mdustrial  oreas,  busy  trdaflic sones  and  Tocal
geolopy, Busy comuercial. zones and arcis with
high building/concrete density are offen revponsible
tor the UHI effeet because of vehiculor pollution,
heat exhausts, and qir copditioning  exhnusis.
(Phefan et al, 200 5y divs Santos et ul  2017).

The imtro-city urban leat slands form when the
loned cover dominatsd by natuml vegeration, erops
aod wuler bodies s replaced by héat-obsorbing
impervious surfaces composed of maoterials like
goncrete and asphalt (Stmwanda et al., 2019
Huvantuyey snd Wi, 2000). These urban heat
islands occurning comtinuously over the same arca
for o few davs create heat swives and adversely
affeet humin health.

There 1 preponderanee evidence thar anthropogenic
getivities have béen primarily responsible for global
wamning. IPCCs Sinth Assessinent Report (1IPCC,
2021) states that it is virtually certaim thar hot
extreries (including heatwaves) will become maore
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frequent and more intense across most of the (and
remons in the commyg years, Associated with the
warmming global temperamres, o warmiog trend an
UHI mensity s observed in o different cities
worldwide (K and Baik, 2004; Lam, 2006; Les et
al.. 2020,

Gilobally, extreme lemperature events ore inereasing
in their frequency, duration, and  mognitude.
Population exposure o heat 5 growing dog 10
climate chonge and urbanezation: The incidences of
Heat woves pre slio mcreasing ln Inidine Over a
pefiod of 19902009, e nwean annwal temperitune

aeriss Indio increased by 1°C relative to that during-

1961=19%1 (Shermn et ol 2009 Atn pnd Tyag,
20000 liv particular. during the summier months of
March-Miy, the country faces hent waves 0 one or
more dreas slmost every year (Mishes et al, 2007,
Rahini et nb, 2016; Pai et al., 2013), LHI also
pccentyntes pupact of Hear waves in urban areas.

2. Earlier Work on L'HI

UHIs have been reported o the studies as emly as
[833 wsmg sorfiee wir temperatire date The
Hlownrd  study  (1983) provided  evidence ol
relatively  higher wir temperature i London
compared o surrounding countryside (Mills, 20065
Severnl smdies have been repored since 1900,
vmploving  various technigoes (Rasull  2017:
Stewhrt and Oke, 2009, Belire the avoilubility ol
satellite dasn, LHIE phenomenas were stidied and
carried out using field-besed phservation.

First studics o LUHL through soiellite datn were
camicd owt in 19708 Rao (1972) wsed 74 km
resolution  thermal  data
Radiometer (SR} on-bonrd  ITOS-1  {(lmproved
TIROS Operntionn! Satellite-1) 1o study the urban
environmien! in the c¢ity of Los Angeles, United
States of America (LIS). He concluded that the
central part of the city 15 the warmest. The analysis
showed  thar the heat wsland  ntensity  uncler
cloudless skies was related Lo the laverse ol the
regional wind speed and the legartithm 6f the
papulation.

Corlson eb all [ 1977) used | ki vesolution thenmal
infrired diti from NOAA-X Very High-Regolution

from  the Seenning.

[t

Radiometer (VHRR) to ¢ompure  tempertiine
varigtions in the moming. and evening m Los
Angeles, LS. They found thar industrial arcas
within the city hove highet temperabures: o the
manting,  wherens  residentinl  arens exhiblied
increased temperatires in the evening, Byme et al.
(19841 attempted to comrelate the Heat Capacity
Mapping  Mission (HCMM)  derved  mighityme
surface  lempdrotures wath' ominsisiom me
iemperntures o Melbourne,  Austmliv,  They
reported thit minimum air tempentures avernged
within ¢limaticully similar regions {mcluding urban
and rueal environments) were lnearly related 1o
HOMM  derved might<nme surface teoperitures.
Gullo et al, (19933 evalugied the relationshlp among
several  parrmeters such  as satellite-denived
vegetation index, surfoce tempernture and munioam
air temperaiures for Seattle city. They found an
mverse relehonship boetween NDVT (Normalzzed
Difference Vegewtion Index) and the surface
empernture,  Although bath NDVI and  mdiand
surfoce tempernture were significantly related to
menimun e temperamre, the NDVI acgounied for
the greater spatinl varmation  observed i inean
minbimum air lemperatures. Holnet and  Kiddier
(1999) employed specific physical madels and with
satellite- denived wformation to stody UTHL Magee
ef al. (1999) sdied the climatological reconds of
Fairbanks; Alaska, to choracierize the Heat ishind
effect, The oauthors  reported  that Fathanks
eaperienced a meus annuid lemperatre increase of
21°C fom 1949 10 1997, They compared the
tempernfure. of Farbanks 1o a nearby site pamed
Eiclson Alr Force Base i AFB) and fourd thal aboat
45th of the total winming con be attributed o
general widespread wirming. while 1/5th of the
wrming 15 due to an increasing heat islnnd effect.
They also fopnd that growth of the hear islond
effect was most prodounced (sboot 1 9C) in
winters, amd  the sighificent  nhsolite
temperiure fncrease (over 4390 was observed in
winters, Coll et al, (2005) validated the land surface
temperafure calculnred using Envisat/ AATSR and
Terr™MODS  satellite dated throuoh  ground
megsrements  in Valencin,  Spain, Grotnd
emperitutes were oblained with an estimated
between  0,5°C and 09°C. The most
sagnificant part of these pnoermaimiics was priributed

It
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t the spatind varinbility of surfice lempemture
Mochida o al, (1997) studied the effects of
urbanization on hear island cirenlations over Tokyo
und compared temporture chinges over o period of
time (lke months, seasons), '

Early LT studies in India were gnried in few cities
through tobile SUPVEYS. Bahl and
Pudmanabhinmurty (1979 repored warm pockets
over north snd northeast Delhi and cold 2omes over
west Delhi. Juyanthi (19913 reported three distinet
hear wlonds over thickly populnted ond industinl
wreads: ood o telatively ool pool ovet the ventilated
and  the vegetntive fegions of  Madrs (now
Chennai) city. The heat island intensity on & cold
might was 22°C for Thiruvenonthapurnm by
Ciangndbaran e al. (1999), Kumor 20 al. {2001)
reported UHIs in the interiors of Mumbal city.
Mohan et ol (2009) siudied the heat  ldlond
phenomenon in Delhi during May 2008 through
pmibient  air  femperature  observiations  eollectied
throngh mudnsite Automared Weather Smtions. The
ity Fowmd thiat LHT effects werd most dommant m
arens charneterized by densely huilt-up and imense
human activities.

Shanmn and Joshi (20031 emploved Lamdsat nmages
10 study the LST pattem dn Delbi, lodiy, The
authips prepared LST maps using monthly dats for
nine months (January-Noveniber, 2000% of the year
feseluding March 2000 for which cloud-free imnge
was not available). The observed high-temperaiure
dres during winter fnonths are inand sround buili-
up. areas of the iy, mujorly loisted towards
mterior parts. In contrust, dirng summer months
{Agril 1o Junel, UHD partern was shewed 1owards
southwestern parts of the city. The authors reasoned
that this trend i€ becnuse  périphernl  northern,
western amd southwestern parts of the oty are
agriculioral lands und during summer months, these
tend 1o by Tallow. Such fallow lands bave an
inclination w exhibit mgh surface temperniures.

