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Abstract. An urban heat island defines a specific microclimate, where urban areas experience higher temperatures relative to
surrounding rural or suburban areas. This phenomenon is linked to reduced wind speeds, alterations in wind direction, reduced
urban ventilation and the accumulation of air pollutants within cities, resulting in negative health outcomes to urban residents. In
recent years, advancements in thermal remote sensing technologies and the implementation of open data initiatives have prompted
numerous investigations into the surface urban heat island.

This study aims to investigate the geospatial distribution of land surface temperature and the surface urban heat island over
Tomsk City, during the summer season of 2023. To achieve this, the research utilizes remote sensing imagery obtained from the
Thermal Infrared Sensor 1 (TIRS1) and the Operational Land Imager (OLI), both instruments onboard the Landsat 8 Satellite. By
applying geospatial analysis and modern satellite remote sensing techniques, including the surface urban heat island index method
and zonal statistics, the study aims to; quantify the intensity and spatial extent of surface urban heat island; identify urban hotspots
of land surface temperature anomalies and their spatial distribution over land cover and land use classes.

The findings indicate a significant variation in land surface temperature and the surface urban heat island across the research
area, with higher land surface temperature and more pronounced surface urban heat island effect predominantly observed in densely
built-up areas. Specifically, 83 % of the urban hot spots exhibiting high land surfaces temperature anomalies were observed in
densely built-up areas that is urban areas and 16% on bare soil surfaces. Notably, no surface urban heat island was observed in
54 % of the study area, wherein the corresponding major land use and land cover class was vegetation. The mean surface urban
heat island intensity, herein the difference between the averages of land surface temperatures between urban and suburban areas
ranged between 2°C to 3 °C.

The findings of the study provide valuable insights into the dynamics of land surface temperature and the surface urban heat
island effect in Tomsk City. The observed relationships between land surface temperature and surface urban heat island with
specific land use and land covers emphasises that vegetation and water surfaces are crucial for reducing urban temperatures and
creating favourable microclimate conditions which may consequently increase thermal comfort, and decrease energy consumption.
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TEOITPOCTPAHCTBEHHBINA AHAJIU3 TEMIIEPATYPHI IOBEPXHOCTH 3EMJIA
N ITOBEPXHOCTHOI'O I'OPOJACKOI'O OCTPOBA TEIIJIA B TOPOJAE TOMCKE:
HNCCIEAOBAHUE HA OCHOBE CITYTHUKOBBIX CHUMKOB LANDSAT 8
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Annotanusi. [0posicKoit 0CTpOB TeIwIa onpeaernseT 0co0blii MUKPOKIAMAT, IPH KOTOPOM B TOPOJICKUX paiioHax HaOIoaaeTcst
Oolee BBICOKas TeMITepaTypa Mo CPAaBHEHUIO ¢ OKPYKAIOIUMU CETbCKUMU WITK IIPUTOPOAHBIME paiioHaMu. JlaHHOE SIBTICHUE CBSI-
3aHO C YMEHBIIECHHEM CKOPOCTH BETpa, N3MEHEHHEM HallpaBJIeHUs BETPa, YMEHbIIEHNEM BEHTWISLMHU B TOPOJaX U HAKOIJIEHUEM
3arps3HAOLINX BEIECTB B BO3yX€, YTO MPUBOAUT K HEraTUBHBIM IIOCIIEICTBHAM JUIS 310POBbs TOPOACKUX XKUTeNel. B mocinennue
ro/ibl pa3BUTHE TEXHOJOTHH JUCTAaHIIMOHHOTO TEIJIOBOTO 30HAMPOBAHUS U pean3alis HHUIMATHB 110 IPEIOCTaBICHUIO OTKPBI-
TBIX JJAHHBIX IPUBEIH K MHOTOYHCIEHHBIM HCCIIEIOBAaHUSM MOBEPXHOCTHBIX TOPOJCKMX OCTPOBOB TEILIA.

Lenp qaHHOTO HCCIIEIOBAHMS 3aKITI0YAETCsl B TOM, YTOOBI HCCIIEIOBATh T€OIPOCTPAHCTBEHHOE PacIpeieIeHAE TEMITEPATyPhI
IIOBEPXHOCTH 3€MJIM ¥ TIOBEPXHOCTHOI'O TOPOJICKOTr0 OCTPOBa Teruia Haja ropoxoM ToMckoM B sieTHui ce3oH 2023 r. s goctu-
JKEHUS ATOM LIeJIH B MCCIEJOBAaHUM HCHOIb3YIOTCS CHUMKU JAMCTAHLIIMOHHOTO 30HIMPOBAHUS, IOJIYYEHHBIE C HCIOJIb30BAHUEM
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npudopoB TerioBoro nadpakpacHoro narynka 1 (TIRS1) u onepatuBHOrO Hazemuoro umumkepa (OLI), 0da M3 KOTOPEIX HAaXO-
nTes Ha 6optry crrytHrka Landsat 8. TIpumensis ['eonpocTpaHCTBEHHBII aHATH3 U COBPEMEHHBIE CITyTHUKOBBIC METOBI JIUCTaH-
LOHHOTO 30HAMPOBAHMs, BKIIOUasl METOJ UHJEKCA IOBEPXHOCTHOIO TOPOJCKOr0 OCTPOBA TEILIA U 30HAIbHYIO CTaTUCTUKY, UC-
CJIeI0BaHHE HAIPaBJICHO Ha KOJIMYECTBEHHYIO OLIEHKY MHTEHCUBHOCTU U NPOCTPAHCTBEHHOMN MPOTSXKEHHOCTU MOBEPXHOCTHOIO
FOPOJCKOI0 OCTPOBA TEILIA; BBIABICHUE TOPOICKUX FOPSYUX TOUEK, IEMOHCTPUPYIOIIMX BBICOKME aHOMAJIUM TEMIIEPATYphl 110-
BEPXHOCTH 3€MJIM, U X IIPOCTPAHCTBEHHOE pacIpele/IeHUe 0 K1accaM 36MHOI'0 IIOKPOBA U 3eMJIENIONb30BaHHUS.

