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Abstract

The expansion of cities, alongside increasing climate-related risks, requires a better understanding of urban
thermal patterns for sustainable planning. This study identifies thermal hot and cold spots in Warsaw using
25 land surface temperature (LST) images (2002-2018), air temperature data from 21 sites, spatial develop-
ment indicators, CORINE Land Cover, and local climate zones. Spatial autocorrelation (Getis-Ord Gi*) and
correlation analyses reveal that LST extremes are related to land cover, spatial development, and city centre
proximity. Cluster analysis highlights distinct seasonal and diurnal air temperature regimes in hot/cold spots,
emphasizing the need for integrated approaches in urban climate research.
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Introduction

Unique characteristics of urban climate are
increasingly recognised as critical factors in
city design and sustainability. As urbanised
areas and their populations expand, compre-
hending the complex interactions between
the built environment and local climate con-
ditions is crucial for effective urban planning
and management (Hebbert, 2014). The study
of these compounds, along with the clear and
accessible communication of their results to

the public, is essential for transforming cit-
ies to be resilient to current and projected
climate change (Oke, 2006).

The distinctive urban climate character-
istics result from the landscape parameters,
urban morphology, materials differed in albe-
do, heat storage and permeability, as well as
anthropogenic sources of heat and air pollu-
tion, all of which interact with the regional cli-
matic context (Oke, 1982; Kleerekoper et al,,
2012; He et al,, 2023; Czarnecka et al., 2024).
These urban features significantly impact
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local and large-scale ecological systems relat-
ed to environment, health, and socioeconom-
ics (Ai et al., 2024). One consequence is the
formation of distinct thermal environments in
cities, altering the frequency of thermally spe-
cific days and extreme phenomena such as
heat and cold waves (Smid et al., 2019). Ther-
mal conditions, even within the city limits, are
notably uneven at different scales of analysis.
An urban heat island is created on a city-
wide scale - a general temperature gradi-
ent, with centres commonly warmer than
suburban, less densely built-up areas (Oke,
1982; Kuchcik et al., 2024). However, when
examining the thermal environment at finer
spatial scales within the city, a more complex
thermal mosaic emerges. Localized regions
of significantly higher or lower land surface
temperature can be identified, often forming
spatially distinct clusters. These are referred
to as thermal hot spots (THS) and thermal
cold spots (TCS) (Mavrakou et al.,, 2018; Gup-
ta, 2024). While the urban heat island effect
is the subject of numerous scientific articles,
the second phenomenon is less explored.

Thermal hot and cold spots (THCS) are
commonly identified from land surface tem-
perature (LST) images due to relatively good
spatial resolution, broad coverage and high
availability (Feyisa et al., 2016; Jamei et al,,
2019; Lehnert et al., 2023). In urban climate
studies focusing on THCS, Landsat prod-
ucts are the most commonly utilized (Guerri
et al, 2022; Naserikia et al., 2023), although
other satellite data such as Moderate Reso-
lution Imaging Spectroradiometer (MODIS)
(Grigoras & Uritescu, 2018; Mavrakou et al.,
2018) and Meteosat data (Sismanidis et al.,
2017) are also employed. Other sources of
information used for the detection of THCS
on a much smaller scale are very high-res-
olution airborne thermal infrared remotely
sensed data and semantically segmented lon-
gitudinal thermal images (Coutts et al., 2016;
Ramani et al.,, 2024). The resolution and qual-
ity of these data are very high, however, the
cost of acquiring, processing, and storing
them is high, which means that they are not
often used in urban research.
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A similar principle applies to acquiring oth-
er parameters while investigating the details
of the urban environment, which supports cli-
mate research. Satellite imagery is primarily
utilised to calculate indicators related to spa-
tial development - such as vegetation, built-
up areas, surface types, and urban geometric
composition (Jamei et al, 2019; Hidalgo-
-Garcia & Arco-Diaz, 2022). Data from Light
Detection and Ranging (LIDAR), urban date-
bases and own inventory research are also
used. Researchers often utilise various types
of land categorisation to facilitate in-depth
studies of landscape characteristics and
enable comparison of results. This approach
includes the use of numerous products with
varying temporal and spatial resolutions,
such as a regional CORINE Land Cover (CLC)
inventory (Copernicus Land Monitoring Ser-
vice, accessed: 3.09.2024), or a global map
of local climate zones (Demuzere et al., 2022).
A common approach is also to process satel-
lite images independently to divide the area
into self-selected land use/land cover types
(Hussain et al,, 2023).

Although the literature on the local climate
is vast, there are still gaps in knowledge that
need to be filled. There is a lack of comprehen-
sive studies examining local thermal anoma-
lies - both hot and cold - across various land
cover types and local climate zones, not only
those most commonly associated with them
but also their relationship with urban mor-
phology and thermal regimes. Therefore, this
study aimed to (1) determine the elements
of the urban environment associated with
the formation of thermally distinctive sur-
face spots and (2) their air temperature pat-
terns. To reach this goal, the author detected
thermal THS and TCS in Warsaw and then
attempted to answer the following questions:
What is the distribution of land surface tem-
perature extremes in the city? What land cov-
er types are associated with the occurrence
of thermal hot and cold spots in urban areas?
Does spatial development or distance from
the city centre affect the occurrence of the
spots? Is there a relationship between the fre-
quency of the spots and thermal conditions?
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What are the thermal regimes of areas
where the spots appear? The research was
carried out using both LST images and air
temperature (AT) data. A better understand-
ing of the functioning of THCS, considering
the properties of both temperature-related
parameters, may improve resilient urban
planning and enable more accurate develop-
ment of climate change mitigation strategies.

