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Abstracti This studyexamines the geographical and temporal dynamics of the Urban Heat Island (UHI) effect over ten major
Nigerian cities: Lagos, Kano, Ibadan, Benin City, Port Harcourt, Aba, Jos, llorin, Abuja, and Kgghmang the period from

2001 to 2023. Ultimately steering urban climate ad#amn strategy, the main goal is to assess the intensity and mitigation
potential of UHI eventthroughhigh-resolution remote sensing and climatic indicators. The study is based on three fundamental
objectives: (i) to evaluate longerm trends in Land Surface Temperature (LST) and vegetation cover using MODIS satellite
data; (i) to identify and classify UHI hotspots and their vegetation status; and (iii) to quantify the impact of vegéatian,

and evaptranspiration in reducing urban heat through the Heat Mitigation Index (HMI). Using MODIS MOD11A1.061 daily
LST products at 1 km resolution, MCD43A3 albedo data, and MCD12Q1 land cover datasets, the methodology applied a multi
parameter geospatial framewowhile trend analysis was conducted using the altered Mamaall test and Sér slope
estimator to identify statistically significant changes in both LST and NDVI, NDVI was created to measure plant health. The
HMI model geographically mapped areas with high, moderate, and low heat mitigation capacity under both daytime and
nighttimesettings by combining plant cover, albedo, and crop coefficient (Kc) data. NDVI and LST trends were studied using
Pearson correlation analysis. Results show consistent UHI intensification in urban centers, with daytime LST values hitting
34i 38°C and corrgponding nighttime values staying high in most citiesd@sionstratedby negative NDVI trends and R2

values over 0.5 in variouswns, vegetatiordecreasemost acute in Lagos, Abuja, and Kamsobstantially correlates with
increasing surface temperatures. On the other hand, cities like Ibadan and Benin City showed djghifitaRiM| zones

(481 52%), highlighting the cooling capacity of preserved vegetative cover. While Jos and #dmlaited lower albedo
(<0.120) in vegetated areas, the albedo study revealed high reflectivity in the urban cores of Lagos, Kano, llorin, and Abuja
with values ranging from 0.140 to 0.259, which correspdodmpervious surfaces. The spatial overlap of low vegetation,

high albedo, and thermal hotspots highlights even more the combined effect of surface change on UHI intensity. Cities like
Kano and Lagos also revealed more than 17% barren or low vegetataee#s, whickare directly linked to environmental
pressureandinadequate cooling capaciffhis study emphasés the importance of green infrastructure in reducing urban heat
and offers an evidendeased basis for climatesilient urban development in s@aharan Africa. Particularly for fast
urbansing areas prone to climateduced heat stress, the results suggest imdugegetation restoration, urban greening
programs, and natutgased solutions into loAgrm UHI mitigation and adaptation plans.
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1.0Introduction

Urban Heat Island (UHI), a significant meteorological event, makes cities have far higher surface
and neaisurface temperatures than nearby rural areas. This temperature differential results from
humaninduced modificationgo land surfacessuch as substituting natural vegetation with
impermeable materigl$ncluding asphalt, concrete, and glass. These changes more effectively
absorb, store, and-radiate heat St ewart & Oke, 2012; Weng, 2001
2 0 B The urbarsation process magnifies this effect by increasing population density, industrial
activity, and laneuse/landcover (LULC) changes, which generate more anthropogeeat
emissions and less evaporative cooliRgng et al.2012). Urbangation is the expansion afban
settlements in terms of population density and land coverage, involving significanisknd
change, infrastructure development, and greater human a¢@®uty et al., 2022; Uddin, 2021)

Since 1950, the global urban population has risen from under 800 million to more than 4.4 billion
(UN, 2022) Urbangation in rapidly developing countries like Nigeria manifests itself through
informal settlement growth, loss of vegetation, and ‘ughsity urbankation all of which
exacerbate UHI effect&uo et al., 2022)Urban materials such as asphalt, glass, and concrete
retain heat due to their high heat capacity and low alfiétdan & Shahid, 2024 on the other

hand, human heat from automobiles, buildings, and industry increases thermal retention even more
(Liu et al., 2021; Luo et al., 2020). Among other things, higher energy needs for cooling, more
heatrelated health problems, lower thermal comfort, and aggravated urban droughts are some UHI
effects. Particularly in tropical cities like Nigeria, theséeets endanger human health and
environmental sustainability (Abimbola, 2025; Oni & Ibeabuchi, 2023; Santamouris et al., 2015;
Simwanda et al., 2019As Nigerian cities like Lagos, Abuja, Ibadan, and Port Harcourt undergo
fast urbarsation at some of the highest rates in Africa, the UHI effect is becoming more apparent
(Demographia, 2016; Federal Republic of Nigeria, 201Bften with minimal planning or
environmental control, rapid urban expansion results in the indiscriminate conversion of vegetated
areas into built lan@Ayanlade, 2016; Salam et al., 202Sgveral studies have looked at UHI in
Nigerian cities using satelltieased_and Surface TemperatufeST) andNormalized Difference
Vegetation IndeXNDVI) data(Umar & Kumar, 2023; Oni & Ibeabuchi, 2023)hese studies,
therefore, are sometimes constrained by brief durations, siitgléocus, orthe absence of
statistical integration afirbankationvariables. For instancéandar et al. (20249xamined UHI

in Lagos over 11 years but ignored muaity variance or longerm trends. Existing research

169



barely addresses diurnal variation in LST or ititg temperature gradients, especialyncerning
urban morphology, vegetation dynamics, and climate disparities among cities.