INonyueHHble TaHHBIE CBUAETENBCTBYIOT O 3HAUMTEILHOM U3MEHEHUU TEMIIEPATYpPhl IOBEPXHOCTH 3EMIIU U IOBEPXHOCTHOTO
TOPOJICKOTO OCTPOBA TEINIA Ha BCel TEPPUTOPHHN HCCIETOBAHHS, IPIIeM Ooree BEICOKas TEMITepaTypa IIOBEPXHOCTH 3eMIIH U 00-
Jiee BBIPOXEHHBIH 3()(eKT MOBEPXHOCTHOTO TOPOJCKOTO OCTPOBA TEIUIa HAOMIOJAIOTCS MPEUMYIIECTBEHHO B paiiOHAX ILIOTHOI
3acTpoiiku. B wactHOCTH, 83 % TOpOACKHX «TOPSYNX TOYEK» aHOMAIHII TeMIIepaTyphl IOBEPXHOCTH 3eMIIH HAOTIOJAINCh HAT
IUIOTHO 3aCTPOECHHBIMU TEPPUTOPUSIMH, T.€. HaJ FOPOJICKMMU paiioHamu, a 16 % — Ha ronoil nmosepxHoctd nousbl. IIpumeua-
TETBHO, 9TO Ha 54 % HucciaeayeMoi TeppUTOPHHE He HaOMI0AaI0Ch IOBEPXHOCTHOTO TOPOJCKOI0 OCTPOBA TEILIA, TJIe COOTBETCTBY-
IOIIAM OCHOBHBIM KJIACCOM 3€MIICTIONB30BAaHMS U PACTUTEIBHOTO IIOKPOBA OBLIA PaCTUTEIBHOCTh. V3MepeHHass HHTEHCHBHOCTD
IIOBEPXHOCTHOI'O TOPOZICKOI0 OCTPOBA TEILIA, T.€. CPEIHsIA TEMIIEpPaTypa IOBEPXHOCTH FOPOACKOM 3eMIIM U CpeHsI TEMIIEpATypa
HOBEPXHOCTH T'OPOICKOM 3eMIIU B IIPUTOPOJIE, cocTasisuia or 2 1o 3 °C.

Pe3ynbTatel uccnen0BaHuUs IPEAOCTABIIAIOT LIEHHBIE CBEICHUS O AUHAMUKE TEMIIEPATYPhI IOBEPXHOCTH 3EMIIU U IPU3EMHBIX
TOPOJZICKHUX OCTPOBOB TeIlTa B ropose Tomcke. Habmomaemast B3aNMOCBSI3b MEKY TEMITEPATypOi MOBEPXHOCTH 3EMITH U OBEPX-
HOCTHBIM F'OPOJICKAM OCTPOBOM TEILIA C KOHKPETHBIMU BHJAMU 3€MJIEIIONB30BAHUS U PACTUTENILHOIO IIOKPOBA TOBOPUT O TOM, UTO
PaCTUTETLHOCT W BOIHEIE TOBEPXHOCTH MMEIOT PElIaroliee 3Ha9eHNe TSl CHIDKEHHS TOPOICKHUX TEMIIEpaTyp U CO3JIaHus Omaro-
HPHUATHBIX YCIOBUH MUKPOKIIMMATA, 9TO, B CBOIO OUePEb, MOXKET IIOBBICHTD TEIUIOBOH KOM(OPT M CHU3UTH NOTPEOICHNE SHEPT HH.

Kniouesvie cnoea: memnepamypa nogepxXHoCmu 3eMau, NOBEPXHOCHIHBIY 20POOCKOU OCMPO8 menid, 20p0OCKOl 0Cmpos

menaa, Landsat 8, 2opodckoti knumam
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Introduction

Urbanization is significantly altering natural
landscapes often inadvertently creating an unfavourable
microclimate [Crum, Jenerette, 2017; Badugu et al,,
2023]. The most notable manifestation of this alteration
is the urban heat island (UHI), which has been linked to
challenges ranging from public health, energy resources
and urban planning [Zhang et al., 2023; Diem et al.,
2024].

An urban heat island (UHI) was first observed by a
British manufacturing chemist and an amateur
meteorologist, Luke Howard, in the early 1833 [Chapman
et al,, 2017; Zhang et al., 2023]. It defines a specific
microclimate, that is characterized by significantly higher
temperatures as compared to surrounding rural or suburban
areas [Hidalgo-Garcia, Arco-Diaz, 2022; Badugu et al,,
2023; Le, Bakaeva, 2023; Diem et al., 2024]. UHI has
become a focal point of research and policy discussions
due to its many-sided impacts on urban environments and
society at large [Liou et al., 2024].

