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I. Formalne elementy rozprawy doktorskiej

1. Streszczenie rozprawy doktorskiej w jezyku polskim

Ekspansja miast w warunkach nasilajacej si¢ zmiany klimatu prowadzi do istotnych
przeksztatcenn lokalnego srodowiska termicznego. Zrdznicowanie pokrycia terenu, wysoka
intensywnos¢ zabudowy, ograniczony udziat roslinnosci oraz specyficzna geometria obszarow
zurbanizowanych wptywaja na bilans cieplny miasta, skutkujac powstawaniem silnie
zrdznicowanej mozaiki termicznej. W warunkach rosnacej czestosci fal upatow oraz zwigekszonego
ryzyka wystepowania stresu cieplnego, zrozumienie zaleznosci pomiedzy morfologia miejska
a warunkami termicznymi i biotermicznymi nabiera kluczowego znaczenia dla planowania
przestrzennego oraz projektowania dziatani adaptacyjnych.

Celem niniejszej rozprawy bylo okreslenie wplywu struktury srodowiska miejskiego na
ksztaltowanie lokalnych warunkéw termicznych i biotermicznych w réznych skalach
przestrzennych i czasowych na przykladzie Warszawy. Praca przyjeta forme cyklu trzech
tematycznie spojnych artykutow naukowych, z ktorych kazdy odpowiadat jednemu z celow
szczegOtowych: C1. Identyfikacja wplywu elementdéw $rodowiska parametryzowanych
wskaznikami zagospodarowania przestrzennego na charakterystyki temperatury powietrza
w trakcie ekstremalnie cieptych miesigcy oraz okreslenie skali przestrzennej, w ktorej zaleznosci te
sa najsilniejsze; C2. Okreslenie przestrzennego zréznicowania ,,hot spotéw” i ,,cold spotéw”, ich
powiazan z typami pokrycia terenu oraz rezimem temperatury powietrza w ujeciu rocznym
i sezonowym (lato i zima); C3. Ocena wptywu elementéw srodowiska na ksztattowanie obcigzen
termicznych czlowieka w przestrzeni parkdw miejskich w r6znych fazach sezonu wegetacyjnego
i skalach przestrzennych.

W  badaniach zastosowano podejscie wielozrodlowe, dostosowane do specyfiki
poszczegolnych celow badawczych. Wykorzystano dane pochodzace z sieci monitoringu
temperatury powietrza, kampanii pomiarowych oraz reanalizy klimatycznej ERA5-HEAT, a takze
inwentaryzagdji terenowych, zobrazowan satelitarnych, dostepnych baz danych i produktow GIS
oraz danych pozyskanych z wykorzystaniem specjalistycznego oprogramowania. Analizy
prowadzono w réznych skalach przestrzennych (punkt, bufory o promieniach 10 m, 50 m i 100 m,
cale miasto) oraz czasowych (wybrane miesigce, sezon wegetacyjny, analizy wieloletnie).

Uzyskane wyniki wskazujg, Zze obecnosc¢ roslinnosci stanowi jeden z kluczowych czynnikow
ksztattujacych lokalne warunki termiczne w miescie, szczegdlnie w odniesieniu do wartosci
minimalnych temperatury powietrza oraz redukcji obcigzen cieplnych. Jednoczesnie wysoka
intensywnos¢ zabudowy oraz duzy udzial powierzchni sztucznych sprzyjaja pogorszeniu
warunkow termicznych i biotermicznych. Nalezy jednak podkredli¢, ze nie wszystkie analizowane
wskazniki oraz skale przestrzenne wykazuja istotne relacje z badanymi charakterystykami klimatu
lokalnego. Obszary zabudowane nie tworza jednorodnego, niekorzystnego s$rodowiska
termicznego, a tereny zieleni nie zawsze gwarantuja warunki sprzyjajace komfortowi cieplnemu.
Co wigcej, kierunek obserwowanych zaleznosci moze ulega¢ odwroceniu. Niniejsze badania maja
takze charakter aplikacyjny, utatwiajac dialog miedzy klimatologami, planistami i decydentami

odpowiedzialnymi za proces zwigkszania odpornosci miasta na zmiane klimatu.

Stowa kluczowe: klimat i bioklimat miasta, morfologia miejska, wskazniki zagospodarowania
przestrzennego, charakterystyki termiczne
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2. Streszczenie rozprawy doktorskiej w jezyku angielskim

Urban expansion under conditions of intensifying climate change leads to significant
transformations of the local thermal environment. Variability in land cover, high built-up intensity,
limited vegetation cover, and the specific geometry of urban areas all influence the urban energy
balance, resulting in the formation of a highly heterogeneous thermal mosaic. In the context of
the increasing frequency of heatwaves and a growing risk of heat stress, understanding the
relationships between urban morphology and thermal as well as biothermal conditions has become
crucial for spatial planning and the design of climate adaptation measures.

This dissertation aimed to determine the impact of urban environment structure on local
thermal and biothermal conditions across different spatial and temporal scales, using Warsaw as
a case study. The dissertation comprised a coherent series of three thematically linked scientific
articles, each addressing the specific objectives: C1. Identification of the impact of environmental
features, parameterised using spatial development indicators, on air temperature characteristics
during extremely warm months, and determination of the spatial scale at which these relationships
are the strongest; C2. Determination of the spatial distribution of thermal “hot spots” and “cold
spots”, their associations with land cover types and air temperature regimes on annual and
seasonal scales (summer and winter); C3. Assessment of the impact of environmental elements on
human thermal stress in urban parks across different phases of the growing season and at varying
spatial scales.

A multi-source methodological approach was applied, tailored to the specific research
objectives. The study utilised data from an air temperature monitoring network, measurement
campaigns, and the ERA5-HEAT climate reanalysis, as well as field inventories, satellite imagery,
available databases, GIS products, and datasets derived using specialised software. Analyses were
conducted at multiple spatial scales (point scale, buffers with radii of 10 m, 50 m, 100 m, and the
city scale), as well as temporal scales (selected months, the growing season, and multi-year
analyses).

The results indicate that the presence of vegetation is one of the key factors shaping local
thermal conditions in the city, particularly with respect to minimum air temperature values and
the reduction of thermal stress. At the same time, high built-up intensity and a large proportion of
impervious surfaces contribute to the deterioration of thermal and biothermal conditions.
However, it should be emphasised that not all of the analysed indicators and spatial scales show
statistically significant relationships with the investigated characteristics of the local climate. Built-
up areas do not constitute a homogeneous and uniformly unfavourable thermal environment,
while green spaces do not always guarantee conditions conducive to thermal comfort. Moreover,
the direction of the observed relationships may even reverse. The study also has practical
implications and may facilitate dialogue between climatologists, planners, and decision-makers

responsible for enhancing urban resilience to climate change.

Keywords: urban climate and bioclimate, urban morphology, spatial development indicators,
thermal characteristics
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3. Wykaz publikacji wchodzacych w skiad rozprawy doktorskiej

Niniejsza rozprawa doktorska sklada sie¢ z cyklu trzech powigzanych

tematycznie artykuléw naukowych, opublikowanych w czasopismach o zasiegu

miedzynarodowym. Wszystkie znajduja si¢ w ministerialnym wykazie czasopism

naukowych (kolejno 100 pkt., 100 pkt. i 200 pkt.) oraz posiadaja wspdtczynnik Impact

Factor (o tacznym IF = 20,1). Artykulom zostala przypisana numeracja, do ktorej

odwotania pojawiaja si¢ w dalszej czesci rozprawy:

L.

II.

II1.

Czarnecka K., Kuchcik M., Baranowski J. 2024. Spatial development indicators
as a tool to determine thermal conditions in an urban environment. Sustainable Cities

and Society, 100, 105014. DOI: 10.1016/j.scs.2023.105014.

Czarnecka K. 2025. Surface temperature extremes in urban areas: distribution,

morphological drivers and air temperature patterns. Geographia Polonica, 98, 2.

DOI: 10.7163/GPol.0297.

Czarnecka K., Kuchcik M., Derwisz K., Jarocinska A., Kowalska A., Lindner-
Cendrowska K., Rabczenko D. 2026. Assessing the role of environmental factors
in shaping human thermal stress within urban parks during the growing seasomn.
Building and Environment, 296, 114506. DOI: 10.1016/j.buildenv.2026.114506.
https://www.sciencedirect.com/science/article/abs/pii/S0360132326003124.



4. Opis wkladu autorki w poszczegolne artykuty wigczone do rozprawy

Ad. I. Oswiadczam, ze w artykule: Czarnecka K., Kuchcik M., Baranowski J. 2024.
Spatial development indicators as a tool to determine thermal conditions in an urban
environment. Sustainable Cities and Society, 100, 105014, moj udzial pracy wyniost
okoto 80%. M¢j wkilad obejmowat wspotudziat w sformutowaniu problemu
badawczego i celéw pracy, opracowaniu koncepcji metodologii badan oraz obliczeniu
charakterystyk termicznych. Przeprowadzitam przeglad literatury, pozyskatam
i zdigitalizowatam dane przestrzenne, opracowatam baze danych, wykonatam analize
i interpretacje wynikow, a takze przygotowatam pierwotna wersje manuskryptu oraz
opracowania graficzne.

Ad. II. O$wiadczam, ze w artykule: Czarnecka K. 2025. Surface temperature extremes
in urban areas: distribution, morphological drivers and air temperature patterns. Geographia
Polonica, 98, 2, moj udziat pracy wynidst 100%. Sformutowatam problem badawczy
i cele pracy, opracowalam koncepcje metodologiczna badan i dokonatam przegladu
literatury. Przetworzytam i przeanalizowalam mapy temperatury powierzchni terenu,
CORINE Land Cover oraz Global Map of Local Climate Zones dla Warszawy
wraz z obliczonymi wczesniej wskaznikami zagospodarowania przestrzennego.
Zinterpretowatam wyniki, przygotowatam manuskrypt oraz materiaty graficzne.

Ad. III. Oswiadczam, ze w artykule: Czarnecka K., Kuchcik M., Derwisz K,
Jarocinska A., Kowalska A., Lindner-Cendrowska K., Rabczenko D. 2026. Assessing the
role of environmental factors in shaping human thermal stress within urban parks during the
growing season. Building and Environment, 296, 114506, mdj udzial pracy wyniodst
okoto 60%. Mdj wklad obejmowat wspdtudziat w sformutowaniu problemu
badawczego i celow pracy, opracowaniu koncepcji metodologii badan, obliczeniu
wskaznikéw przestrzennych oraz analizie danych. Przeprowadzitam przeglad
literatury, opracowalam baze danych, dokonatam interpretacji wynikow,
przygotowatam pierwotna wersje manuskryptu oraz opracowania graficzne.
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4.1. Oswiadczenie wspotautorow publikagji I

Niniejszym o$wiadczam, ze wkiad w publikacje pt.

Czarnecka K., Kuchcik M., Baranowski J. 2024. Spatial development indicators as a tool to
determine thermal conditions in an urban environment. Sustainable Cities and Society, 100,

105014. DOL: 10.1016/j.s¢s.2023.105014
byt nastepujacy:

Kaja Czarnecka (autor gléwny i korespondencyjny) byla odpowiedzialna za
konceptualizacje, = metodologie, realizacje  badan, przygotowanie danych,
przeprowadzenie analiz, wizualizacje wynikéw oraz przygotowanie manuskryptu
artykutu.

Magdalena Kuchcik zapewnila materialy, byla odpowiedzialna za konceptualizacje,
realizacje badan, przygotowanie danych, nadzér naukowy, redakcje i edycje tekstu.

Jarostaw Baranowski zapewnil materiaty i byt odpowiedzialny za realizacj¢ badan.

Imie i nazwisko Procentowy Data i podpis
wspolautora wklad autorski wspolautora
Kaja Czarnecka 80% 15.05. Lo }(69- Cl,o.rn edcsa\

Magdalena Kuchcik 15% 28052026 % i Zo VZ
Jarostaw Baranowski 5% 24.08 -A026 / W/

4.2. Oswiadczenie wspdtautorow publikacji 111

Niniejszym o$wiadczam, ze wklad w publikacje pt.

Czarnecka K., Kuchcik M., Derwisz K., Jarociriska A., Kowalska A., Lindner-Cendrowska
K., Rabczenko D. 2026. Assessing the role of environmental factors in shaping human thermal
stress within urban parks during the growing season. Building and Environment, 296, 114506.

DOI: 10.1016/j.buildenv.2026.114506.

byt nastepujacy:



Kaja Czarnecka (autor gléwny i korespondencyjny) byla odpowiedzialna za
konceptualizacje, metodologie, przeprowadzenie badan, przygotowanie danych,
przeprowadzenie analiz, walidacje i wizualizacje wynikéw oraz przygotowanie
manuskryptu artykutu;

Magdalena Kuchcik byla odpowiedzialna za konceptualizacje, zdobycie $rodkéw
i materiatéw na badania, organizacje pracy projektu, nadzér naukowy, redakcje i edycje
tekstu;

Kacper Derwisz byl odpowiedzialny za przygotowanie danych i przeprowadzenie
badan;

Anna Jarocinska byta odpowiedzialna za konceptualizacje, redakgje i edycje tekstu;
Anna Kowalska byla odpowiedzialna za konceptualizacje, przeprowadzenie badan,
redakcje i edycje tekstu;

Katarzyna Lindner-Cendrowska byta odpowiedzialna za konceptualizacje, metodologie,

przeprowadzenie badan, przygotowanie danych, przeprowadzenie analiz, nadzoér
naukowy, redakgje i edycje tekstu;

Daniel Rabczenko byt odpowiedzialny za metodologie i przeprowadzenie analiz.

Imie i nazwisko Procentowy Data i podpis
wspolautora wklad autorski wspolautora
Kaja Czarnecka 60% ]%‘9- CWA et 1C of Lolb
Magdalena Kuchcik 10% ,//dwé’(wé Lol 202
Kacper Derwisz 5% /’/ /& Dy L0050
Anna Jarociniska . 5% / ﬁ g/(/\' /{ 6 o) { Z&Qfg
Anna Kowalska % Mo naOého. 48,05, 2026

Katarzyna Lindner-Cendrowska

10%

% 1805 20 b

Daniel Rabczenko

5%

W\ Q7. 0C. 222k




5. Skroty

W niniejszej pracy wykorzystano skroty poje¢ w jezyku angielskim, tak aby
zachowac spdjnos¢ miedzy rozprawa a zalaczonymi publikacjami. Ponizsza lista
zawiera ich polskie odpowiedniki i =zostala przedstawiona w porzadku
alfabetycznym. W tabeli wystepuja rozne skroty odnoszace sie do tych samych pojec,

zgodnie z nomenklatura przyjeta w poszczegolnych artykutach.