Recent studies have shown varying levels of UHI intensity across Nigerian cities. For
instance, in Abuja, LST ranged from 19°C to 39°C, with higher UHI intensity noted in the northern
and eastern parts of the city. With high LST values matching regiom$imited vegetation cover,

Koko et al. (2021jound significant negative relationships between LST and NDWHI.reduction

is often assessed using the Heat Mitigation Index (HMI). This composite geographic indicator
integrates significant biophysical variables;luding NDVI (vegetation health), albedo (surface
reflection), and evapotranspiration potential (Kc). Usyalitesconnected to high HMI values are

sites with good land surface characteristics and strong vegetation cover, which promote natural
cooling. Conversely, thermally vulnerable locations defined by limited vegetation, high
imperviousness, and poor surface retflety show low HMI values(Hu et al., 2023Li et al.,

2020a; Zhang, 2019)

This study aims to close significagapsin UHI researchthrougha longterm, high
resolution, multicity assessment of UHI intensity and mitigation potential across ten of Ngjeria
largest and most rapidly urbaimg cities Lagos, Kano, Ibadan, Benin City, Port Harcourt, Aba,
Jos, llorin, Abuja, and Kaduna. Using 23 years of MODIS satellite data from 2001 to 2023, this
research examines variations in daytime and nighttime Land Surface Temperature (LST),
vegetation health (NDN, surface albedo, and evapotranspiration potential (Kc). These variables
are incorporated into a spatially explicit Heat Mitigation Index (HMI), which classifies
metropolitan regions as low, moderate, or high mitigation potenbalspite increasing
urbanisation and higher land surface temperaturesS@hharan Africa, especially Nigeria, lacks
essentialspatially precise, longerm, multicity research on the urban heat island (UHI) effect.
Much of the present research in Nigeria has focused on isolated cities, limited timeframes, or
singlevariable studies, often overlooking the complex relationshipvdest urban thermal
behaviaur, land surface characteristics, and plant loss.

Furthermore, only a small numberstfidiesexamine the possibility of UHI reduction as a
whole, using several biophysical indicatars;luding NDVI, albedo, and crop coefficient (Kc).

The slight inclusion of both daytime and nocturnal thermal dynamics in past UHI assessments
further limits knowledge of residual heat risks in urban cores.-Hgblution satellite data also

reveals a distinct absence of a decissapport system meant for climaeapation planning. This
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research fills in these significant gagaployinga multiparametric, geospatial analysis across 10

of Nigeriads most populated cities using a tlecade MODIS dataset (20@D23). By integrating
long-term LST trends, vegetation loss, and surface characteristics into a single Heat Mitigation
Index (HMI), this work offers a new, dathiven foundation forlocalized UHI adaptation
strategies, therefore bridging a significant knowledge and application gap in urban climate

resilience planning for West African cities.

2.0Study Area
The study area comprises ten of Nigé&ikargest cities. More than a million live in the cities of
Lagos, Kano, Ibadan, Benin City, Port Harcourt, Aba, Jos, llorin, Abuja, and Kaduna. The
locations of these cities are demonstratdéignre 1. The major industrial, cultural, a@donomic
areasof Nigeria are all these cities. It hosts a variety of industries, such as the textile, telephone,
oil and gas, tourism, cropping, food processing, and industrial sectors. Cities acerdtsd
locations for health care and learning. Tapid urbanizatiorof the 10 study citiess resulting in
a host of problems, such as a rise in air pollution, traffic congestion, and shortages of water. The
UHI effect is another major issue these locations suffer from. The city has moderate, dry winters
from November to January, hot, dry sggrfrom March to May, and monsoon, wet summers from
June to August. They range frdsir0to 12200 meters above sea level.

The lower reaches are at Lagos and Port Harcourt, standing at a lovd ofetérs and a
low of 5.0 meters, respectivehAt the same timethe northern part comprises the towns of Jos,
Kaduna, Abuja, and Kano, standing at a high of 12&teters 6100 meters 477.0 meters and
4620 meters respectively. The largest city, Lagos, covers a size of 1151.1 km?, while llorin is
149.3 km2. There ianextension of cultivated land, especially in the north and central, showing a
rise in agricultural cover. Bu#tip land, especially in major citissich as Lagos, Abuja, and Port
Harcourt, has also expanded tremendously, showing significhanization substantial growth,
and population increase On the contrary, vegetation cover in the south and southeast has
decreased, likely due to deforestation resulting from agricultural and urban development
Shrublands and grasslands have atstued somewhat, but wetlands and water are essentially
stable. For the most part, the decade illustrates the trend towards more intensified use of land, with

increasing pressure placed upon the natural environment
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Figure 1: Nigerian map showing the study area

3.0Methodology

3.1 Data Sourcesand Validation

This study employs daily Land Surface Temperature (LST) data from the MODIS sensors onboard
NASAG6s Terra and Aqua satellites to evaluwuate
adaptation strategy. Specifically, the MOD11A1.061 product, whiotighes daily LST at 1 km

spatial resolution from the MODIS Terra platform, was used to capturesdade spatial and
temporal variability in surface temperatures. MOD11A1 data is derived from thermal infrared
bands and includes both daytime and nighttitB& values, making it highly suitable for urban

heat island (UHI) assessmer{i¢an 2007) While MODIS Terra has been operational since
February 2000, MODI&\qua began contributing comparable datasets in July 2082h an &
Shahi d, 2024 ; .WMOBIs-Terraewas salécted for 2hd Btddy due tonitsre
extendedtemporal coverage and the consistent availability of MOD11A1.061 data. The
application ofMODIS LST and Land Cover (LC) produasewell established imnalyzing heat

patterns, mitigation efforts, and land use changea ner j ee & .KWoreowar,,the 201 8)
reliability and accuracy of MODIS LST products such as MOD11A1 have been validated in