Studies have shown that high temperatures in the
urban core centres can intensify the prevalence of heat
related deaths and illness especially during heatwaves
[Hidalgo-Garcia, Arco-Diaz, 2022; Cleland et al., 2023].
In the United States of America (USA) alone, it is
estimated that deaths due to heat exposure ,1500
annually, are more than deaths due dangerous weather
phenomena [Hsu et al., 2021].

UHI increases the risk of vulnerable populations, such
as the elderly and children, to heat-related health

outcomes [Hsu et al., 2021]. These include heat-related
illnesses like heat exhaustion, heatstroke and recently
more chronic outcomes such as cardiovascular diseases
[Hsu et al., 2021; Hidalgo-Garcia, Arco-Diaz, 2022].
Chronic temperature-related diseases, such as comorbid
respiratory diseases, cardiovascular diseases, and lung
function are most prevalent in high to extreme UHI
conditions. An urban heat island is also associated with
decreased thermal comfort, and increased energy
consumption [Santamouris et al., 2015] for sustaining
comfortable temperature particularly in summer or during
warmer months [Almeida de et al., 2021; Le, Bakaeva,
2023; Diem et al., 2024]. Therefore, characterising the
dynamics of UHI is key for developing effective
mitigation strategies and improving urban living
conditions.

There are two main types of an urban heat island: the
surface urban heat island (SUHI/UHI surface) and the
atmospheric urban heat island (UHI) [Badugu et al.,
2023; Liou, Tran, Nguyen, 2024]. The atmospheric UHI
is often further divided into two forms: the canopy layer
urban heat island (CLHI/UHIcr) and the boundary layer
urban heat island (BLHI/UHIgr) [Badugu et al., 2023;
Diem et al., 2024; Liou et al., 2024].

The (atmospheric) UHI is measured based on in-situ
air temperature (Ta) observations from fixed
meteorological stations [Badugu et al., 2023; Liou et al.,
2024]. This direct measurement approach provides the
best indicator of human experience, but the sparse
distribution of monitoring stations can result in
insufficient spatial and temporal detail for applied
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purposes such as urban planning, public health, energy
resources planning and general policy making [Almeida
de et al., 2021; Badugu et al., 2023].

In contrast, the Surface UHI (SUHI/UHI syrface 1S based
on LST measurements, which are derived from thermal
infrared sensors onboard satellites (e.g., Landsat 8/9,
Terra, Aqua, and Sentinel 3) aircraft, or drones
(Unmanned Aerial Vehicles (UAVs)) [Khorrami,
Gunduz, 2020; Almeida de et al., 2021; Zhang et al.,
2023]. Consequently, SUHI can provide a spatially
continuous representation of LST patterns across urban
and rural areas, and across different land covers and land
uses, hence can produce sufficient spatial and temporal
detail for fundamental and applied purposes [Badugu et
al., 2023; Liou et al., 2024].

Advances in thermal remote sensing technology, such
as the TIRS1 and TIRS2 instruments on Landsat 8/9,
MODIS on Terra and Aqua, and SLSTR on Sentinel 3,
combined with open data policies, have facilitated many
studies on UHI surface in recent decades [Almeida de et
al., 2021; Zhang et al., 2023]. Diem et al. [2024] found
753 publications with the name SUHI/UHI syrface in the
Web of Science (WoS), Scopus and Google Scholar,
more than half of the 753 publications were in the last
four years. Additionally, 60.27 % of the 753 studies used
Landsat satellite images as primary data sets, an
indication that Landsat satellite sensors are well
established in SUHI studies.

Previous researches who demonstrated the use of
TIRS1 and OLI instruments onboard Landsat 8 satellites
in surface urban heat island studies include: Hidalgo-
Garcia, Arco-Diaz [2022], who focused on evolution of
the surface urban heat island (SUHI) and its driving
forces over Granada, Spain. Likewise, in Turkey,
Khorrami, Gunduz [2020] studied the seasonal spatial-
temporal relations of the Istanbul SUHI with spectral
indicators such as, normalized vegetation index (NDVI),
tasselled cap wetness (TCW), and surface albedo. In
Yerevan, Armenia, researchers investigated the link
between land cover and SUHI, methods used to derive
land cover and SUHI from Landsat Images included
Machine Learning algorithms and the Urban Thermal
Field Variance Index (UTFVI), respectively [ Tepanosyan
et al., 2021].

Equally, in the Russian Federation: Le, Bakaeva
[2023] assessed SUHI in Moscow, using Landsat 8
TIRS1 imagery, cloud computing and the UTFVI method
to determine the location of urban heat islands, while
Korniyenko, Dikareva [2022] identified the UHI surface
in the City of Volgograd in summer period using Landsat
8 data and the UHI index method and in the city of
Novosibirsk, Gazimov, Kuzhevskaya [2021] estimated
the summer surface urban heat island and its drivers using
Band 10 of the Landsat 8 TIRS1 and Bands 4 and 5 of
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OLI instrument. However, the SUHI studies are mainly
established in metropolitans and large urbanised cities as
compared to smaller cities.

Tomsk city is a relatively small city which is almost
300 km?. It is the administrative capital of Tomsk region,
located in the east of Western Siberia, in the Russian
Federation [Official Portal of «The city of Tomsk»,
2024].

Seemingly, earlier research implemented in Tomsk
City have primarily focused on the (atmospheric) UHI
and rather than SUHI [Svarovsky, Starchenko, 2021a,
2021b]. Through the Weather Research and Forecasting
model, researchers investigated the UHI in Tomsk City,
and the temperature difference between the city and the
suburbs was shown to reach 1-3°C and 1-2°C
respectively.