, Numer
Skrot Pelna nazwa
artykulu

AT Temperatura powietrza II
AToabs_max Absolutna maksymalna temperatura powietrza w wieloleciu I
ATabs_min Absolutna minimalna temperatura powietrza w wieloleciu II
ATavg Srednia wieloletnia temperatura powietrza I
ATmax Srednia wieloletnia maksymalna temperatura powietrza II
ATmin Srednia wieloletnia minimalna temperatura powietrza II
avg Srednia temperatura powietrza I
BCR Gestos¢ zabudowy I 11, 111
BHmax Maksymalna wysokos¢ budynkéw L 11, III
BHumean Srednia wysokoé¢ budynkéw I 11, 111
CLC Baza danych CORINE Land Cover
CLC2018 CORINE Land Cover 2018 I
CLC2000 CORINE Land Cover 2000
DC Odlegtos¢ od centrum miasta II, III
down Czas (w minutach) miedzy wystapieniem maksymalnej I

i minimalnej temperatury powietrza
ELAI Efektywny wskaznik powierzchni lisci 111
EVI Ulepszony wskaznik roslinnosci III
ERA5-HEAT Zbidr danych reanalizy klimatycznej ,, Human thErmAl comforT” 111
EXPO Typ ekspozydji na storice (w cieniu/ na stoncu) III
FAR Wskaznik intensywnosci zabudowy L 11, III
GAM Uogolniony model addytywny III
K1/Kk5/k10 Llczba’ 1.0—m1nutowych pomiarow temperatury powietrza ponizej I

wartosci 1./5./10. percentyla
K90/k95/k99 Liczba/ 1'O—minutowych pomiardéw temperatury powietrza powyzej I

wartosci 90./95./99. percentyla
LCZ Lokalna Strefa Klimatyczna (ang. Local Climate Zone) I
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LST
MAE / RMSE

max

max_a/max_d/
max_u

min
min_a/min_d /
min_u

MRT
NDBI
NDVI
RBVA
RH
SVF
ta
TCD
TCS
tg
THCS
THS

UHI

up
UTCI
UTClaitt

va
VEGgen

VEGspec

Temperatura powierzchni terenu

Sredni blad bezwzgledny/
pierwiastek btedu $redniokwadratowego

Srednia maksymalna temperatura powietrza

Réznica miedzy maksymalng temperatura powietrza dwéch
kolejnych dni: warto$¢ bezwzgledna / przy spadku / przy wzroscie

Srednia minimalna temperatura powietrza

Réznica miedzy minimalng temperatura powietrza dwoch
kolejnych dni: warto$¢ bezwzgledna / przy spadku / przy wzroscie

Srednia temperatura promieniowania
Znormalizowany réznicowy wskaznik zabudowy
Znormalizowany réznicowy wskaznik roslinnosci
Wskaznik terenéw biologicznie czynnych
Wilgotnos¢ wzgledna powietrza

Wspotczynnik widoku nieba

Temperatura powietrza

Gestosc¢ pokrycia koronami drzew

Termiczne ,,cold spoty”

Temperatura termometru kulistego

Termiczne ,hot spoty” i ,,cold spoty”

Termiczne , hot spoty”

Miejska wyspa cieplta

Czas (w minutach) miedzy wystapieniem minimalnej
i maksymalnej temperatury powietrza

Uniwersalny wskaznik obcigzen termicznych

Roéznica wartosci UTCI miedzy stanowiskiem in situ
a pochodzacymi z reanalizy

Predkos¢ wiatru
Uogdlniony typ roslinnosci

Szczegolowy typ roslinnosci
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II. Czes¢ badawcza rozprawy doktorskiej

1. Wprowadzenie

Urbanizacja jest jednym z najbardziej znaczacych przejawow antropogenicznych
zmian powierzchni Ziemi, prowadzacym do istotnych modyfikacji proceséw
fizycznych, chemicznych i biologicznych ksztattujacych klimat lokalny (IPCC, 2023;
Das i in., 2024). Wraz z rozrastaniem i zageszczaniem obszaréw zurbanizowanych
powstaje Srodowisko termiczne zasadniczo odmienne od otaczajacych je terenow
peryferyjnych. Jednym z najlepiej udokumentowanych przejawdéw tej transformacji
jest efekt miejskiej wyspy ciepta (UHI), definiowany jako zjawisko polegajace na
wystepowaniu obszaru podwyzszonej temperatury powietrza wzgledem
otaczajgcego go , oceanu chlodu” lub — w przypadku analiz temperatury powierzchni
terenu (LST) — obszaru podwyzszonej wartosci LST (Oke, 1973; A. Blazejczyk i in.,
2018; Fortuniak, 2019; Hidalgo-Garcia i Arco-Diaz, 2022). Miejskie Srodowisko
termiczne jest jednak znacznie bardziej ztoZzone niz pojedynczy gradient temperatury.
W mniejszych skalach przestrzennych ujawnia sie¢ zlozona mozaika termiczna
ksztaltowana przez niejednorodne pokrycie terenu, intensywnos$¢ zabudowy,
obecnos¢ lub brak roslinnosci oraz lokalng geometrie ulic i przestrzeni otwartych
(Grimmond i in., 2010; J. Chen i in., 2020; Kuchcik i in., 2024; Ramani i in., 2024).
W efekcie, w sSrodowisku miejskim wystepuja obszary o lokalnie znacznie wyzszej lub
nizszej temperaturze powietrza lub powierzchni, czesto tworzace przestrzennie
wyizolowane skupiska. Okreslane sa one mianem termicznych ,hot spotow” (THS)

i, cold spotéw” (TCS) (Mavrakou i in., 2018; Guerri i in., 2022; Kuchcik i in., 2026).

Rozmieszczenie obszaréw wyrdzniajacych sie termicznie jest uzaleznione od pory
roku, pory dnia, rodzaju analizowanej charakterystyki termicznej oraz wysokosci, na
ktorej wykonywany jest pomiar (K. Btazejczyk, Kuchcik i in., 2014; Naserikia i in., 2023;
Hajto i in., 2025). Wynika to ze ztozonosci procesow ksztattujacych lokalny bilans
cieplny miasta. W warstwie dachowej (ang. canopy layer) jest on modyfikowany m.in.

przez wlasciwosci termiczne materialdow sztucznych i naturalnych oraz przez
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trojwymiarowq strukture urbanistyczng (Offerle i in., 2006; Grimmond i in., 2010;
Crawford i in.,, 2017; Zielinski i in., 2018). Gesta, wysoka zabudowa sprzyja
wielokrotnym odbiciom promieniowania pomiedzy scianami budynkow i podiozem,
a takze moze ogranicza¢ nocne wychfadzanie. Co wigcej, uszczelnione powierzchnie
sztuczne cechuja si¢ duza zdolnoscia do magazynowania energii cieplnej, ktdra
nastepnie stopniowo oddaja do atmosfery po zachodzie storica (Oke, 1988; Schrijvers
i in., 2015). Istotng role odgrywaja réwniez relacje pomiedzy strumieniami ciepta
jawnego i utajonego. Na obszarach pokrytych roslinnoscia znaczna czes¢ energii
wykorzystywana jest w procesie ewapotranspiracji, co jest jedna z przyczyn
ograniczenia nagrzewania si¢ powierzchni naturalnych i przyziemnej warstwy
powietrza (House-Peters i Chang, 2011; Yu i in., 2024). Efekt chtodzacy roslinnosci
wynika rowniez z wykorzystywania energii stonecznej w procesie fotosyntezy,
wysokiej pojemnosci cieplnej wody zawartej w tkankach spowalniajacej ich
nagrzewanie oraz zacienienia — zarowno podtoza, jak i w obrebie struktur rosliny
(Rahman i in., 2020; Winbourne i in., 2020; Schwaab i in., 2021). Zastepowanie terenow
biologicznie czynnych materiatami nieprzepuszczalnymi prowadzi do ostabienia tych
procesdw oraz wzrostu udziatu ciepta jawnego w bilansie energetycznym miasta. Na
przestrzenna i czasowa zmienno$¢ warunkdéw termicznych wptywaja takze rdéznice
w doplywie promieniowania stonecznego oraz intensywnosci antropogenicznych
emisji ciepla zwiazanych z procesami metabolicznymi, transportem, dziatalnoscia
przemystowa oraz funkcjonowaniem budynkow i infrastruktury technicznej

(Paszynski i in., 1999; Grimmond i in., 2010; Nidzgorska-Lencewicz i Makosza, 2016).

Unikalny zbidr cech ksztattujacych klimat duzych obszaréw zurbanizowanych
bezposrednio wplywa na lokalne i wielkoskalowe systemy ekologiczne, powiazane
ze s$rodowiskiem, zdrowiem mieszkancow oraz uwarunkowaniami spoleczno-
ekonomicznymi (Ai i in., 2024). Jak wskazuja Kozlowska-Szczgsna i in. (1997),
atmosfera oddzialuje bezposrednio na organizm czlowieka przez skore, drogi
oddechowe oraz uklad nerwowy wraz ze zmystami. Warunki termiczne, ktorym

poswiecona jest niniejsza rozprawa, oddziatuja na receptory ciepta i zimna w skorze
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cztowieka (Koztowska-Szczesna i in., 1997; Bandota, 2020; El Kadri i in., 2020). Gdy
temperatura powietrza wykracza poza zakres warunkdéw termoneutralnych (okoto
18-23 °C), dochodzi do zaburzenia gospodarki cieplnej organizmu. Jednakze poziom
stresu termicznego oraz efektywnos¢ termoregulacji zaleza od zintegrowanego
oddzialywania temperatury i wilgotnosci powietrza, predkosci wiatru oraz sredniej
temperatury promieniowania (K. Btazejczyk i Kunert, 2011; Brode i in., 2012;
Jendritzky i in., 2012). W warunkach postepujacej zmiany klimatu, miasta staja sie
obszarami szczegdlnie wrazliwymi na wzrost temperatury powietrza, co moze
prowadzi¢ do nadmiernego obcigzenia ukladu termoregulacji mieszkancow (Kuchcik,
2006; Lim, 2020; Tomczyk i in., 2025). Silny stres cieplny moze skutkowac
odwodnieniem, wyczerpaniem, omdleniami, udarem cieplnym, a w skrajnych
przypadkach nawet $miercig (Semenza i in., 1996, Kovats i Hajat, 2008). Do grup
szczegolnie narazonych nalezg osoby powyzej 65. roku zycia, kobiety w cigzy, dzieci
oraz osoby cierpigce na przewlekte choroby, m.in. ukladu krazenia i oddechowego
(Flynn i in., 2005; Kuchcik, 2017; A. Btazejczyk i in., 2018). Dtugotrwale fale upatow,
ktorych czestos¢ bedzie w przysztosci wzrasta¢, powoduja zwigkszenie liczby zgonéw
(D’Ippolitiiin., 2010; Ebiiin., 2021). W konsekwengji, umieralno$¢ zwiazana z wysoka
temperatura powietrza stanie si¢ coraz wiekszym zagrozeniem, rowniez na tych
obszarach miejskich, ktore dotychczas nie doswiadczaty tak ekstremalnych warunkéw

termicznych.

W  celu ograniczania obciazenn cieplnych mieszkanicow oraz zagrozen
wynikajacych z postepujacej zmiany klimatu, w miastach wdrazane sa dzialania
adaptacyjne i mitygacyjne. Obejmuja one zaréwno zréwnowazone planowanie
rozwoju zabudowy, jak i wprowadzanie do przestrzeni miasta adaptacyjnych
rozwiazan opartych na przyrodzie (Jiiin., 2024; H. Huang i in., 2026; Maksymiuk i in.,
2026). Szczegdlne wyzwanie stanowi realizacja tego typu dziatari na obszarach silnie

zurbanizowanych i intensywnie zagospodarowanych. Przykladami takich
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przedsiewziec sa projekty rewitalizacji i zazieleniania centrum Warszawy,! a takze
projekt Grow Green Wroclaw realizowany wsrdd zabudowy mieszkaniowej na
Ofbinie.? Podobne dziatania podejmowane sg rowniez w innych duzych miastach
europejskich, m.in. w Atenach, Rzymie, Oslo czy Kopenhadze (Santamourisiin., 2012;
Salata i in., 2015; Maksymiuk i in., 2026). W Polsce w ramach opracowywania
Miejskich Planéw Adaptacji wykonywana jest ocena podatnosci miast na zmiane
klimatu, analiza ich zdolnosci adaptacyjnych oraz identyfikacja zagrozen dla
srodowiska zurbanizowanego i funkcjonowania struktur miejskich (Ministerstwo
Srodowiska, 2018; Januchta-Szostak, 2020; Pancewicz i in., 2022). Wsrod
proponowanych dziatan adaptacyjnych szczegdlne znaczenie przypisuje si¢ poprawie
warunkéw przewietrzania miast oraz zwigkszaniu udziatu blekitno-zielonej
infrastruktury. Dotychczas najwigekszy nacisk kladziono na rozwigzania zwigzane
z retencja wod opadowych, podczas gdy elementy planowania przestrzennego majace

na celu ograniczanie stresu cieplnego nadal pozostaja niewystarczajaco zaadresowane.

W  procesie kreowania odpornych srodowisk miejskich szczegdlna role
odgrywa transfer wiedzy miedzy klimatologami a projektantami przestrzeni miejskiej,
administracjq publiczng i mieszkanicami (Mills, 2006; Oke, 2006; Hebbert, 2014).
Pomimo rosnacej liczby badan dotyczacych klimatu miast, wyniki analiz czesto
pozostaja trudne do bezposredniego wykorzystania w procesie planowania
przestrzennego. Wynika to m.in. z braku standaryzacji metod, niejednolitej
terminologii oraz ograniczonej liczby badan opartych na pomiarach warunkéw
termicznych i biotermicznych w réznych strukturach urbanistycznych (Eliasson, 2000;
Birkmanniin., 2021; Liu i in., 2025). Jednoczes$nie architekci i decydenci musza godzi¢
wyzwania wynikajace ze zmiany klimatu z oczekiwaniami mieszkanicow oraz
uwarunkowaniami ekonomicznymi i funkcjonalnymi miasta. W tym kontekscie

szczegllnego znaczenia nabiera rowniez partycypacja spoleczna, umozliwiajaca

1 Urzad m.st. Warszawy. Zielona Marszatkowska. https://um.warszawa.pl/waw/nowe-centrum-warszawy/zielona-
marszalkowska. Dostep: 20.05.2026 r.

2 ARAW S.A, Gmina Wroclaw. Grow Green Wroctaw. https://[www.wroclaw.pl/zie-lony-wroclaw/grow-
greenwroclaw. Dostep: 20.05.2026 r.
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uwzglednienie potrzeb lokalnych spolecznosci oraz zwigkszenie akceptacji dla
wdrazanych dziatan adaptacyjnych (Brzezinski i in., 2024; Kuchcik i in., 2025).
Mieszkancy, poprzez codzienne wybory oraz zaangazowanie w zycie spoleczne
i polityczne, odgrywaja istotna role¢ w transformacji obszarow zurbanizowanych

w zrownowazone osrodki miejskie.

W swietle przedstawionych uwarunkowan jednym z kluczowych wyzwan
wspolczesnej klimatologii miejskiej pozostaje dostarczanie narzedzi i wiedzy
umozliwiajacych  identyfikacje zaleznosci pomiedzy cechami srodowiska
zurbanizowanego a warunkami termicznymi i biotermicznymi. Roéwnie istotne
pozostaje przelozenie tej wiedzy na rozwiazania mozliwe do wykorzystania
w praktyce planistycznej. Szczegdlnego znaczenia nabiera przy tym identyfikacja
i iloSciowy opis takich cech morfologii miejskiej, ktore moga wplywac na ograniczanie
stresu cieplnego oraz zwigkszenie odpornosci miast na skutki zmiany klimatu.

Problematyce tej poswiecona jest niniejsza rozprawa doktorska.

1.1. Dotychczasowy stan badan

Klimatologia miejska jest interdyscyplinarng dziedzing nauki koncentrujaca si¢ na
badaniu oddziatywania obszaréw zurbanizowanych na klimat oraz wykorzystaniu tej
wiedzy do wspierania procesdéw planowania, projektowania i ksztattowania
$rodowiska miejskiego (Mills, 2014). Jej rozwoj byl Scisle zwigzany z postepujaca
urbanizacja, nasileniem antropogenicznych przeksztalcen krajobrazu, wzrostem
zainteresowania wptywem dziatalnosci czlowieka na atmosfere oraz rozwojem metod
badawczych (Arnfield, 2003; Mills, 2014). Cho¢ pierwsze znane zapiski dotyczace
warunkow meteorologicznych osad ludzkich powstaly tysigce lat temu (Yoshino,
1990), za jedno z pionierskich opracowan stanowiacych naukowe podstawy
wspolczesnej klimatologii miejskiej uznaje si¢ trzytomowa prace The Climate of London
autorstwa Howarda (1833). Dzieto to opierato si¢ na wieloletnich obserwacjach
meteorologicznych prowadzonych w Londynie i jego otoczeniu, a jednym

z najwazniejszych rezultatéw byto udokumentowanie miejskiej wyspy ciepta.
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Dynamiczny rozw¢j dziedziny nastapil w pierwszej polowie XX wieku przede
wszystkim w europejskich i péinocnoamerykanskich osrodkach miejskich (Oke, 1974;
Jankovi¢, 2013). Po okresie spowolnienia zwiazanego z II wojna Swiatowa,

obserwowano intensyfikacje badan obejmujacych réwniez inne regiony swiata.