Study area

Warsaw is a dynamically evolving city with
a diverse urban landscape located in east-
central Poland, between latitudes 52°06" N
and 52°22" N, longitudes 20°51" E and
21°16" E, with an area of 517.24 km?(Office of
Architecture and Spatial Planning of the Capi-
tal City of Warsaw City Hall, 2018; Statistics
Poland, accessed: 14.08.2024). The elevation
of Warsaw is from 74.8 to 152 m a.s.l, with
an average of approximately 100 m a.s.l.
The city is situated in the heartland of the
Masovian Plain, on a moraine plateau, Pleis-
tocene terraces and floodplains along the
Vistula River. Its spatial development reflects
a combination of dense urban cores, sprawl-
ing residential districts, road networks,
greenery and blue infrastructure, all continu-
ously expanding and becoming more concen-
trated. Between 2002 and the end of 2018,
the population changed from 1,671,730 to
1,777,972 inhabitants. According to the Kop-
pen-Geiger climate classification, Warsaw is
located in either temperate oceanic (Cfb) or
humid continental climate (Dfb), depending
on the classification system used, due to its
transitional nature (Peel et al., 2007; Rubel &
Kottek, 2010). The climate is characterized
by four distinct seasons, with warm summers
and cold winters.

Material and methods

Identification of surface temperature
extremes

The basis of the analysis consisted of 25 LST
maps from 2002 to 2018, which are the out-
come of the LIFE_ADAPTCITY_PL project

(Tab. 1) (Dgbrowska-Zielinska et al., 2015,
2019). These products were processed from
Landsat images with a resolution resampled
to 30 m, whose transit time was between
9:00 and 9:30 a.m. UTC (+/= 15 min) (USGS,
accessed: 31.07.2024). The authors of the
maps performed atmospheric correction in
the ATCOR v. 8.3.1 software, in which the
influence of dust and aerosols in the atmos-
phere on the recorded values of reflected
radiation was eliminated, as well as differ-
ences resulting from terrain unevenness.

In the following paper, the first step of
the analysis was to exclude all surface water
areas (the Vistula River, streams and reser-
voirs) and focus only on land properties. For
this purpose, alongside the LST images, the
Map of the Hydrographic Division of Poland
by State Water Holding - Polish Waters and
the Land functionality map of Warsaw 2019
provided by Warsaw City Council were uti-
lised. Secondly, all acquired LST images con-
verted to polygons were processed using the
Optimized Hot Spot Analysis based on Getis-
-Ord Gi* statistic (Incident data aggrega-
tion method: count incidents within fishnet
grid) in ArcMap 10.2.2. This tool utilizes the
parameters derived from the characteristics
of the input data to determine the settings
that will yield the best hot/cold spot results,
analyses the distribution of the weighted
features and identifies the appropriate scale
for analysis. Utilized spatial autocorrelation
identifies hot and cold spots by calculating
the degree to which high or low values are
clustered within a specific distance from
each data point. This paper defines features
reflecting the confidence level at 95% and
99% as THS or TCS. The remaining pixels
with LST values were named as areas where
the effect did not occur - “no effect” (sepa-
rately for hot and cold spots). Pixels without
LST values at a given image (for example,
due to cloud cover) were not subjected
to Optimized Hot Spot Analysis and were
defined as “no data”.

The next stage was the creation of two
maps - the frequency of THS and TCS. Twen-
ty-five layers with attributes divided into
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Table 1. Satellite imagery data and land surface temperature calculation algorithms

No |[Satellite (sensor) Dates Algorithm to calculate land surface temperature
1 | Landsat 5 21.02.2002
L= - DN
(™) G, +C,
2 13.09.2003
3 18.09.2005 K
T.= 2 -273.15
4 21.09.2006 K, - InL
5 03.05.2007 | where:
6 19.05.2007 |L - Spe.ctrol R.odiorjce; _ N
C,and C, - radiometric calibration coefficients;
7 28.08.2009 | DN - Digital Number value;
K, and K, - the calibration constants (607.76, 1260.56).
g |1+ 20.06.2013
10 08.09.2013 K
T.= — L | -273.15
11 22.05.2014 In[ﬁj L
12 23.04.2015 K,
13 14.09.2015 | hore:
14 02.04.2016 |L - Spectral Radiance;
M, - Radiance Multiplier;
15 04.05.2016 | pN - Digital Number value;
A - Radiance Add;
1 .06.201 ’
6 05.06.2016 KWLcnd K, - radiometric calibration factors (777.89, 1321.08).
17 16.09.2016
18 05.04.2017
19 15.06.2017
20 28.09.2017
21 08.04.2018
22 15.04.2018
23 20.07.2018
24 30.08.2018
25 01.10.2018

Source: Based on Sameen & Kubaisy (2014) and Dgbrowska-Zieliriska et al. (2015, 2019).

“THS” or "TCS”, “no effect”, and “no data”
were superimposed. A value was calculated
for each feature: the number of images when
the effect appeared divided by the number
of images where the feature was present (to
exclude the influence of “no data”) multiplied
by 100. All areas where “no data” covered
more than 50% of the images were excluded
from the maps. As a result, 3.65% of Warsaw's
area was eliminated from the analyses (sur-
face water - 3.58%; missing pixels - 0.07%).
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Subsequently, the remaining data were divid-
ed into five frequency intervals, expressed as
percentages: absent - 0.0%, sporadic - 0.1-
25%, rare - 25.1-50.0%, frequent - 50.1-75%
and very frequent 75.1-100%. The images
used to create the THS and TCS maps came
from different seasons, with none of the sea-
sons accounting for more than 50% of the
total number of images. Almost all images
had less than 25% cloud cover (except for
one image with less than 50%) and none of
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the days were characterized by strong winds
(IMGW-PIB, https://danepubliczne.imgw.pl/).

Comprehensive land cover-based
analysis

To investigate which elements of the urban
environment influence the formation of
THCS, the first focus was on a comprehensive
analysis - the frequency of occurrence of the
effects in different land cover types. Two com-
monly applied classifications with complete
datasets for the study area were selected.