Previous studies have not (sufficiently) characterised
the SUHI/UHI surface, more so in light of the fact that
absorption of short-wavelength radiation by the urban
surfaces contributes significantly to UHI, accounting for
40-50 % of UHI in summer and 5-15% in winter
[Dudorova, Belan, 2016].

Consequently, this study is realised in an effort to fill
this research gap, by analysing the geospatial variation of
LST and characterising the UHI suface in Tomsk City,
during the summer season of 2023, using imagery from
the Thermal Infrared Sensor 1 (TIRS1) (Band 10) and
Operational Land Imager (OLI) onboard Landsat 8
Satellite. Additionally, geospatial techniques, that is, the
urban heat island index method (UHI index), and zonal
statistics are used to; characterise the intensity and spatial
extent and of SUHIs; and identify ‘urban hot spots’ of
LST anomalies respectively.

Research Method and Materials

Study Area. The study area is Tomsk City, located at
geographical coordinates 56°20'00” N, 56°42'30"N and
84°19'30"E ,84°45'00"E, [see Fig. 1]. As of the latest
data, the population of Tomsk City is approximately
568.5 thousand [Rakhmanova et al., 2021]. The territory
is located on the banks of the Tom River, and is the
administrative capital of the Tomsk region, located in the
east of Western Siberia, in the Russian Federation
[Official Portal of «The city of Tomsk», 2024].

According to the Koppen classification system,
Tomsk city predominantly exhibits a Dfb climate. This
classification is characterized by significant temperature
variations, very cold winters and warm summers with
consistent precipitation throughout the year. Summers are
short [June to August] nonetheless can be fairly warm,
with average temperatures in July reaching 19 °C to
22 °C. Infrequently, summer temperatures can exceed
30 °C [Official Portal of «The city of Tomsk», 2024].
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The method for calculating land surface temperature
(LST) were derived from the US Geological Survey
website:  https://www.usgs.gov/landsat-missions/using-

Methodology

usgs-landsat-level-1-data-product.

The overall methods used in this study are depicted in

Fig. 2.
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The primary data for this research is acquired from the
Landsat 8 Satellite instruments; that is the thermal
infrared sensor (TIRS) and the Operational Land Imager
(OLI) instrument (see Table 1). Data is attained from the
United States Geological Survey (USGS) Earth Explorer
web portal https://earthexplorer.usgs.gov/.
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Table 1

Description of the Landsat datasets used in this study

Tabnuma 1

Onucanne Ha00poB 1aHHBIX Landsat, HCIOIb30BAHHBIX B TAHHOM HCCJIEI0BAHUU

Satellite Sensor Cloud cover

Acquisition date and time

Path/row Spatial resolution

Landsat 8 OLI/TIRS 2.05%

July 19, 2023; 1030 AM, UTC

147/21 30 m

Calculating the land surface temperature
based on Landsat 8 imagery

The first step is to convert TIRS; Band 10 stored as
digital numbers (DNs) to Top of the Atmosphere spectral
radiance (ToA spectral radiance) using the formular:

Ly =My X Qcal + Ay €))
where L, = ToA spectral radiance [Watts/
(m**srad*um)]; M, Band-specific multiplicative
rescaling factor from the metadata (MTL.txt); Qcq =
DNs: Band 10 image; A;= Band-specific additive
rescaling factor from the metadata.

The second step is calculating the Top of the
Atmosphere brightness temperature (ToA brightness
temperature. This involves utilizing the thermal constants
provided in the MTL.txt. file.

Equation (2) was used for conversion for the
conversion.

where BT = ToA brightness temperature in Degrees
Celsius; La = ToA spectral radiance (Watts/
(m? *srad*um)) calculated in (1); K; and K; stand for the
band-specific thermal conversion constants from the
metadata (Table 3).

The third and fourth step is calculating the Normalised
Difference Vegetation Index (NDVI) and proportion of
vegetation (PV) respectively. To calculate NDVI (3) is
used:

NIR(Band 5) — Red(Band 4)
NDVI = (3)
NIR(Band 5) + Red(Band 4)

Wherein, Band 5 is the near-infrared band (NIR) from
Landsat 8 OLI and Band 4 is the Red band from Landsat
8 OLI. Both NDVI and PV are related to land surface
emissivity. In-order to calculate PV, equation (4) was
used:

NDVI — NDVI., 17

~ |NDVI — NDVI__|

4)

K . .
BT = R — 273.15, (2) where NDVI,;, and NDVI,.,, = the minimum and
In (L—i +1 maximum values of the NDVI image, respectively.
Table 2
Metadata; Landsat 8 TIRS (Band 10) Image; M;and A; values
Tabnuma 2
Meranannbie; caumok Landsat 8 TIRS (Band 10); 3nauenus M; and A;,
Variable Description Value
M; Band-specific multiplicative rescaling factor 3.342 x 104
A Band-specific additive rescaling factor 0.100
Source: Metadata file of Landsat 8 OLI/TIRS [USGS Earth Explorer, 2023].
Table 3
K and K values from the Metadata File of the Landsat 8 Image (TIRS1 Band10)
Table 3
K u K, 3Hayenus u3 ¢aiija merananuesix ciumka Landsat 8 (TIRS1 Band10)
Variable Description Value
K, Thermal constant 774.8853
K, Thermal constant 1321.0789

Source: Metadata file of Landsat 8 OLI/TIRS [USGS Earth Explorer, 2023].