W Polsce poczatki badan prowadzonych na obszarach miejskich zwiazane byly
z rozwojem pomiarow meteorologicznych oraz powstaniem pierwszych opracowan
regionalnych juz w XVII wieku (Koztowska-Szczesna i in., 1996), natomiast w XIX w.
zaczeto zwraca¢ uwage na szczegOlny klimatotworczy wpltyw duzych osrodkow
miejskich (Jastrzebowski, 1841). Na poczatku XX w. pojawity sie bardziej szczegdtowe
opracowania wskazujace miedzy innymi na wystepowanie miejskiej wyspy ciepta,
zmniejszenie doplywu promieniowania stonecznego, modyfikacje pola opaddéw
atmosferycznych oraz wptyw zabudowy na lokalne warunki przewietrzania (Merecki,
1914; Zych, 1961; Kaczorowska, 1967; Lewiniska, 1967; Kossowska, 1973). Po II wojnie
Swiatowej nastgpit intensywny rozwoj polskiej klimatologii miejskiej, zgodny
z trendami obserwowanymi na $wiecie (Fortuniak, 2019). Wspdtczesne nurty badan
klimatu najwiekszych osrodkéw miejskich w Polsce obejmuja m.in. bioklimatologie
i oceng komfortu termicznego cztowieka, wykorzystanie modelowania numerycznego
i technik teledetekcyjnych, pomiary skladowych bilansu cieplnego, analize
uwarunkowan topograficznych i morfologicznych oraz rozwoj gestych sieci
pomiarowych (Bokwa, 2019; Filipiak i Mietus, 2019; Fortuniak i in., 2019; Kaszewski,
2019; Kuchcik i in., 2019; Potrolniczak i in., 2019; Przybylak i Uscka-Kowalkowska,
2019; Szymanowski i in., 2019; Zmudzka, 2019).

W ostatnich latach badania nad klimatem miast na $wiecie charakteryzowaly sie
dynamicznym rozwojem metod badawczych, obejmujacych coraz szersze
wykorzystanie wysokorozdzielczych baz danych przestrzennych, modelowania
numerycznego, symulacji, metod uczenia maszynowego oraz narzedzi opartych na
sztucznej inteligengji (Di Napoli i in., 2021; Li i in., 2023; Manapragada i in., 2025;
Suleimany i in., 2025). Podejscia te stwarzaja nowe mozliwosci pozyskiwania,

integracji i przetwarzania danych klimatycznych oraz przestrzennych, umozliwiajac
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coraz dokladniejsze rozpoznawanie proceséw ksztaltujacych klimat lokalny,
wspierajac wykorzystanie wynikéw badan w praktyce planistycznej. Przyktadem tego
kierunku sa badania wykorzystujace dane teledetekcyjne i reanalizy klimatyczne,
zapewniajace wysoka porownywalnos¢ danych oraz mozliwos¢ analizy proceséw
w roznych skalach (Cheval i in., 2020). Produkty te sa powszechnie wykorzystywane
w klimatologii obszarow zurbanizowanych m.in. do identyfikacji powierzchniowej
miejskiej wyspy ciepta, detekgji termicznych , hot spotow” i ,,cold spotéw” oraz oceny
komfortu termicznego (Mavrakou i in., 2018; Hidalgo-Garcia i Arco-Diaz, 2022;
E. Kriiger i in., 2024; Hajto i in., 2025), a takze analiz zwiazku charakterystyk
termicznych z pokryciem terenu i morfologia miejska (Walawender i in., 2014;
Tomczyk i in., 2018; Santos i in., 2022; Zwolska i in., 2025). Jednoczesnie nalezy miec
na uwadze, ze ograniczenia zwiazane z rozdzielczoscia przestrzenna i czasowa tych
danych moga wplywa¢ na ich zdolnos¢ do odwzorowywania warunkow
zrdznicowanej tkanki miejskiej (Geletic¢ i in., 2016; Cheval i in., 2020; Sleszyﬁski iin.,
2020; Demuzere i in., 2022). Jankovi¢ (2013) zwraca réwniez uwage, ze coraz
powszechniejsze wykorzystanie danych globalnych moze prowadzi¢ do stopniowego
przesuwania zainteresowania badawczego z lokalnych uwarunkowan klimatu ku
procesom zachodzacym w wiekszych skalach przestrzennych. W konsekwencji
istnieje ryzyko niedostatecznego uwzgledniania heterogenicznosci srodowiska
miejskiego, mimo ze to wlasnie ona w istotnym stopniu ksztaltuje rzeczywiste

warunki termiczne istotne z perspektywy funkcjonowania mieszkaricow.

W tym kontekscie szczegdlnego znaczenia nabiera pozyskiwanie danych
terenowych, ktére stanowia niezbedny punkt odniesienia dla analiz modelowych
oraz warunek wlasciwej interpretacji proceséw zachodzacych w obrebie réznych
struktur urbanistycznych (Lehnert i in., 2025; Sharma i in., 2026). Istotna role odgrywa
rowniez rozwdj i dogeszczanie istniejacych sieci pomiarowo-obserwacyjnych poprzez
tworzenie lokalnych systemdéw monitoringu oraz prowadzenie specjalistycznych
kampanii pomiarowych, umozliwiajacych pozyskiwanie danych reprezentatywnych

dla warstwy przygruntowej przy rozdzielczosci czasowej pozwalajacej na
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identyfikacje lokalnych kontrastow termicznych (Sheng i in., 2017; Cheval i in., 2020;
Kvétonova i in., 2024). Warunkiem koniecznym pozostaje jednak stosowanie
aparatury zapewniajacej odpowiednigq jakos¢ danych, w tym rejestratoréw
wyposazonych w ostony radiacyjne, a takze lokalizowanie ich w miejscach
reprezentatywnych dla analizowanych typéw srodowiska miejskiego, co — jak
wskazuje Fortuniak (2019) — nie zawsze jest spelnione. Jednoczesnie badacze
podkreslaja potrzebe opracowan syntetycznych opartych na integracji danych
pochodzacych z wielu Zrodet, obejmujacych rézne elementy srodowiska miejskiego
oraz uwzgledniajacych specyfike poszczegdlnych stref klimatycznych, tak aby
mozliwie wiernie odzwierciedlac rzeczywiste warunki termiczne i biotermiczne miast
(Bartesaghi Kociin., 2018; Qiiin., 2023; C. Wang i in., 2023; Cheval i in., 2024; Lindner-
Cendrowska i in., 2025). Szczegdlnie istotnym zagadnieniem pozostaje wielozrodtowa
parametryzacja elementéw morfologii miejskiej w sposdb umozliwiajacy powiazanie

cech Srodowiska zurbanizowanego z procesami ksztattujacymi klimat lokalny.

Pomimo dynamicznego rozwoju badan nad klimatem miast i dziataniami
adaptacyjnymi, nadal identyfikowane sg obszary wymagajace poglebionych analiz,
szczegOlnie w zakresie zaleznoSci pomiedzy struktura Srodowiska miejskiego,
a charakterystykami termicznymi i biotermicznymi oraz sposobow ich opisu. Mimo
ze problemy zwigzane z ograniczonym transferem wiedzy pomiedzy klimatologia
miejska a praktyka planistyczna zostaly wyraznie wskazane juz pod koniec ubieglego
wieku (Eliasson, 2000) i byty wielokrotnie podnoszone w kolejnych latach (Mills, 2006;
Oke, 2006; Alcoforadoiin., 2009), autorzy nowszych opracowan nadal zwracaja uwage
na ograniczone wykorzystanie wynikéw badan klimatologicznych w procesach
planowania i projektowania przestrzeni miejskich (Brandsmaiin., 2024; Liuiin., 2025).
Istnieje zatem realna potrzeba okreslenia wskaznikow o rzeczywistej wartosci
aplikacyjnej oraz wynikéw badan mozliwych do wykorzystania nie tylko przez

srodowisko naukowe, lecz réwniez przez projektantow i decydentow.
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W zwiazku ze zidentyfikowanymi lukami badawczymi, szerzej omdéwionymi
w poszczegodlnych publikacjach sktadajacych sie na niniejsza rozprawe, sformutowano

nastepujace pytania badawcze:

P1. Ktére elementy zagospodarowania przestrzeni miejskiej wywieraja najwigekszy

wplyw na warunki termiczne oraz jaki jest ich zasieg oddziatywania?

P2. Jak rozmieszczone sa ekstrema temperatury powierzchni terenu (,hot spoty”
i ,cold spoty”) w przestrzeni miasta, jakie typy pokrycia terenu sprzyjaja ich

wystepowaniu oraz jaki rezim temperatury powietrza je charakteryzuje?

P3. Czy warunki biotermiczne w parkach wykazujq zréznicowanie przestrzenne oraz

jak elementy srodowiska miejskiego je ksztaltuja?

W celu odpowiedzi na postawione pytania zaprojektowano badania obejmujace
zrdznicowane skale czasowe (od wybranych miesiecy, przez okres wegetacyjny, po
analizy wieloletnie) oraz przestrzenne (od pojedynczych punktéw pomiarowych,
przez strefy o réoznym zasiegu dookota nich, po obszar catego miasta). Szczegdlny
nacisk potozono na wielozrédtowa parametryzacje srodowiska miejskiego przy
pomocy wskaznikdw odnoszacych si¢ do miar stosowanych w dokumentach
planistycznych, a takze wybranych charakterystyk powszechnie wykorzystywanych
w badaniach z zakresu klimatologii miejskiej. Przyjecie takiego podejscia bylo
motywowane checig zwigkszenia aplikacyjnosci badan oraz ulatwienia dialogu
pomiedzy klimatologami, urbanistami i decydentami. Ponadto istotnym elementem
badan byta identyfikacja obszarow o relatywnie korzystnych warunkach termicznych
wsrdd terenow zabudowanych oraz miejsc charakteryzujacych sie¢ podwyzszonym
obcigzeniem cieplnym, pomimo dominujacego udziatu roslinnosci. Uzyskane wyniki
przedstawiono w trzech powigzanych ze sobg tematycznie publikacjach,
poswieconych kolejno temperaturze powietrza, temperaturze powierzchni i stresowi

termicznemu, stanowigcych podstawe niniejszej rozprawy doktorskiej.
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1.2. Cel badan

Celem gléwnym rozprawy doktorskiej jest okreslenie wplywu struktury
srodowiska miejskiego na ksztaltowanie lokalnych warunkéw termicznych
i biotermicznych w réznych skalach przestrzennych i czasowych. Do celow

szczegotowych zalicza sie:

C1. Identyfikacje wptywu elementéw srodowiska parametryzowanych wskaznikami
zagospodarowania przestrzennego na charakterystyki temperatury powietrza
w trakcie ekstremalnie cieplych miesigcy oraz okreslenie skali przestrzennej, w ktorej

zaleznosci te sa najsilniejsze (artykut I).

C2. Okreélenie przestrzennego zréznicowania ,hot spotow” i ,cold spotéw”, ich
powiazan z typami pokrycia terenu oraz rezimem temperatury powietrza w ujeciu

rocznym i sezonowym (lato i zima) (artykut II).

C3. Oceng wplywu elementéw Srodowiska na ksztaltowanie obciazen termicznych
cztowieka w przestrzeni parkéw miejskich w réznych fazach sezonu wegetacyjnego

i skalach przestrzennych (artykut III).

Hipoteza testowana w ramach prowadzonych badan zaklada, Ze zréznicowanie
warunkéw termicznych i biotermicznych w $rodowisku miejskim jest w istotnym
stopniu  determinowane przez zagospodarowanie przestrzenne, ktorego

oddzialywanie rézni si¢ w zaleznosci od zasigegu analizy i sezonu.

Cele rozprawy zrealizowano na przykladzie Warszawy, ktéra stanowi
reprezentatywny obszar miejski umiarkowanej strefy klimatycznej, cechujacy sie
silnym zréznicowaniem struktury urbanistycznej i pokrycia terenu oraz wyraznymi
sezonowymi kontrastami termicznymi. Dostepnos¢ licznych wysokorozdzielczych
zrodet danych przestrzennych i pomiarowych umozliwita zastosowanie podejscia

wielowskaznikowego w réznych skalach analizy.
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2. Obszar badan

Warszawa (52°06'-52°22'N, 20°51'-21°16'E) jest miastem stolecznym o powierzchni
517,2 km? potozonym w srodkowo-wschodniej czesci Polski w centrum Niecki
Mazowieckiej (GUS, 2025). Zlokalizowana jest na terenie makroregionu Niziny
Srodkowomazowieckiej na styku czterech mezoregionéw: Réwniny Warszawskiej,
Réwniny Garwoliniskiej, Doliny Srodkowej Wisty i Kotliny Warszawskiej (Kondracki,
2002). Wspolczesna rzezba terenu Warszawy zostata uksztaltowana w wyniku
procesdéw zwigzanych ze zlodowaceniami i okresami interglacjalnymi, a takze
dziatalnoscia Wisty oraz pdzniejszych przeksztatcen antropogenicznych. Wysokos¢
bezwzgledna terenu miasta miesci si¢ w przedziale od 74,8 do 152 m n.p.m., przy
$redniej wysokosci wynoszacej okoto 100 m n.p.m. (Atlas ekofizjograficzny m.st.
Warszawy, 2018).

Warszawa jest najwiekszym osrodkiem miejskim w Polsce, zamieszkanym przez
okoto 1,86 miIn mieszkancow (GUS, 2025). Miasto charakteryzuje sie réwniez
najwieksza gestoscia zaludnienia wsrdd polskich powiatow, wynoszaca 3604 osoby na
1 km? przy utrzymujacym sie wzroscie liczby ludnosci. W zaleznosci od przyjetego
wariantu prognozy w 2060 r. liczba ta moze wynies¢ od 1,62 do 2,13 mln osdb, podczas
gdy liczba osob rezydujacych moze osiagnaé¢ nawet 2,25 miln (Diagnoza m.st.

Warszawy. Demografia, dostep: 17.05.2026 1.).

Badania przedstawione w niniejszej rozprawie obejmuja wiekszos¢ obszaru
Warszawy (z wytaczeniem terenow wskazanych na s. 31, szczegdétowo opisanych
w artykule II), a takze wybrane lokalizacje w obrebie zabudowy i terenéw zieleni

rozmieszczone w réznej odleglosci od centrum miasta (ryc. 1).
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Rycina 1. Zasieg obszaru badawczego i lokalizacja punktéw pomiarowych.

Zrédto: mapa bazowa Bing Aerial (Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS,
USDA, USGS, AeroGRID and the GIS User Communities).

2.1. Klimat Warszawy

Wedlug klasyfikacji Okotowicza, Warszawa lezy w strefie klimatu umiarkowanego
cieptego przejsciowego (Okotowicz, 1991), natomiast zgodnie z klasyfikacja Képpena-
Geigera znajduje si¢ na granicy klimatu oceanicznego (Cfb) oraz wilgotnego

kontynentalnego z fagodnym latem i opadami rozlozonymi stosunkowo
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rownomiernie w ciaggu roku bez wyraznej pory suchej (Dfb) (Peel i in., 2007; Rubel
i Kottek, 2010). Klimat Warszawy charakteryzuje si¢ wyraznym zroznicowaniem
sezonowym pozwalajagcym na wyodrebnienie czterech pdér roku (w niniejszej
rozprawie przyjeto definicje: wiosna od marca do maja, lato od czerwca do sierpnia,
jesien od wrzesnia do listopada oraz zima od grudnia do lutego), a takze okresu
wegetacyjnego, definiowanego jako czas ze srednia dobowa temperaturg powietrza
wyzsza lub réwna 5 °C. W Warszawie sezon ten najczesciej rozpoczyna si¢ w marcu,

a koniczy w listopadzie (Tomczyk i Szyga-Pluta, 2016).

Srednia roczna temperatura powietrza w Warszawie w latach 1995-2024
wyniosta 9,3 °C (IMGW-PIB, dostep: 29.04.2026 r.). W analizowanym trzydziestoleciu
wartosci te wahaty sie od 6,9 °C w 1996 r. do 11,7 °C w 2024 r., wykazujac tendencje
wzrostowa (ryc. 2). Najchtodniejszym miesiacem byt styczen, ze srednig temperatura
powietrza réwna -1,5 °C. Absolutne minimum temperatury powietrza odnotowano
24 stycznia 2006 r. i wyniosto -27,1 °C. Najwyzsza $rednia temperatura powietrza
charakteryzowat sie lipiec (19,9 °C), a absolutne maksimum temperatury powietrza
(37,0 °C) zarejestrowano 8 sierpnia 2013 r. Pozostate elementy klimatu Warszawy
rowniez wykazuja typowa dla klimatu umiarkowanego przejsciowego sezonowos¢ —
najwigksze sumy opaddéw wystepuja latem, natomiast najwigksze zachmurzenie,
wilgotnos¢ wzgledna oraz predkos¢ wiatru obserwowane sa zima (Klimat Warszawy,

2017; IMGW-PIB, dostep: 29.04.2026 r.).

