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ABSTRACT

This comprehensive study investigates the
gpatial and temporal dynamics of the Urban Heat
Island (UHI) effect in Lucknow city and its
guantifiable impact on heat-related health
outcomes. Utilizing a multi-scale, data-centric
methodology, the research integrates geospatial
data (Landsat 5, 8, and 9 satelliteimagery for Land
Surface Temperature (LST) and Land Use/Land
Cover (LULC) analysis) with epidemiological
health records from 2000 to 2025. The study area
was gridded at a 120m x 120m resolution,
generating over 38,000 data points for statistical
analysis. Resultsindicatea significant increasein
the mean summer LST from 38.4°C in 2000 to
42.7°C in 2025, with UHI intensity (AT )
peaking at 5.2°C in the densely built-up Central
and Gomti Nagar zones. A strong positive
correlation (R2 = 0.87) was established between
LST and the incidence of heat-related illnesses
(HRIs), including heat stroke, dehydration, and
cardiovascular stress. Multilinear regression
model sidentified built-up density and green cover
lossasthe primary driversof UHI, accounting for
74% of thevariability in health outcomeincidence.
Scenario-based mitigation model ling suggeststhat
a 30% increase in urban vegetation cover could
reduce peak LST by up to 2.1°C, potentially
decreasing heat-rel ated mor bidity by an estimated
18-22%. This paper provides a robust, evidence-
based framework for urban planners and public
health officials to prioritize interventions,
contributing to the discourse on climate-resilient
and healthy city design.
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INTRODUCTION

The Urban Heat Idand (UHI) effect, characterized by significantly higher temperaturesin urban areas
comparedto their rural surroundings, isacritical anthropogeni c climate modification (Oke, 1982). Asglobal
urbanization accelerates, UHI intensity isexacerbating, |eading to increased energy consumption, el evated
pollution levels, and severe public health risks (Santamouris, 2020). Lucknow, the capital of Uttar Pradesh,
India, hasundergone rapid and often unplanned urban expansion over thelast three decades. Its population
has surged from approximately 2.2 millionin 2001 to over 3.6 millionin 2021 (Censusof India), placing
immense pressureonitsnatura landscapeand thermal environment.

Heat-related illnesses (HRIS), ranging from mild heat exhaustion to fatal heat strokes, areadirect
consequenceof prolonged exposureto extreme heet. Epidemiologicd studieshave established alink between
high ambient temperaturesand increased mortality and morbidity (Gasparrini et al., 2015). However, within
cities, thisrisk isnot uniform; itisintricately linked to themicro-climate crested by urban form, materids, and
land cover. Despite Lucknow’s designation as a “heatwave-prone” city, acomprehensive, data-driven analysis
linkingintra-urban temperature variations (UHI intensity) with localized hed th outcomesremains absent.

Research Gap and Objectives
Existing studieson Lucknow havefocused either on general UHI detection usinglimited timeframesor
on broad health impacts of heatwaves. Thereisapressing need for alongitudinal, granular analysisthat
quantifiesthereationship between spatialy explicit UHI patternsand hedlth data. Thisstudy aimstofill this
gap by pursuing thefollowing objectives:
1. Toanalysethespatio-temporal evolution of Land Surface Temperature (LST) and UHI intensity in
Lucknow from 2000 to 2025.

2. Toclassify Land Use/Land Cover (LULC) and assessitsimpact on LST patterns.
To collect, geocode, and analyse heat-rel ated health outcome datafrom city hospitals.
4. Toedablishadatisticd corrdation and regress on mode between UHI intensity (LST), LULC classes,
and health outcomeincidence.
5.  Tomode and assessthe potential impact of UHI mitigation strategies (green cover increase, cool
materias) on both LST and projected health outcomes.
Thisresearch empl oysaninterdisciplinary methodol ogy combining remotesensing, geographicinformeation
systems(GIS), and epidemiological andysis, providing areplicablemodd for other rgpidly urbanizing citiesin
theGloba South.

Literature Review

The UHI phenomenon has been extensively documented globally. The primary drivers are well-
edtablished: replacement of natural, evaporative surfaceswith impervious, heat-absorbing materiaslikeasphalt
and concrete; anthropogeni ¢ heat from vehiclesand industry; and urban canyon effectsthat trap heet (Arnfield,
2003). Remote sensing has becomethe cornerstone of UHI studies, with Land Surface Temperature (LST)
derived from satelliteslike Landsat and MODI S serving asareliable proxy for near-surfaceair temperature
patterns (Weng et al., 2014).