Mohan e all (2013 studied UHI phenomens in
Dethr wsing in sty measuremegnts and  satellite-
hosed observations during March 2000, The highest
LTHT weas tecarded m the dense urbin regions and
highly commercinl nreas with moaximum  hourly
magnitude inereasing 1o 10,7°C and an averige

daily moximum UHL reaching 83°C. The Field-
based LUHI obsemvations and Land  Surfice
Temperature  (LS1) eolleeted  through  satellites
were compured. The researchers used o Moderate
Rewlution Imiging Speétroradiometer  (MOHDIS)
sensar 10 ablain the satellite data. The resulis
depicted  that the satellite-based  observatiais
oyerestimate the temperature during the daytime,
whereld it underestitholes the  temperatone durnrip
tighi-time,

A study camied out by the Indian Institute of
Scrence, Bangdlore for Grester Banwdlore, shows
i ineredse of ~2°C 1o 2.5%C in alr lemperitures in
the past decade. The study also shows # growth of
£:32% in the urban arca of Bangalore from 1973 to
2009 anc o 7% and T decling in vegetation
cover and water: bodies, respectively, in Greater
Bongalore  (Romnchotdra  and  Kumar,  2000),
Another study conducted by TER] Tor Bangalore
highbights 1.54C hii_mﬁ temperatine in Comimencinl
Streer, o high-density area. compared 1o the ciry's,
putskivs.

Chenmnt also observed the extstence of heat islands.
Increasing remperntures have been poied from the
subiurbs towards the ¢ity centre in A radial pattern
indicating  the  heat  island/dome.  The  mean
maxiniam et island intensity observed has been
248 durmg summers and 3.35°C duning winters,
(Devadas and  Rose. 2004, Ar
Theruvananthoporam cily center, o maxumm LIHI
intenigily of 2.4°C wag recorded compnred o the
city suburbs, In this case, the reglons exhibiting the
higher  temperntures. fell  under  high-density
categories. of  fhe  baly environment, including
campact, low rse  and  compact  midrise
developments. The studies clmidd our at Nagpur
bave indicated the influence of land use amd Land
cover on the nir tempermnture of the ey assocated
UHI impacr. Mapmng the oiny's  mr-tempernture
conlours, 8 tempermture differenee of 7530 was
highlighted. Land cover types like witer ond
vepetalion  were  Weetificd  to have  fower
temipernieres; and high-density areas to have higher
temperafures (Karpaml, Kute and Satpatly, 200%)),
Higher lond surface tomperatures were teporied in
neeas with higher buili-up and human activities
vompared o these with green veagetation cover n
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Ahmednbad city (Mathews et al., 2006; Mohanuyad
and Gaswami, 202 1; Smeh and Surati, 2021} Jashi
et al. (AH3) reported higher swrface remperpture
mear indestonl deead and dense orban areas as
compared 10 other subuehin areas in Ahmedabd

wily.

In Vishakhupatnam, heat islands wene noticed over

the thickly built up arcos with mtensities varying

from 2°C o 4°C. It was also ohserved that the rnie

of deercsse of tempersture during winter nights was:

O3°Chr in urban arcas compared to 0.3°Chr ip
mrsl arcay (Devi, 2006), possibly contiibuting 1o
the observed high intensities in the former areas.
Bhion and Saxena (2074 using ohservations from
Fed ndtweonk of 19 westher slutions over the
Nativnnl Capital Territory of Delhi roported thut the
zones OF wuimest emperatures were located in the
thickly populated northeast and north districts of the
territory. The panerns of distribution of both the
mysximim and mEnimom temperatures were siiilar.
The moxinnm ntersity of Urbon Hear Lsland ot
maximum empersture epoch was found i the
momth of Jnpeary (3°C) and that Al minimom
temperature. epach i the wansition months of
Mateh (3.3"C) ‘and October (470), Populalion
depsity and  prevailing winds wiére reported 10
determine the wimperatuee distnbutions over the
Area.

Fallmann et ul. (2014) employed the pumerical
mesoscale Weather Rescarch and  Forecasting
Model (WREF) 3.4 10 analyse the urban climate on a
regiondl scale. The nnalysis allowed o assessmont
of UHL mitgation sitmtegles through sinmudaling
different wrban, planning  scenbrios. The results
showed that o change of the reflective properties of
surfoces has the highest impact on pear-surface
temperatures compared to an inercase of urban
green areas or o deerense in building density.

Li et al {2015) anolyveed observatons from two Moy
twwers in Bedjing, Ching and found slgnificant
differences between the responses of urban and
rurl (groplind) ccosysterns o heatwaves. It was
found the LIHIs merease significantly during heat
wave events, expecinlly at night, implying svnergies
between heat waves pnd UHLS. The shudy reporied
that  the wban  sine received  more  incoming

shirrtwave iadiation and longwave mdiation dug 1o
heatwives as compared to the rural area, resulting
n o larger rudintive energy mput imto the urban
surfaed doorey budset

Chaprun et ol [(2007) reviewed the impoact of
urbamization and climate change on wrban air
temperplures, The authors found that most studies
investigated ¢limate change and urban hear 1stands.
in solation: There has been little impetus gven on
how ¢lipute change wnd urbisn growth will interct
in the future and what will be the impact of such
mteraction on heat steess, The authoss ctted that this
may seriowsly nsk underestimating  funare urban
tempersiures and consequently hamper the process
of adapiation o the changing climbtic conditions.

Zhon et al. (2008) uwsed 2 climate model 1o
mvestignte the interactions betwoen the UHI ond
heat waves in 50 cimes of US under current ¢limare
pod  futiore  warming . scensnos:  The  aothors
expmined  UHI2m  (defined s the rban-rural
differemce in 2m-height air wempprstane ) und UHls
I:dEEI'I.I‘.!,_El. as  yrbpn-nural d&fﬂﬁ}[{'ﬂ' m  miative
surface  tempernture).  They  found  sigmficant
interaction sensitivity between UHT and heat waves
tos local bockgroumd climote and warting scenarlok.
Sensitvity  wlso  differed  between dayrime  and
pighittme. During the day, cities in the temperate
chmaore  regom  showed  significant  synergistic
effectd Between UHT and hdatwoves i the carrent
climate, with an averige of 04 K /-272.75 %€
bigher UHI2m or 28 K27035 °C higher UHls
during heat waves than during nonmal diys, These
symergistic effeets. however, dicumshed in future
warmer climates. In contrast, the synergishe
doytime jmpact for catits in dey reglons was
insignificant in the cwrem climate b u'l'ﬁurgcﬂ in
future climates. Ar nipht, the synenmste effoets
were similar across chmate regions m the current
chimate ond were found o be stronger in fuiude
climale seenurine.

Pramantk and Punis (2019) used Landsat-8 and
Sentinel-2 data to evnluate urbnn greenery's conling
effecs m Dethi, todio. Landsoe8 dow was used w
pmap the eltv's land surfiee temperotorg, whereas
urban greenery was mapped using Sentingl-2 duti.
The composition and configurition of virious typey
of urban greenery were measured by computing
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severnl metrics, Statisticnl paramesers like ordinary
lenst square Tegression, multiple lincar regression,
nnd spatial muto-regression model were emploved 1o
‘quantify the cooling effeet of urban greenery. The
duthirs reporied thal amount of whan greenery
(percentuge of land cover, average size of green
ptch et is very important to reduce the urbin
hear island mrensity.