Na specyfike mezoklimatu miejskiego Warszawy skladaja sie: zmniejszenie
doptywu promieniowania slonecznego, zwiekszenie temperatury powietrza
(szczegdlnie temperatury minimalnej), obniZenie wilgotnosci powietrza i wzrost
ewapotranspiracji w okresie wegetacyjnym, zmniejszenie Sredniej predkosci wiatru
przy jednoczesnym lokalnym wzroscie jego porywistosci, zwigkszenie sumy opadow
oraz Wwyzszy poziom zanieczyszczenia atmosfery w poréwnaniu z terenami
otaczajacymi Warszawe (Chojnacki, 1991; K. Blazejczyk, 2002; K. Btazejczyk
i A. Blazejczyk, 2023). Jednoczesnie postepujaca zmiana klimatu oraz dynamiczny

rozwdj przestrzenny miasta przyczyniaja si¢ do wzrostu temperatury powietrza
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i

czestszego wystepowania zjawisk

ekstremalnych,

zwlaszcza fal upatow

obserwowanych takze poza sezonem letnim (K. Btazejczyk, A. Blazejczyk i in., 2014;

K. Blazejczyk i in., 2022; Marmureanu i in., 2025). Procesy te sprzyjaja intensyfikacji

UHI oraz poglebianiu zréznicowania warunkéw mikroklimatycznych w obrebie

miasta (K. Blazejczyk, Kuchcik i in., 2014; Kuchcik i in., 2024).
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Biata ramka wskazuje miesigce analizowane w artykule I; czarna ramka wskazuje okres badawczy
analizowany w artykule II; szara ramka wskazuje okres wegetacyjny analizowany w artykule III.

Rycina 2. Srednia dobowa temperatura powietrza na stacji Warszawa-Okecie w latach 1995-
2024 oraz srednie miesieczne wartosci temperatury powietrza w wieloleciu.

Zrédto: opracowanie wlasne na podstawie danych meteorologicznych ze stacji Warszawa-Okecie
(WMO 12375) IMGW-PIB, https://danepubliczne.imgw.pl/data/, dostep: 29.04.2026 r.
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2.2. Struktura przestrzenna Warszawy

Uktad  funkcjonalno-przestrzenny =~ Warszawy  podlega  dynamicznym
przemianom, ktdrym towarzyszy intensyfikacja procesow urbanizacyjnych. Jest to
zwiazane zaréwno ze wzrostem liczby mieszkancéw, jak i z pelnieniem przez miasto
funkcji gléwnego centrum administracyjnego i gospodarczego kraju o rosnacym
znaczeniu miedzynarodowym (Atlas ekofizjograficzny m.st. Warszawy, 2018). Rozwoj
miasta zachodzi zaréwno poprzez przeksztalcenia istniejacych, silnie
zurbanizowanych struktur, jak i ekspansje na tereny peryferyjne, co prowadzi do
zmiany ich dotychczasowych funkgji. Polityka przestrzenna Warszawy prowadzona
jest wciaz na podstawie Studium wuwarunkowan i kierunkéw zagospodarowania
przestrzennego m.st. Warszawy z 2006 r. (nowelizacje w latach 2009, 2010, 2013, 2014,
2018 i 2021). Dokument ten okresla m.in. udzial terenéw biologicznie czynnych,
wysokos¢ zabudowy oraz intensywnos$¢ zagospodarowania w poszczegolnych
strefach funkcjonalno-przestrzennych miasta (Studium uwarunkowan i kierunkow
zagospodarowania przestrzennego m.st. Warszawy, uchwata nr LXXXI1/2746/2006 z dnia 10
pazdziernika 2006 r., zmieniana uchwatami: nr LX11/1667/2018 (2018) oraz nr LI11/1611/2021
(2021), Warszawa, 2006). Termin obowiazywania tego dokumentu wyznaczony jest na

31 sierpnia 2026 r., po czym zostanie zastgpiony Planem Ogdlnym.?

Pokrycie i uzytkowanie terenu Warszawy cechuje si¢ duza rdéznorodnoscia
i obejmuje zarowno zwarte, intensywnie zabudowane centrum jak i rozlegle dzielnice
mieszkaniowe, tereny przemystowe i rolnicze, infrastrukture transportows, liczne
obszary zieleni miejskiej, wody powierzchniowe, a takze lokalnie wystepujace tereny
podmokle (ryc. 3). Na tle innych duzych miast europejskich Warszawa wyrdznia sie
stosunkowo wysokim udziatem zielonej infrastruktury zajmujac 12. miejsce wsrod 37

stolic analizowanych przez Europejska Agencje Srodowiska.*

3 Serwis Rzeczypospolitej Polskiej gov.pl. Reforma planowania przestrzennego: usprawnienia i wigcej czasu na plany
ogdlne. https://[www.gov.pl/web/rozwoj-technologia/reforma-planowania-przestrzennego-usprawnienia-i-wiecej-
czasu-na-plany-ogolne. Dostep: 7.06.2026 .

* European Environment Agency. Percentage of total green infrastructure, urban green space, and urban tree cover in the
area of EEA-38 capital cities (excluding Liechtenstein). https://www .eea.europa.eu/en/analysis/maps-and-
charts/percentage-of-total-green-infrastructure. Dostep: 5.08.2025 r.
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W ujeciu CORINE Land Cover z 2018 r. (CLC2018; jedna z baz danych
wykorzystanych do analiz w artykule II) dominujacq kategorie stanowiq tereny
antropogeniczne zajmujace 67,5% powierzchni miasta z przewaga zabudowy miejskiej
luznej (Chief Inspectorate for Environmental Protection, dostep: 1.05.2024 r.-a).
Jednoczesnie zgodnie z typologia lokalnych stref klimatycznych (LCZ; réwniez
wykorzystanej w artykule II) najwiekszy udziat powierzchniowy przypada typom
luznej zabudowy Sredniej wysokosci (25,9%) oraz luznej zabudowy niskiej (23,0%). Istotny
udzial w pokryciu terenu przypada rowniez kategorii lasy i ekosystemy seminaturalne,
ktére w klasyfikacji CLC2018 obejmuja 18,7% powierzchni miasta z dominujacymi
lasami iglastymi. W typologii LCZ odpowiada im przede wszystkim zwarty drzewostan
(19,7%), co podkresla znaczaca role zielonej infrastruktury w strukturze przestrzennej
Warszawy. Dodatkowo, obszary rolnicze zajmuja 11,2% powierzchni miasta, stanowiac
istotny element stref peryferyjnych w ujeciu CLC2018. Ich odpowiednikiem wsréd
lokalnych stref klimatycznych sa przede wszystkim obszary roslinnosci niskiej, ktore
zajmuja relatywnie niewielki udziat powierzchniowy. Pozostate klasy pokrycia terenu

i typy LCZ Iacznie obejmujg mniej niz 10% powierzchni miasta.
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Objasnienia kodow klas pokrycia terenu znajduja si¢ w tab. 4E (str. 36-37).

Rycina 3. Pokrycie terenu Warszawy wg klasyfikacji CORINE Land Cover (A) oraz typéw
lokalnych stref klimatycznych (B) z wykluczeniem obszaréw, ktdrych pokrycie terenu ulegto
zmianie w latach 2000-2018.

Zrédto: pokrycie terenu na podstawie CORINE Land Cover 2000 i 2018 (Chief Inspectorate for
Environmental Protection, 1.05.2024 r.- a, 1.08.2024 r.-b); lokalne strefy klimatyczne na podstawie Global
map of Local Climate Zones (Demuzere i in., 2022).
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3. Materialy i metody badawcze

3.1. Charakterystyki termiczne

Miary parametryzujace miejskie warunki termiczne obliczono dla réznych
okresow badawczych, dostosowanych do odmiennych celow szczegotowych,
realizowanych w poszczegolnych artykulach sktadajacych sie¢ na rozprawe. Artykut I
koncentrowal si¢ na okresach szczegdlnie goracych, gdy kontrasty termiczne
W miescie sa najwigksze, a zaleznosci pomiedzy zagospodarowaniem przestrzennym
a temperatura powietrza najbardziej wyrazne. Artykut II opieral si¢ na catorocznych
danych temperatury powierzchni terenu, jednak w analizie rezimow temperatury
powietrza na obszarach rézniacych sie wystepowaniem termicznych ,hot spotow”
i ,cold spotow” dodatkowo wyodrebniono sezon letni i zimowy. Artykut III
obejmowat okres wegetacyjny, co umozliwilo ocene obcigzen termicznych czlowieka
w poszczegolnych fazach fenologicznych roslinnosci — od wczesnej wiosny po p6zna
jesien.

W artykule I charakterystyki termiczne wyznaczono na podstawie pomiaréw
temperatury powietrza pochodzacych z warszawskiej sieci monitoringu Zaktadu
Badan Klimatu Instytutu Geografii i Przestrzennego Zagospodarowania Polskiej
Akademii Nauk (ZBK IGiPZ PAN) (tab. 1). Na podstawie kryteriow przedstawionych
w tabeli 1 oraz szczegdtowo opisanych w rozdziale 2 artykutu I wybrano 21 punktow
badawczych, wyposazonych w czujniki umieszczone w ostonach radiacyjnych.
Nastepnie, na podstawie map synoptycznych oraz danych ze stacji IMGW-PIB
Warszawa—Okecie (WMO 12375), wytypowano konkretne okresy badawcze.
Obliczenia przeprowadzono dla czterech ekstremalnie cieptych miesiecy, podczas
ktorych wystepowaty fale upatow: lipca 2010 r., sierpnia 2015 r., maja 2018 r. oraz
czerwca 2019 r. (Kuchcik, 2017; K. Blazejczyk i in., 2022). Okresy te wybrano jako
najcieplejsze po 2008 r., tj. po rozbudowie sieci pomiarowej. Lacznie wyznaczono 17
charakterystyk opisujacych podstawowe parametry temperatury powietrza

(temperatura minimalna, maksymalna i $rednia), dynamike zmian (réznice dobowe
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i kierunkowe zmiany temperatury), czestos¢ wartosci ekstremalnych (percentyle

wyznaczone na podstawie bazy danych z danego miesiaca dla wszystkich punktéw

pomiarowych) oraz czas nagrzewania i wychtadzania powietrza.

Tabela 1. Charakterystyka danych termicznych w artykule I.

Element

Opis

Zmienna zalezna

Temperatura powietrza

Instrumenty pomiarowe

Rejestratory danych HOBO U23 Pro-v2 (001)

Rozdzielczo$¢ czasowa

10 minut

Wysokos¢ pomiaru

2m

Rozdzielczo$¢ przestrzenna

21 punktéw pomiarowych

Okres analizy

lipiec 2010, sierpieni 2015, maj 2018, czerwiec 2019

Kryteria wyboru

Jedna masa powietrza i brak frontéw atmosferycznych;
kompletne miesigczne szeregi czasowe;

w nielicznych przypadkach zmian zagospodarowania
przestrzennego w promieniu 100 m od punktu
pomiarowego, analize ograniczano do  okresow
o zachowanej jednorodnosci warunkow przestrzennych.

Zakres charakterystyk

Minimalna temperatura powietrza (min);

maksymalna temperatura powietrza (max);

$rednia temperatura powietrza (avg);

liczba 10-minutowych pomiardéw temperatury powietrza
ponizej 1./5./10. percentyla (k1; k5; k10);

liczba 10-minutowych pomiaréw temperatury powietrza
powyzej 90./95./99. percentyla (k90; k95; k99);

réznica miedzy maksymalng temperatura powietrza
dwoch kolejnych dni: warto$¢ bezwzgledna / przy spadku
/ przy wzroscie (max_a; max_d; max_u);

roznica miedzy minimalna temperatura powietrza dwoch
kolejnych dni: wartos¢ bezwzgledna / przy spadku / przy
wzroécie (min_a; min_d; min_u);

czas (w minutach) miedzy wystgpieniem maksymalnej

a minimalnej temperatury powietrza (down);

czas (w minutach) miedzy wystapieniem minimalnej

a maksymalnej temperatury powietrza (up).

Podstawe analiz przedstawionych w artykule II stanowily dane temperatury

powierzchni terenu pozyskane z 25 zobrazowan satelitarnych z lat 2002-2018,

wykonanych w godzinach porannych (ok. 9:00-9:30 UTC) (tab. 2).> Szczegdtowy opis

5 Wykorzystano mapy pochodzace z opracowania konncowego okreslajacego stan ekosystemu m.st. Warszawy
w kontekscie zmian klimatu, przygotowane na rzecz Fundagji Instytut na rzecz Ekorozwoju w ramach projektu
LIFE_ADAPTCITY_PL przez zespét Instytutu Geodezji i Kartografii pod kierunkiem prof. Katarzyny Dabrowskiej-
Zielinskiej w sktadzie: dr Radostaw Gurdak, mgr inz. Patryk Grzybowski, mgr Damian Olszewski. Projekt
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procedury przetwarzania danych oraz wyznaczania temperatury powierzchni terenu
przez autorow map bazowych przedstawiono w rozdziale Material and methods
artykutu II. Na podstawie danych LST zidentyfikowano obszary charakteryzujace sie
istotnie wyzsza i nizsza temperaturg powierzchni wzgledem otoczenia, okreslane
odpowiednio jako termiczne ,hot spoty” i ,cold spoty”. Dodatkowo wykorzystano
dane temperatury powietrza rejestrowane co 10 minut w latach 2009-2018 przez 21
czujnikow, wchodzacych w skiad sieci pomiarowej ZBK IGiPZ PAN (stanowiacych
rowniez podstawe analiz przedstawionych w artykule I). Na ich podstawie obliczono
podstawowe wieloletnie charakterystyki temperatury powietrza dla catego roku, lata
oraz zimy, co pozwolilo na scharakteryzowanie rezimu termicznego klastrow

o czestym, umiarkowanym i rzadkim wystepowaniu THS i TCS.

Tabela 2. Charakterystyka danych termicznych w artykule II.

Element Opis
Zmienna zalezna Temperatura powierzchni terenu
Zmienna towarzyszaca Temperatura powietrza

Instrumenty pomiarowe Landsat 5 TM oraz Landsat 8 OLI/TIRS;
Rejestratory danych HOBO U23 Pro-v2 (001 i 002)

Rozdzielczo$¢ czasowa LST: epizodyczna (25 scen, 2002-2018); AT: 10 minut
Wysoko$¢ pomiaru LST: okoto 705 km; AT: 2 m

Rozdzielczo$¢ przestrzenna LST: 30 m (po resamplingu); AT: 21 punktéw

Okres analizy LST: 2002-2018; AT: 2009-2018

Kryteria wyboru Wykluczenie pikseli bez danych (>50% brakow);

wykluczenie obszaréw, na ktorych typ pokrycia terenu ulegt
zmianie w latach 2000-2018;
wykluczenie obszaréw wod powierzchniowych.

Zakres charakterystyk LST:
czestos¢ THS;
czestos¢ TCS.
AT:
$rednia wieloletnia temperatura powietrza o danej
godzinie;
$rednia wieloletnia temperatura powietrza (ATavg);
$rednia wieloletnia minimalna temperatura powietrza
(ATmin);
absolutna minimalna temperatura powietrza w wieloleciu
(ATabs_min);

LIFE_ADAPTCITY_PL zostal dofinansowany ze $rodkéw instrumentu finansowego LIFE Komisji Europejskiej
oraz Narodowego Funduszu Ochrony Srodowiska i Gospodarki Wodnej.
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$rednia wieloletnia maksymalna temperatura powietrza
(ATmax);

absolutna maksymalna temperatura powietrza w wieloleciu
(ATabs_max).

W artykule III warunki biometeorologiczne scharakteryzowano za pomocag
Uniwersalnego Wskaznika Obciazen Termicznych (UTCI), umozliwiajacego ocene
poziomu stresu termicznego cztowieka (tab. 3) (Brode i in., 2012). Dane wejSciowe do
obliczen obejmowaty temperature powietrza (AT), $redniaq temperature
promieniowania (MRT) wyznaczona na podstawie temperatury termometru kulistego
(tg), predkos¢ wiatru (va) oraz wilgotno$¢ wzgledna powietrza (RH). Parametry te
rejestrowano w 23 punktach pomiarowych rdéznigcych sie ekspozycja na
promieniowanie stoneczne na wysokosci odpowiadajacej potozeniu srodka ciezkosci
ciala dorostego czltowieka (Lindner-Cendrowska i Baranowski, 2023). Badania
przeprowadzono w sezonach wegetacyjnych lat 20222024 na obszarze szeSciu
warszawskich parkdw miejskich. W przypadku czterech najwigkszych parkéw dane
pozyskano w trzech porach roku, natomiast dla dwoch mniejszych obiektéw pomiary
wykonano latem oraz podczas jednego z sezondéw przejSciowych. Wartosci UTCI
obliczono w $rodowisku R zgodnie z procedura operacyjna oparta na modelu Fiali,
wykorzystujac przyblizenie wielomianowe 6. stopnia (Brode i in., 2012; R Core Team,
2024). Ponadto zastosowano wartosci UTCI pochodzace z reanalizy klimatycznej
,Human thErmAl comforT” (ERA5-HEAT) jako tto biometeorologiczne dla obszaru
Warszawy, aby ograniczy¢ wpltyw rdznic wynikajacych z odmiennych termindéw

kampanii pomiarowych (Di Napoli i in., 2020).