UHI and Health Linkages. The biophysical pathway linking UHI to health is direct. Elevated
temperatures cause thermoregul atory stress, exacerbating cardiovascular and respiratory diseases. Studiesin
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citieslikeLucknow (Daveet d., 2022) and Delhi (Mohan et d ., 2020) have demonstrated aclear association
between L ST pesksand spikesin hospital admissons. Vulnerability issocio-economicaly stratified, with the
elderly, children, outdoor workers, and thosein substandard housing at disproportionaterisk (Harlanetal.,
2006).

UHI Sudiesin Lucknow: Recentwork by Singh & Gupta(2021) used Landsat datato show a15%
increasein built-up areain Lucknow between 2010-2020, correlating witha2.5°C riseinmean LST. Verma
et a. (2023) highlighted the cooling effect of the Gomti River and mgor parkslike Janeshwar MishraPark.
However, thesestudieslack integration with ground-validated hed th dataand advanced statistical model ling
to predict outcomes under mitigation scenarios.

Mitigation Srategies. Evidence-based UHI mitigationfdlsintofour categories: (1) Vegetative (green
roofs, urban forests, street trees), (2) Structural (cool roofs/pavements with high albedo), (3) Water-
based (water bodies, fountains),and (4) UrbanForm (building orientation, ventilation corridors) (Sailor, 2014).

Conceptual Framework: This study is grounded in the conceptual model that urban form
(LULC) directlyinfluencesthe physica environment (LST/UHI), whichinturndrives human exposure and
ultimately leadsto health outcomes. Socio-economicfactorsact aseffect modifiers. Thispaper quantitatively
tests the linkages in the “LULC *! LST ’! Health” pathway.

Sudy Area: Lucknow City

Lucknow (26.8467° N, 80.9462° E) issituated on the banks of the Gomti River inthe heart of the
Indo-Gangetic Plain. It featuresahumid subtropical climate (Koppen: Cwa) with threedistinct seasons: ahot,
dry summer (March-June), amonsoon (July-September), and acool, dry winter.

Administrativeand Analytical Zones: For granular analysis, the Lucknow Municipa Corporation

(LMC) areaissubdivided into eight zones based on urban morphol ogy and devel opment patterns:

1. Central Zone Higtoric core, high-density mixed-use, limited green space.
Gomti Nagar: Plannedresidentia and commercia area, moderate greenery.
Alambagh: Magjor transportation hub, mixed land use.
Chowk: Oldcity, extremely high dendity, narrow streets.
Hazratganj: Commercial andadministrativecentre.
IndiraNagar: Residentia withsomeingtitutiona aress.
Talkatora: Industrial and residentia mix.
Rural Periphery: Control areafor UHI intensity cal culation.
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Figurel: StudyAreaMap of Lucknow City

INDIA A DY AREA N
S “ LUCKNOW CITY A
? S
ey .5 P, >
N N4
.\\'_,'E‘_'I o I, y : "";-_I‘ !
\ B y
W §
\} £ J
0 155310 620 930 1240 i /
L — w—Milos
: UTTAR PRADESH | -
T o A
1
] ~ 0 1 2 4 i i
N -— — e Mile s
) &
0 50100 200 300 400
Miles

M ethodology

Theresearch methodol ogy followsasystematic, multi-stage processintegrating geospatial and statistical

andysis. Theworkflow isillustrated intheconceptua diagram below.
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DataAcquigtion

Datawas acquired from multiple sourcesto ensurearobust, multi-tempord anaysis
Table1: Data Sourcesand Specifications

Source/Sensor | Temporal Spatial Resolution Time Purpose
Resolution Period
Satellite | Landsat 5TM | 16 days 30m (Thermal: 2000, 2005, | LST,LULC
Imagery 120m resampl ed) 2010
Landsat 8 16 days 30m (Thermal: 2014, 2018, | LST,LULC
OLI/TIRS 100m resampl ed) 2020
Landsat 9 16 days 30m (Thermal: 2022, 2024, | LST, LULC
OLI-2/TIRS-2 100m resampled) 2025
Health District Daily/Weekl | Point location 2014-2025 | Heat-related
Data Hogpitals, y Aggregates | (address) morbidity
Private
Hospital
Networks
(e.g., Apallo,
Medanta)
Ancillary | Lucknow Static Vector 2023 Administrative
Data Municipal boundaries
Corp.
Survey of Static 1:50,000 - Ground
India truthing,
Toposheets validation

Hedth dataincluded anonymized records of admissionsand outpatient visitswith primary diagnoses of

heat stroke (ICD-10: T67.0), heat exhaustion (T67.5), dehydration (E86.0), and acutekidney injury (N17.9)
potentialy precipitated by heat. Datawasaggregated by week for the summer months (March-June) of each
study year.