172



multiple studies across urban environme(iteck et al., 2019; Huang et al., 202&yban land

cover classification was derived from the annual MCD12Q1 dataset, which integrates surface
reflectance data from both Terra and Aqua sen&uBaMenashe, 2018; Vermote, 201This
product applies the International Geospkeiesphere Programmed(IGBP) classification
scheme, which includes 17 distinct land cover tyfigedward 1999) In this study, urban and
built-up areas were identified using Cla¥s30 from Land Cover Type 2 of the University of
Maryland classification, representing locations with at least 30% impervious surfaces such as
buildings, paved roads, and infrastruct(Peng, 2012)

To assess the role of vegetation in mitigating urban heat, the MCD43A3.061 albedo
product was used to derive the NDVI. This dataset provides-skytand blacksky albedo values
at a 500meter resolution, processed from MODIS surface reflectance datal Wa¥/calculated
using red and neanfrared (NIR) band albedo values to quantify vegetation density and health
essentiaindicators for urban cooling potential. NDVI has been widely applied in urban climate
research to examine the relationship between green infrastructure and temperature regulation
(Imhoff et al., 2010; Weng, 2001Hligher NDVI values correspond to areas with more vegetation,
which contribute to lower LST through evapotranspiration and shading.

Data reliability was ensured through the use of MODIS Quality Control (QC) flags
embedded within both the LST (MOD11A1.061) and albedo products. MODIS LST products
typically maintain an uncertainty below +1°C under clglay conditiongWong, 2005), and QC
layers help identify potential anomalies (Wa@0p7). Only LST values with uncertainties within
+2°C wereretained to enhance the robustness of the heat mitigation evaluation. Fafpangsa

brief description of the methodology flowchart
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Table 1 provides a list of satellite data used in the study, detailing the data types, sensors,
resolutions, and sources. The data includes Land Surface Temperature (LST) from the MODIS
MOD11A1.061 sensor, which has a spatial resolution of 1 km and a daily temporal resolution,
sourced from NAS& LP DAAC. The study also uses the NDVI, obtained from the MODIS
MOD13A2 sensor with a spatial resolution of 1 km and -aldy composite temporal resolution,
also sourced from NASA LP DAAC. Albedo data is taken fiinen MODIS MCD43A3 sensor,
offering a finer spatial resolution of 500 m with ad#y composite temporal resolution, and is
similarly sourced from NASA LP DAAC. Additionally, the study uses Land Cover Classification
data from the MODIS MCD12Q1 sensor, whibhs a 500 m spatial resolution and a yearly
temporal resolution. Finally, thec proxy is derived from NDVI data (MOD13A2), with a spatial

resolution of 1 km, computed using NDWased Kc estimation methods.
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Table 1 List of satellite data used in the study

Data Sensors Resolutions Sources

Land Surface MODIS 1 km spatial, NASA LP DAAC

Temperature MOD11A1.061 daily temporal (https://Ilpdaac.usgs.gov/products/modl1lalvpe
(LST)

NDVI MODIS 1 km spatial, NASA LP DAAC
(Vegetation MOD13A2 16-day (https://lpdaac.usgs.gov/products/mod13a2vpt
Index) composite
Albedo MODIS 500 m spatial, NASA LP DAAC

MCD43A3 16-day (https://Ipdaac.usgs.gov/products/mcd43a3vpe

composite

Land Cover MODIS 500 m spatial, NASA LP DAAC
Classification MCD12Q1 yearly (https://Ipdaac.usgs.gov/products/med12g1vpe
Crop Derived from 1 km spatial Computed using NDVYbased Kc estimation
Coefficient NDVI methods (Allen et al., 1998)

(Kc) Proxy  (MOD13A2)

This study employed a remote sensbaged approach to evaluate urban heat mitigation as
part of climate adaptation strategies. Daily Land Surface Temperature (LST) data were obtained
from the MOD11A1.061 product, which provides 1 km spatial resolution 4&a from the
MODI S sensor aboard NASAOGs Terra satellite.
surface temperatures, and only pixels with quality assurance (QA) flags indicating good retrievals

and uncertainty O N2AC were used in the anal

3.2Methods
The study was carried outilising the following procedures to investigate. The next part offers

details on the methods appliéithe steps arsummarizeds follows:

(a) Data Preparation: For this analysis, MODIS Aqua Land Surface Temperature (LST) data
(MOD11A1) from both daytime and nighttime, with a quality flag of no more than 2°C,
werechosen (Wong, 2005).

(b) Spatial and Temporal Analysis of LST The spatial annual average LST from 2001 to

2023 was assessed, considering both daytime and nighttime temperatures. The LST was

175

T

y


https://lpdaac.usgs.gov/products/mod11a1v061/
https://lpdaac.usgs.gov/products/mod13a2v061/
https://lpdaac.usgs.gov/products/mcd43a3v061/
https://lpdaac.usgs.gov/products/mcd12q1v061/

measured across each city, and the Heat Mitigation Index (HMI) was determined for the
inner and outer regions of each city.

(c) Albedo: Analyse surface reflectivity to understand how urban areas contribute to heat
absorptiorand &sess vegetation cover and its role in reducing urban heat retention.

(d) UHI Hotspot: Identify areas with the most significant Urban Heat Island effects based on
temperature datand tack Land Surface Temperature variations to monitor the impact of
urbangation on heat retention.

(e) NDVI Changes Evaluate changes in vegetation over time to understand the impact of
urban growth on green spacasdcalculate vegetation water requirements to understand
the relationship between vegetation and heat mitigation.

() Trend Analysis: The MannKendall test was used to determine the significance of the
NDVI trend over the cities, assessing vegetation changes.