Tabela 3. Charakterystyka danych biotermicznych w artykule III.

Element Opis

Zmienna zalezna Uniwersalny wskaznik obcigzen termicznych (UTCI)

Instrumenty pomiarowe Onset S-THC-M002 (AT, RH), Onset S-WSB-MO003 i Senseca
Delta OHM HD32.3TC1 z AP3203 (va), termometr kulisy
w kolorze czarnym 4 cm z THSS-18G-RSC-6 (tg);
dane reanalizy ERA5-HEAT.

Rozdzielczo$¢ czasowa 10 minut (dane in situ usrednione z 1 minuty, dane reanalizy
przeskalowane z 1 godziny)
Wysoko$¢ pomiaru 1.1 m (AT, RH, tg), 1.4 m (wiatr — przeskalowany do 10 m)

32



Rozdzielczo$¢ przestrzenna in situ:
6 parkéw miejskich, 23 stanowiska pomiarowe;
reanaliza:
pojedyncza komdrka siatki (0.25° x 0.25°) z centralnym
weztem zlokalizowanym w Warszawie (52°15" N, 21°00" E)

Okres analizy wiosna 2023 i 2024, lato 2022 i 2023, jesien 2023
Kryteria wyboru Pogoda radiacyjna (mata predkos¢ wiatru, mate

zachmurzenie); warunki typowe dla danej pory roku.
Zakres charakterystyk Poszczegdlne wartosci UTCI;

$rednia, minimalna i maksymalna wartos¢ UTCI;
roznica wartosci UTCI miedzy stanowiskiem in situ
a danymi reanalizy (UTClLi).

3.2. Charakterystyki przestrzenne i pokrycie terenu

W niniejszym cyklu artykuléw do analizy wplywu morfologii miejskiej na
warunki termiczne i biotermiczne zastosowano podejscie wielozrédtowe oraz
wielowskaznikowe dostosowane do analizowanych danych i skali przestrzennej
(tab. 4). Charakterystyki obliczono dla pojedynczych punktéw pomiarowych lub stref
buforowych wyznaczonych wokét nich (o promieniach wynoszacych 10 m, 50 m
i 100 m), odpowiadajacych zakresowi od mikroskali do dolnej granicy skali lokalnej
wedlug Oke (1997). Podejscie takie umozliwilo ilociowa ocene wptywu otoczenia na
temperature powietrza (artykul I), czestos¢ lokalnych ekstreméw temperatury
powierzchni terenu (artykut II) oraz ksztaltowanie obciazen termicznych (artykut III).
W artykule II obejmujacym réwniez skale catego miasta, szczegdlny nacisk potozono
na analize wystegpowania termicznych ,hot spotéw” i ,cold spotow” (THCS)
w odniesieniu do klas pokrycia terenu CORINE Land Cover (Chief Inspectorate for
Environmental Protection, dostep: 1.05.2024 r.-a) oraz typow lokalnych stref
klimatycznych (Demuzere i in., 2022). Zastosowanie obu baz danych dostarczylo
komplementarnych informacji dotyczacych zaréwno pokrycia terenu, jak i struktury

urbanistycznej miasta.

Charakterystyki przestrzenne analizowane w niniejszej rozprawie obejmowaty
zarowno parametry odnoszace si¢ do terminologii stosowanej w planowaniu
przestrzennym (artykuty I, III oraz czesciowo II), jak i klasyfikacje (CLC, LCZ)

opisujace strukture przestrzenna miasta (artykut II). W analizach dotyczacych parkéw
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miejskich (artykut III) rozszerzono zestaw zmiennych o parametry opisujace strukture
roslinnosci oraz ekspozycje punktow pomiarowych. Zastosowane charakterystyki
mozna podzieli¢ na: wskazniki zabudowy (tab. 4A), roslinnosci (tab. 4B), lokalizacji

(tab. 4C), ekspozydiji (tab. 4D) oraz klasyfikacje pokrycia terenu (tab. 4E).

Tabela 4. Zestawienie wykorzystanych wskaznikow przestrzennych.

A) Zabudowa
Wskaznik Opis Skala Artykul
analizy
Gestos¢ zabudowy udzial powierzchni zabudowy liczonej po bufory L II, III
(BCR) zewnetrznym obrysie budynkow
w powierzchni poletka badawczego
(Z. Wui in., 2024).
Intensywnos¢ stosunek iloczynu powierzchni zabudowy bufory L II III
zabudowy i liczby kondygnacji do powierzchni poletka
(WIZ) badawczego (Xu iin., 2024).
Srednia wysokosé $rednia wysokos¢ budynkow bufory L II, III
budynkow w analizowanym poletku badawczym
(BHimean) (Xuiin., 2017).
Maksymalna wysokos¢ najwyzszego budynku bufory L II, III
wysokos¢ budynkow  w analizowanym poletku badawczym
(BHimax) (Tsichritzis i Nikolopoulou, 2019).
Znormalizowany Spektralny wskaznik okreslajacy udziat bufory I
roznicowy wskaznik  powierzchni zabudowanych na danym
zabudowy obszarze z wykorzystaniem pasma
(NDBI) bliskiej i krotkofalowej podczerwieni
(Muhaimin i in., 2022).
B) Roslinnos¢
Wskaznik Opis Skala  Artykul
analizy
Wskaznik terenow Udzial terenow biologicznie czynnych bufory L II III

biologicznie obejmujacych przepuszczalne powierzchnie
czynnych (RBVA) zdolne do pehnienia funkgji ekologicznych
(w tym 50% powierzchni dachow i tarasow
o powierzchni powyzej 10 m? pokrytych
roslinnoscig naturalna) oraz wody otwarte
w analizowanym poletku badawczym
(Szulczewska i in., 2014).
Znormalizowany Wskaznik spektralny obliczany jako bufory I
roznicowy wskaznik  znormalizowana réznica miedzy odbiciem

roslinnosci (NDVI) w zakresie bliskiej podczerwieni i czerwieni,
umozliwiajacy estymacje zawartosci
chlorofilu i biomasy (Santos i in., 2022).
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Ulepszony wskaznik ~ Wskaznik spektralny stosowany do analizy bufory L II III
roslinnosci (EVI) kondycji roslinnosci, charakteryzujacy sie

zwiekszong czutoscig na gesta roslinnos¢ oraz

ograniczonym wpltywem atmosfery i tta

koron drzew (R. Chen i in., 2024).
Gestosc¢ pokrycia Procent powierzchni terenu pokrytej bufory I II, III
koronami drzew koronami drzew w projekcji pionowej
(TCD) (Cheung i in., 2021).
Efektywny wskaznik ~Powierzchnia liSci przypadajaca na jednostke  bufory III
powierzchni lisci powierzchni gruntu, uwzgledniajaca
(ELAI) przechwytywanie Swiatta przez korone, lecz

nieuwzgledniajaca agregacji liSci; w zakresie

katow zenitalnych 0-60° (Stenberg i in., 1994).
Uogdlniony typ TC - drzewostan; M —taka; L — trawnik; punkt I
roslinnosci (VEGgen)  AS — stanowisko zlokalizowane

w bezposrednim sasiedztwie

nieprzepuszczalnych powierzchni

sztucznych.
Szczegotowy typ TC_A - zwarty, wysoki (= 10 m), lisciasty punkt III

roslinnosci (VEGspec)

drzewostan z krzewami i niskg, koszong lub
rzadka trawa; TC_B — zwarty, wysoki (= 10
m), lidciasty drzewostan z krzewami,
podszytem i niska, koszong lub rzadka trawg;
TC_C - zwarty, wysoki (= 10 m), liSciasty
drzewostan z krzewami i wysoka lub
niekoszong trawa; TC_D - zwarty, wysoki
(=10 m), liSciasty drzewostan bez krzewow,
z niska, koszong lub rzadka trawa;

TC_E - zwarty, wysoki (= 10 m), mieszany
drzewostan bez krzewow, z niska, koszong
lub rzadka trawa; TC_F — luzny, wysoki (= 10
m), lisciasty drzewostan z krzewami i niska,
koszong lub rzadka trawa; L — trawnik bez
pojedynczych drzew; LT — trawnik

z pojedynczymi drzewami; M —1aka bez
krzewow; MS — tgka z krzewami;

AS/L - trawnik w bezposrednim sasiedztwie
nieprzepuszczalnych powierzchni
sztucznych; AS/LT — trawnik z pojedynczymi
drzewami w bezposrednim sasiedztwie
nieprzepuszczalnych powierzchni
sztucznych.

35



C) Lokalizacja

Wskaznik Opis Skala  Artykul
analizy
Odlegtos¢ od Odlegtos¢ punktu pomiarowego od centrum  miasto I
centrum miasta (DC) miasta, przyjetego jako srodek ronda
Dmowskiego (52°13'47.4"N, 21°00'42.3"E)
D) Ekspozycja
Wskaznik Opis Skala  Artykul
analizy
Wspdtczynnik Utamek widocznej potsfery niebieskiej punkt I
widoku nieba (SVF)  z danego punktu pomiarowego (0-1);
modelowany zgodnie z metoda Holmera
iin. (2001); w literaturze czesto funkcjonuje
pod angielskq nazwa Sky View Factor
Typ ekspozydji na Zmienna binarna okreslajaca ekspozycje punkt II
storice — w cieniu/ stanowiska na bezposrednie
na storicu promieniowanie stoneczne w okresie
(EXPO) pomiarowym; wartos¢ 1 oznacza lokalizacje
w cieniu, a 0 na stoncu.
E) Pokrycie terenu
Wskaznik Opis Skala Artykut
analizy
Klasa Zidentyfikowane klasy pokrycia terenu miasto I
CORINE na poziomie 3 na podstawie CLC (Chief
Land Inspectorate for Environmental Protection,
Cover (CLC)  dostep: 1.05.2024 r.-a): 111 — Zabudowa miejska

zwarta; 112 — Zabudowa miejska luzna;

121 - Tereny przemystowe lub handlowe;

122 - Tereny komunikacyjne i zwigzane

z komunikacja drogowa i kolejowa; 123 — Porty;
124 - Lotniska; 132 — Zwatowiska i haldy;

141 - Tereny zielone; 142 — Tereny sportowe

i wypoczynkowe; 211 — Grunty orne poza
zasiegiem urzadzen nawadniajacych; 222 — Sady
i plantacje; 231 — Laki, pastwiska; 242 — Ztozone
systemy upraw i dziatek; 243 — Tereny zajete
gléwnie przez rolnictwo z duzym udzialem
roslinnosci naturalnej; 311 — Lasy lisciaste;

312 - Lasy iglaste; 313 — Lasy mieszane; 324 — Lasy
i roslinnos¢ krzewiasta w stanie zmian;

331 - Plaze, wydmy, piaski; 411 — Bagna
$rodladowe; 511 — Cieki; 512 — Zbiorniki wodne.
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Typ lokalnej  Zidentyfikowane typy lokalnych stref miasto I

strefy klimatycznych na podstawie LCZ (Demuzere i in.
klimatycznej  2022): LCZ 1 - zwarta, wysoka zabudowa; LCZ 2
(LCZ) — zwarta zabudowa Sredniej wysokosci;

LCZ 3 - zwarta, niska zabudowa; LCZ 4 — luzna,
wysoka zabudowa; LCZ 5 — luzna zabudowa
$redniej wysokosci; LCZ 6 — luzna, niska
zabudowa; LCZ 7 — zwarta, parterowa
zabudowa o lekkiej konstrukgji;

LCZ 8 — wielkopowierzchniowa niska zabudowa;
LCZ 9 - rozproszona zabudowa;

LCZ 10 - zabudowa przemystowa;

LCZ A - zwarty drzewostan;

LCZ B - rozproszony drzewostan;

LCZ C - krzewy i zarosla; LCZ D — niska
roslinnosé; LCZ E — odslonieta skata lub
powierzchnie utwardzone;

LCZ F — odstonieta gleba lub piasek;

LCZ G - woda.

Ze wzgledu na rodzaj wykorzystanych materiatow Zrédtowych charakterystyki

zastosowane w analizach podzielono na nastepujace grupy:

Wskazniki wyznaczone w srodowisku systemow informacji przestrzennej
(FAR, BCR, RBVA, BHmean, BHmax, TCD, DC) obliczono na podstawie danych
z inwentaryzacji terenowej, estymowanej wysokosci budynkow oraz odlegtosci
punktéw pomiarowych od centrum miasta, pozyskanych z aplikacji Google Earth
Pro, a takze z =zobrazowan referencyjnych i publicznych baz danych
przestrzennych. Kontury koron drzew pozyskano z Mapy Koron Drzew.® Kontury
zabudowy oraz terenéw biologicznie czynnych, wraz z informacja o liczbie
kondygnagji, zdigitalizowano w programach QGIS 3.4.9 i ArcMap 10.2.2 na
podstawie Bazy Danych Obiektéw Topograficznych, OpenStreetMap oraz
zobrazowan Bing Aerial (OpenLayers Plugin 2.0.0).

Wskazniki spektralne (NDVI, NDBI, EVI) w artykule III obliczono na podstawie
zobrazowan satelitarnych Sentinel-2 o rozdzielczosci przestrzennej 10 m,

pozyskanych w srodowisku Google Earth Engine dla dat mozliwie najblizszych

6 Zarzad Zieleni m.st. Warszawy. Miliony warszawskich drzew na jednej mapie. 2021.
https://zzw.waw.pl/2021/02/26/miliony-warszawskich-drzew-na-jednej-mapie. Dostep: 18.11.2025 r.
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terminom kampanii pomiarowych. W celu uzyskania informacji o roslinnosci oraz
powierzchniach zabudowanych wykorzystano obrazy skorygowane do
wspoltczynnika odbicia na poziomie gruntu (ang. surface reflectance) oraz
zastosowano maskowanie chmur na podstawie kanatu Quality Assessment (QA).
Powierzchnie wdd, ktére wykluczono z analiz, wyznaczono na podstawie Mapy
Podzialu Hydrograficznego Polski oraz mapy uzytkowania terenu Warszawy
z 2019 roku. Nastepnie w oprogramowaniu QGIS 2.22 obliczono srednie
wartosci wskaznikow wokot stanowisk pomiarowych (10 m, 50 m i 100 m)
z wykorzystaniem narzedzia Zonal Statistics.

Wskazniki modelowane w specjalistycznym oprogramowaniu (SVF, ELAI)
wyznaczono na podstawie zdje¢ hemisferycznych wykonywanych w trakcie
kazdej kampanii pomiarowej (artykut III) bezposrednio nad ostona rejestratora
temperatury powietrza (na wysokosci 1,3 m nad powierzchnia terenu)
z wykorzystaniem aparatu Canon EOS M50 oraz obiektywu typu ,rybie oko”. Po
przetworzeniu obrazéw, wartosci SVF obliczono w programie Sky View Factor
Calculator v1.1, natomiast ELAI w Gap Light Analyzer v2.0.