The first part of the analysis was based
on the CLC2000 and CLC2018 - detailed
datasets on land cover for Europe with
geometric accuracy of 50 m (CLC2000) or
10-15 m (CLC2018) and minimum mapping
unit 25 ha, the use of which enabled focus-
ing on the functional diversity of the area
(Chief Inspectorate for Environmental Protec-
tion, accessed: 1.05.2024-a, 1.08.2024-b).
CLC includes 44 thematic classes, divided
into five main land cover types. Within the
research area, 22 cover types were identified
at level 3. 1. Artificial surfaces’ accounted
for a substantial 67.5%, with the subtype
“112. Discontinuous urban fabric’ is the most
prominent. ‘3. Forest and semi-natural areas’
made up 18.7% of the surface, with the sub-
type ‘312. Coniferous’ is the most significant
contributor. The remaining proportions of the
research area consisted of ‘2. Agricultural
areas’ (11.2%), ‘5. Water bodies’ (2.6%) and
‘4. Wetlands' (0.04%). For further analysis,
surface water ('511. Water courses’ and ‘512.
Water bodies’) was excluded to focus on the
LST of land-related categories.

The second source was a global 100 m-res-
olution, high-accuracy LCZ map of data on
urban features (Demuzere et al., 2022). The
LCZ typology categorises urban (1-10) and
natural (A-F) landscapes into 17 distinct types
based on surface cover, structure, and ther-
mal properties to analyse their impact on
local climate and temperature patterns. The
use of LCZ classification supplemented the
analysis by providing information on various
types of urban geometry and characteristics,

even within areas of the same functionality,
focusing on the influence of the physical char-
acteristics of different kinds of development
and land cover on the local climate. In War-
saw, 15 types of zones were identified within
the research area. The dominant class was
‘LCZ 5 Open midrise’, covering 25.9%, fol-
lowed by ‘LCZ 6 Open lowrise’ (23.0%) and
‘LCZ A Dense trees’ (19.7%). Each remaining
type covered less than 10% of the research
area. Only 'LCZ 8 Large lowrise’, ‘LCZ B Scat-
tered trees’ and ‘LCZ D Low plants’ occupied
more than 5% of the surface. The remaining
classes accounted for less than 15 km? each.
The analysis excluded areas classified as sur-
face water (LCZ G) to concentrate on the vari-
ation in thermal properties of land surfaces,
focusing on the remaining 14 LCZ types.

For each map, an analysis of the frequency
of THS and TCS effects was carried out, divid-
ed into CORINE Land Cover (CLC) categories
and local climate zone (LCZ) types (Demuzere
et al, 2023; Chief Inspectorate for Environ-
mental Protection, accessed: 1.05.2024-q).
To focus on the characteristics of specific
land cover classes rather than the changes
between 2002 and 2018, an “unchanged
area” was marked out, which is referred to
as the research area in this paper. This was
achieved by utilizing the corrected CLC 2002
and CLC 2018 databases. Both CLC prod-
ucts were overlaid and combined, and only
the attributes with matching land cover class
codes were extracted, forming a key compo-
nent of the analysis presented throughout
this article. The delineated area serves as
a “changed area” mask for the maps (Fig. 1)
and then for both classifications considered in
this study. The designated “unchanged area”
constitutes 79.6% of Warsaw’s total area.

Site-specific urban development and
thermal condition analysis

The second part of the analysis focused on
the selected sites differing in thermal con-
ditions, proximity to the city centre, spatial
arrangement, and THS or TCS frequency.
These locations correspond to the monitoring
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network of the Climate Research Depart
ment IGSO PAS. AT data from 21 loggers
were utilised, covering the period from the
network’s expansion in 2009 to the study’s
end in 2018 (Fig. 2). At each site, a HOBO Pro
U23-001 or U23-002 data logger (measur-
ing range: -40 to 70°C; resolution: 0.04°C;
accuracy+0.25°C from -40 to 0°C, +£0.2°C
from 0 to 70°C) with a solar radiation shield
was placed 2 meters above grassy surfaces,
with a 10-minute logging interval.

Firstly, data on THS and TCS frequen-
cies were extracted to analyse selected
sites (Fig. 3). For THS, the average fre-
quency was 18.8%, ranging from 0%
(sites 3, 4,12, 16, 17, 21) to 70.8% (site 10),
while for TCS, the average was 17.7%, rang-
ing from 0% (sites 6, 14, 18) to 65.2% (site 4).

Kaja Czarnecka

Then, based on AT data, values of the aver-
age air temperature (ATGVQ), the absolute mini-
mum/maximum air temperature (AT /

AT, ..J) and the average minimum/maxi-
mum air temperature (AT /AT ) were calcu-
lated for each site.

Spatial development indicators for the
measurement sites were sourced from Czar-
necka et al. (2024) and validated using his-
torical Google Earth Pro images, CLC2002,
and CLC2018, focusing on non-overlapping
research periods. These indicators, common-
ly applied in spatial planning, include vertical
building characteristics (Maximum Building
Height - BH__; Mean Building Height -
BH__..), horizontal features (Building Cover-
age Ratio - BCR), combined dimensions (Floor
Area Ratio - FAR) and a vegetation-related

1 2 4 5
THS: 8.0% THS: 4.5% THS: 0.0% THS: 0.0% THS: 4.2%
TCS: 28.0% TCS: 27.3% TCS: 12.0% TCS: 65.2% TCS: 8.3%

6 7 8 9 10

~— i . | e ~— e ‘\.,\\.‘/ e ~ e
THS: 45.8% THS: 14.3% THS: 33.3% THS: 12.5% THS: 70.8%
TCS:0.0% TCS: 9.5% TCS: 4.2% TCS: 16.7% TCS: 8.3%