The majodty of the studies lnvestigated  climaote
change md wiban heat islands in isolation, There
has been little impetus given on how  chimate
change and urban growth will intersct 1 the tuture
wod the impact of such imtérection on beat stress
{Chapman, 2007

3. UHT Mapping

Satellite remote sensmg provides a compelling
nhernative s the satelliies cover a large swath of
the carth’s surfice. In particular, the Lind surfage
temperitire measined by sutellites i thermal
infrared reglon of electromagnetic spectrum s
heen used by various researchers across the glabe
(Zhang and Cheng, 2019: Wang et al.. 2017; Jin.
2012; Zhang dnd Kahe, 2012; Yuad and Boudry,
2007, Chen et al,, 2006); and in somwe instances,
these dutellite-derived Land ﬂ.uﬁ'm;l: Temperatures
(LSTs) hove been comelated with ambient air
remperntures (Mutibwa e al. 2015 Unger. 2000;
Wadnsz, 19594,

Between  2018-2021  Imteégrared  Research  and
Action for Deévelopment (IRADe) undertoek a

study to dcdentify ward level UHEs for Delhi, Rifkor

(Magotrm et al., 2020} and Bhubaneswar (Magotra
er al. 2020) a8 o opant of project supported by
Iiteraational Developrent Research Centre (IDRC)
n developing Clintate Adagtive Hewt Action Plans,

LSTs and Air Temperatures are known to exhibil

wide spatial variability in urban areas beenuse of
lond pse, urban geomerry and density of buildings.
Therefore, the study identified potentinl ULITs using
Landent-8 satellite dutn which expericneed LST
higher than certain thresholds. Wards fdentified
amder o higher threshold wre more prone fo heat
stresy and need 1o factor in ssumg ward leved hem
wave warmiigs and taking migigaion measires on

priority. The LST map devaloped using this dat set

is shown in Figure 1.

As there i5 no established threshold for identifying
UHIs using LST data, we ndopted o percentile
hased approach, UHls were identified ar the ward
Tevel For the three citics Bused on o perecntile [95%,
90%%, 85 15) of highedt LST observed, omd Ui
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Figure 1: LST maps of three cities developed
using safellite data.

were denified ar the ward levels. The wards: were
grouped im0 four catepories: Catepory | wards
having more than 30% of the arca ag a thermal
hatspot, Category 11 containg wards haying. 2550,
of the area o5 o thermal hotspot, Category 111 having
[10-25%, of the area as thermal hotspor and Civegory
IV hoving less than 10% of the ar¢a as 4 thermal
hotapol. For example. the analysis for Rojkot
revealed that ward numbers 11 and 12 have arcas
falling in Cotegory |1 ot W5% of the ldehest LST
observed. on 26 Moy 2019, These wards had
rouehly 20%%0 and 34 %0 oreds with LST over 53,77
CA wlal of Toowards owt of T8 in Rajkot showed
thermal hitspots a1 90% of the highest LST runge
vbserved on 26 May 2009, The above nnalysis
revealed thot ward numbers 1. 2, 3. 11, 12 and 18
have significant sreas [alling in Category | and L of
hotspors, Ward number 12 hay nearly 68% anca
covered 85 a hokspol, the maximum perceiige
spatial dstnbonon recorded for 0% on 26 May
2019, Ward numbers 1%, 1 and 11 are next in order
lis these wards have nearly 6354, 62% ond 58% lirea
under thermal htspot. At 85% of the highest LST

range (Le. 45 117C), all the |8 wards in Rajkot haye
some arcas as thermal hotspoty. All these hotspots.
experjenced LST=45 11 "C. Except. 7 ancl % all the
wards have hotspol areas in Ciategory [ and T Ax
ol wiseds wre showioge LET=48.11 *C,

The above study helped adentify the Urban Hear
Islands which were further used for valnerability
assesatent and mitigation interventions for the
muticipal comorations.

4. Physies of LUHI

The physical mechanism of UHI involves several
factors which contribuie to the formation of LIHT m
the erties. which includes small-sedle privesses s
b metabolizm and mesoscale intemctinns of
the atmespheric forees (Mirznel & Haghighat,
26111). The combination of the following physical
mechnmams conmribyies: o the forosaiion of on
urban heat isfand.

4.1 Dav and Night-time temperature varintions

The timing and magnitude of enerzy exchanges
across the wrban landscapes difler considerubly on
gecount of changing pattern of recerpt and fnss of
solor mdintioh (Nonez bnd Oke, [997). Tn rural
nreas, the empemture msy drop ot might, nllowing
the potentisl cooling of sumoundings. In citivs,
however, the nights can be warmer than usual
isometimes warmer than the days) due 0 energy
disstpation by orban infristructure (Nuenz and Oke,
1997), Such phenomena result in the genetition of
might-time UHLy, gnd di not provide sufficient time
for cooling. This may potentially lead to cnhanced
hear stress and consequent morulity, partieularly
arong the vulngmble section of the urbar homan
papulation, For example. tn August 2003, the Paris
metropulitan area experienced daytime twemperalune
ibove 3IRC for mine conseculive days (Dousset ¢
al, 20083, During this period, an mcrease in night-
time lemperature was also observed by about $7°C.
This resulted in 4867 more deaths in Pari< during
this period.

The Impervious nature of wrban infrastructures built
of concrete, asphalt wte.  often results  m
waterproefing of ol wnd thereby  reduces  the
nulurdl evaportivie sink. This Tends Lo relatively
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higher ambient lemperatures during might (Asaeds
and Cao 1993), As the deprhithickness of such
infrastrpctare ingreases, it leads to more absorption
of  koler  radistion  ddrng  the  davtime  and,
subsequently, more heat  dissipation ot night
(Amfield, J003),

In many cases, the UHI 15 strongest at night; for
example, 8 study in Pans’ showed  that the
sgnitude of the night-time UM was up 1o 7'C
more than the dovtime UMD (Lac et pl, 2013)
However, the daytime UHI is stll a significant
phenomenon but s far more  comphiened 10
characterise. For example. it wax found that urban
temperatures tend to be slightly wantier thian ruenl
anes during the daytinge i London, with morning
urban  and  ruml  temperatures bemng  similar
Howewver. the scenarios also exist where urban
temperntiures can be cooler than surrowiding rural
dreas  (Bohnenstengel el al, 20011 Systematic
reviews of the UHL litermtare are available in
(Armfield, 2003; Stewart, 2011) and bath document
norange of swdies rthar have nvestigated hoth
proctornul and daytine termpersure diffarences.

4.2 Urhan geometry

The UHI phenomenon s considerably influenced
hy the arrangemen of sirects and buildings withn &
city (Sobstyl et al, 2018}, For exaniple, cltzens
dwelling in u ety like, Now York or Chicago, have
been lounil 1o experience more heat build-up within
the citv than those living in cities like Boston or
London (Chondier, 20015 Tlus 15 because oifies like
New  York und Chicago, ard developed very
precisely like a grid and are pretty crvatalling in
their morphology (Chandles, 2018), On the other
hand. eities like Boston and London ore armnged
more chooncatly hike disordeced otoms jo o hgud
or ilass! thereby providing more space o dissipate
the accumuloted heat (Chandler, 2018), It was

Fovinnned vt clifferences in the spatinl arnngements of

buildings within the city are the most important
deverminant of oury’s heat ishand cffecr (Chamdler o
al,, 2018 Sobstyl et al, 2018), The geometry of the
butlt-up spoce has o lorger impact o urbon heat
island intensity, which dncrensed with inereasing
building density and building height variance anid
increased with imcrensime sky view factor. Also, the

urbiin seametry hing areater inpacts on the ropd
temperiture than on building temperatiore, and the
effect of the geomemic pnrameters on roaed sorfiee
leimperpfore chanees with the e of the day. dind
the seuson (Yang et ol,, 2020, 2021),

4.3 Migh building density

Urban oreas are densely populoied and densely
constructed. The hgh density often Teads to the
phenomepon of wiste heldt that dscapes from
vehicles, fagtories, and air conditioners thut adds
warmth to their surroundings as it has nowhere to
g It hineers o ool berween banldings,
exacerbating thi bt isfand elfiect
(Halasubromanion, 20200, As o result, nighitime
temperniutes are severely affected and remuin high
(EPA, 2018, This s becawse nldings, sidewalks.
opd parking lods block heat and 1 gets ropped on
lower levels where the temperature i wanmer
(Mobian et al, 2002 Building sid street convons
reduce wind vemilation and more mdintion nupping
cantributing to UHI (L3 et al, 2020); Yuan and
Chen 1201 1) yeported that an inerease in sky view
fuctar by 0.1 led b a decrease in daily mean
tetpernture by 0.4 "C, However, the nelationship
between  Boilding  helght and  ueban  theemal
environment is complex and 15 8 net effect of
chimare zone, population density, building forms,
land wosi. lindseape  mdex. termn and  socio-
ecanomic fctors (Wang and Xu, 2021),

Satl and Mohan (2015) nnalyvsed the change in lind
wse and band vover paftern over thie lnst five decadey
pnd ohserved that Delhi®s near-surThee h:rn]'lm'l:'tﬁ
bas nereased by 1.02YC due woan inerease in
arbsre-land use froon 1970 6 20105,

La etal (2020} studied the influence of density and
morphology on the Urban Heat [sland  intensity.
They Tound thut in addition o the size. the UHI
intensity of w city Is directly reliled to the densiry
ond an amplifying effeet that orban sites hawve on
each other.