(g) Change Analysis Changes in several vegetation areas of the cities were identified by
analysing LST variations from 2001 to 2023, NDVI, and Albedo.

(h) Analysis of HMI: The filUrban and Buikup Land® pixels were derived from MODIS
Albedo (MCD43A3.061), MODIS LST (MOD11A1.061), and MODIS NDVI
(MOD13A2.061) data to assess heat mitigation potential.

() Heat Mitigation: Implement strategies based on the results to reduce the UHI effect and
enhance urban heat mitigati@nd calculate the potential for heat mitigation based on the
distribution of vegetation and heat retention.

2.1 To apply thet modi fi ede nMean disb6ss| ope and

This techniquadetermineghe trend analysis of LST, UHI and land use impactssandiesthe

long-term changes for the Nigerian citiésmodified MannKendall Test (MMK)is used to detect

trends in LST antNDVI. The MK test statistic (S) calculates the difference in ranks between later
and earlier datAuthor & Kumar Sen (1968)

8 OEQ@ o 1)
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(Hamed, 20082011)modification removes the effect of autocorrelation on the variance of
S. In MMK, the autocorrelation structure is first estimated using an autocorrelation function by the

Hurst coefficient (H). H represents the sdthilarity of the time serief@ o ut soy i aasni s,

50 "y o ¢ pENQ pg (2)

" ga‘xps g8 @ ps 3)

where” is the autocorrelation function of lador a givenH. The significance of H is checked

against a normal distribution. For significant H, the bias in the variance of S is calculated as

¢, ..."SQQ "sQ & "sQ G "sQ G
WY 8 1 Qe — ——
¢ ¢'sQ Q@¢ ¢'sQ

(4)

A correction factor removes this bias before computing the significance test statistic (2)
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Z > 1.96 indicates an increasing trend, while ZL96 indicates a decreasing trend at a 0.05

significance level.

The Sen slope estimat(@ e h 9 6iBued to quantify change rai{€3n) in the time series.
The change ratis estimatedrom the slopes@) of all consecutive pairs of data (n).
A1 P e
— QQE QQ
0 . 1 i 6
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A positiveQm denotes an upward trend and vice versa.
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3.2.2 Pearson Correlation Coefficient (r)

To measure the linear relationship betwksrd use changes and L earson, 1896)

i ()

B zB

where™ 5 OAAT EUAOGEA—QXBEP &6 Qa0
6 AND “Y2¥ O | QYH@RN Q1 GdEN O 6 QYo B Y'Y
FMRQI QOB B ©

3.2.3 Vegetation index
Equation 8 uses red and nearfrared wavelengths to calculate the Normsedi Differential
Vegetation I ndex (NDVI). The values range frc

vegetationrespectively (Kshetr2018).

0 0w C——— (8
where:

Red = Values for digital numbers (DN) derived froand 4.

NIR = values of digital numbers from band 5.

3.2.4 Urban hot spots (UHS)
The LST wasusedto identify hot spots within the research region. These zones, which range in
size and are found in the hottp#dces, are generally regarded as unsuitable for human habitation.
These spaces are calculated using the formula below, which is displayedatioBguHidalgo-
Garcia & ArceDiaz, 2022).

0 "Y'YA (2] (9)

where;u= average€, = standard deviation
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3.2.5 Heat mitigation index (HMI)

The urban cooling model computes the HMI on a raster scale by taking into asewardl
variables, including albedo, evapotranspiration, and shadow, as well as proximity to cooling
sources like parks. The HMI is determined by using the cooling capability néilebahoodor

its surroundings. When there are no large green patches that affect the pixel, the cooling capacity
(CC) index and the HMI are equal. The HMI in this instance is calculated as a distigbéed
average of the green fields and surrounding pixels. Woeg toHu et al. (2023)the HMI scales

from O to 1, with 1 representingomplete UHI mitigation and O representing no cell heat

mitigation.
06 OQu o 66 606 B Q0 (10
56 B ORI 80— (1)
where

"00 = green Area influence at cell i

gj =abinaryindicator

d(i, j) = distance between pixels i and j.

dcool = distance over which a green space has a cooling effect

®'Qa & = area of the cell in ha; gj is 1 if pixel j is a green space or 0 if it is not; and.

00  =distance weighted average of the CC values attributable to green spaces.

The HM index is then computed usinguadgon12:

00 (12)

where;O0 "OQ @OoQO0 Q" Qe QX &

3.2.6 To build the adaptation plan to lessen the UHI impamtserninghe African and Nigerian

cities using the LST, land use and NDVI changes.

By analyzing trends, relationships, and the influence of heat and reduced vegetation cover through
the vegetation index, urban hot spots (UHS), and the heat mitigation index (HMI), we aim to
understand how urbanization shapes land use change patterngoinNiggrian cities. This
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knowledge will be instrumental in developing strategies to mitigate the risks associated with urban
heat, thereby contributing to the creation of more resilient cities in the future