11 12 13 14 15
THS: 27.3% THS: 0.0% THS: 8.0% THS: 25.0% THS: 36.0%
TCS: 9.1% TCS: 52.6% TCS: 36.0% TCS: 0.0% TCS: 8.0%

16 17 18

- — A S . RBVA
L L - o - . l max:100%

- ) B - ‘ ~ BHmean BCR
THS: 0.0% THS: 0.0% THS:62.5%  max:50m max:100%
TCS: 20.0% TCS: 43.5% TCS: 0.0%

19 20 21

— ~ - - ~ _—  BHmax FAR

i R B B ) N max: 50 m max:3.0

& 5 E & e DC
THS: 30.0% THS: 12.5% THS: 0.0% max:20km
TCS: 5.0% TCS: 8.3% TCS: 9.1%

Figure 3. Characteristics of measurement sites - spatial development indicators, distance from the city
centre and the frequency of THS and TCS occurrence

Source: Own elaboration based on Czarnecka et al. (2024).
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metric (Ratio of Biologically Vital Area - RBVA)
(Fig. 3). The sky view factor was excluded due
to significant seasonal and interannual vari-
ability. Selected indicators were obtained for
a 100m radius, as recommended for this type
of research (Czarnecka et al., 2024). The dis-
tance from the city centre (DC), defined as
Dmowski Roundabout, is expressed in kilome-
tres. During the research period, the land cov-
er (based on CORINE Land Cover) or spatial
development within a radius of 100 m (spatial
development indicators) did not change.
Statistical analysis was performed in the
Statgraphic Centurion XVI v.16.2.04 soft-
ware. To investigate whether there was a sta-
tistically significant correlation between the
occurrence of THCS, spatial development
indicators and the proximity from the city
centre, Spearman’s rank correlation (95%
confidence level) was performed. A similar
analysis was also conducted concerning the
frequency of the phenomenon with selected
thermal characteristics using annual AT data.
The nonparametric measure was chosen due
to the non-normal THS and TCS frequency
data distributions across the analysed sites.
To more accurately characterise areas with
varying frequencies of THCS, hierarchical
cluster analysis using Ward’s minimum vari-
ance method (Euclidean distance) was per-
formed based on THS and TCS (no strong out-
lier data). The number of clusters was limited
by setting a threshold just below the largest
increase in linkage distance, thus excluding
grouping at 11.1 and the maximum distance
of 17.1. The result was three distinct clusters,
connected at the distance level of 4.4, 5.8 and

7.7 (Fig. 4). Each cluster was characterised by
its centroids, AT characteristics, CLC catego-
ry, LCZ type, spatial development indicators
and DC mean values. Finally, for each cluster,
AT values of all stations within it were aver-
aged for each hour to present the daily regime
for the whole year (I-XI), summer (VI-VIII)
and winter (XII-1) separately.

Results

Spatial autocorrelation analysis showed that
the locations where the THS occurred with
a frequency above 50% exhibited a point-
like pattern of varying sizes, concentrated
on individual objects with exceptionally high
land surface temperature compared to the
surroundings (Fig. 1A). However, these areas
covered a relatively small surface - 4.6% for
the frequency range of 50.1-75% and 4.4%
for the range of 75.1-100%. 100% frequen-
cy concerned for only 0.9% of the research
area. A significantly larger surface - 43.1%
- was characterised by sporadic occurrences
of THS (0.1-25.0%), while 10.3% of the area
showed a rare effect (25.1-50.0%). THS, which
occurred at least once, covered 62.5% of the
whole analysed area of the city, while the
weighted mean of the frequency was 15.1%.
The distribution of the most frequent TCS
effect took the form of extensive patches with
distinct edges or elongated shapes along the
Vistula River valley (Fig. 1B). The frequency
range of 50.1-75% covered 17.1% of the
research area, while 751-100.0% - 1.5%.
The TCS 100% frequency did not occur. In the
largest area - 44.0% - the effect occurred

Distance
s

|¥!}|l\||[|||\\

III‘Ilillilll\\

]

2
0 J_\ P
12 17 3 21

1 2 13 4 5 16

7 20 9 6 8 19 15 11 14 10 18

Figure 4. AT measurement sites in Warsaw clustered by THS and TCS frequencies
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sporadically (0.1-25.0%), while it was rare
(251-50.5%) in 21.7% of the surface. TCS,
which occurred at least once, covered 84.4%
of the analysed area with a 19.5% weighted
mean of frequency.

Both phenomena were dispersed citywide,
covering over half of the study area. THS and
TCS overlapped 47.2% of the terrain, while
exclusive THS and TCS areas covered 15.3%
and 37.2%, respectively.

Impact of land cover and urban
morphology on surface temperature
extremes distribution

THS frequency analysis showed the phenome-
non occurred in most categories, except 222.
Fruit trees and berry plantations’ (Fig. 5A).
Among the remaining classes, the effect was
either absent or sporadic (0.1-25.0%). The
exception was ‘“121. Industrial or commercial
units’ experienced occurrences of the effect
with a frequency exceeding 75% on a domi-
nant area of this subtype. Classes with very
high THS occurrence were primarily artificial
surfaces, excluding non-agricultural vegetated
areas. The spatial variation in THS frequency
was also analysed by examining the propor-
tion of each category across different frequen-
cy ranges. lIts distribution was closely related
to the size of the area occupied by individual
classes. “121. Industrial or commercial units’

A

100
90
80
70
60
50
40
30
20
10

share of area [%]

[J0 [30.1-25% m25.1-50% MWW50.1-75%

W 75.1-100%

B

share of area [%]
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had the highest share in categories with fre-
quent THS occurrences. In contrast, the whole
area of THS frequency below 50% or without
the effect was predominantly covered by “112.
Discontinuous urban fabric’.