Charakterystyki jakosciowe podzielono na dwie podgrupy: klasyfikacje
przestrzenne oparte na bazach danych pokrycia terenu i struktury urbanistycznej
(CLC, LCZ) oraz wskazniki wyznaczone na podstawie inwentaryzacji terenowej
(EXPO, VEGspe, VEGgen). Do pierwszej podgrupy naleza dane pozyskane
z programu CORINE Land Cover (Chief Inspectorate for Environmental
Protection, 1.05.2024 r.-a, 1.08.2024 r.-b) oraz Global Map of Local Climate Zones
(Demuzere i in., 2022) (artykut II). W analizach CLC i LCZ wykluczono obszary
wod powierzchniowych (51 — wody srédlagdowe; LCZ G — woda) oraz tereny, dla
ktorych stwierdzono zmiane pokrycia miedzy bazami z lat 2000 i 2018. Druga
podgrupe stanowily typy ekspozycji oraz roslinnosci, okreslone na podstawie
szczegdtowego rozpoznania terenowego prowadzonego w bezposrednim
otoczeniu punktow pomiarowych, wspartego materialami kartograficznymi

(artykut III).
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3.3. Analizy statystyczne

Zaleznosci miedzy warunkami termicznymi i biotermicznymi a przestrzennymi
charakterystykami srodowiska miejskiego badano =z wykorzystaniem metod
statystycznych dostosowanych do pytan badawczych, charakteru danych oraz skali
analizy. W niniejszym rozdziale przedstawiono ich skrocony przeglad, natomiast
szczegolowy opis zastosowanych procedur znajduje sie w poszczegolnych artykutach

wchodzacych w sktad rozprawy.

W artykule I zbadano zaleznosci pomiedzy charakterystykami temperatury
powietrza a wskaznikami opisujacymi morfologie miejska, obliczonymi dla réznych
stref buforowych wokot punktéw pomiarowych (promient 10 m, 50 m i 100 m). Do
analizy wykorzystano wspdtczynnik korelacji liniowej Pearsona (istotnos$¢
statystyczna na poziomach a = 0,05 oraz a = 0,01). Uwzgledniono tacznie 1020 par
obejmujacych poszczegdlne charakterystyki przestrzenne oraz termiczne. Ponadto
zastosowano metode analizy skupien k-$rednich z wykorzystaniem odleglosci
euklidesowej. Dla wszystkich zmiennych (termicznych i przestrzennych)
wyodrebniono po trzy klastry odpowiadajace niskim, $rednim i wysokim warto$ciom
danego parametru. Nastepnie oceniono zgodnos¢ klasyfikacji punktéw pomiarowych
pomiedzy klastrami wyznaczonymi na podstawie wskaznikéw przestrzennych
a klastrami utworzonymi dla charakterystyk termicznych, wyrazajac ja jako odsetek
pokrywajacych sie przyporzadkowan punktow badawczych. Dodatkowo podjeto
probe identyfikacji modeli nieliniowych, ktére mogtyby opisywaé zaleznosci
pomiedzy warunkami termicznymi a morfologia miejska lepiej niz model liniowy.
W tym celu dla kazdej analizowanej relacji przetestowano zestaw 27 funkgcji
krzywoliniowych dopasowanych metoda najmniejszych kwadratow, wybierajac
model charakteryzujacy sie najwyzsza wartoscia wspotczynnika determinacji (R?).
Wszystkie analizy statystyczne przedstawione w artykule I przeprowadzono

w oprogramowaniu Statgraphics Centurion XVLIL
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W artykule II, dotyczacym analizy temperatury powierzchni terenu, po
wykluczeniu obszaréw niespetniajacych przyjetych kryteridéw analizy (str. 31),
zastosowano metody autokorelacji przestrzennej. Obszary skupien istotnie
nizszych i wyzszych wartosci wzgledem otoczenia (,,cold spoty” i ,hot spoty”)
zidentyfikowano z wykorzystaniem statystyki Getis-Ord Gi* w narzedziu Optimized
Hot Spot Analysis w programie ArcMap 10.2.2. Analiza umozliwita wykrycie
przestrzennych koncentracji wysokich i niskich wartosci temperatury powierzchni
terenu przy poziomie istotnosci a = 0,05. Na podstawie 25 zobrazowan wejsciowych
okreslono wystepowanie THCS w catym okresie badawczym (z wykluczeniem
obszarow o niewystarczajacym pokryciu danymi), a nastepnie poréwnano uzyskane
wyniki z bazami pokrycia terenu i struktury urbanistycznej (CLC, LCZ). Kolejnym
etapem byla ekstrakcja czestosci THS i TCS dla punktéw sieci monitoringu
temperatury powietrza wraz z przypisanymi im charakterystykami srodowiska
miejskiego (zastosowano strefe buforowa o promieniu 100 m, zgodnie
z wynikami artykulu I). W odniesieniu do danych punktowych zastosowano
nieparametryczng korelacje rang Spearmana (a = 0,05). Dodatkowo, w celu
identyfikacji grup stanowisk o podobnych cechach termicznych, przeprowadzono
hierarchiczna analize skupien metoda Warda z wykorzystaniem odlegtosci
euklidesowej. Nastepnie poréwnano roczny, letni i zimowy dobowy rezim
temperatury powietrza dla punktow przypisanych do klastréw o réznej czestosci

THCS. Obliczenia wykonano w oprogramowaniu Statgraphics Centurion XVLIL

W artykule III analize warunkéw biotermicznych oparto na potaczeniu danych
pomiarowych z danymi reanalizy klimatycznej. W pierwszym etapie oceniono
zgodnos$¢ pomiedzy wartosciami wskaznika UTCI obliczonymi na podstawie
pomiaréw in situ a odpowiadajacymi im wartosciami pochodzacymi z bazy ERA5-
HEAT. Réznice pomiedzy zbiorami danych analizowano w $rodowisku R (wersja
4.5.1) (R Core Team, 2025) wykorzystujac podstawowe miary bledu: Sredni biad
bezwzgledny (MAE), pierwiastek z bltedu sredniokwadratowego (RMSE) oraz biad

systematyczny (Bias). Nastepnie przeprowadzono analize zaleznosci pomiedzy
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wskaznikiem obcigzen termicznych cztowieka a miarami opisujacymi lokalne cechy
srodowiska z wykorzystaniem uogdlnionych modeli addytywnych (GAM)
w programie R (wersja 4.4.2) (R Core Team, 2024). Umozliwily one réwnoczesne
uwzglednienie nieliniowych zaleznosci pomiedzy zmiennymi oraz efektéw losowych
(identyfikator parku, lokalizacja punktu pomiarowego, dzien obserwacji). Ze wzgledu
na wspodtliniowos¢ czesci wskaznikow przestrzennych zastosowano podejscie
jednoczynnikowe. Zmienng objasniana byla kazdorazowo rdznica pomiedzy
wskaznikiem UTCI obliczconym na podstawie danych pomiarowych a wartoscia
referencyjng reanalizy klimatycznej ERA5-HEAT (UTClait), co umozliwilo analize
odchylen od warunkéw tla. Analizy przeprowadzono oddzielnie dla catego sezonu
wegetacyjnego oraz osobno dla wiosny, lata i jesieni. W celu utatwienia interpretacji
wynikdw zmienne ilosciowe przeskalowano do zakresow odpowiadajacych ich
typowej zmiennosci (zmiana o 10 punktow procentowych dla wskaznikow udziatu
pokrycia terenu, 0,1 dla wskaznikdéw spektralnych i wspotczynnika widoku nieba,
1 jednostka dla pozostatych parametréw ilosciowych). Zmienne jakosciowe
analizowano wzgledem kategorii referencyjnych: trawnik dla VEGge, trawnik bez

pojedynczych drzew dla VEGspec oraz cient dla EXPO.

41



4. Wyniki badan i dyskusja

W niniejszym opracowaniu syntetycznie omowiono najwazniejsze wyniki
poszczegdlnych publikagji. Szczegdtowe opisy rezultatow, w tym pelne zestawienia
analiz statystycznych, przedstawiono w publikacjach i materiatach uzupetniajacych,

do ktdérych odwotania zamieszczono w tekscie.

4.1. Wplyw najblizszego otoczenia na temperature powietrza

Pierwszy cel szczegdtowy zostat zrealizowany w publikaci I (ryc. 4).
C1: Identyfikacja wplywu elementow sSrodowiska parametryzowanych
wskaznikami zagospodarowania przestrzennego na charakterystyki temperatury
powietrza w trakcie ekstremalnie cieplych miesiecy oraz okreslenie skali

przestrzennej, w ktorej zaleznosci te sa najsilniejsze.
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Rycina 4. Schemat graficzny artykutu L.
Zrédto: opracowanie wlasne na podstawie artykutu I.

W analizie zaleznosci miedzy charakterystykami temperatury powietrza
podczas ekstremalnie cieptych miesiegcy a wskaZznikami zagospodarowania
przestrzennego stwierdzono 274 statystycznie istotne korelacje (ryc. 5). Wigkszos¢
z nich charakteryzowata si¢ umiarkowana sila zwiazku, przy czym nie odnotowano
relacji bardzo silnych ani bardzo stabych (patrz 3. Results, str. 5, akapit 1). Ponadto dla
111 analizowanych par stwierdzono ponad 50% zgodnos$¢ przyporzadkowania

punktow pomiarowych pomiedzy klastrami grupujacymi wysokie, $rednie
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i niskie wartosci charakterystyk termicznych oraz wskaznikéw zagospodarowania
przestrzennego (patrz str. 5, akapity 9-10). Oznacza to, ze morfologia miejska
analizowanych obszaréw w znacznym stopniu odpowiada zréznicowaniu lokalnej

temperatury powietrza.
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Na rycinie uwzgledniono jedynie te charakterystyki termiczne, ktére wykazaly istotng statystycznie
korelacje z przynajmniej jednym ze wskaznikéw zagospodarowania przestrzennego.

Rycina 5. Macierz korelacji pomiedzy charakterystykami termicznymi a wskaznikami
zagospodarowania przestrzennego.

Zrédto: opracowanie wtasne na podstawie tab. 3 w materiatach uzupehiajacych do artykutu 1.
Sposrod analizowanych charakterystyk termicznych najsilniejsza zaleznos¢ od
wskaznikow zagospodarowania przestrzennego wykazywata minimalna temperatura
powietrza, dla ktorej stwierdzono rowniez najwigksza liczbe silnych korelagji (str. 5,
akapity 2-4 i 11). Najsilniejszy zwiazek odnotowano miedzy minimalng temperatura
powietrza a udzialem terendw biologicznie czynnych w promieniu 100 m od punktu
pomiarowego (r = —0,87). Wysokie wartosci wspdtczynnikow korelacji uzyskano
rowniez dla sredniej temperatury powietrza oraz charakterystyk opisujacych dolng
cze$c¢ rozktadu danych (k5, k10). Wyniki dotyczace najwyzszych wartosci temperatury
powietrza wykazaly natomiast wyraznie stabsze zaleznosci od wskaznikow

zagospodarowania przestrzennego. Nie stwierdzono ponadto istotnych statystycznie
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relacji z wiekszo$cia miar zmienno$ci maksymalnej dobowej temperatury powietrza
ani z czestoscig wartosci powyzej 99. percentyla w danym punkcie pomiarowym.
Uzyskane wyniki wskazywaly, Ze okoliczna struktura miasta ksztaltowata przede
wszystkim najnizsze wartosci temperatury powietrza, ktére w warunkach
radiacyjnych wystepowaly gléwnie w porze nocnej. Podobny mechanizm byt
wczesniej opisywany w badaniach klimatu miejskiego, zwlaszcza w analizach efektu
miejskiej wyspy ciepta, wskazujacych na silniejsze zréznicowanie temperatury
powietrza w warstwie przyziemnej noca niz w ciagu dnia (Fortuniak, 2001;
K. Blazejczyk, Kuchcik iin., 2014; Jurek i in., 2025; Lehnert i in., 2025). W porze dziennej
powierzchnie intensywnie nagrzewaja si¢ pod wplywem promieniowania
stonecznego w zaleznosci od ekspozycji, co sprzyja rozwojowi ruchdw
konwekcyjnych oraz zmniejsza przestrzenne kontrasty temperatury powietrza. Noca
za$ powierzchnie sztuczne oddaja zgromadzone cieplo zgodnie ze swoimi
wlasciwosciami termicznymi, a straty promieniowania dtugofalowego sg ograniczane

przez zastonigcie horyzontu.

Analiza wskaznikdw zagospodarowania przestrzennego potwierdzita, ze udziat
terendw biologicznie czynnych cechowat si¢ najwieksza liczba istotnych statystycznie
zalezno$ci z charakterystykami termicznymi oraz najwyzsza zgodnoscia
przyporzadkowania punktow pomiarowych miedzy klastrami w analizie skupieni
(str. 5, akapity 5-6, 8 i 10). Wskaznik RBVA wykazywat ujemne relacje ze sredniq
i minimalng temperatura powietrza, natomiast dodatnie zaleznosci dotyczyly liczby
wartosci ponizej 1., 5. i 10. percentyla wyznaczonego na podstawie bazy danych
z danego miesiaca dla kazdego z punktow pomiarowych. Uzyskane wyniki sa zgodne
z rezultatami innych badan wskazujacych na wzrost chtodzacej roli zieleni miejskiej
wraz ze wzrostem jej udzialu w przestrzeni (Beele i in., 2024; Lehnert i in., 2025; Petralli
i in.,, 2014; Szulczewska i in., 2014). Efekt ten wynika z wtasciwosci cieplnych
powierzchni naturalnych, ograniczenia doptywu promieniowania oraz procesow
ewapotranspiracji i fotosyntezy. Co wiecej, badania sugeruja rowniez, ze wielko$¢ tego

oddzialywania zalezy od rodzaju i konfiguracji roslinnosci (Cheng i in., 2025; Nie i in.,
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2024; Rahman i in., 2020), podczas gdy podstawowy wskaznik RBVA nie uwzglednia
tych cech.

Sposréd  wskaznikéw  opisujacych  zabudowe, najsilniejszy = zwiazek
z charakterystykami termicznymi wykazywaly maksymalna wysokos¢ budynkow
oraz wskaznik intensywnosci zabudowy, natomiast najstabszy — gestos¢ zabudowy
(str. 5, akapity 5-7 i 10). W wigkszosci analizowanych przypadkéw wzrost wartosci
parametréw opisujacych morfologie budynkéw byt zwigzany z lokalnym wzrostem
temperatury powietrza, cho¢ zgodnos¢ przyporzadkowania punktow pomiarowych
w analizie skupien byta wyraznie mniejsza niz w przypadku RBVA. Uzyskane wyniki
sugerowatly, ze wskazniki uwzgledniajace pionowe cechy zabudowy (wysokos¢ lub
liczbe kondygnagiji) silniej wptywaty na temperature powietrza na wysokosci 2 m nad
powierzchnig gruntu niz parametry opisujace jedynie poziomy wymiar zabudowy.
Podobne zaleznosci opisywano rowniez w literaturze (Stewart i Oke, 2012; Tian i in.,
2019; Apreda i in., 2020; X. Wu i in., 2025), wskazujac, ze zréznicowanie temperatury
jest silniej zwigzane z geometria zabudowy niz wylacznie z pokryciem terenu.
Pionowe cechy budynkéw wptywaja m.in. na warunki radiacyjne, modyfikujac tempo

nagrzewania i wychtadzania powierzchni.

W' niniejszym badaniu wszystkie wskazniki obliczane dla wigkszej skali
przestrzennej (strefa buforowa o promieniu 100 m) wykazywaty wigksza liczbe i site
korelacji niz wskazniki wyznaczane dla najblizszego otoczenia punktu pomiarowego
(strefa buforowa o promieniu 10 m) (str. 5, akapity 5-6). Oznaczalo to, ze temperatura
powietrza na poziomie 2 m nad powierzchnia gruntu nie byla determinowana
wylacznie przez bezposrednie otoczenie punktu, lecz przez szerszy uklad
przestrzenny, co jest zgodne z dotychczasowym stanem wiedzy (Petralli i in., 2014;
Simoviciin., 2025; X. Wuiin., 2025). Wielkos¢ obszaru badawczego przyjeta do analiz
zaleznosci warunkow termicznych od morfologii miejskiej jest w literaturze
zroznicowana i zalezy zarowno od lokalnych uwarunkowan przestrzennych, jak i od
celu prowadzonych analiz (Oke, 1997; Qian i in., 2018; Cheung i Jim, 2019; Beele i in.,
2024; X. Wu i in., 2025). W niniejszej rozprawie przyjeto podejscie aplikacyjne,
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skoncentrowane na okresleniu wielkosci obszaru badawczego istotnego z punktu
widzenia potencjalnych dziatarh adaptacyjnych od mikroskali do skali lokalnej (bufory

o promieniu 10 m, 50 m i 100 m).