40Resul ts

4.1 Spatial NDVI LandUséLand CoverTrend

Figure3 shows analyses of the NDVI trend degradation in ten prominent Nigerian cities from 2001
to 2023. The studgxamines the relationship between the nearby surroundings in Nigerian cities,
specifically Lagos and Kano, andbanizationfocusing orbrowning and greening patterns. While
Kano®s greening tendency is less evident, Légosentral metropolitan districts are much
influenced by urban development. Conversely, Jos indicates more successful urban planning by
displaying a bettebalanced link between unmbagrowth and adjacent green spaces. Green and
neutral zones found in Abuja show a steady balance betweensatitanand protection of the
environment. Browning zones in the urban core and greening zones on the periphery indicate Port
Harcourts mixed trengwhich suggestthat the outside districts might still be connected to nearby
natural surroundings. Kadu@sarend is more balanced; some browning occurs, but the vegetation
cover remainsalatively unaltered. These findings underline the importanaaustomzed urban
planning and greening projects, particularly in locations where urban sprawl is surpassing
environmental preservation, tminimize the UHI impact and support sustainable urban

development.
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Figure 3: Significant trends in NDVI a4 95% confidence level in ten cities. a) Lagos, b) Kano,
c) Ibadan, d) Benin City, e) Port Harcourt, f) Aba, g) Jos, h) llorin, i) Abuja, j) Kaduna. Red
areas indicate significant vegetation loss (browning) in urban regions, while green areas show
vegetatiorgain (greening), often in rural or less developed zonesy. &eas represent no
significant change in vegetation, typically found in stable urban and rural environments.
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Figure4:Sendés sl ope in ten cities. a) Lagos, b)
f) Aba, g) Jos, h) llorin, i) Abuja, j) Kaduna. Red areas indicate significant vegetation loss
(browning), often in urban areas, while green areas show vegetaitiofgggening), typically
found in rural or less developed zonesayGareas represent no significant change in vegetation,

seen in both stable urban and rural environments.

4.2 Spatial Distribution of LST

The average annual LST throughout the ddgimNigerian cities between 2001 and 2023 is shown

in Figure5. The Mean Annual Land Surface Temperature (LST) considering the daytime for the
ten cities shows distinct temperature patterns, which are crucial for understanding the relationship
betweenurbankation vegetation, and the Urban Heat Island (UHI) effecttolmns like Kano
(Figurebb) and Benin City (Figurgd), the central urban areas exhibit higher LST values (ranging
from 30°C to 37°C), indicating the presence of intense heat, likely due to limited vegetation and
increased impervious surfaces. Interggy, Kano, despite having large green areas, still shows
temperatures exceeding 34°C. This can be attributed to factors such as the arid-atdsemi
climate, the urban heat retention properties of theéxcityaterials (such as concrete or asphalt),
and the fact that the green areas may not be distributed in a way that fully mitigates heat in densely

populated urban zones.

In contrast, cities like Aba (Figu&s#) and Jos (Figurg) show lower LST values (ranging
from 27°C to 35°C), especially in the green areas, which correspond to the vegetation gains
observed in the NDVI trend analysis. These cooler zones in Aba and Jos align with the greening
trends in the NDVI images, suggesfithat areas with higher vegetation cover help mitigate
temperature rise. Abuja (Figus® and Kaduna (Figurgj) show mixed temperatures, with some
regions experiencing higher LST (up to 36°Carteularly in urbarsed areas, while the
surrounding rurategiors maintain lower temperatures. This supports the observation that green
areas, particularly those found in rural or less developed zones, are cooler compared to urban
centersreinforcing the role of vegetation in moderating urban heat and erdaphatie need for
urban greening strategies to mitigate UHI effects in rapidly developing cities.
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4.3UHI Variations Analysis

Figure7 shows a UHI classification map and corresponding quantitative analysis across ten major

Nigerian cities, providing a detailed understanding of spatial heat stress and its intensity. The

classification distinguishes between UHI zones (in red) andittirzones (in green)it is further

supported by hotspot statistics in terms of area and percentage coveragghesanAcross all

cities, the average UHI coverage accounts for approximatél¥68s of the total area, while

thermal hotspots, the most intense UHI zones, make up around 5%, leaving about 50% as non

UHI zones. For instance, Abuja has thest significabh mapped extent with 45% UHI coverage

(7.83

| badanods

and thermal hotspots slightly exceeding 5% in llorin (5.41%) and Kaduna (5.37%). Kano and Jos,

km] )

and 5%
impervious surface growth. Similarly, Lagos and Ibadan show significant UHI dominance, with
290 (@94 kmé) @and éatspots geaching.4.81% (0.10 km?). Benin

City, Aba, and llorin reflect similar trends, with UHI zones averaging between 44.5% and 45.3%,

UHI

t her mal

hot spot s

(0.

87 km|)

despite hawmg more scattered UHI patterns visually, also demonstrate substantial thermal buildup,

W i

t h

Kanods

UH I

Z0ones

coveri

ng 45. 03%

(3.08

In comparison,Jos reflects 45% UHI area (1.71 km?) and 5% hotspot comrtemin(0.19 km?).

These values collectively highlight that while UHI effects are widespread, the thermal hotspots

evenmore mina in spatial extent (average 0i@34 km?2), represent critical areas of concern for

heatrelated health and infrastructure risk.

Tabl Bhe&:UHI Hot spot Area Wi th Percentage
City UHI Hot spot Count Ar &ah Per c eid vagre
Aba No-HI Nor mal 416 0. 32 50

Ab a UHI Nor mal 374 0.29 45. 31

Ab a UHI Ther mal 42 0. 03 4.69
Abuj a No-wWwHI Nor mal 112538. 7 50

Abuj a UHI Nor mal 101277.83 45

Abuj a UHI Thermal 1126 0.87 5
Benin_No-WHI Nor mal 1275 0.99 50
Benin_UHI Nor mal 1147 0.89 44 .95
Benin_UHI Ther mal 128 0.1 5.05

| badanNotHI Nor mal 1352 1.04 50

| badanUHI Nor mal 1215 0.94 45. 19

| badanUHI Ther mal 136 0.1 4. 81

'l ori nNoWHI Nor mal 481 0. 37 50

'l ori nUHI Nor mal 432 0. 33 44.59
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Fi g8srheotwlsat t he UHI hotspots identified in
to areas of high temmermstrapruirnearrieltye nitni otnh @ nb |uar cbk
These hotspots arer mmssiocwlhereed svuthadesnsli ke a
absorb significant amounts ,wfi tlhe gpte,r cemntamgiels u tc
shown |iéh Talmos exhibits one of t he most exte
(70.59%) of these areas dominated by | ow veget
confirming a strong correlation betwgenAbaget
shows a balanced split, with 50% of hot spots

ve@et on, suggesting a compact ub ba diomtee n&d e aldeaan

hot stpaittrd®g, 11 km] , are primarily surrounded by r
of fer | imited buffer capacity but still highl
Il 1l orin, Jos, and Kano, the hotosnp @tomn easr,e cprveedadr
of the hotspot area in cities |ike Abuja (0.38