The TCS was observed across all land
cover classes with a distribution pattern
more varied than THS (Fig. 5B). Frequent TCS
covered over half of forested areas (311, 312,
313), 411. Inland marshes’ and ‘331. Beach-
es, dunes, sands’, large portions of ‘243.
Land principally occupied by agriculture,
with significant areas of natural vegetation’
and ‘141. Green urban areas’. Most other
classes showed much lower TCS occurrence.
The largest areas without TCS presence were
found within the urban fabric classes (111,
112), “121. Industrial or commercial units’ and
122. Road and rail networks and associated
land”. When analysing the distribution of TCS
frequencies within individual land cover class-
es, the category above 50% was dominated
by three forest-related classes. The whole
research area composed of the rarest occur-
rence of TCS, similar to THS, was associated
with “112. Discontinuous urban fabric’.

The distribution of THS across areas occu-
pied by various local climate zones was highly
heterogeneous (Fig. 6A). The absence of the
phenomenon covered the most extensive
areas within categories ‘LCZ 9 Sparsely built’,
‘LCZ A Dense trees’, and ‘LCZ B Scattered
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Figure 5. CORINE Land Cover categories in the research area, divided by the frequency ranges of THS

(A) and TCS (B)

Legend source: According to https://clc.gios.gov.pl/doc/clc/CLC_Legend_EN.pdf
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Figure 6. Local Climate Zones in the research areq, divided by the frequency ranges of THS (A) and TCS (B)

Legend source: According to Demuzere et al. (2022)

trees’. At the same time, sporadic occurrenc-
es were found across other environmental
types, as well as in categories 'LCZ 5 Open
midrise’ and ‘LCZ 3 Compact lowrise’. In con-
trast, the most frequent effect was primarily
associated with the ‘LCZ 10 Heavy Industry’
category. When analysing the distribution of
the phenomenon from the perspective of par-
ticipation in frequency ranges, ‘LCZ 8 Large
lowrise” dominated. ‘LCZ A Dense trees’ had
the largest proportion of areas where the
THS did not occur, while remaining ranges
below 50% were mainly associated with
‘LCZ 5 Open midrise’.

Examining the distribution of TCS, over
half of the area in most types exhibited spo-
radic occurrences of the phenomenon (Fig. 6B).
‘LCZ 2 Compact midrise” had the largest pro-
portion of area where the effect was absent,
while ‘LCZ 9 Sparsely built” was notable for rare
occurrences. Frequent occurrences dominated
the surface only in the case of LCZ A Dense
trees’. Focusing on the contribution of indi-
vidual LCZs within the frequency ranges,
a clear dominance of the surface occupied by
‘LCZ A Dense trees’ was observed in the most
frequent ranges of TCS. Conversely, ‘Open
midrise’ primarily occupied the area with the
lowest frequency or absence of the effect.

Site-specific correlation analysis of the fre-
quency of occurrence of THCS with spatial

development indicators revealed the exist-
ence of urban morphology factors shaping
local surface temperature extremes (Tab. 2).
Firstly, a very strong negative correlation was
confirmed between TCS and THS frequen-
cies. Then, the analysis revealed a strong
positive correlation of THS with FAR, a strong
negative correlation with RBVA and DC, and
a moderate positive correlation with BCR.
The relationship of BH__ and BH_ with THS
was not statistically significant. For the TCS
effect, a statistically significant, very strong
negative correlation was observed between
the occurrence of the phenomenon and both
FAR and BCR, a strong positive correlation
with RBVA and DC, and a strong negative
correlation with both BH__ and BH .

The cluster analysis conducted in the next
step based on the frequency of THCS revealed
three groups differing in the frequency of THS
and TCS, land cover, and spatial development.
The first cluster (5.8 distance) had the highest
average TCS frequency and the lowest THS
frequency (Tab. 3). It was characterised by the
lowest average values of FAR, BCR, BH_ ...
and BH_ along with the highest RBVA and
moderate DC. This group included the most
diverse land cover categories - both types
of ‘Urban fabric’ (111, 112), '312. Coniferous
forest’, and ‘121. Industrial or commercial
units”. It was also the only group that included
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Table 2. Correlation between the occurrence of thermally distinctive surface spots, spatial development
indicators and thermal characteristics

FAR

THS
TCS
ATavg
ATmin
ATmax
ATmin_abs

ATmax_abs

BCR RBVA BH_ ... BH DC
-0.50 0.29 0.38 -0:55
0.62 -0.50 -0.59 0.54
-0.60 0.62 0.57 -0.68
-0.68 0.55 0.52 -0.68
-0.54 0.65 0.57 -0.66
-0.20 0.04 0.10 -0.46
-0.02 0.27 0.17 0.16

Intense blue - a very strong negative; blue - a strong negative; light blue - a moderate negative; red - a strong posi-
tive; light red - a moderate positive; grey - no significant correlation.

Table 3. Spatial characteristics of clusters with different THS and TCS frequencies (%)

Centroid [ Centroid
No. [Members| ~Tec |~ | FAR | BCR | RBVA | BH | BH_ | DC | ClC | LCZ
1 6 421 34 0.2 59 73.5 9.4 15.7 7.6 111, 112,| 4,5,6,
121,312 A,B,D
2 7 12.0 6.2 0.6 16.3 52.6 13.2 216 9.7 112,121 5,9,8B
3 8 4.3 413 1.2 23.8 31.0 151 30.1 4.2 111,112 2,4,5

‘LCZ D Low Plants’, ‘LCZ A Dense Trees’, and
‘LCZ 6 Open lowrise” areas according to LCZ
types. The second cluster (4.4 distance) exhib-
ited moderate THS and TCS frequencies and
average values for all spatial development indi-
cators except for the greatest DC. This group
encompassed ‘112. Discontinuous urban fab-
ric’ and “121. Industrial or commercial units’
and was the only one that included ‘LCZ 9
Sparsely Built” type. The highest frequency of
THS, the lowest frequency of TCS, the smallest
RBVA and DC, and the highest values of the
remaining indicators characterised the third
cluster (7.7 distance). This group’s land cover
included both types of ‘Urban fabric’ (111,
112), and it was the only cluster where ‘LCZ 2
Compact Midrise” areas were found.