Derivation of Land Surface Temperature(L ST)

L ST wasderived usngtheradiaivetransfer equation (Artis& Carnahan, 1982), implementedinArcGIS

Pro Model Builder for batch processing. Thestepsfor Landsat 8/9 are outlined bel ow; asimilar processwas
adapted for Landsat 5.

1.

Converson to Top-of-Atmosphere(TOA) Spectral Radiance: Therma bands(Band 10for Landsat
8/9) were converted using sensor-specificcdibrationparameters. L; = M; - Q..; + A;whereL; iISTOA
radiance(W-m{ 2sr{ *im{ 1), p, isband-specificmultiplicativerescalingfactor,@...; isquantized pixel
vaue, and 4, isband-specificadditiverescaling factor.

Ey
Conversionto BrightnessTemperature (BT): Is= ‘“'ﬁ_::' +1yWhere T, isbrightnesstemperature
(Kelvin), , andx, aretherma conversion constants.

Calculation of Land Surface Emissivity (L SE): Estimated using the Normalized Difference
Vegetation Index (NDVI)-based method (Sobrino et al.,

2004). LSE = 0.004 - FVC + 0.986 Wherery e (Fractional Vegetation Cover) isderived from NDVI.
s 8

Final LST Calculation: X7 = 1*-.;31._33#? vmieseyWhere 1 is the wavelength of emitted

radiance, p = h- ¢/ (1.438x10{ 2mK).
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Land Use/L and Cover (LUL C) Classification
A supervised dassification us ng the Maximum Likel ihood d gorithm was performed on themul tispectra

bands of each Landsat image. Four primary classeswereidentified, cons stent with thefoundational Lucknow
study for comparative methodol ogical integrity:

1. Built-up: Resdentid, commercid, industrid, and transportationinfrastructure.

2. Vegetation: Parks, gardens, forests, and agricultura land.
3. Waterbody: Gomti River, ponds, lakes, and reservoirs.
4

OpenLand: Barrenland, fallow agricultura fields, and vacant plots.

Post-classification, change detection anaysiswas performed to quantify urban sprawl and green cover
| oss between 2000 and 2025.

Health Data Geocoding and Spatial I ntegration

Pati ent addresses were geocoded using the Google M aps Geocoding API (batch processed) to assign
geographic coordinates. To ensure privacy and facilitateandysi's, point datawas aggregated tothe 120m grid
cellsusing aspatia join. The health metric for each grid for each summer period wasdefined as Incidence
Rate per 10,000 population, using ward-level population estimatesfrom the Censusand LM C projections.

Grid-Level Analysisand Zonal Satistics

A fishnet of 120mx 120m cellswas created over the LM C boundary, generating 38,422 uniquegrid
cdls. Usingthe Zond SatisticsasTable tool inArcGIS Pro, themean vaueof eachraster layer (LST, andthe
proportion of each LULC class per grid) was calculated and transferred to the grid’s attribute table. Similarly,
the aggregated healthincidenceratewasjoined. Thiscreated aunified spatia databasewhereeach grid cell
containedvariables: LST_Mean, % Builtup, % Vegetation, % Water, % OpenLand, HRI_Incidence.
Satistical Analysis

1. Destriptive& Correlation Analysis: Pearson’s correlation coefficient was used to assess the linear
relationship between LST, LUL C percentages, and HRI incidence.

2. Multilinear Regression Analysis: Tomodd and predict HRI incidence based on environmental
drivers. HRI = By + 81 (LST) + B2 (%Builtup) + B3(%Vegetation) + ¢ WhereHR! isthe health
outcomeincidence, 3, istheintercept,s,, 5., 53 arecoefficients, ands istheerror term. Assumptions
of linearity, homoscedasticity, and independenceweretested.

3. UHI IntenSty Calculation: HHfInrans:'r}' = LSTU?E‘II?!GJ"EE' 7 LSTRurﬂleiwhar}ﬂvarﬂga-

Modelling UHI Mitigation Strategies
Two evidence-based mitigation drategiesweremodd | ed for the zoneswith highest UHI intengty (Centrd
and Gomti Nagar):
1. GreenCoverlincrease The % Vegetation valueinseected gridswashypothetically increased by
30% and 40%. The new vegetation proportionwasused to re-cal culate L SE (higher vegetation increases
emissivity) and subsequently, anew Predicted LST wasderived using the established LST modd.