Jos (0. 19 mpimlji)es Thiag even moderately vegetate
under intense |l and use pressure or poor ecol o
and Port Harcourt display mixed corndigteitoans .o nk
and 12.5% | ow, while Port Harcourt, with 0.109
vegetation and 15.79% | ow vegetation, showing
vegetated zones.

Talbe: 3Hot spot area with percentage cover

City NDVI Class Count Area_knt Percentage Cover (%)

Aba Low Vegetation 20 0.02 50

Aba Moderate Vegetation 22 0.02 50

Abuja Low Vegetation 1 0 0

Abuja Moderate Vegetation 1125 0.87 100

BeninCity Low Vegetation 3 0 0

BeninCity Moderate Vegetation 125 0.1 100

Ibadan Low Vegetation 22 0.02 18.18

Ibadan Moderate Vegetation 114 0.09 81.82

llorin Low Vegetation 7 0 0

llorin Moderate Vegetation 42 0.03 100
Jos Low Vegetation 6 0 0
Jos Moderate Vegetation 240 0.19 100
Kaduna Low Vegetation 9 0.01 12.5
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4.4Vegetation Cover at th&hermal Hotspot

Figure9 shows the spread of low and moderate vegetation cover inside UHI thermal hotspot areas
throughout ten Nigerian cities. The image shows that, on the whole, thermal hotspots are mostly
linked to low vegetation cover (shown in red), hence verifying the irapogt of vegetation loss

in raising urban surface temperatures. Thermal hotspots in Lagos, Aba, and Ibadan are mostly
made up of low vegetation regions, suggessigificantenvironmental deterioration in urban
centers. Abé hotspot area, for instance nminly covered with sparse vegetation, which indicates

a highpriority area for urban greening projects. Especially in central and northern zones, Port
Harcourt, llorin, and Abuja show significant concentrations of sparse vegetation inside hotspot
areas as wklBy contrast, places like Jos, Benin City, and Kano display hotspots ruled by moderate
vegetation, implying transitional landscapes where urban pressure is rising but some natural
buffers still exist. Particularly in morarbanized or fastexpanding cities, these geographical
patterns imply that thermal hotspot generation &niy driven by plant loss. Low vegetation
lowers albedo and evapotranspiration, hence increasing heat absorption and storage in urban
materials. Conversely, regions with moderate vegetation cover in hotspot areas suggest
possibilities for climate adaptatiomhere urban forestry, green infrastructure, and ecological
restoration can help to reduce UHI effects. This daggnlights the urgent need to prioritise
vegetation restoration and safeguard remaining green areas within and around hotspot zones to

improve thermal comfort, urban resilience, and human health ouscdonMgerian cities.
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Figure 9: Vegetation effect at the Hotspot for ten Nigerian cities. a) Lagos, b) Kano, c) Ibadan,
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4.5 Spatial distribution of Albedo

Figure 10 shows the surface albedo spatial distribution over ten major Nigerian cities. A key
physical factor in nature, albedo is the reflectivity of the Earslarface; higher values (shown in

red) suggest more reflective surfaces (e.g., bare soil, concrete, and rooftops), while lower values
(blue) correspond to darker, absorptive surfaces like vegetation, water bodies, and asphalt, which
retain more heat. Patlarly in urbancentersthe maps show that Lagos, Kano, llorin, and Abuja
have large regions of higalbedo (0.1400.259). Builtup area with common impermeable
surfaces show this, which helps to keep surface heat during the day. Cities like Jos, Kaduna, and
Ibadan, on the other hand, show more varied albedo patterns with lower albedo patches (<0.120,
seen in blue and dark blue), suggestthe existence of wetlands, vegetation, or water bodies.
Port Harcourt, Benin City, and Aba have varied albedo patterns; urban cores usually have
moderately high albedo areas (0.0@340) surrounded by lower albedo etsfive belts.
Interestingly, Jos and Kaduna have different-kdlaedo valleys encircled by more reflective hills

that could relate to urbafiorest transitions or vegetatigith basins. The link between albedo and

UHI is vital: low albedo surfaces absammore solar radiation, hence amplifying the Urban Heat
Island effect, particularly where vegetation is limited. On the other hand, extremely high albedo
areas might reflect heat but might cause thermal discomfort owing to radiative feedback,

particularly inhighly populated buitup areas lacking sufficient shading.
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Figure 10: Spatial Albedo distributiofor ten Nigerian cities. a) Lagos, b) Kano, c) Ibadan, d)
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4.6 Albedo Spatial Profile