Relationship between the thermal
surface anomalies and air temperature
conditions

Site-specific air temperature analysis revealed
no significant correlations between THCS
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frequencies and most annual thermal char-
acteristics, except for a moderate negative
correlation between TCS and AT . More
significant correlations were found between
thermal characteristics and spatial develop-
ment indicators, especially DC, although
these aspects were not the focus of this paper.

Annual and diurnal AT variability was
analysed across measurement site clusters
to identify air temperature patterns associ-
ated with the THCS (Tab. 4). Cluster 1, with
the lowest THS and highest TCS frequency,
exhibited the most moderate thermal condi-
tions annually, except for the highest AT
Sites in this group were warmer annually and
during summer from sunrise (6:00) until late
afternoon (17:00) and throughout the day in
winter. However, the standard deviation was
the largest, which could have influenced the
specific values. Cluster 2, with moderate THS
and TCS frequencies, had the lowest val-
ues across all annual characteristics except
a moderate AT, . This was due to gen-

erally lower annual air temperature values,
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Table 4. Thermal conditions in clusters with different THS and TCS frequencies

A. Annual thermal characteristics

Alag AT AT AT i AT o
No.
avg G avg G avg G min G max G
1 9.7 0.5 9.3 0.5 10.1 0.5 273 3.7 436 2.6
2 9.5 0.4 9.2 0.4 9.9 0.4 -28.6 2.2 42.0 1.4
3 9.9 0.2 9.6 0.2 10.2 0.2 -23.1 1.0 394 0.9

B. Daily thermal regime (average for each hour from 1 to 24) during a year (I-XII), summer (VI-VIl) and

winter (XII-I1)

Hour 1 2 3
[-XII VI-VIII X1l 1-XII VIV XII-11 I-XII VI-VII XII-11
1 7.2 15.3 -1.3 7.2 15.6 -1.9 8.2 16.9 -1.4
2 6.9 14.9 -1.4 6.9 15.2 2.0 7.9 16.5 -1.5
3 6.7 14.6 -1.4 6.7 14.9 2.1 7.6 16.1 -1.6
4 6.8 14.9 -1.5 6.6 14.9 2.2 7.5 16.1 -1.7
5 7.2 16.1 -1.5 6.9 15.7 2.2 7.6 16.6 -1.8
6 8.1 17.8 -1.5 7.6 17.2 2.2 8.1 17.7 -1.8
7 9.2 19.4 -1.4 8.7 19.1 2.2 9.0 19.1 1.7
8 104 20.9 -1.0 9.9 20.8 -1.8 10.0 20.6 -1.5
9 11.6 223 -0.4 11.1 221 -1.2 11.1 219 -1.0
10 12.6 233 0.3 12.1 23.2 -0.5 11.9 22.7 -0.4
1 13.3 24.1 0.9 12.8 24.0 0.1 12.6 23.4 0.1
12 13.8 24.8 1.3 13.4 24.5 0.5 131 24.0 0.5
13 141 25.2 1.4 13.5 24.6 0.7 13.4 24.3 0.7
14 14.0 25.3 12 13.5 24.7 0.5 13.4 24.3 0.6
15 13.6 24.9 0.8 13.1 24.4 0.2 13.1 23.9 0.4
16 12.9 241 0.4 12.4 23.7 -0.2 12.6 23.4 0.2
17 12.0 23.2 0.0 11.6 22.7 -0.5 12.0 22.7 -0.1
18 1.0 217 -0.3 10.8 214 -0.8 1.4 21.8 -0.3
19 10.0 19.8 -0.4 9.9 19.9 -1.0 10.7 20.8 -0.5
20 9.2 18.3 -0.6 9.2 18.6 -1.1 10.2 19.9 -0.6
21 8.6 17.4 -0.7 8.7 17.8 -1.3 9.7 19.1 -0.8
22 8.2 16.8 -0.9 8.2 171 -1.4 9.3 18.5 -1.0
23 7.8 16.2 -1.0 7.8 16.6 -1.6 8.9 17.9 -1.1
24 7.5 15.7 -1.1 7.5 16.1 -1.7 8.5 17.4 -1.2

Red - the highest values; Blue - the lowest values in a given hour.

particularly at night, including winter days
and hours around sunrise and sunset in sum-
mer. Cluster 3, with the highest THS and
lowest TCS frequencies, displayed the high-
est average annual air temperature values,

except for AT, which was the weakest
among the groups. This cluster experienced
significantly higher nighttime AT values annu-
ally and in summer, while daytime AT was

lower or moderate in winter.
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Annually, the most significant cumulative
AT difference was observed between Cluster
1 and 3 (15.7°C). The maximum difference
between Cluster 1 and 2 was 0.6°C at 13:00,
corresponding to solar noon and the rapid
intensification of thermal contrasts in differ-
ent parts of the city. The difference between
Cluster 2 and 3 and between Cluster 1 and
3 reached 1.1°C after 20:00, when cooling
intensified following sunset. Similar obser-
vations were made for the summer season
when the cumulative difference between
Cluster 1 and 3 reached 23.2°C. The maxi-
mum hourly differences were 0.6°C (Clusters
1-2), 1.4°C (Clusters 2-3), and 1.7°C (Clusters
1-3). The winter season exhibited a slightly
different thermal regime. The most consid-
erable cumulative difference was 15.8°C,
occurring between Cluster 1 and 2. The maxi-
mum difference between Cluster 1 and 2 was
0.8°C, observed from sunrise to noon, while
for Cluster 1 and 3, it occurred outside day-
light hours, and for Cluster 2 and 3, it was
closest to noon. These diurnal AT differences
between clusters varying in THS and TCS fre-
quencies may explain the lack of correlation
observed in year-round values.