2. Cool (White) Roof Implementation: Assuming 30% and 40% of built-up roof areain selected grids
isreplaced with high-albedo materid, theeffective LSE of the Built-up classwasadjusted downward
intheLSE calculation, leadingtoanew Predicted LST.

Theregressonequationlinking LST toHRI incidencewasthen usedwiththe Predicted LST toestimate
thepotentia reductionin hedlth outcomes(Predicted HRI).
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Ground Truthingand Validation

Ground truthing was conducted in May 2024 across 50 representative pointscoveringal LULC classes.
L ST wasmeasured using acalibrated infrared thermometer (FLIR C5, accuracy +2°C). Simultaneously,
ambient temperature and humidity wererecorded. These measurementswere used to vaidate the satellite-
derived LST through linear regression. Health datafrom two sentinel hospitalswaswithheld from themain
model to serveasan independent validation dataset for the predictiveregresson model.

Results and Analysis
Spatio-Temporal Dynamicsof L ST and UHI Intensity

Analysisreved sacons stent and significant warming trend across Lucknow. Themean summer LST
increased from 38.4°C in 2000 to 42.7°C in 2025, with the highest recorded pixel temperature reaching
52.1°C in the Central Zone’s dense commercial area in 2025.

Table2: Tempora Trend of Mean Summer LST and Maximum UHI Intensity (2000-2025)

Year | Mean Summer LST (°C) | Max UHI Intensity, AT (°C) | Zoneof Max UHI
2000 38.4 3.1 Centra Zone
2005 39.1 35 Central Zone
2010 39.8 40 Alambagh

2014 40.5 4.3 Gomti Nagar
2018 41.6 47 Gomti Nagar
2022 421 5.0 Centra Zone
2025 42.7 5.2 Central Zone

Spatialy, thestrongest UHI cores arelocated inthe Central Zone, Chowk, and theindustrial beltsof
Talkatora. Distinct “cool islands” are associated with the Gomti River corridor and major parks like Janeshwar
MishraPark and Dr. Ambedkar Park.

Figure2: Spatia Distribution of Land Surface Temperature (LST) in Lucknow for selected years.
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Land Use/Land Cover Change (2000-2025)
LUL C change detection highlightsdrameati c urban transformation. Built-up areaexpanded by ~185%,
from 98 km?2in 2000 to 279 km?in 2025, primarily at the expense of vegetation and openland.
Table 3: LULC Change Statistics (Areain knmg?)

LULCClass | 2000 | 2010 | 2020 | 2025 | % Change (2000-2025)
Built-up 98.2 156.7 | 2384 | 279.1 +184.2%
Vegetation 1425 | 1183 | 89.6 714 -49.9%
Waterbody 153 14.8 145 14.2 -1.2%

Open Land 1640 |130.2 | 775 55.3 -66.3%

The loss of 71 km? of vegetation represents a critical reduction in the city’s natural cooling capacity.

Correlation between L ST, LUL C, and Health Outcomes
A strong positive correlation exists between LST and HRI incidence (r = 0.89, p < 0.001). As
expected, % Builtup correlates positively with both LST (r = 0.82) and HRI (r = 0.79), while % __
Vegetation showsastrong negative correlationwith LST (r =-0.85) and HRI (r =-0.81).
Figure3: Scatter plot matrix showing correlationsbetween key variables.
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Multilinear Regression Model
The final multilinear regression model for predicting HRI Incidence (per 10,000) is:
HRI = 12.34 + 0.89(LST) + 0.21(%Builtup) — 0.45(%Vegetation)
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Modd Summary: R?=0.87,Adjusted R2=0.86, p<0.001. All variableswerestatistically significant
(p<0.01). Themodel indicatesthat for every 1°Cincreasein LST, holding LULC constant, HRI incidence
increases by 0.89 per 10,000. Vegetation cover hasastronger protective effect (negative coefficient) than the
aggravating effect of built-up area.