Figure 11 presents the Albedo profile for the ten cities, highlighting differences in surface
reflectivity across various areas in each towy showing the albedo values over particular
distances, the »axis and Yaxis profiles help us tainderstand bettenow reflectivity varies
between urban and rural locatioms.cities like Lagos (Figurdla) and Kano (Figurélb), the

albedo profiles reveal a notable difference in reflectivity, with higher albedo values (indicated in
red) concentrated in urban aremgygesting that these places are made up of materials like concrete
or asphalt that reflect a great deal of sunlight. Their high temperatures during the daytime LST and
nighttime LST support this, which helps to create the Urban Heat Island (UHI) affebt.
urbanizedareas exhibiting greater albedo (0.12 to 0.16) relative to adjacent rural zonesxise X

and Y-axis profiles reveal significant albedo variation. The albedo profiles in cities like Aba
(Figure11f) and Jos (Figurélg) reveal more consistt reflectivity withrelativdy lower albedo

values (about 0.12 to 0.14). Typically, natural, vegetated surfaces absorb more sumlightin

with highervegetation cover. This lower albedo indicates that these rural arrlessizedareas

have a natural cooling impact corresponding with the milder temperatures seen in both the daytime
and nighttime LST profiles. With a combination of high and low albedo, cities like Abuja (Figure

i) and Kaduna (Figur&1j) show moderate differences. Urban locations lgreater albedo (0.15

to 0.18) in the Xaxis and Yaxis profiles; rural areas tend to have lower albedo (0.12 to 0.15).
Especially during the daytime, this implies a balance betweenupsurfaces and greenery in

these cities, hence affecting the heétgation potential and urban heat retention.
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Figure 11: Spatial Albedo distribution for ten Nigerian cities. a) Lagos, b) Kano, c) Ibadan, d)
BeninCity, e) Port Harcourt, f) Aba, g) Jos, h) llorin, i) Abuja, j) Kaduna. Urban areas are
typically represented by warmeolors(ranging from yellow to red), and the rural regions are
shown in coolecolors(ranging from blue to light blue)

200



4.7 Crop Coefficient Index Analysis

Figurel2shows the crop coefficient index derived from NDVI in this study, Wihe 4 showing

the percentages covered. The crop coefficient (Kc) is a proxy for plant density and its related
evapotranspiration potential, both of which are vital for controlling urban surface temperature and
reducing the Urban Heat Island (UHI) effect. Whdwver Kc values (approaching 0.0) correspond

to bare or impervious surfaces that retain heat, higher Kc values (approaching 0.9) suggest dense,
transpiring flora that cools theisounding environment. With percentages varying from 75.6% in
Ibadan to as high as 98.2% in Abuja, the spatial distribution maps and classification data show that
most cities are dominated by moderate vegetation cover. Though they can become vulnerable
without continuous greening efforts, cities like llorin (94.6%) and Jos (95.8%) also show a
significant prevalence of moderately vegetated areas, suggesting typically stable vegetative
conditions. While Lagos (17.94%), Kaduna (8.72%), and Port Harcourt7¢h).also show
significant exposure to bare or sparsely vegetated surface zones very prone to heat accumulation
and urban heat island intensification, Kano stands out with 57.98% of its land area under bare/low
vegetation, making it the most ecologicallyessed city. With most other cities reporting under
10%, dense vegetation, which is essential for managing local microclimates via
evapotranspiration, is amly limited to Benin City (49.5%) and Ibadan (17.7%). For instance, in
Abuja, dense vegetation makap just 0.8% of the cifg vast land area; Kano, llorin, Jos, and
Kaduna have no notable dense vegetation areas. This disparity implies that while intermediate
cover is common, really thick plants with substantial cooling impact are uncommon, and when
they are there, they are orfiyund in scattered areas. These trends show that low Kc locations
(0.Gi 0.3), linked with builtup or degraded surfaces, are spatially in line with formerly found UHI
hotspots, hence supporting the connection between planinidseexmal danger.

TalbeeC4Aop Coefficient distribution with percentage

City KcClass Count Area_knt Percentage Cover (%
Abuja Bare/Low Vegetation 221 0.17 0.98

Abuja Dense Vegetation 174 0.14 0.8

Abuja Moderate Cover 22111 17.09 98.22

Benin City Bare/Low Vegetation 99 0.08 4.04

Benin City Dense Vegetation 1261 0.98 49.49

Benin City Moderate Cover 1190 0.92 46.46

Ibadan Bare/Low Vegetation 180 0.14 6.7

Ibadan Dense Vegetation 481 0.37 17.7

Ibadan Moderate Cover 2042 1.58 75.6
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Crop Coefficient (Kc) Derived from NDVI Ke Coefficient distribution
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4.8Urban Heat Mitigation

Figure13 presents a spatial classification of zones with low, moderate, and high potential, along
with percentage cover, as detailedTialde 5. The Urban Heat Mitigation Index (HMI) values,
based on daytime Land Surface Temperature (LST), are used to mitigate the effects of UHI across
ten Nigerian citiesThis classification incorporates biophysical parameters, including vegetation
cover, albedo, and crop coefficient, to identify areas that are ecologically suited to mitigate urban
heat or are susceptible thermal stress and necessitate intervention. Cities like Benin City
(51.78%) and Ibadan (48.30%) exhibit the highest percentages of high HMI zones, suggesting that
almost half of their urban land cover possesses considerable mitigation potentigkattoldense
vegetation and advantageous surface characteristics. Kano (0.03%) and Abuja (0.46%)
demonstrate minimal highitigation zones, with the majority of their landscapategorizedas

low HMI classes (Kano: 96.74%, Abuja: 73.07%), indicatingrtieeplogical vulnerability and
restricted vegetative cover. Jos (4.19%), llorin (6.92%), and Kaduna (9.67%) exhibit low
proportions of high HMI zones. However, moderate HMI zones are notably prevalent in llorin
(66.70%) and Kaduna (69.59%), indicating ffresence of baseline vegetation that has potential

for enhancement. Lagos, a highigbanizectity, exhibits a high HMI of 13%, a moderate HMI of
60.64%, and a low HMI of 26.36%. This distribution suggests fragmented yet significant
opportunities for mitigating urban heat islands in its-pelbian and mixedise areas. Port Harcourt
exhibits a higlHMI of 21.30% and a moderate HMI of 71.30%, indicating the impact of its natural
wetlands and remaining vegetation, which camtidezed for climate adaptation strategies.