Discussion

This paper comprehensively assessed the dis-
tribution of thermally distinctive surface are-
as in the context of land cover, spatial devel-
opment, and associated air temperature
patterns. This type of multi-aspect approach
combining many sources made it possible to
fill the research gap due to the lack of such
studies on local thermal extremes not only
in Warsaw, Poland or this climate zone but
is also complementary to the few studies
conducted for THCS in urban areas around
the world (Guerri et al.,, 2022; Hussain et al,,
2023; Naserikia et al., 2023). The compa-
rability of results and easy replication was
ensured by the spatial autocorrelation analy-
sis for satellite data and by open access land
cover and spatial development materials.
Significant variability in the frequency of
THCS across different land cover types was
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observed in Warsaw during the research
period, which aligns with the findings of vari-
ous publications (Guerri et al.,, 2021; Stredovd
et al., 2021; Liu et al, 2022; Gupta, 2024).
Moreover, most land cover types or local cli-
mate zones exhibit the presence of both THS
and TCS over more than half of their areq,
albeit with differing frequencies. The results
indicate that THCS are not exclusively asso-
ciated with the types of land cover they are
most commonly linked to - TCS is not only
related to green spaces but also occurs in
densely built-up areas, within transportation
infrastructure and industrial zones. Converse-
ly, THS can be found in forested areas. The
reasons are the unique physical properties
of each location and their differences during
a day or season.

The results may also be influenced by the
resolution of satellite imagery, thermal ani-
sotropy and the classification method of land
cover types (Geletic et al., 2016; Krayenhoff &
Voogt, 2016; Demuzere et al., 2022). Although
widely used datasets with established proto-
cols and high accuracy were selected, the
generalisation applied in CORINE Land Cov-
er 2018 and Global Map of Local Climate
Zones may affect the precision of land clas-
sification, particularly in areas with complex
spatial structures (Cheval et al., 2020; Demu-
zere et al., 2022; Copernicus Land Monitor-
ing Service, accessed: 3.09.2024). However,
these two datasets differ in their approach:
CLC has a higher geometric resolution but
a larger minimum mapping unit, whereas the
Global map of LCZ has a lower geometric
resolution but a smaller minimum mapping
unit. As a result, CLC-based analysis provides
a more detailed spatial representation. Still, it
may generalise land cover types over larger
areas, while LCZ analysis captures broader
urban patterns but at a coarser spatial scale.
Although more precise land cover databases
exist (i.a. Urban Atlas), the CLC dataset was
also selected due to its availability for refer-
ence year 2000, for consistent historical com-
parison within the study framework, to limit
errors resulting from changes in the build-
up environment. To address the challenges,
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it is advisable not to rely on a single source
or classification but to combine various land
cover datasets at different scales of analysis
to enhance accuracy and reliability.

The occurrence of THS is most often asso-
ciated with large, compact build-up areas,
usually serving an industrial and commercial
function (Guerri et al,, 2022; Hidalgo-Garcia
& Arco-Diaz, 2022). Moreover, an increase in
developed areas, greater bare soil coverage,
and a reduction in green spaces and water
bodies lead to a rise in LST, intensification
of the THS effect and, even more notably,
a decline in TCS (Sharma et al., 2021; Hussain
et al, 2023). The observed strong impact of
buildings is most often associated with indica-
tors considering horizontal dimensions, while
those parametrising their height typically
have weaker or more complex correlations
(Huang & Wang, 2019; Zhao et al,, 2023).
In this study, the building height-based indi-
cators correlated the lowest with the occur-
rence of TCS and were not statistically sig-
nificantly associated with THS. On the other
hand, FAR shows a much more substantial
impact, as it reflects 3D urban morphology.
The reason may be changes in air circulation,
thermal radiation transfer, or the creation of
shadows (Grimmond, 2007; Yuan et al., 2021).
These effects vary depending on the season,
time of day, and exposure, resulting in higher
LST among low-rise, high-density built-up
areas and lower LST in high-rise, low-density
parts of the city. The spatial arrangement
and 2D/3D morphology with their specific
thermal properties lead to spots within arti-
ficial urban zones where THS are rare and
TCS are frequent. This pattern is evident in
the CLC classification and the more detailed
LCZ typology, which captures the diversity of
building geometry. Furthermore, urban areas
differ in albedo, thermal properties of build-
ing materials and presence of small features
with distinct surface temperatures, such as
solar panels, condenser units or green roofs
(Matias & Lopes, 2020; Guerri et al., 2027,
Ramani et al., 2024). However, it should be
emphasized that urban morphology also influ-
ences thermal anisotropy, which means that

with increasing building height-to-width ratio,
surface temperature variation in the city may
be overestimated (Krayenhoff & Voogt, 2016).

Current knowledge indicates that TCS
is primarily associated with vegetation and
water areas (Guerri et al., 2021; Hussain et
al., 2023; Kuchcik & Czarnecka, 2023). This
is confirmed by the correlation with RBVA
conducted in this study and many other stud-
ies based on different indicators related to
vegetation (Jamei et al,, 2019; Guerri et al,,
2021). However, sufficiently large vegetation
coverage is essential for urban parks to effec-
tively influence LST and create zones that
are noticeably cooler than their surroundings
(Aram et al., 2019). This can be compromised
by extensive areas covered by sidewalks or
buildings that are part of the park’s infra-
structure or simply by the small size of the
green space itself. Moreover, it is not only the
presence of green areas that is significant but
also the type of vegetation, their configura-
tion, height, density structure, shape and sur-
roundings or other landscape characteristics
parameterised by metrics, such as mean
patch size or edge density (Greene & Kedron,
2018; Geleti¢ et al., 2019; Yuan et al., 2021;
Liu et al., 2022). This conclusion is also evi-
dent when considering the variation in the
occurrence of effects across different natural
LCZ types i.e. THS is much more common
on ‘LCZ D low plants’ than in areas densely
covered with trees. In specific weather con-
ditions, time of day or season, green areas
may have higher LST, for example, due to dif-
ferences in shading, condition of the vegeta-
tion, presence of an irrigation system and the
thermal properties of the substrate (Chang &
Li, 2014; Walawender et al., 2014; Geleti¢ et
al,, 2019). All these factors may be the cause
of less frequent occurrence of TCS or the
presence of THS in areas classified as urban
greenery or even forest.