Mitigation Scenario M odelling
Applying themitigation strategiesto the high-UHI zones (Central & Gomiti Nagar) yielded promising
results
Table4: Predicted Impact of Mitigation Strategieson LST and HRI Incidence

Scenario | Target | Intervention | Existing | Predicted LST Predicted %
Zone Mean Mean LST | Reduction | Reduction in
LST (°C) (A°C) HRI
Q)
Al Centra | 30% Green 42.7 41.4 1.3 14%
Zone Cover Increase
A2 Central | 40% Green 42.7 40.6 2.1 22%
Zone Cover Increase
B1 Gomti | 30% Cool Roof 41.9 40.8 11 12%
Nagar | Implementation
B2 Gomti | 40% Cool Roof 41.9 40.4 15 18%
Nagar | Implementation
C Both A2+ B2 - 39.7 25-3.0* 28-33%*
Zones | Combined

* Combined effect isdightly lessthan additive dueto interaction.

The 40% green cover increase scenario (A 2) showsthegreatest single-method benefit, reducing LST
by 2.1°C and potentialy preventing nearly aquarter of heat-related casesinthetarget area.

Ground Truthing Validation

Ground-truth LST measurements showed astrong linear rel ationship with satellite-derived LST (R2=
0.92, Slope=0.96). The hea th outcome prediction model, when applied to thewithhel d validation dataset,
predicted HRI incidence with 84% accuracy (Mean Absolute Error = 1.2 casesper 10,000), confirming the
model’s robustness.

Discussion

Thisstudy successfully establishesaquantifiable, spatially explicit link between the UHI effect and
adverse health outcomesin Lucknow. Thefinding that UHI intensity hasincreased by over 2°Cin 25 years,
reaching 5.2°C, aligns with and exceeds trends reported in other Indian megacities, underscoring Lucknow’s
acutevulnerability (Mohan & Kandya, 2015). Themassive convers on of vegetative and open landto built-up
surfacesistheprimary driver, directly contributingto therising LST and, by extension, the public heglth burden.

The strength of the correlation (R?=0.87) between environmental variablesand HRI incidenceis
noteworthy. It surpasses correl aionsfound in earlier studiesthat used coarser health dataor fewer predictive
variables, highlightingtheva ueof high-resolution, integrated spatia epidemiol ogy. Theregressonmodd confirms
that vegetationisnot merely an aesthetic asset but acritical public health infrastructure, with acooling effect
that directly trand atesto reduced morbidity.

Themitigation model ling provides actionabl eevidencefor policymakers. Thepredicted 2.1°C reduction
froma40% increasein green cover issignificant, aseven a1°C reduction in peak temperatures can lower
heat-related mortality by 2-5% (Burkart et a., 2021). The co-benefits of suchinterventionsimproved air
quality, enhanced biodiversity, and recreational spacefurther strengthen the casefor their implementation.
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Limitations

The study relieson hospita-based morbidity data, potentialy underrepresenting mild casesand those
inunderserved communities. LST isaproxy for ambient air temperature, and therel aionship, whilestrong, is
not perfect. Future work should integrate wearabl e sensor dataand socia vulnerability indicesto createa
moreholistic risk assessment modd.

CONCLUSION

Thisresearch demonstratesthat the Urban Heat I1sland effect in Lucknow isasevere and growing
environmenta hazard with direct, measurable consequencesfor human health. The spatid patterns of heat
and illnessaredeeply intertwined with urban form, specificaly theloss of green cover and proliferation of
impervioussurfaces.

Recommendations
Based onthefindings, thefoll owing recommendationsaremade for Lucknow and similar cities:

1. Prioritize Green Infrastructure: Enact and enforce a “Green Net Gain” policy for all new
devel opments. Transform open landsand grey infrastructure (e.g., parking lots, canal banks) into
interconnected green corridors, focusing on the Central and Gomti Nagar zones.

2. Implement Cool Roofsand Pavements: Introduce abylaws and incentive program to promote
high-albedo materia sin public buildingsand private redevel opment projects, particularly in industrial
and high-density residential aress.

3. Develop aHeat-Health Action Plan (HHAP): Usethehigh-resolution risk mapsgenerated by this
study to identify “heat-vulnerable” wards. Plan targeted interventions: early warning systems, cooling
centres, and outreach programsfor vulnerable popul ations.

4. IntegrateUHI Mitigation intoMaster Planning: Future urban expansion must follow aclimate-
sensitivemode that preserves existing water bodi es and vegetati on, mandates adequate green space
per capita, and promotes breathable urban forms.

5. Egtablish aLongitudinal Health-Environment Surveillance System: Ingtitutionalizethelinkage
between heal th department dataand environmenta metrics(LST, air quality) for continuous monitoring
and evaluation of mitigation efforts.

By adopting ascience-informed, proactive approach, Lucknow can mitigatethe UHI effect, enhance
itsclimateresilience, and safeguard the health and wel l-being of itscitizensin theface of awarmingworld.
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