The fifth step is the calculation of the land surface
emissivity (€) a factor that helps in estimating Land
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Surface Temperature (LST) by scaling the emitted
radiance from the Earth’s surface. This scaling factor
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allows us to measure how thermal energy is transmitted
from the surface into the atmosphere [Young et al., 2017;
Zahir, 2020; Hidalgo-Garcia, Arco-Diaz, 2022]. ¢ is
calculated using equation (5):

£ = 0.004 x Pv + 0.986, (5)
where € = land surface emissivity; Py = proportion of
vegetation calculated in equation (4).

Lastly, the Land surface temperature (LST) can be
calculated according to Hidalgo-Garcia, Arco-Diaz
[2022] the balanced equation for calculating LST [Young
et al.,, 2017; Almeida de et al., 2021; Gazimov,
Kuzhevskaya, 2021] is equation (6).

where BT is ToA brightness temperature calculated in
equation [2]; € is corrected land surface emissivity
calculated in equation (5); A = the emitted radiance (A is
10.895); p = hc/f=1.438 x 102 m K, and h = Planck's
constant (6.626 x 107 Js); ¢ = speed of light in vacuum
(2998 x 10® m/s); f=Boltzmann’s constant (1.38 x
1072 J/K).

Preparation of a remote sensing-based land
use land cover map

Further to that, a remote sensing-based land use and

LST = BT 6) land cover (LULC) map is created according to the
(1 n ()\ﬁ) ln(s))’ method illustrated in Fig. 3.
p 1. Unsupervised classification based on the ISO
where h Cluster algorithm in QGIS was done, automatically
p= ac (7)  grouping similar pixels into one spectral class.
f )
Landsat 8 OLIL
[Bands 1-7] To——— Land use and land
Classification | b COVT.' c!asses
Band Composite Lpre m'lmmyl
Using ISO cluster Pixcl
algorithm in QGIS correction
land usc and land
cover classes
[corrected]
I
Accuracy
assessment
Fig. 3. Land cover land use classification method [Gore et al., 2020; ThanushKodi, Babykalpana, 2010]
Puc. 3. Meron knaccupukanum 3eMiI1€n0J1b30BAHAA U 3¢MeIbHOI0 IIOKPOBA
Table 4
SUHI zones
Tabnuma 4
3oun1 SUHI
SUHI zone 1 (no SUHI) 2 3 4 5 6
SUHI index <0°C 0.0-0.5 °C 0.5-1.0 °C 1.0-2.0 °C 2.0-3.0 °C >3.0 °C

2. Secondly, pixel-level correction was done, while
manually correcting any spectral mixing or or
misclassifications. This hybrid method is flexible and can
lead to more accurate LULC maps compared to using
either approach alone [Gore et al., 2020; ThanushKodi,
Babykalpana, 2010; Peacock, 2014].

Characterising the surface urban heat island
(SUHI/UHI surface)

The surface urban heat island effect (SUHI) over the
city of Tomsk was calculated following equation (8)

following Siswanto et al. [2023]

LST, — LSTean

SUHI = 8
D (8)
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where LSTi = land surface temperature in each pixel of
the study area (6); LST mean = is the mean LST of the study
area; SD= LST standard deviation of the study area.

In further characterising the surface urban heat islands
(SUHI) the following steps are taken:

1. Calculating the predominant land use and land
cover types within each SUHI zone.

This information is crucial for identifying which land cover
types are prevalent in high SUHI zones versus lower ones [Liu
et al., 2023; Moharram, Sundaram, 2023]. Firstly, the SUHI
over Tomsk City, calculated in (8) is divided into six classes
see Table 4. Area of each class, is calculated in kn?’.

Using the zonal statistics overlays majority analysis
tool in a QGIS, the SUHI zones in Table 4 [in vector
format] are overlayed with a remote sensing based

SUHI digital map
calculated in

— Reclassify
-
= 0°C=SUHI<IC
= SUHI=1°C

l

Calculate the mean
LST in each SUHI
zone

arban = Mean zonal LST of [SUHI>1°C]
;= mean zonal LST of |0°C < SUHI <1°C

where;
LST

LST

rura.

LULC map [in raster format], the results will identify
the most frequent pixels of land covers in each of the
SUHI classes.

2. Calculating the SUHI intensity based on equation
(9) [Siswanto et al., 2023; Liou et al., 2024] and methods
as illustrated in Fig. 4.

SUHI = LST,pan — LSToural 9)

In the first method (a), based on SUHI thresholds];
LSTyrpan 1s referenced from the zonal mean LST in the class
where [SUHI>1]; and LST}.,;.,;= zonal mean LST in the class
where [0<SUHI<1].

The second method (b) is based on LULC map;
LSTyrpan and LST,. 4 are referenced from the zonal mean
LST in the densely built-up area and the suburban /
sparsely built-up area respectively.

LULC digital map

Method b

"

Calculate the zonal
mean of LULC classes:3
and 5

J

Note: LULC class:
3_densely built-up [urban]
L_| areas;
5 sparsely built-up arcas
[suburban; peri-urban].

l
where;

LST pan = mean zonal LST of [LULC class 3|
LST = mean zonal LST of [LULC class 5]

Fig. 4. Methods used to estimate the range of SUHII over the study area

Puc. 4. Metonpbl, ucnojib3yemsie 11s1 oneHkH pacnpocrpanennsi SUHII na ucciexyemoii Teppuropuun

The Geospatial distribution of urban hotspots (UHS)
of LST anomalies

1. Firstly, UHS exhibiting high LST anomalies are
calculated from an LST map, based on equation (10)
which was derived from [Hidalgo-Garcia, Arco-Diaz,
2022]. The method is illustrated in Fig. 5.