Numerous studies have shown a statisti-
cally significant positive correlation between
LST and AT, though this relationship weakens
with increasing urbanisation (Gawu¢ et al,
2020). It varies by the season and time of day,
being the weakest during winter days and the
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strongest during summer, especially at night,
when discrepancies are more pronounced
(Grigoras & Uritescu, 2018; Cao et al., 2027,
Naserikia et al., 2023). Moreover, the relation-
ship between LST and AT depends on time and
space, varying in the distance from the ocean
or urban morphology. A significant difference
in values within dense builtup areas and
a slight difference in the natural LCZ classes,
especially in dense trees, are observed. This
study indicated weak or non-existent statisti-
cally significant correlations between the fre-
quency of occurrence of THCS and AT char-
acteristics. It should be emphasised that this
relation did not occur, even though spatial
development indicators and DC were corre-
lated with the frequencies of thermally distinc-
tive surface spots and the values of annual AT
characteristics. Similar observations can be
found in the literature, where it is noted that
despite the statistically significant relation-
ship between LST and AT, the spatial distribu-
tion of their highest and lowest values is not
the same (Cao et al, 2021; Stfedovd et al,
2021). Although the detected THCS were not
concerned with only one season of the year,
seasonal differences in daily thermal regimes
between the phenomena’ frequency clusters
were observed. However, the lowest AT val-
ues did not always correspond to the least fre-
quent THS and the most frequent TCS, nor did
the highest AT values consistently align with
the most frequent THS and the least frequent
TCS, sometimes showing inverse relation-
ships. This may be due to the significant dif-
ferences in diurnal regimes between clusters,
which are strongly influenced by solar noon,
the warming of various surfaces after sunrise,
and cooling after sunset.

LST data is widely used in urban climate
research, enabling large-scale studies and
global comparability. In contrast, while adher-
ing to WMO standards, the most commonly
available AT data from synoptic stations
often lack suitability for local studies due
to limited coverage and non-representative
locations (Sheng et al., 2017). It is important
to emphasise that substituting AT with LST
due to these limitations is not appropriate,
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especially when discussing urban climate
adaptation plans, as confirmed by this study
and prior research (Coutts et al., 2016; Sheng
et al, 2017; Naserikia et al., 2023; Kvétorova
et al, 2024). LST does not fully reflect ther-
mal conditions at the pedestrian level, par-
ticularly in dense urban areas with sparse
greenery and heated rooftops. To address
these limitations, research on local extremes
in urban areas often combines approaches
based on satellite images with weather sta-
tion data from local monitoring networks
(Cao et al., 2021) or crowdsourcing (Naserikia
et al., 2023); however, their spatial resolution
or quality may be deficient as well. While the
extraction of AT from satellite imagery - par-
ticularly using complex models that account
for variations depending on the land cover
type - represents a promising approach,
these methods remain subject to consider-
able limitations and require further develop-
ment (Manoli et al., 2020; Martilli et al., 2020;
Guo et al,, 2024). An alternative option could
be high-resolution gridded climate datasets,
though their quality and accuracy depend
on the input data (Cheval et al,, 2020). How-
ever, their extensive use in studies on THCS
has not been widely observed. Combining
LST with in-situ AT offers significant potential
to improve data quality. The results of such
research can be used as input for models
simulating and predicting thermal conditions
in areas identified as THS or TCS in specific
climate zones. Nonetheless, one must remain
aware of the considerable limitations inherent
in these methods, particularly in the context
of human-oriented research, which should
be supplemented with information that bet-
ter describes outdoor thermal comfort (Jin et
al., 2022; Geleti¢ et al., 2023; Anders et al.,
2025). Such insights enhance urban climate
understanding and assist planners in creating
thermally comfortable spaces for residents,
even under burdensome thermal conditions.

Conclusions

This study examined the spatial distribution of
thermal hot and cold spots in Warsaw from
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2002 to 2018, highlighting their complex rela-
tionship with land cover, urban morphology
and air temperature regimes. The results indi-
cate that THCS are not solely linked to their
expected land cover types or local climate
zones. Instead, their occurrence is shaped
by highly diverse urban settings. Although
no significant correlation was found between
the frequency of land surface thermal anom-
alies and annual air temperature averages,
the study reveals that THCS exhibit distinct
diurnal thermal regimes that vary seasonally.

The findings of this paper have important
implications for urban planning and climate
resilience strategies. A key conclusion is that
relying solely on LST as an indicator of urban
thermal conditions may lead to misinterpre-
tations, as it does not always correspond
with actual air temperature variations at the
pedestrian level. Instead, a comprehensive
approach integrating LST images, AT meas-
urements and spatial development indicators
offers a more reliable basis for simulation
models and then planning more effective
mitigation measures.

Further research should explore the areas
where THCS persist throughout the year,
especially less explored TCS that are not lim-
ited to green spaces. Additionally, a more
detailed assessment of their microclimatic
properties, including bioclimatic conditions,
could provide valuable insights into the mech-
anisms driving local temperature variations
and thermal comfort.
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