Ostatnim etapem analizy bylo okreslenie typu zaleznosci miedzy
charakterystykami termicznymi a wskaznikami zagospodarowania przestrzennego.
W tym celu przetestowano dopasowanie modeli alternatywnych. Mimo istotnych
statystycznie zaleznosci liniowych, zaréwno na poziomie a = 0,05 jak i a = 0,01,
wiekszos$¢ relacji byta lepiej opisywana przez modele krzywoliniowe (ryc. 6) (str. 5-6,
akapity 12-15). Sposrdéd 1020 analizowanych zaleznosci model liniowy okazat
sie najlepszy jedynie w 4,8% przypadkoéw. Wyniki te wskazywaly, Ze zaleznosci
pomiedzy cechami zagospodarowania przestrzennego a charakterystykami
temperatury powietrza nie byly wprost proporcjonalne i nie przebiegaty liniowo wraz
ze wzrostem analizowanych parametrow. Przewage modeli nieliniowych w analizach
temperatury powietrza sugerowaty réwniez nieliczne badania (Y. Chen i in., 2025; Shi
iin., 2025; Beele i in., 2026), co potwierdza zloZzony charakter relacji pomiedzy cechami
srodowiska miejskiego a warunkami termicznymi oraz wskazuje na potrzebe dalszych

badan nad mechanizmami ksztattujacymi lokalne warunki termiczne.
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Rycina 6. Model liniowy (A) i najlepiej dopasowany alternatywny model krzywoliniowy (B)
dla relacji minimalnej temperatury powietrza w sierpniu 2015 r. ze wskaznikiem
intensywnosci zabudowy dla buforu o promieniu 100 m od punktu pomiarowego.

Zrédto: opracowanie wiasne na podstawie ryc. 3, artykut L.
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W artykule I potwierdzono czes¢ hipotezy badawczej, wykazujac, iz temperatura
powietrza rejestrowana 2 m nad powierzchnig gruntu byta ksztalttowana przez lokalna
morfologie miejska. Jednakze sita zwiazku charakterystyk termicznych ze
wskaznikami zagospodarowania przestrzennego rdéznita sie w zaleznosci od
badanych parametréw, a nie tylko od konkretnego elementu srodowiska (np. wymiar
poziomy i pionowy w FAR oraz wymiar poziomy w BCR). Sita korelacji zalezata
rowniez od skali przestrzennej analizy — wraz ze wzrostem promienia strefy buforowej
(do 100 m), obserwowano silniejszy wplyw otoczenia na temperature powietrza

w danym punkcie.

4.2. Wplyw pokrycia terenu na temperature powierzchni

Drugi cel szczegdtowy zostal zbadany i przedstawiony w ramach publikagji II
(ryc. 7). C2: Okreslenie przestrzennego zrdoznicowania ,hot spotow” i ,cold
spotow”, ich powiazan z typami pokrycia terenu oraz rezimem temperatury

powietrza w ujeciu rocznym i sezonowym (lato i zima).

25 map LST Getis-Ord Gi* Pokrycie terenu, morfologia miejska P
Rozkiad przestrzenny

THCS

Analiza skupien

i wplyw morfologii

Rezim termiczny
[c :

Rycina 7. Schemat graficzny artykutu II.

Zrédto: opracowanie wlasne na podstawie artykutu II.

Analiza autokorelacji przestrzennej wykazata silne zréznicowanie rozmieszczenia
termicznych , hot spotow” i,,cold spotéw” na terenie Warszawy (ryc. 8) (patrz Results,

str. 157-158, akapity 1-3). THS charakteryzowaty si¢ gléwnie punktowym
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wystepowaniem i byly zwigzane z pojedynczymi obiektami lub niewielkimi
fragmentami przestrzeni o wyzszej LST wzgledem otoczenia. Termiczne , hot spoty”
wystapily co najmniej raz na 62,5% analizowanego obszaru, jednak ich wysoka
czestos¢ (ponad 50% obserwagji) byta ograniczona do niewielkiego fragmentu miasta
(9,0% powierzchni). Z kolei TCS tworzyly rozlegte i przestrzennie spdjne struktury,
czesto zwigzane z obszarami zieleni miejskiej oraz doling Wisty. Obejmowaty one
zdecydowanie wieksza czes¢ Warszawy (84,4%) i obserwowano je ponad dwukrotnie
czesciej niz THS. Uzyskane wyniki wskazuja, Ze obszary o podwyzszonej LST
maja zwykle lokalny charakter, podczas gdy strefy chlodniejsze tworza rozlegle
struktury wynikajace z wigkszej ciaglosci przestrzennej elementéow Srodowiska
odpowiedzialnych za ich ksztaltowanie, co potwierdzaja badania Dabrowskiej-
Zielinskiej i in. (2019), Guerri i in. (2021) oraz Kuchcik i in. (2026). Natomiast
obserwowane przez Wei'a i Wang’a (2022) naktadanie si¢ obu zjawisk ttumaczono
zmieniajacymi si¢ warunkami meteorologicznymi oraz silnym zrdznicowaniem

wlasciwosci termicznych struktur miejskich.
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Rycina 8. Czestosc¢ termicznych , hot spotow” (A) i ,,cold spotow” (B) w Warszawie.
Zrédto: opracowanie wlasne na podstawie ryc. 1, artykut IL.

Analiza wplywu roslinnosci na wystepowanie THCS przeprowadzona
z wykorzystaniem klasyfikacji CLC (str. 158-160, akapity 4-5i 9) i LCZ (str. 158-160,
akapity 6-719), a takze wskaznika terenow biologicznie czynnych (str. 159-160, akapity
8-9), wykazata wyrazny zwiazek miedzy obecno$cia roslinnosci a termicznymi ,,cold
spotami” (ryc. 9, ryc. 10A). Najwieksze czestosci TCS, wedtug klasyfikacji CLC,
obserwowano na terenach lesnych (311, 312, 313) oraz na obszarach bagien
$rodladowych (411), natomiast wedlug typologii LCZ — w strefach zwartego
drzewostanu (LCZ A). Dodatkowo wskaznik RBVA wykazywal silng dodatnia
korelacje z czestoscia TCS oraz ujemna z THS. Uzyskane wyniki sa zgodne
z wczesniejszymi badaniami wskazujacymi na istotng role terendw zielonych
w obnizaniu LST, wynikajaca z wlasciwosci termicznych powierzchni naturalnych,
procesu ewapotranspiracji oraz efektu zacienienia (Jamei i in., 2019; Guerri i in., 2021;
Hussain i in., 2023). Jednoczes$nie wyniki niniejszej pracy wykazaty, ze sama obecnos¢
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roslinnosci nie stanowi warunku wystarczajacego do wystepowania TCS. Zaréwno
analiza oparta na klasyfikacji CLC, jak i LCZ wykazata, ze THS moga stosunkowo
czesto pojawiac sie rdwniez na terenach klasyfikowanych jako zielent miejska, a takze
w strefach niskiej roslinnosci lub rozproszonego drzewostanu. Wedlug obecnego
stanu wiedzy, skutecznos¢ redukcji LST przez rosliny determinowane jest przez ich
kondycje, strukture i konfiguracje przestrzenna, a takze charakter otoczenia, warunki
meteorologiczne, pore roku oraz obecnos¢ systemow nawadniajacych (Greene
i Kedron, 2018; Geletic¢ i in., 2019; Rahman i in., 2020; Winbourne i in., 2020; Yuan i in.,
2021; Cheung i in., 2024). Czynniki te wplywaja m.in. na stan uwodnienia tkanek
roslin, wilgotnos¢ gleby, intensywnos¢ proceséw biofizycznych roslin czy lokalna

modyfikacje warunkéw radiacyjnych, a tym samym na lokalny bilans cieplny.

Ocena wplywu zabudowy na wystepowanie THCS zostala przeprowadzona
z wykorzystaniem klasyfikacji CLC (str. 158-160, akapity 4-5 i 9), LCZ (str. 158-160,
akapity 6-7 i 9) oraz wskaznikéw opisujacych morfologie miejska i odlegtos¢ od
centrum Warszawy (str. 159-160, akapity 8-9). Analiza wykazala wyrazny zwiazek
pomiedzy parametrami zabudowy a wystepowaniem termicznych ,hot spotéw”
(ryc. 9, ryc. 10A). Najwieksze czestosci THS wedtug klasyfikacji CLC obserwowano na
obszarach zabudowy przemystowej i handlowej (121) oraz terenach komunikacyjnych
(122), natomiast wedtug typologii LCZ — na obszarach przemystowych (LCZ 10).
Analiza korelacji wykazala ponadto dodatnie zaleznosci pomiedzy czestoscia THS
a wskaznikami intensywnosci i gestosci zabudowy oraz ujemne z odlegloscia od
centrum miasta, natomiast w przypadku TCS obserwowano odwrotne zaleznosci.
Uzyskane wyniki sg zgodne z literatura, wskazujac, ze wraz ze wzrostem udziatu
powierzchni zabudowanych, rosnie rowniez wartos¢ LST (Guerri i in., 2022; Hidalgo-
Garcia i Arco-Diaz, 2022; Hussain i in., 2023; Sharma i in., 2026). Efekt ten zwigzany
jest z silnym nagrzewaniem materiatow budowlanych w ciagu dnia, mniejszym
udzialem powierzchni naturalnych oraz zmianami warunkow radiacyjnych i pola
wiatru w przestrzeni miejskiej. Jednoczesnie wyniki niniejszej pracy wskazuja, ze

wskazniki opisujace jedynie pionowy wymiar zabudowy wykazuja nieistotny (THS)
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lub niewielki (TCS) wplyw na ksztaltowanie si¢ ekstreméw LST, co jest zgodne
z obserwacjami Huang’a i Wang’a (2019) oraz Zhao i in. (2023). Efekty te roznia sie
w zaleznosci od pory roku, pory dnia i ekspozydji, skutkujac wyzszym LST wsrod
niskich, gesto zabudowanych obszaréw, natomiast nizszym LST wsréd wysokich
budynkéw o niewielkiej powierzchni (Grimmond, 2007; Yuan i in., 2021). Ponadto
obszary miejskie roznig si¢ pod wzgledem albedo, efektu zacieniania, wlasciwosci
termicznych materialéw budowlanych, a takze obecnosci niewielkich obiektow
o odmiennej temperaturze powierzchni, takich jak panele fotowoltaiczne czy zielone
dachy (Matias i Lopes, 2020; Guerri i in., 2022; Ramani i in., 2024), co moze by¢
przyczyna wystepowania termicznych ,cold spotow” nawet wsrdd miejskiej
zabudowy. Nalezy jednak podkresli¢, ze morfologia miasta wplywa réowniez na
anizotropie termiczna, co oznacza, ze wraz ze wzrostem stosunku wysokosci do
szerokosci budynkow, wartosci LST moga by¢ przeszacowane (Krayenhoff

i Voogt, 2016).
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Legenda wedtug: GIOS - CORINE Land Cover (https:/clc.gios.gov.pl/index.php/o-clc/legenda);
objasnienia kodow klas pokrycia terenu znajduja sie w tab. 4E (str. 36).
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Legenda wedlug ryc. 1 w: Demuzere i in. (2022); obja$nienia kodéw lokalnych stref klimatycznych
znajduja si¢ w tab. 4E (str. 36-37).

Rycina 9. Czestosc termicznych ,hot spotéw” (A, C) i, cold spotéw” (B, D) w poszczegdlnych
typach CORINE Land Cover (A, B) i Lokalnych Stref Klimatycznych (C, D).

Zrédto: opracowanie wlasne na podstawie ryc. 5 i 6, artykut II.

A
THS I
r
TCS 1.0
BCR BHmax BHmean DC FAR RBVA - 0.5
0.0
B
I -0.5
THS -1.0
TCS
ATavg ATmax ATabs_max ATmin ATabs_min

Rycina 10. Macierz korelacji pomiedzy czestoscia THCS a wskaznikami zagospodarowania
przestrzennego (A) oraz charakterystykami temperatury powietrza (B).

Zrédto: opracowanie wlasne na podstawie tab. 2, artykut I1.

Analiza zaleznosci pomiedzy czestoscia THCS a wybranymi wieloletnimi
rocznymi charakterystykami temperatury powietrza w wiekszosci przypadkéw nie
wykazata istotnych statystycznie zaleznosci (ryc. 10B; str. 160-162, akapity 10-12).
Wyjatkiem byla umiarkowana ujemna korelacja pomiedzy czestoscia TCS
a wieloletnig $redniag minimalng temperatura powietrza. WyrazZniejsze rdznice
pomiedzy wydzielonymi grupami punktéw uwidocznily si¢ dopiero podczas analizy
dobowego przebiegu temperatury powietrza. Punkty cechujace sie niewielka
czestoscia THS i duza czestoscia TCS wykazywaty w skali rocznej oraz w sezonie

letnim najnizsze wartoéci temperatury w godzinach nocnych, co moze odpowiadac
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efektowi chtodzacemu obszaréw o wigkszym udziale roslinnosci. Z kolei obszary
o czestym wystepowaniu THS i matej czestosci TCS osiagaty w tym czasie najwyzsze
wartosci temperatury powietrza, co moze wskazywac na powolne oddawanie ciepta
zmagazynowanego w ciggu dnia przez powierzchnie sztuczne. Zima przez caly dzien
najchlodniejsze byly punkty o umiarkowanej czestosci THCS otoczone zaréwno
strukturami zabudowanymi, jak i otwartymi. Obecny stan wiedzy wskazuje, ze
pomimo statystycznie istotnych zaleznoSci pomiedzy temperatura powierzchni
terenu a temperaturg powietrza, zwiazek ten stabnie wraz ze wzrostem stopnia
urbanizacji (Gawuc i in., 2020). Ponadto przestrzenny rozklad ich najwyzszych
i najnizszych wartosci nie musi by¢ zgodny (Cao i in., 2021; Stfedova i in., 2021). Moze
to wynikac¢ z réznic w dobowym przebiegu procesow nagrzewania i wychtadzania
powierzchni, zwigzanych z bezposrednim oddzialywaniem promieniowania
stonecznego, akumulacjg energii cieplnej oraz tempem jej oddawania po zachodzie

storica.

Opisana publikacja potwierdzita czes¢ hipotezy badawczej, wykazujac, iz warunki
termiczne reprezentowane przez czestos¢ termicznych , hot spotow” i ,,cold spotéw”
byly ksztattowane przez pokrycie terenu i lokalne zagospodarowanie przestrzenne.
Wplyw ten zostal uwidoczniony zaréwno w skali miejskiej, jak i lokalnej. Obszary
o roznej czestosci THCS nie wykazywaty istotnych statystycznie relacji z wieloletnimi
charakterystykami temperatury powietrza, jednakze cechowaly si¢ odmiennymi

dobowymi rezimami w skali roku, a takze latem oraz zima.

4.3. Wpltyw elementow srodowiska miejskiego na ksztattowanie obciazen

termicznych
Trzeci cel szczegdtowy zostal zrealizowany w publikagji III (ryc. 11). C3: Ocena
wplywu elementow srodowiska na ksztaltowanie obciazen termicznych czlowieka

w przestrzeni parkow miejskich w réznych fazach sezonu wegetacyjnego i skalach

przestrzennych.
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Rycina 11. Schemat graficzny artykutu II1.