4.4 Natural vegetation and water bodles

"Cireen” infrostricture such a8 foeest vegelation,
gardens and “Blue" infrastrlictures like water bodies
vl the  ambiince  through  transpimtion amd
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Figure 2: The increase in temperntore due to infrastructural differences between rura! and urban areas,
(Source: https:/Mand8.com/how-landscape-architecture-mitigates-the-urban-heat-island-eMect/)

evaporation processes, respectively. Naturl blue
preen architecture provides shade and  mmstare,
which also helps in lowerimg emperntuee (Figuee
2y, Trees and vegetation lower suefyce nnd air
temperntures by _-rll‘ﬂlridln.g shade and through
evapotranspiration.  Shaded  surfaces  were
canstderbly cooler thon unﬁhn_r.!l.ud museriols ond
resulted in coaling encergy savings of arawnd 300,
Cosg stidigs (Karn ot al, 1994; Lagehélt and
Williams, 1976 Buffingion, 1979; Parker, 1981,
Akbari et al., 1997) have documented - dramutic
differences m conling-energy use between houses
on tandscaped and ur-landscaped sies. Urban trecs
wan modily e climote of o city and linprove wban
thermal comfon modifylng the ambient canditions
aound ndividual bubldings tireugl shading and
wind-shielding clements, Considered collectively, a
stgnificant merease in the number of urban irées can
moderate the intensity of the urban Heat island by
altering the heal balance of the entire city (Akbari,
202y,

Relative cooling of wiuter bodies by evaporative
procedure his been found 1o be an importont way o
wiitigate LIHL in urban aréas with the cooling effocls
extending up 1o 300 meters decressing urbun
empetitures  of the  surmaunding envimament
around 2 - 6 O (Manteghy et al; 2005 Wo ond

Zhang, 2019), Commared o other land uke types,
waiter body corresponds to lower LST (Yang et al..
2015).

4.5 Urban building: construction material, roads
and pavements

Urban bailding mirastructure  which s highly
thormal absorbent, with low vegdtution Cover, Is
one ol the most erocinl caouse of UHL The
canstruction meterial comprising cement, bricks,
plass, files used for buldings have high thermal
absorbent properties leading 1o the buldé-up of heat
and causing o orse i the temperstwre of the
surroundings, In sddition, road netwarks in the ciry
made up of black colored asphall act as heat
ahsorhent pads leadinge 1o an merease w land and
SUrface wir lemperitires,

As o resull, urbun structures ubsorb a large quuntity
of thermul enérpy durng the doy. They slowly re-
etfiit this stored energy during the night causing nn
increase in night temperatutes as well. The exeess
Feat energy that is absorbed due 1o urban landscape
feptures and low  vesetation densily rases  the
temperiiaee of the urban areas by several dogroes
emer that of  peripheral  nop-urbonized  regions
(Figure 2),
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Ibrahim ¢t al. 201%) found that the four types of
pavements - asphalt. concrete, permeable, and
industraabised  bulding system  (1BS) conmibuted
baest to the UHTD effect Green walls, cool oo,
vegelntion and  trees were found 1o help an
mitignting the UHI effect. Pavernients ociupy up to
A0% of urban land cover and play an fmpartant role
in absorhmg and sworing of solar energy leading 10
hn incréase mocsorface  Wwmperatures.  Refleetve
pavements and incremsed urban green cover can
hielp to significantly reduce the thermnal stress [oad
on pavements and urban envirmnments (Sen, 2006;
Cheela of al.. 20211

4.6 Cooling infrastructures:  Residential and
Commercinl ACs

A eonsequence of urbin heal islnds in summer s
an merense in @ir eondifioning i urhanized areqs,
which. while cooling the msides of buldings,
relenses woste hent o the ntrvosphere (De Mingk
et al, 200 3), The growing use of Air Conditioning
in an inefedsaingly hot elimate can be: problematie
{Lundgren-Kownocki et al, 2018). Thermal lnads
cold be doubled by the hearstand effecr, while the
coefficient  of  performince  (COP) ol wlr
conditioning syétems could be reduced by 259%
(Mhartin und Maysire, [958

With the corrent trends, the covemge and eneTgy
domamd  for oir conditionig s expected o nse
sigrilficantlv by 2050, with' o large port of the
inerense coming fom the fast-growing and donse
citles in nreas in tropical und subiropical regions
(Purkpoom snd  Harrison (20048, Dahl (2003),
(Reese, Ao 2008) UHD divectly velntes 10 conling
defmand s the urbatization' that fesults in UHI has
become a seripns fssue in the hot and humid
geozraphies. The maximum abserved LHT intensity
inIndin is %9°C (Veena et al, 2019).

There s posttive feedback between atp-conditioning
tnd wrban wirming which 15 expected to further
inerense in warming urban climates, Tokane et al,
{2019 enteulated the impact of the feedback during
the July 2008 Jopanese hear waves tobe 0,11 2C. A
study on the threshold of air condmtionming use wiach
con fhetease mit teperatures for o ity like Patis,
compured the eenarios with heat relessed In the
street and  the  haseling  case  withowt  air

vonditioning. A systemiatic increase In the sireet air
temperiture wits observed with o greater increase af
night=time  tempernres.  (Lundgren-Kowmack) ef
al, 2018)

4.7 Transpon

Cors and vehicles contnbute o heat enmssion m
urban areas: | Kamneezaman et al., 20018). The waal
hicat emitted by vehicles may remain trapped in
poorly ventitated urban canvons, thereby reducing
the therminl comfint of Gty dwellers (Louizg e al,,
2005). Further, the exhaust emissions from cars ond
weather condittonsare the mun factors determuving
the Jevel of pollution in the whan  atdwospherne
(EPA, 2020), These donditions lead 1o hent transfer
and radintion oceurring between the air and the soil
surfoce: (Koorevaar, | UK3). These exchonges give
rise, |0 urbon areas, o the effeots of heot wlands
thiat correspond to the uppelfande of éxcess aif
whipernture besween the city and its surrounding
spuee (Lovbea el al.. 2005), Zhet ab (2017) found
thnt m Hongkong citv. vehiculor flows in some:
places were the influential dommating. fagor 1o
making the UHI phenomenon more remarkable
Louiza et al. (2005) demonstrated that transpoen
vonstitutes one of pringipal factors 1o the urban heat
istamil  pcrease i ctes  meking  the  UHI
phemonmenon more remorkable

4.8 Weather and geography

Weather conditions muy  expoerbute ar mitigite
UHI effects In cities. Stromg winds and elouds may
coal the ambimnce and thereby suppress the LIHI
elfect: On the oiher hand. caim and clear weather
may exacerbate the UHIT effect as more  solir
rmadintion machis the sofoce. In sddition,  the
geopraphy of the cily also impocts heat island
formation, For example, o city in the vicinity of a
mowntam may experence more UHI phenomena-as.
the mountain may block wind flow o the city, A
bowl-shaped topogmphy of the city may result in
the accumulation of mone serosals in the air und
comsequent reduction in temperatore.