TalbB: Heat Mi tdagmgii der il mg edka yotri meh et e nepne rNai tguerré an  c i

City HMI CIl ass n Percentage
Aba Hi gh 265 34. 19
Aba Low 101 13.03
Aba Moder at e 4009 52.77
Abuj a Hi gh 104 0. 46
Abuj a Low 16445 73. 07
Abuj a Moder at e 5957 26. 47
Benin city High 12914 51.78
Benin city Low 334 13.37
Benin city Moderate 871 34. 85
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| badan Hi gh 1281 48 . 3
| badan Low 445 16. 78
| badan Moder at e 926 34.92
'l orin Hi gh 6 4 6. 92
'l orin Low 244 26. 38
'l orin Moder at e 617 66. 7
Jos Hi gh 206 4. 19
Jos Low 3442 69. 96
Jos Moder at e 1272 25. 85
Kaduna Hi gh 186 9.67
Kaduna Low 399 20. 74
Kaduna Moder at e 1339 69.59
Kano Hi gh 3 0.03
Kano Low 8426 96. 74
Kano Moder at e 281 3.23
Lagos Hi gh 565 13

Lagos Low 1146 26. 36
Lagos Moder at e 2636 60. 64
PoHar court High 1043 21. 3
PoHarcourt Low 362 7.39
PoHar court Moderat e 3491 71. 3
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Figure14 shows the nighttime Heat Mitigation Index (HMI). When compared to daylight
settings, the nighttime Heat Mitigation Index (HMI) with percentages is showale 6 With
52.75% of high HMI zones, Ibadan stands foutits excellent evening cooling capability, thanks
toits rich vegetation. Benin City (41.06%) and Lagos (28.66&gg significantly high HMI zones
as well, suggesting these cities still ben&fim surface cooling and vegetation overnight. By
contrast, Abuja (1.77%), Kaduna (0.94%), and Jd&&/@) show little high HMI coverage at night
despiteexcellentdaytime performance, implying ongoing heat retention and little nighttime
evapotranspiration. Abaaintains a moderate presence, with a 29.03% high HMI, whereas Kano,
which had almost no high HMI during the day, shows a slight improvetaetit.25% at night.
Reflecting a cooling plateau rather than notable heat loss, most cities, including Abuja (43.77%),
Kaduna (68.09%), Jos (73.50%), and llorin (60.43%), shift towards moderate HMI dominance.

Talbé Heat Mitigati oNi ghtekmpeacmdiuder ifrog t he ten Nig

City HMI Class n Percentagé)
Aba High 225 29.03
Aba Low 114 14.71
Aba Moderate 436 56.26
Abuja High 399 1.77
Abuja Low 12257 54.46
Abuja Moderate 9850 43.77
Benin city High 1026 41.06
Benin city Low 290 11.6
Benin city Moderate 1183 47.34
Ibadan High 1399 52.75
Ibadan Low 429 16.18
Ibadan Moderate 824 31.07
llorin High 164 17.73
llorin Low 202 21.84
llorin Moderate 559 60.43
Jos High 43 0.87
Jos Low 1261 25.63
Jos Moderate 3616 73.5
Kaduna High 18 0.94
Kaduna Low 596 30.98
Kaduna Moderate 1310 68.09
Kano High 980 11.25
Kano Low 252 2.89
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49Correl ation Anal ysi s

Figu®heesents the correlation analysis between

trends across ten major Nigerian cities, reve
t hat areas with declining vegetation are al so
characteristic of Urban Heat I sl and (UHI) int
are seen in cities |Iike5%ngoBerfiRn Gi 0y 48R} F L
0.51), and 6l3)o,r iwnhi(cRy) i=mpBliyg ntthfaytc dLnS Tv erni sbeys vaerges
in these cities. This suggests that in these
effects. By contrast, <cities |Iike Jos (R] =0

weaker corgedtaitngntshatsutgopoggaephly, vael it andd e s eo

al so affect LST variability in these | ocati ons
both I ie-riamgeéellhyeinmpda moderate but significan
behaviour and vegetation trends. This study
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Figure16 shows the correlation analysis between Albedo and Land Surface Temperature
(LST) across Nigerian cities, revealing distinct spatial patterns in how surface reflectivity
influences urban heat dynamics. Cities like Kano (albedo #0.25, LST ~3037.5°C),Abuja
(~0.100.17, ~2737°C), llorin (~0.100.16, ~3038°C), and Kaduna (~0.10.19, ~3337°C)
showrobustpositive correlations, where low albedo surfaces drive sharp increases in LST, making
them clear priorities for aggressive interventions ldool roofs, reflective pavements, and urban
greening to cut heat absorption. Moderate correlations in Lagos (90164 ~26 32°C), Ibadan
(~0.050.13, ~2733°C), Benin City (~0.100.13, ~2834°C), Port Harcourt (~0.09.12, ~26
33°C), and Jos (~0.1R.20, ~27.5 35°C) suggest that increasing albedo can moderately reduce
temperaturessStill, interventions should be paired with urban vegetation and satesitive
design to maxinge cooling. Aba (~0.1.13, ~2632°C), with its weak correlation and stable
LST near 30AC, i n contrast, Abads weak <correl
vegetation cover and humidity, dominate temperature dynamics there, pointing to a need for hybrid
cooling interventions like green roofs and watensitive designOverall, boosting urban albedo
remains a core adaptation tool most impactful where correlation is diwarghould be integrated
withlocalsed strategies based on each cityds specif
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