LST>pu+2+o0, (10)
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where LST is the land surface temperature in degrees
Celsius; p is the mean (average) LST of the study area,
and o is the standard deviation.

2. Secondly using the zonal statistics overlays tool in
a QGIS, the UHS identified in (10) [in vector format] are
overlayed with a remote sensing based LULC map [in
raster format], the results will show how UHS are
spatially distributed over the land use and land covers.
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LST map from
equation (8)

UHS of LST
anomalies

LST>p+2+*0

!

Convert the raster
image to vector

4

import vector image to
Google Larth pro as a KML
file

l

Visualisation of UTTS in 3D:
spatial location , distribution
and cxtent

Fig. 5. Method used for estimating the geospatial distribution of UHS [Hidalgo-Garcia, Arco-Diaz, 2022]

Puc. 5. Meton, ucnonb3yemsblii 11 OEHKH IeONPOCTPaHCTBeHHOro pacnpenenenuss UHS
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Fig. 6. The land use and land cover map of Tomsk City, created by the author using QGIS software (July 2023)

Puc. 6. Kapra 3emuenosib30Banns 1 NOKpoBa ropoga ToMcka, CO31aHA aBTOPOM € IOMOLIbIO

nporpammHoro odecniedenust QGIS (urosn 2023 r.)

Confusion matrix, detailing accuracy assessment of LULC, created by author using QGIS

Table 5

Tabaouma 5

Matpuua ommook, noApodHo onuckiBaomas oneHky Tounoctu LULC, co3nano aBTopoM ¢ ucnoib3oBannem QGIS

LULC Class 1 2 3 4 5 6 7 Total U_Accuracy Kappa
1 10 0 0 0 0 0 0 10 1 0
2 0 7 2 0 0 1 0 10 0.7 0
3 0 0 9 0 0 0 1 10 0.9 0
4 0 0 0 9 0 0 2 11 0.82 0
5 0 0 0 0 9 1 0 10 0.9 0
6 0 0 0 0 0 10 1 11 0.91 0
7 0 0 1 0 0 0 9 10 0.9 0
Total 10 7 12 9 9 12 13 72 0 0
P_Accuracy 1 1 0.8 1 0.8 0.8 0.7 0 0.88 0
Kappa 0 0 0 0 0 0 0 0 0 0.85

Note: 1 — water; 2 — very dense vegetation, forest; 3 — densely built-up areas; 4 — vegetation medium-density; 5 — sparsely built-up, suburban,
country houses; 6 — vegetation-grassland, pasture; 7 — soil / bare land; P_Accuracy — Producer accuracy. U_Aceuracy — User accuracy

Tlpumeuanue: 1 —Bona; 2 — 04eHB I'ycTast PaCTUTEIIBHOCTD, JIEC; 3 — TyCTO 3aCTPOCHHEIE PAHOHEI; 4 — PACTUTEIFHOCTH CPEHEH IITOTHOCTH;
5 — penkas 3acTpoiiKa, IPUTOPOJ, CENbCKHUE IOM; 6 — pacTUTETBHOCTS — JIyra; nmacToumia; 7 — mousa / roxas 3emis; P_Accuracy — to4-
HOCTb nmpoussoauteis; U_Accuracy — TOYHOCTb IOJIb30BATEIN.
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Results
Land use and land cover classification

The accuracy assessment of the land use and land cover
classification is detailed by the confusion matrix in Table 5.

Variation of land surface temperature (LST)
over the study area

LST ranged from a minimum of 14.8°C to a
maximum 39.6 °C. The average LST was 25.60 °C and

the standard deviation of 2.78 and significantly varied in
the urban space (see Fig. 7 Variation of LST in Tomsk
City).

The Table 8 presents data on the LST across different
Land Use/Land Cover (LULC) classes in Tomsk City. It
includes the minimum, maximum, mean, and standard
deviation of LST for seven distinct LULC classes.

The highest mean LST (29.14 °C) and maximum LST
(39.64 °C) are observed in the LULC class 3 [densely
built-up areas].

While the lowest mean LST (22.34) is observed over
LULC class 1 [water].
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Fig. 7. Variation of LST in Tomsk City
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Table 6

Geospatial distribution of LST in LULC classes, created by author using QGIS software

Tabnuia 6

[eonpoctpancTBennoe pacnpeneinenue LST B kiraccax LULC, co3nana aBTopom
¢ MOMOILIBI0 MporpaMmMHoOro odecneuenus QGIS

LULC Class 1 2 3 4 5 6 7
Min LST °C 21.08 214 21.41 21.26 21.9 21.3 21.73
Max LST °C 35.87 34.37 39.64 31.98 34.78 33.03 38.46
Mean LST°C 22.34 23.65 29.14 23.4 27.2 24.75 28.59
Standard deviation 1.34 1.57 1.93 1.46 1.61 1.60 2.07

Note. LULC class 1 — water; 2 — very dense vegetation, forest; 3 — densely built-up areas; 4 — vegetation medium-density; 5 — sparsely
built-up, suburban, country houses; 6 — vegetation-grassland, pasture; 7 — soil / bare land.