It should be clear now thm the determmotion of
urbon beat (slands réquires measuring temperatires
at different locations within and vwgide the city
boundury. Both air and land surfice lemperatures
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Figure 3; Distribution of UHI effeer scross different land use tvpes,
(Source: httpsfwww.epngovihestislandsdearn-ubout-heat-islands)

vary within the eities depending on the distribution
and density of land pse types (Figare 3). Parks,
open band. water bodics form cooler arcas within
the' clties, whereis highly concentraléed buildings
and industrinl regions have substuntially  higher
UHI effeet (Figure 31, In addition, the diumal
varintion i lpd sprface temperntore o higher tham
o femperaimes. However, durme mght these nre
fairly similar (Figure 33 Accordingly, thefe are two
wypes of urban heat istnnds thar ditfer in how they
are formed, the nrethods wied o deteet and measure
them, their impacts and the methods 1o mitigate
them (hupsz/www.epa.govhentislands/ leam-about-
heat-islands, page aceessed on 07/10:2021), Surface
Heat Islands (SHIs) are formed because of the
warming 0f land surfaces Hke mads, pavements ele.
Such surfoces aswally have greater potentigl w0
absarh sofor energy than natral surfaces like those
of water bodies ond cahopies af denge vepetation
SHIs tend to by niore intemse during: the doytime

under elear shy conditions.  Atmospheric Heat

1

lslunds (ARIS) form when adr in wrbun areis heats
up more  compared o sarrounding  non-urban
regrons. AHIS vary moch less o mtensity: compared
to SHis, SHls are mejly associoted with lad use,
whereas adveetive processes play a significant role
fior cunopy UHI (Azevedo el sl 2016),

S, bpacts of UHI

UHE s affected human health. diveetly through
mereased and prolonged exposure of the mhnbitants
to higher temperntures. The indireet effects inelude
mereased energy demond for cooling, derernivrated
it and water uatity, amd exaeerbated bl waves,
A review of the implieations of UHI is presemed in
the following sections.

5.1 Human health

Heat stress-induced deaths in 2100 are estimated 1o
be abom %3 per 1000 (Climme hmpagt Lab
2019). Extrane tempermtures are considered amony
the mpst dungerous matwnl  hivands  adversely
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affecting the henlth, fivelihood, and productivity of
people: but rarely received adequate attention. The
impacts are further aggravaied in urban nreas where
restdents are exposed o higher wad  oocturidlly
sustnined  higher lemperntures due (o the Lrhan
Fleat Island (UHI) effect (Mpgot et al, 2021)

UTHT con mmpact the health of ciizens both directly
a5 well as indirectly. Indicectly, UHL can exacechote
health. impacts by wifecting  minfall  patterns
iCollier, 20061, interacting with and wonsening air
pollution (Nu e al,. 20143 increasing flood nisk,
bnd dieereasiing waler gualily (Hesler and Bauran,
2003 The direet intpact of UHT on husaan health js
through  exposure o inereased.  temperitiure
fHeaviside ¢ ol 20017). Exposure to heat may
result in a varety of adverse health ourcomes,
Respariwory o ciardiie problems’ may be [urthier
ageravaled by exposure to high temperaures. The
risk s significant even  at  mwoderately  high
temperntores (Gasparmmi ¢t al 2015). The nyge
factor 15 nlso ympormnt ag older people are more
vulnarable o mereased temperature exposare. Aldso,
there |s evidence thal vulnefnbility virles by gender
(WHO, 2012). With tempersture anticipated to anse
in the future in respopse to anthropogenic climate
change, hear- relaed momality and morbadity 15 also
expected to inorewsi (Hagat et al, 2004 LI wnd Bow-
Zieidd, 20113), Heat islands may impalt stme people
mire than others especinlly the valnerable, As cines
face higher temperatures, longer and more mtense
hear waves, o stronger hear island effect s expecied
(EPA, 2018).

5.2 Menial health

Residents living m n UHI region or in dfs. vicinity
nre ot mercased hentth risk ( Tombinson, er ol 200 1)
Woridus stidies have shown thal eitizens in TTHI
dreas  suffer from  hent-related  illnesses, e,
digestive diseases, DETYOUS SY81em ssues, Insomiin,
depression, and mental illnesses (Huynen et al.,
2000 Tan eral, 20000, ln p sysiemanic review by
Thompsen e al. (2018), mereased risks of mental
health-relnted  addussions and  emergency
depariment visits in higher lenperatunes ireay were
foumd. Other findings by Jenereite et al, {2016)
demonstrated. that the symptoms of  heat-related
illnesg were cdrrelated wilth poreel-scale  wurfhice

remperniuse paiterns during the davtime in an urbin
censyvaterm. A study in Kuala Lampur by Wong et
al. (200 7y stated thar more psychological and soginl
hizalth pssoeiated  with' UHILL
dapression pnd the restriction of speial detivities
were observed {n the hotspots, A recent studv by
(Mirzaci et al, (20200 in the Istihon Metropolis,
lran, observed thar the citizens showed severe
significant risponses in non-physical Health sub-
seales be, anslety, sléep, docinl functioning, el
depression

158105 snch i

53 Vulnerable groups

Papulutions with low income are ar greater risk of
beat-related  Hinesses  duc  to poor  housing
cancitions, mcluding lack of arr conditioning and
simall living spages. and madeguare resources (EPA,
MI8). Thids is  further the
phenotienan o UHL It can exacerbate these
adverse fmpacts in cities by amplifying  heat
exposure during the day and inhibiting the body's.
ability 10 reeover at might (Chakraborty o al.,
2089). The LTHI ¢on have  differconated  impacts
perass  populations, particulacly those of lower
sociogeomnimic  status,  with  pre-existing  health
conditions, or living i dense urban areas that are
exposed 10 higher fevels of UHT and s negative
health oatcomey { Solecks et al., 20058), In a study o
find the relationship between distributions of bath
income and UHT at the newghborhond seale for 28
cities worldwide. It was observed that in most cases
(T2%. poorer neighborhonds experience clevated
hout’ cxposure, on incidemadl consequence of the
intrm-eity  distribution  of  intodw  in cities
(Chakrnborty f al., 2019). The study (indings were
Justified for both developed and developing cities,
worldwide,

aguravated by

5.4 Weather

Apart from the tempergture changes Ubls also
produce  some  secondary  efTects  on ocal
meteorology, moeluding altering local wind patterns,
development of clonds and fog. humidity, and
precipitation rates | ABR, 2007). In o study Based in
Mearl River Delin, China (Wang. 2015) . the UHI
intensity dicreases with increasing low cloud cover,
relative  humidity, wind speed and precipitation.
Another study based on the complex environment
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in MNorthern Toiwan found that the impact of UHI
on rinfid] could be either enhancement or mtiation
thereof, depending on the size of the city and its
wirrouriding geographie features (Lin et al., 2001).
It presented o contrusting rfesult where LIHT coulld
dffew) precipithlion over upsirenm plain areas, quite
different fram pther places with urban areas located
over farge plo areas resulung inincreased rainfall

downwind of the erty (Steiger  and Orville, 2002)

(Shepherd et al, 2002), Further, study comphring
UHI intensity aceording 1o Urban Aren Change in
Astan Mega Cittes found that the UHI of Mumbai
appearcd 10 be stronger than thar of Delhi (Lec er al,
2019) u sifuilae metropolinin city. This was because
of Mumbai's coastal environment with low (ree
vover and the dense harizonml and vertical growth
of buildings (Grover e al, 2015} Another
significant impact exhbited by UHI 15 displayed on
the fog cover, UHIS may warm i region’s land area
silliclent 1o dissipate the Jog. Guutim and Siagh
(2018) observed holes in the fog layer over the
Indo-Gangetic Plain (1GP) wsing satellite imnges

{ Figure &),

1."5.,__;11 g 5] B

Fleure: Sptellite jmage showing log holes over
India and Pakistan with extensive holes over
Delhi and several other cities |[Lahore (1),
Amritsar (2), Jolandhar (3), Lodhionn (4), and
Patinla (5} throoghout the 1GP, seen from
spacchorne MODIS instrument on 30 January
2004 at <1030 pom. local thme (Souree: Gautam
and Singh, 2018),

The authors reported that the persistence of fog in
rural arpas s relatively longer than in Delhl, where
fog dissipmtion occurs 3 hours earfier, The LT
distribution over Delhn was plso found 1o be hgher
than the surrounding reglons by roughly 4 K
(Goutwm pnd Singh, 2018,

5.5 Air pollution

UHT and apt polluton are kiown to drive one
niother (Singh et pl, 20209, UHL affecs Adr
Pollution a5 urbanization  changes  urban
meteorology, which in tum influcnees ambient air
pollants. (Nidhi e ol 20200, The spatial
temperafure difference between cilies and suburban
nreay (Roo et al. 2014} causes the risdog air from the
cily  centre 1o move towards suburban  preas
following: temperuttire. gradient (Smgh et al. 20209,
This recirculiation progess conses elevaied inversion
and mbibals dispersion of ar pollutants apwird in
urban areas (Oke 1977) It dlso creates hagher
temperpiune “domes”™ over wn urban or industrinl
grea by hot air layvers forming ot building-top or
chimneyv-top fevel (Shiel al, 20000 This dome s
abotit 5°C to TYC wirmer thun the air above it dnd
the ground-level temperoture and can trap all
polluting emissions within its confings (Rizwan el
al. 2008) (Husng et al, 2018), In addition, UHI
increases the possibiliny of the formntion of smog
ereated by photochemical reactions of pollutants in
the ate (Boklanoy et al. 2006 The Draution of
smeg is highly sensitive (o tempertures since
photochermeal reactions are more likely to oogur
and infensify of higher remporatures (Che-An ¢ ol
2011). This complex nexus ol ¢limate change-nir
pallution-LHL driven by uebanization would prove
devasturing to human health (Henviside, 2016), An
mportant influencer of UHI intensity are aerosols,
Acrosols are minuie solid or Tipud particles usaully
suspenided o air Becouse of mone  polluting
petivities in arban areas, the serdsols of urban greas:
are mostly blnck carbon (Kanakidou et al., 2001,
These aerosols either scatter or absorb visible and
NIR  pear  Infra-red)  solar mdispion,  thereby
influericing 1the  cifies'
(Cusnck ef al. 199%). For instunce, o high aerosol
optical depth (AOLY) may deerease salar absorption
by the surface by 40- 100 W2 and thes, LST over
urban arcas may reduce by =2 K orelative 1o
surrniinding non-urban regions (Tin el al., 2000). In
ather words, increiised ADD ¢ reduce the solur
heating dusing the davtime, and consequent cooling
of the suriiee may cance! the night fime UHI efifect
(Sussmmn et al., 20193 On the other hand, some
resgarchers have also moported that serosols can
enhunee the UHI effect ot night tn semi-arid Cities

stfaeel [umpuruiu.rc
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(Cao et al, 2016, Fallmann et al., 2006; Lai, 2016}
Overall, gir pollution cansed by nerosol particles
can affect the UMD throwgh chamging (1) the surface
inergy balonee by the serosol rdistive effeet and
(2 planetorv-bonmddry-laver sability and aicllow
intensity by modifying themwndynamic strscture,
wh'i-:h is referred 1o as the gerasol dynamic effect
(Hon et ol., 2020),

5.6 Energy consumplion

Beveral studied hove abdieated that LUHID has d
significant effoct an the energy wie of huildings |
Privadirsink, 2011y I inerenses  hoth overall
electricity demand anid peak encrgy demand (FPA,
201%), UHI coold result in o median incrense of
[9.0% in coolmg eneriry consuwmption and o medion
deercike ol 187 in heating energy consumption
(Xinoma Li, 2019). Studies reveal that elegirivity
demimd for mir conditioning or cooling increases in
the ranges of 1.5 10 2 pereent for every 1°F (1,6°C)
increase n dir temperdtures’ (ranges of 68 ta 77°F
(20 to 239CY), amnplying  that  the  comnianity
requires sbout 5 to 10 percent more electricity
demnemd to cater for the urban heat effoct (Rinkesh,
2008,

In Indin, UHI and the rising temperstures dinectly
umpact the existing and future cooling demond. As
per the repon ‘Demnnd Annlysis for Cooling by
Bector o Indmm in 2027 the overall  eherpgy
consumption for the Bullding Sector will incrense
more than double in the next decade, growing from
around 126 TWh in 2017 to around 281 TWh in the
vear 2027 (AEEE. 2018). India’s air conditionmg
coveringe alone s expevted Womse o 500 by 2080,
which would rrunslate inte o signtficant jnonsse in
enetgy needs in addition w HEC leakage from AC
uniits {Reese, 201%), UHI nnd the use of AC hive a
‘couse”  and  Ceffeet’  relationship  where the
operntion of these AU umts will nlso impact odr
climale and contribute to the UHL,

5.7 Witer resources

Urban bemt fstands (UKD coupled with regional
¢linmte change have cssemtial impocts on urban
warer demand and conswmption (Chostopher et al,
2008y, The overuse of water from nearhy water
spurees due 10 the mereaded heol con siress the

warter supplics ind lead o mossive wister shortapes
(Creilman, 2020 This can affect quality of life, and
stress water sources fiarther from the weban arca, as
the rewch for water widens: As per the “Aguedoet
Waler Rish Atlus" by the World Resources Institute
(WRIY, India {5 mnked |3th among the worlds 17
“extremely water-siressed countries { Pandey, 201 5},
Tiis can be further agaravated with the conmry’s
rising ompersture and LHT hotspots.

5.8 Water quality and aquatic life

UHI impacts the quality of the water just as rmoch
&5 it nffects the quinlity of the pir pround the city, It
affects the wrban squatic system as it wliers the
stability of the water columns, biochemical cycles
and biological agtivity (Ogashawars et al. 2015),
High arid
surfaces can heat stornwater anoff, which deains
inte storm sewers and mises waler temperatures
it 18 released info streams; rivers, ponds, ond lakes
(EPA, 2008} In one of the swdy carned oul to
orcdiute  TTHT impacts  man-mode  wbon ponds
(Krigtien et al, 2018), stiong evidence of urhan-
driven warming was found, The daily temperatine
fluetuated around 2 °C more 0 lovally urban ponds
thare rurnd ponds 10 summer. Another stady found
that water tempetuture iifects dll aspects of marine
life, especially the metabolism and reproduction of
miny aquitic species (Gellman, 2020),

tempernlures of  pavement roallop

5.0 Forest fives and vrivan fires

In receni years, the incidences of wildfires have
incressed  substantinlly  avross  the globe,  This
merease  may  be  ttnbtited
anthropogenic chmate change: Out of the varous
contribiting  foetors,  urboan heat  islinds  may
contribute  significantly to these fires, This s
because UHls have dimintshing impact on the cloid
cover, leading 1o depletion of ground moistare.
Loss of ground motsiure results in vegetation
cryimg. which ther dets us fuel For propagoting the
wildfires, With wind<, such lires my travel to the
infand arcas of the cithes from the outskins, forming
"urban heat tslnnd archipelagos”
s wwwe lpeorg newstetier urban-heat-island ).
These archupelngos experience unusually  higher
wemperniures pnd alr pallution levels, resulting in
highaer pumbers of possible human casuinltics. For

to the ongoing
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instanee, during the 2010 hearwaye and wildfires in
Moscow, approximately 11000 excess deaths swere
recorded in 44 days i which 24-hour avernge
lemperntures varied feom 24°C 10 31°C and PV
levels exereded 300 jugm3 on several doys (Doilry
et il 2014),