Tpumeuanue. Knacc LULC 1 — Boga; 2 — o4eHb rycTasi paCTUTEIIBHOCTD, JI€C; 3 — TYCTO 3aCTPOCHHbIE TEPPUTOPH; 4 — paCTUTEIFHOCTD
CpeIHEei IUIOTHOCTH; 5 — PE/IKO 3aCTPOCHHBIC TEPPUTOPUH, IIPUTOPOAHBIE, CEIBCKUE IOMA; 6 — paCTUTENBHOCTH — JIyra, nacrouma; 7 —

Io4YBa / ToJast 3eMJIs.
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Table 7

Spatial extent and distribution of SUHI over different land cover types

Tabnuia 7

IIpocTpancTBeHHAs NPOTSKEHHOCTH M pacnpenejedrne SUHI nmo pa3auyHbIM THIIAM MOKPOBA

SUHI index (°C) <0 [no SUHI] 0.0-0.5 0.5-1.0 1.0-2.0 2.0-3.0 >3.0°C
LULC [majority class] 4 vegetation | 5 suburban 5 suburban 3 urban 3 urban 3 urban
Extent km? 160.3953 42.8481 36.0711 48.3687 7.5429 0.4995
% Of study area 54.237 14.489 12.19749 16.35594 2.550 0.168

Spatial distribution of the surface urban
heat island (SUHI)

Table 7, provides quantitative data on the extent and
distribution of SUHI across various LULC classes. This
table highlights quantitatively, how different land cover

types contribute to the intensity of the SUHI effect.

While Fig. 9, below complements Table 7 by
providing a spatial perspective on how SUHI manifests
across the urban landscape not only by land use type but
also across geographic locations within Tomsk.

The transect reveals peaks in SUHI corresponding to
land covers identified in Table 7 as having high SUHI
values, such as urban areas or densely built-up areas.

Fig. 9 also shows a significant temperature decrease at
specifics points along the transect, this can be correlated

with low values from Table 7, that correspond to specific
LULC class (e.g., water).

The SUHI profile along an east-to-west transect
typically starts with low values in rural areas at both ends,
peaks in the densely built-up urban core, and gradually
declines back toward rural zones.

The Fig. 10 presents data on the Mean Surface Urban
Heat Island (SUHI) effect and its standard deviation
across different Land Use/Land Cover (LULC) classes in
Tomsk City. Densely Built Areas (Class 3) exhibit the
highest mean SUHI value of 1.27°C, Conversely, Water
(Class 1) and Dense Vegetation (Class 2) show negative
mean SUHI values of —1.12°C and —0.71°C, indicating a
cooling effect. The standard deviation values reflect the
variability of the SUHI effect within each LULC class.
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Surface urban heat island intensity

Based on methods a and b as described Fig. 4; the surface
urban heat island intensity (SUHI intensity) calculated as
mean LST differences between urban and suburban areas
ranged between 2.0 °C to 3.0°C (see Table 8).

Urban hot spots of LST anomalies (UHS)

Fig. 12, shows that, urban hot spots exhibiting LST
anomalies (UHS) were not observed over LULC class
1 (water), LULC class 2 (very dense vegetation/forest)

and LULC class 6 (grassland; pastures; agricultural
land).

Complimentary data, from Fig. 13 below indicates
that the largest area of UHS is found in Class 3
(densely built-up class), covering approximately
7.24 km?, which constitutes 83.12 % of the total UHS
identified in this study. The identity of the urban hot
spots (UHS) of high LST anomalies include, shopping
malls and industrial sites, the Tomsk Cable Plant and
Tomsk Concrete mixing Plant, wherein the highest
LST of 39.6 °C (see Fig. 14).
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Distribution of UHS over LULC classes
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Fig. 13. Distribution of UHS over land use and land cover classes
LULC class 1 — water; 2 — very dense vegetation, forest; 3 — densely built-up areas; 4 — vegetation medium-density; 5 — sparsely built-up,
suburban, country houses; 6 — vegetation-grassland, pasture; 7 — soil / bare land
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Discussion
Land surface temperature (LST) distribution

The current study reveals a significant spatial
heterogeneity in LST over the study area, wherein higher
land surface temperatures were predominantly observed
in densely built-up areas and lower land surface
temperatures in vegetated and water surfaces [see Table 6
and Fig. 7]. This trend is consistent with previous
research [Crum, Jenerette, 2017; Almeida de et al., 2021;

Tepanosyan et al., 2021; Karyati et al., 2022; Korniyenko,
Dikareva, 2022; Badugu et al., 2023; Garcia et al., 2023].

The high LSTs in densely built-up areas can be
attributed to their thermal properties. Urban surfaces are
characterized by a higher proportion of dark and
impervious material such as asphalt, concrete, and
buildings, which absorb and retain more solar radiation
leading to increased surface temperatures [Dudorova,
Belan, 2016; Li et al, 2023; Diem et al., 2024,
Thammaboribal, 2024]. Conversely, vegetated and water
surfaces have a higher capacity to reflect and dissipate
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heat  efficiently  through processes such as
evapotranspiration, resulting in lower LST values [Zabhir,
2020; Kuzhevskaya, 2021; Costanzini et al., 2022;
Gazimov, Hidalgo-Garcia, Arco-Diaz, 2022;
Korniyenko, Dikareva, 2022; Le, Bakaeva, 2023; Zhang
et al., 2023; Liou et al., 2024].