It dlee couses  wildlife  habitat loss and
frapgmentation,  threptens  wildlife  populations,
increases fire risk, and reduces biodiversity (Shi et
dl., 2005: Pickett et all, 2000 Wildlund urbin
interioges { WL nre arens of congern, where homes
hnd associnbed siractores wee bodll arinby Roresis,
shrublands, or grasstds (Radeloff et ol 2005,
Pickert et al. 20001) The WL hos recdived
considerable attention begase of negent increascs
in the number of stroctures destroyed and the area
hurned annually: by wildland fre 1Shi et al. 2005).
Therefore, the impact of UHls on wildfites should
he studied with o fodus on  investiganing  the
intémmetions between high termperitures and wildfine
pir pollunon and the effects of such |nreraction on
human licilth.

5.10 Climate change

Thee effect of Urban Heat lsland on wenther and
Chimate change is two-fold (TERL 2017), The heat
build=up caused by the urban hear islond effecr can
wiorsell the misiop teimporatores. Tt alvo affects thie
iticrensed heal guiny in nirconditioned  buildings
ciused by the heat bulll-up Teading o ircreased
¢lectncity demand for cooling. Energy consumption
in bukdings 15 growing worldwide st an avermze
rate of 0%, bécanue of the growing population ind
nster developinent of nations (Akbari ¢t al,, 2012),
Coaling is essentinl for achieving many Sustainable
Development Goals (SDUs) (SE4ALL, 2018). Yet,
the msing demand for space coaling 15 afready
putting eoormons stram on clectricity systems m
duny countrics, ws well as driving up cnissions
(TEA, 2008}, The direct and indireet emissions from
room AUs alone could gontribute to as much as a
(.3 *C Celsius merease i global worring by 2100
[ Lalie ardkalank, 2019).

i, L'HI Forecasting

Recognition nnd guontificaton ol adverse effects of
UHIL, the issue of predicting the UHls hag been

receiving incrensed anentinn from numy quirters as
the prediction technigques can also help design UHI-
mitigation strategics: and conntermenssure policics.
Muodels sre helpfud indeveloping UHI-mitigation
strtegies and in drafting relevant countermensyre
policies (Solecki ¢ al, 2003} A review by
(Kolokotroni e al, 20003 explimns that there exist a
mnge of models varving i complexity o predier
UHL It can be clussified o the four catoporics
Aumely, Climatology mpdels (Muveagiomm et al,
2009), neluding the essentinl drivers of climate,
Empirical models (Swaid and  Hoffinan,  1990)
depending upon empincal observations, Stfistical
regression. methids (Mihalakakou et al, 2002),
probability methods and Adificial Neutol Netwarks
welrich is wn _r.d'.-nm:ud non-linear analysis techmigue,

6.1 Statistical, Data Driven and Dats Analvtical
Methods DI/AML

With the development of data collection, storage,
and  processing  powers that  cnable 0 better
understanding  of  the  pocesses  through
examination, organizanon und analysis. of data the
experts are able to comtextialize the UHI predictive
modets that con forecast UHI ar o given e in the
futare. The speed. scale, and granularity offered by
the data-driven methods of artificial intelligence
ared machine  leaming ure pow  enibling finer
axsessment of LIHE then  computer  simulation
progroms. €h er al, 2020 repored o significan
correlation  belwegn v lempermlure and  LTHI
inteneaty and durntion, Surface sdlbedo showed a
potentinl cormelation with UHI dumtion.  They
demonstrnted  that UHI  could be predicted
successfully wsing ANN and DL rechmigques.
Earfivr, Kim and Baik (200:) used UHT intensity on
the previous day, wind speed, cloudiness. dnd
relative mmidity to predics UHT varations in six
cities neross Korea, Similurly, Pokirnseree e al.
(200 %) reported thar wrban physical characrenistios
in Banghkok had o sigpificant ooppact on' the
mgnitude of the urban hear delnned, particularly the
TToor ares ratio and building covernge o, Girdes
et al. (2020} cstohlished that the UHI mtonsity
depends on the degree of urbamisstion with larger
witlues in denker wban settings. (ther studies linve
employed <otistical methods 10 predict the UHI
intensity. It used predictors characterising the loca)
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meteorological  conditions  and/or  the  urban
momphalogy such as wind speed and direction,
surface  tempersture,  clovd  cover,  Normalized
Difference Vegetation Index, buillding density, land
wae and elevation (Bermaed et ol 2007; Dotigon
and Amorin. 2019), Kaur et al. (2021) used ANN
techmgue to predict solar eadiation and thus the
iniensiy of UHE using moxpnom  temperatuce,
ounmmnm tempernfure, wind veloeiy dnd relativie
humidity Input purametens.

6,2 Geographic Information Systems (GIS) and
remoete sensing

GIS appropches are also deployed o mpp the urban
areas using freely nvailable satellite fmages o
¢harpcterize the thermal climatic conditions (Woang
et al. 2018 Zheng <t al, 2018 for Hong Kong:
Kotharkar and Bagade, 2017), The major drowhock
of this approoch is thot it connot captice drivers af
the UHI related atmospheric dynamics like the
horzontal pdvection of arr tempernture by the
prevailing wind, -sea breczes for cities clase 1o the
coast, katabatic flows For cities with elevation
differences, and the prevailing regional ¢limae,
finin fnd Hovano (1996} investigited the surface
tempernture distributions of &l urban surfboes vin a
new index based on sensible heat flux, named the
hieat wlind  potentidl.  Simulation
verified by the side-looking airbome tnulti=spectrnl
scanmer (MSS) and geographic infarmation system
(LS}, cnmbling  elucidation of thermal effects on
the ammosphere. Petjun er ol (2009 used the
thermial infrared  dat to estimare Tomd  surface
temperatuore and the awli-spectral da for gainiog
lind cover information to find the relationship
hetween LST and correspondimg land cover, GIS
wis then wsed 1o sinwlate the evolution of the
thermil environment and predict it trends under
the specific land cover scenirins. Shombeh of al,
(20200, im o study using changes of land cover and
LST. reported that the intensity of heat islinds in
Tehran wercased with an inerease o the value of
LIHT with an increase in the bullt-ug lmd inthe elty.

resilis  weere

6.3 Forecasting on urhan scales

A paper by (Parham, 20E35) which explores the
challenges in modeling of wrban heal  slands,
deseribes that the UHI models mre diverse o terms

of seale concerning the aim of a study, changing
from bullding-scale for mvestigation of the impact
of the UHI on thermal comfort of u pedestrign to
urban=seale for explorng the effect of synoptic
wind on wrban ventilmtion. The Building-scule
models are simplistic i representing the mutupl
mpact of a building on s strrounding area and
thus invesugatng the impact of LHE on building
encrgy performanee. The Micresseale miodels basis
is the interaétion of & Building with Its sutroundifg
environment in the surfoce loyer. It explores
differemt pamameters such as building ortentation,
street  canyon aspect  ratio,  swiace moienials,
viegetation and tree plantme on the calenlation of
surface conveetion, pedestrian cotnlon, and wrban
ventilation (Mirenel ¢t al, 2010) (Haghighat e al,
2010) (Tomenagn et al, 2015) . The City-scale
micdels are Inrge-seale LN vanptions of 2 cnw.
They  are  ncdopied climatology mad
meleorology  fields  The Numerical Wenther
Prediction Models simulate and assess the UHI
based on boundory conditions from obseryations.
and global climare models. The mode! can capture
the toniperature variations between buill-up wod
green arens. Atkinson  (2003) uséd o three-
dimensional,  non-hvdrostatic,  high-resolution
numerical model to analyze UHID mtensity o o
mantime  climate  ncorporanng  anomabes. of
albedn,  anthrbporenie  heat uimgsvily,
roughness  Jength,  shyeview  lnotor,  surfhice
resistance (o evaporation (SRE ) and thermial inertin
In daytime, the rosghness length and SRE were the
mast important factors nffecting UL intensity; the
nothrophginie feat was w most imprrtant ol mghi
Fallman et al. (2003} used WRF modlel to predict
the imtensity and spread of UMD in Stuttgan,
Armospheric  Dispersion  Modelling
System (ADMS) - Urban imcorpornres & full range
of sourée types and complex urban morpholdiy,
including street canyons. uid provides output from
street-scale W whan-scale hus extensively used for
modeling nir quality and urban climates in large
urban arcas. cities and 1owns (Maggiottio o1 al.
2084y Movrominnm et al 2011; Homilivn et al.
20014: Aktis er ol 2017 amd Wang ot al, 2019).
Hatehu et ol 2021 used an improved  wrbin
canopy wodel to simulate the UHI effect in the
rropieal seaside oty of Sanya, China by imroducing

i urbon

Mix.

Caermany.
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an adaptive appropeh o estimate (e nirflow mie
inside street canyons and the atrflows o multiple
conngcted streer canyons. The simulation error of
the comventimnal mndel wasreduced (o 021°C from
AR in aummers aod | Geden 0.834°C 1 349°C in
winters. Karlicky e al. (2018 evaluated the impiet
of typical urban surfaces on the centrl European
prban climate i several mode! smulanons. The
pestilis (hat  ull mnd  arban
parameterizations oan omeproduee e most
distinetive urhan effect, the simumer evening and
pocturnal wrban  heat dsland, with an avernge
magnitude of 2-3 “C,

shived midets

7. Way Forward

Thie TIFT effect hus enwerped aso polentianl threat Tor
a rapidly urbonizing country like India, Climote
change and unplanned  wrban development will
fusther agormvate the UHI effect. UHI s haying an
ndverse mmpact on energy wse, public health. and
woonormy, While TTHI is o Tocalised plenonienon, it
is hecoming o signilicant aspect of Clitnate Change
mitigation, and adaptation a5 glabal populations
urhomise, especially in the developing countries
particularly those m the warmer climaie zones. UH]
intensity  varies with  climate tvpe, popilation
denxity, chly architecture, city morphology, and clty
development ete, and, therefore, researah m India
waould need o be more comprehensive to cover this
variation:  Afthough severnl resenrch projegts hove
been canddcted. and some are o0 the process of
bemge conducied in viriows cities in different pars
of the country, they have followed differing
methodologies and have had varying objectives.
While the meidence of the hear sloml effeer 18
Clearly enmblighed, the memies and  inodes of
weasurement  differ. The empirical dita  from
different city vontexts in cach of the climatic 2onus
ol the country, obioined throvgh o uniform
micthodotogy, would enable an esuiblishiment of the
LTHT formation and its’ miensitv. Om this bosis; a
view an fitigation mcagures need be taken, Thal,
hinwiever. rematis smong the less researched insues,

Indiz Meteoralapical Department should develop a
tcthiodotogy  for UHL  mapping  incorporating
ground and space-based  observitions. 1 would
require mesoseale  suface and  high-resolution

1y

satelfite abservations angd collabarntion with other
agencies such as academic mstitutes, town planners,
Indian Spave Rescarch organizations, civie bodics,
disaster manngers, and public health organieations.

Equally tmporfant 1s o develop niimerea! modeting
capahilities: for the simulation and prediction of
UHIL  Simulatien research Lo help disagaresnte the
relitive linpact of varkous causnl factors on LI
individually and in  combination  with  other
parameters, with the help of numericel models, The
urban hent islond phenomenon has been explained
ae o combined effeet of climate, weather, local
peogmphy,  surfice  choricleristics,  urban
morphology, and anthropogenic  heat.  Surfage
¢harseterstics,  urban morphology,
anthropogenic heat are prumanly @ result of ciry
devislopment controls and huildig hylows. This is
of comsiderable relevance in Indin, where large-
seille urban regeneration. urban expansion and new
cities are on the anvil. 1t would be useful fo cpuantity
the relative contribution of these causal factors o
tho LTHT effeet. This would be eritiéal fur mitigation
effonts in using medsures with maximum efficiency,
For this City Heat Action Plans need 1o include
quantification, monitormg, and forceasting of UHI
at the ward level.

and

Stushivy toassess the extent of the impact of UHI on
the environment, energy use, economics, und health
in the Indian contexr needs 1o be wmken up, covering
the kew climate zones-ad large, medoomm, and sl
¢ities. The perspectives of the tmpoet of UHL an
venmfort, healih and energy consumption for el
comfort swould pﬁ:h reguibre datn in a particulir
form. It would be necessary oo cstablish  the
linkages apd  use appropwinte  metrics  for
quantiative understunding of cach impact, The data
from different city contexts in esch of the climaric
zomes of the country obintned through o usiform
methodology would enable. an apprecintion of the
seale and quantum’ of the impacts of the UHI effeet.
This will help in prisritization of variods mitigation
strtegies,

Climate chinpe-andiced high temperntures  sind
humbdity i ltkely 1o inereage the energy demand in
eities, pariularly in UHD localities, An Inreuass in
residentidl and commercial air conditioning will
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further increase the number aod. (mensity of the
UHIs, The government of ndia 15 promoating
Energy  Conservation  Building Code (FCBO)
gitidelines for mersising  eocrey  efficioney 1n
bulldings oo curvently 16 Urban Locpl hadicss huve
incorporited the guidelines for building approvils
This  will '
solunons and reduce air condifioming requirements
For buldings.

The goVernment policy on pushing the adoption off
electric vehicles will also reduce the aermsol load,
heat exhausts, ond the intensity of UHLS,

Green bulldings can reduce energy requirenent of
buildings by 28%-30%. Indion Greed Builldimg
Cotnetl i promoting these buildings. Integmiing
renewahle energy resources like solar in building
design will further help in achieving Net Zemo
buldmgs and  help necomplish the COP 26

Ccomnnnents:

Coal roofs hove the poiential 10 combar heat waves
because of thelr ¢lheientey in reducimg the mduction
of heat onta the roofs. Cood rodfs can reduce Urban
Hest Islwnd effect, Indirect foorprint Reduction
through  improvements in peak  summer cnergy
conswmption rates and help long-term adaptation 1o
bzl stresi. NDMA hos launched the guidelines Tor
dliermate conling solutions for the residentinl areas
and there s adoption of ¢pal roof programies.
UHI mutigation and adaptition will require active
participution and  collaboration of  NMuustry of
Hewstng & Urban Alfrs (Do dévelogrmenl
Mons, Building  guidelines),  Ministry  af
Environment and  Forest and Climate  Change
(Environment, Air Pollution), Minisiry of Power,
Ministry of New & [Reoewable Energy (Low
Carbon Encrgy). Minmsiry of Eodh Scieoces (UTHI
Chsservations, Simulation and ForeCasting), Stite
Governments  and  Municipal - Corporitions. A
national level plan needs to be propared for UHI
tnelusion af the policy level for harmomzmg of UHI
felnted measures hen by various agencies.
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