Significance of findings: high LSTs in densely built-
up areas can have public health implications [Cleland et
al., 2023; Le, Bakaeva, 2023]. For instance, intensifying
the prevalence of heat related deaths and illness
(heatstroke, dehydration and cardiovascular diseases)
[Hsu et al., 2021]. The lower LST observations in
vegetated areas suggest the crucial role that green spaces
or vegetation plays in moderating urban temperatures;
this suggests incorporating vegetation into urban design
can help mitigate the warming effects of impervious
surfaces and consequently reduce energy consumption in
the urban centres of Tomsk during summer months [Zhou
et al., 2019; Almeida de, Teodoro, Gongalves, 2021].

Surface urban heat island effect and its distribution
(SUHI)

The study demonstrates the presence of a surface
urban heat island effect (SUHI) [see Fig. 8, Fig. 9 and
Table 7] in Tomsk city. The SUHI effect covers a spatial
extent of 47.8% of the city, with built-up areas
comprising the majority of the pixels [see Table 7]. In
contrast, 54.2 % of the city shows no SUHI effect and is
dominated by vegetation as the majority land cover type
[see Table 7]. This implies that vegetation cover reduces
SUHI effect. Densely built-up areas and bare soil or bare
land surfaces had the highest mean SUHI effect [see
Fig. 10], whereas land covers of vegetation and water had
anegative SUHI effect, highlighting the decisive role that
vegetation and water surfaces play in moderating urban
temperatures.

These geospatial distribution of SUHI observed in this
study are consistent with previous studies conducted in
various urban settings, such as Moscow, Russia [Le,
Bakaeva, 2023], Yerevan, Armenia [Tepanosyan et al.,
2021], and Novosibirsk, Russia [Gazimov, Kuzhevskaya,
2021].

The SUHI intensity observed in this study [see Ta-
ble 8] aligns with observations made by Svarovsky,
Starchenko, [2021b] , who found a 1-3 °C difference
between the urban and suburban areas of Tomsk city in
summer season.

The implications of these observations are significant
to public health, land use planning and energy
consumption. Higher temperatures due to the SUHI effect
in the urban setup can lead to decreased thermal comfort,
increased energy demand for cooling, especially during
the summer months, impacting on both economic costs
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and environmental sustainability [Badugu et al., 2023;
Cleland et al., 2023; Diem et al., 2024].

Identification of UHS distribution in relation to LULC

The study’s findings, as illustrated in Fig. 11 and
Fig. 12, indicate Urban Hot Spots (UHS) of LST anomalies
in Tomsk city. UHS were predominantly observed over
specific land use and land covers (LULC). For instance,
83 % of UHS were observed in densely built-up areas/
urbanized areas and 16.3 % in bare soil/ bare land (see
Fig. 12, Fig. 13). Furthermore, an absence of UHS over
land use classes associated with water bodies and vegetation
was noted. This observation aligns with previous research
conducted by Hidalgo-Garcia, Arco-Diaz [2022].

Significance and implications of the observations: the
comparatively high percentage of UHS found in bare land
areas (16.29 %) suggests that even non-urbanized areas
can contribute to local heat retention, indicating a need
for careful management of these spaces to prevent
exacerbating heat effects.

Conclusions

Application of Landsat 8 and Geospatial Techniques
for Urban Heat Analysis: the study demonstrates the
application of Landsat 8 satellite imagery and geospatial
techniques for analysing the geospatial variation of LST
and characterising the SUHI effect in Tomsk City, during
the summer season of 2023. The research highlights
critical insights into how different types of land use and
land cover influence urban heat dynamics, which has
significant implications for public health and urban
planning.

Key findings on LST and SUHI distribution include
the fact, that higher LSTs and SUHI effect are
predominantly observed in densely built-up or urbanized
areas. In contrast, no SUHI effect was observed in 54 %
of Tomsk’s area, where vegetation dominated the land
cover [see Table 6, Fig. 7].

This finding underscores the critical role that green
spaces (such as parks, forests, and vegetated areas) and
water bodies play in regulating temperature distribution.
These natural features help mitigate urban heat by
reducing surface temperatures. Hence, by prioritizing
green spaces and sustainable land use practices, Tomsk
can enhance its resilience against rising temperatures and
improve overall quality of life for its residents.

Surface urban heat island (SUHI) Intensity
The observed Surface Urban Heat Island (SUHI)

intensity in Tomsk city during the summer reveals a
temperature difference of 2-3 °C between urban and
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suburban areas [see Table 8]. This indicates a substantial
SUHI effect which can have adverse impacts on human
health, energy consumption, and the environment. These
results can inform on urban planning and decision-
making processes for mitigation.

Geospatial distribution of urban hot spots (UHS)
displaying high LST anomalies

The study identifies specific areas within Tomsk city
that are more vulnerable to heat stress, which can have
adverse impacts on human health, energy consumption,
and the environment.

The correlation between UHS locations and specific
LULC classes underscores a critical urban environmental

issue: densely built-up areas and bare soil areas often lack
green spaces or water bodies that could otherwise
mitigate  heat  through  processes such as
evapotranspiration.

The identification of UHS within Tomsk city,
particularly their association with specific LULC types,
is crucial for developing effective mitigation strategies
aimed at reducing urban heat effects.

Overall, the predominant presence of UHS in densely
built-up areas and their absence in vegetation and water
surfaces can be applied in urban planning interventions,
through incorporating green spaces and water bodies to
alleviate heat stress in localities where UHS were most
observed.
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