Zrédto: opracowanie wlasne na podstawie artykutu IIL

Warunki biometeorologiczne w okresie badann obejmowaly szerokie spektrum
obciazen termicznych, od umiarkowanego stresu chtodu do silnego stresu goraca
(patrz 3. Results, str. 6-7, akapit 1). Na podstawie bazy danych ERA5-HEAT
stwierdzono, ze w analizowanych porach roku dominowaly warunki termoneutralne
(wiosna i jesien) oraz umiarkowanego stresu goraca (lato). Pozwolito to na ocene
srodowiska parkowego w réznych warunkach obcigzenia termicznego. Z kolei analiza
zrdznicowania warunkow biometeorologicznych na podstawie danych pochodzacych
z kampanii pomiarowych wykazata wyrazng zmiennos¢ zaréwno pomiedzy parkami,
jak i w ich obrebie (str. 7-8, akapity 3-6). Wartosci UTCI z pomiaréw in situ miescity
si¢ w zakresie od niewielkiego stresu chtodu (5,2 °C) do bardzo silnego stresu goraca
(39,8 °C). Niezaleznie od analizowanego parku, najwigksze kontrasty obserwowano
miedzy stanowiskami nastonecznionymi i zacienionymi, szczegélnie latem, kiedy
roznice $rednich wartosci UTCI siegaly niemal 10 °C. Wiosna i jesienigq kontrasty te
byly wyraznie mniejsze (od 1,2°C do 4,9 °C), co wiazalo si¢ ze zmniejszonym
doplywem promieniowania slonecznego oraz sezonowa zmiennoscia ulistnienia.
W niektérych przypadkach odnotowano nawet wigksze wartosci UTCI w cieniu
niz na stoncu, co mozna tlumaczy¢ wigkszym wypromieniowaniem ciepta

i przewietrzaniem stanowisk na otwartych przestrzeniach.
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Poréwnanie wartosci UTCI obliczonych na podstawie pomiaréw terenowych
zbaza ERA5-HEAT wykazalo systematyczne zanizenie wartosci przez zasob reanalizy
klimatycznej, przy umiarkowanym rozrzucie btedu (ryc. 12) (str. 7, akapit 2).
Przyczyna obserwowanych rozbieznosci moze by¢ tendencja ERA5-HEAT do
niedoszacowania stresu ciepta oraz przeszacowania stresu chfodu w zréznicowanym
srodowisku miejskim, na co wskazuja wyniki badan Kriiger'a i Di Napoli (2022).
W niniejszej analizie stwierdzono, ze obserwowane odchylenie w przypadku stresu
chtodu bylo zwigzane przede wszystkim z zawyzonymi wartosciami predkosci wiatru
(patrz Electronic Supplemental Material do artykutu III, ryc. 2), ktére z kolei znacznie
obnizaja warto$ci UTCI w warunkach niskiej temperatury powietrza, co wynika
z wrazliwo$ci wskaznika na konwekcyjna utrate ciepta (Brode i in., 2013; Provencal
i in., 2016). W artykule III rozbieznosci pomiedzy wartosciami UTCI uzyskanymi
z pomiarow terenowych a danymi reanalizy byly wigksze w lokalizacjach
nastonecznionych, natomiast w punktach zacienionych zgodnos$¢ byta wyzsza. Moze
to wynika¢ z silniejszego wplywu sredniej temperatury promieniowania na
ksztattowanie ~warunkéw biometeorologicznych w miejscach bezposrednio
eksponowanych na promieniowanie stoneczne, co jest trudniejsze do uchwycenia
w danych o stosunkowo niskiej rozdzielczosci przestrzennej. Jednoczesnie roznica
W wyjasnionej wariancji pomiedzy typami ekspozycji wyniosta jedynie 1,3%, co
wskazuje, ze ERA5-HEAT mogta zosta¢ wykorzystana jako uzyteczne tto odniesienia

do analiz lokalnych warunkéw biometeorologicznych.
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Rycina 12. Wykresy rozrzutu wartosci UTCI z pomiaréw in situ i ERA5-HEAT: wszystkie
punkty pomiarowe (A), punkty w stoncu (B), punkty w cieniu (C).
Zrédto: opracowanie wlasne na podstawie ryc. 3, artykut III.

Analiza uogdlnionych modeli addytywnych wykazata istotny wptyw parametréw
opisujacych roslinnos¢ na lokalne odchylenia UTCI wzgledem danych referencyjnych
(ryc. 13) (str. 8-10, akapity 7-10). Wskazniki zwigzane z obecnoscia i strukturg terenow
zieleni byly konsekwentnie zwigzane z ograniczeniem obcigzen termicznych. Sita tych
zaleznosci roznita si¢ jednak w poszczegdlnych porach roku i analizowanych skalach
przestrzennych. Uzyskane wyniki sa zgodne z dotychczasowym stanem wiedzy,
ktory wskazuje, ze roslinnos¢ wplywa na lokalne warunki biometeorologiczne
modyfikujac pole wiatru, temperature i wilgotnos¢ powietrza oraz doptyw
promieniowania stonecznego (Lindberg i Grimmond, 2011; Fu i in., 2022; Ma i in,,
2025). Sposrdéd analizowanych wskaznikéw udzial terenéw biologicznie czynnych
oraz ulepszony wskaznik roslinnosci wykazywaly istotny wptyw na lokalne wartosci
UTCI jedynie wiosng oraz w analizie obejmujacej caly sezon wegetacyjny, natomiast
znormalizowany réznicowy wskaznik roslinnosci pozostawat istotny réwniez latem
(RBVA: ujemny efekt przy wzroscie o 10 pp.; od 0,5 °C do 0,6 °C; NDVI: ujemny efekt
przy wzroscie o 0,1 jednostki; od 0,8 °C do 0,9 °C; EVI: ujemny efekt przy wzroscie
0 0,1 jednostki; od 0,7 °C do 1,2 °C) (ryc. 13). Uzyskane wyniki sa zgodne z badaniami
Petralli i in. (2014) oraz Lindner-Cendrowskiej i in. (2025), wskazujacymi, ze cho¢
wskazniki dwuwymiarowe moga dobrze opisywac relacje z temperatura powietrza,
ich przydatno$¢ w ocenie obciazen termicznych czltowieka pozostaje znacznie

ograniczona. W niniejszym badaniu stabilne sezonowo zaleznosci obserwowano dla
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parametréw opisujacych strukture drzewostanu. Wzrost ELAI i TCD powodowat
systematyczne zmniejszanie wartosci lokalnego UTCI wzgledem danych
referencyjnych, co wskazuje na wysoka skutecznos¢ gestych i rozlegltych koron drzew
w ograniczaniu stresu cieplnego (TCD: ujemny efekt przy wzroscie o 10 pp.; od 0,3 °C
do 1,1 °C; ELAI: ujemny efekt przy wzroscie o 1 jednostke; od 0,7 °C do 1,7 °C). TCD
byt réwniez jedynym wskaznikiem rozpatrywanym w rdéznych skalach
przestrzennych (strefy buforowe o promieniu 10 m, 50 m i 100 m), ktory wykazat
istotne statystycznie zaleznosci zaré6wno w mikroskali, jak i w skali lokalnej we
wszystkich analizowanych sezonach (ryc. 14). Wyniki te potwierdzaja wczesniejsze
obserwacje wskazujace na fundamentalng role zacienienia jako jednego
z najwazniejszych mechanizmow tagodzenia obcigzen termicznych w przestrzeni
miejskiej (Rahman i in., 2020; Lehnert i in., 2021; Guo i in., 2023; Lindberg i in., 2025).
Wpltyw rosdlinnosci w artykule III zostal dodatkowo potwierdzony w analizie
jakosciowej (ryc. 13). Obecnosc¢ skupisk drzew (kategoria TC w VEGgen) W poroéwnaniu
z otwartymi trawnikami powodowala zmniejszenie UTClait od 2,1 °C jesienig do
5,7 °C latem. Jeszcze silniejszy efekt stwierdzono dla gestego, wysokiego drzewostanu
z obecnoscia podszytu (kategoria TC_B w VEGspec), gdzie redukcja lokalnego UTCI
osiagata nawet 7,2 °C. Uzyskane wyniki sg zgodne z dotychczasowym stanem wiedzy
wskazujacym, ze zwarte skupiska drzew moga skutecznie ograniczac¢ obcigzenia
cieplne poprzez jednoczesne oddzialywanie proceséw zacienienia, ewapotranspiracji
oraz lokalnej modyfikacji pola wiatru (Leeiin., 2016; Lehnertiin., 2021; Nieiin., 2024).
Nalezy jednak podkresli¢, ze obserwowane zaleznosci odnosza si¢ do warunkow
dziennych. W godzinach nocnych zwarte korony drzew moga ograniczac
wypromieniowanie dlugofalowe i utrudnia¢ wychfadzanie terenu, podczas gdy
otwarte powierzchnie trawiaste sprzyjaja efektywniejszemu chtodzeniu radiacyjnemu

(Jurek i in., 2025).

Parki miejskie to enklawy zieleni osadzone w tkance obszaréw zurbanizowanych,
ale ich Srodowisko termiczne jest ksztaltowane takze przez cechy otaczajacej

zabudowy oraz arterii komunikacyjnych (Chan i Chau, 2021; Liang i in., 2023).
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Ponadto w parkach wystepuja pojedyncze budowle, place zabaw, altany, pergole
i utwardzone sciezki, zatem mozna obliczy¢ dla nich wskazniki opisujace zabudowe
oraz powierzchnie sztuczne. W niniejszej rozprawie, jedynym wskaznikiem
obliczonym dla parkéw, a bezposrednio zwigzanym z zabudowgq i powierzchniami
nieprzepuszczalnymi, ktory wykazal statystycznie istotny wplyw na UTCI we
wszystkich analizowanych porach roku, byt znormalizowany réznicowy wskaznik
zabudowy (ryc. 13, 14) (str. 8-11, akapity 7-9111). Jego wartosci wskazywaly na wzrost
UTClui# od 0,7 °C jesienig do 2,6 °C latem przy zwiekszeniu wartosci predyktora o 0,1
jednostki (ryc. 13). Skala przestrzenna, w ktorej obserwowano najsilniejszy efekt tego
wskaznika, réznita si¢ pomiedzy sezonami — jesienig najwiekszy wpltyw odnotowano
dla strefy buforowej o promieniu 10 m dookola punktu pomiarowego, wiosna
i latem dla 50 m, natomiast dla calego sezonu wegetacyjnego dla buforu o promieniu
100 m. Rezultaty potwierdzaja szczegdlne znaczenie pokrycia terenu oraz wlasciwosci
materiatow powierzchniowych w intensyfikacji stresu cieplnego (Mahmoud, 2011;
Petralli i in., 2020), podkreslajac potrzebe swiadomego ksztattowania udziatu
powierzchni sztucznych podczas projektowania infrastruktury parkowej od
mikroskali do skali lokalne;j.

Pozostate analizowane wskazniki morfologii miejskiej w artykule III wykazywaty
zaleznosci jedynie sporadycznie, jednoczesnie wskaznik intensywnosci zabudowy nie
osiagnat istotnosci statystycznej w zadnej z analizowanych skal przestrzennych
i czasowych (ryc. 13). Gestos¢ zabudowy obliczona dla lokalnego kontekstu
przestrzennego (bufor o promieniu 100 m) wykazata istotny wptyw w calym sezonie
wegetacyjnym oraz wiosng, zwiekszajac UTClaitr do 1,5 °C przy wzroscie wartosci
wskaznika o 10 punktéw procentowych. Wynik ten moze wskazywac¢ na wigksze
znaczenie szerszego kontekstu przestrzennego w okresach, gdy kontrasty termiczne
w miescie sa mniejsze, a pokrywa liSciowa nie osiagneta jeszcze pelnego rozwoju.
Miary uwzgledniajace tylko wymiar pionowy zwiekszaly UTCla jedynie
w najblizszym otoczeniu punktu pomiarowego (promienn 10 m) w calym okresie

wegetacyjnym, podczas gdy w poszczegdlnych porach roku nie byly istotne
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statystycznie. Uzyskane zaleznosci sa zgodne 2z wczesniejszymi badaniami
dotyczacymi obciazen termicznych zaréwno w parkach miejskich (Yan i in., 2025), jak
i na obszarach zabudowy mieszkaniowej (Lindner-Cendrowska i in., 2025). Nalezy
jednak podkresli¢, ze otoczenie badanych lokalizacji charakteryzowalo sie
stosunkowo niewielkim udzialem zabudowy, co moglo ogranicza¢ wptyw miar
morfologii miejskiej nawigzujacych do budynkéw w zastosowanych modelach.
W zwiazku z tym uzyskane wyniki nalezy interpretowac ostroznie i nie powinny by¢

bezposrednio odnoszone do obszarow o zwartej i intensywnej zabudowie.

Oprocz wskaznikéw zwiazanych ze struktura roslinnosci i zabudowy, istotna role
w ksztattowaniu lokalnych warunkéw biometeorologicznych odgrywa zastoniecie
horyzontu i ekspozycja na promieniowanie stoneczne (Petralli i in., 2020; Fan i in.,
2022; Q. Wang i in., 2025), co znalazlo potwierdzenie rowniez w niniejszej rozprawie
(str. 8-11, akapity 7-9112). Zaréwno SVF, jak i EXPO nalezaty do najbardziej stabilnych
w czasie predyktoréw lokalnych odchylert UTCI, wykazujac silny wpltyw w réznych
porach roku w trakcie okresu wegetacyjnego (ryc. 13, 14). Lokalizacje w pelnym storicu
charakteryzowaty si¢ wyzszymi warto$ciami UTCla# w poréwnaniu z punktami
badawczymi w cieniu (dodatni efekt od 2,2 °C jesienia do 5,4 °C latem). Podobne
zalezno$ci zaobserwowano w przypadku SVF — wraz ze wzrostem wspodtczynnika
widoku nieba o 0,1 jednostki, wartosci UTClae zwiekszaly sie od 0,4 °C jesienia do
0,7 °C wiosna i latem. Uzyskane rezultaty sa zgodne z wynikami badart Mahmoud'a
(2011) prowadzonych na terenach parkow miejskich w klimacie goracym i suchym,
Shata i in. (2021) w warunkach letnich na obszarach kampusow uniwersyteckich oraz
Lindner-Cendrowskiej i in. (2025) w nowoczesnej dzielnicy mieszkaniowej. Wyniki te
wskazuja, Ze w warunkach bezchmurnego nieba zacienienie — zardwno przez drzewa,
jak i elementy zabudowy — pozostaje jednym z najskuteczniejszych mechanizmdw
ograniczania stresu termicznego (Middel i in., 2021; Lindner-Cendrowska i in., 2025).
Jest to szczegodlnie istotne w kontekscie postepujacej zmiany klimatu i coraz czestszych

fal upaléw wystepujacych réwniez w sezonach przejsciowych, kiedy niepelne

59



ulistnienie moze zwigksza¢ wartosci SVF i ograniczac¢ potencjal chtodzacy parkow

miejskich.
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Rycina 13. Wplyw zmiennych $rodowiska miejskiego na stres termiczny dla catego okresu
badawczego, przedstawiony jako zmiana UTCI przy wzroscie predyktoréw: (A) o 0,1
jednostki, (B) o 10 pp., (C) o 1 jednostke oraz (D) wzgledem kategorii referencyjnej.

Zrédto: opracowanie wlasne na podstawie ryc. 5, artykut I1I.
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Rycina 14. Wykresy rozrzutu warto$ci UTCI z pomiaréw in situ i ERA5-HEAT dla wybranych
wskaznikéw w sezonie letnim.

Zrédto: opracowanie wtasne na podstawie ryc. 6, artykut IIL

Uzyskane wyniki potwierdzily hipoteze badawcza, wykazujac, ze warunki
biotermiczne byty ksztalttowane przez pokrycie terenu i lokalne zagospodarowanie
przestrzenne oraz zalezaly od kombinacji parametréw roslinnosci, zabudowy
i ekspozycji na promieniowanie stoneczne. Jednoczesnie wykazano, ze tereny zieleni
miejskiej nie stanowily jednorodnych ,,0az chtodu”, a obcigzenia termiczne cztowieka
zalezaly od struktury wewnetrznej parku oraz jego otoczenia. Sita poszczegodlnych
efektoéw zmieniala si¢ sezonowo oraz w zaleznosci od skali przestrzennej badan.
Wskazuje to na potrzebe bardziej kompleksowego podejscia do planowania rozwigzan

opartych na zielonej infrastrukturze w procesie adaptacji miast do zmiany klimatu.
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5. Podsumowanie

Glownym celem niniejszej rozprawy doktorskiej bylo okreslenie wpltywu
struktury srodowiska miejskiego na ksztattowanie lokalnych warunkéw termicznych
i biotermicznych w réznych skalach przestrzennych i czasowych. Cele rozprawy
zrealizowano na przyktadzie m.st. Warszawy, reprezentatywnego obszaru miejskiego
umiarkowanej strefy klimatycznej. W badaniach zastosowano podejscie wieloskalowe,
obejmujace zarowno zrdznicowanie czasowe (od analiz poszczegdlnych miesiecy,
przez okres wegetacyjny, po analizy wieloletnie), jak i przestrzenne (od samych
punktéw pomiarowych, przez ich otoczenie w postaci stref buforowych o promieniach
10 m, 50 m i 100 m, az po skale calego miasta). Takie podejscie umozliwito
kompleksowq ocene zaleznosci oraz identyfikacje relacji niewidocznych przy
wykorzystaniu pojedynczych Zrédet danych lub jednej skali analizy. Szczegdlna
uwage poswiecono parametryzacji srodowiska miejskiego z wykorzystaniem
wskaznikow odnoszacych sie zaréwno do miar stosowanych w dokumentach
planistycznych, jak i wskaznikéw powszechnie wykorzystywanych w badaniach
klimatu miasta. PodejScie to mialo na celu nie tylko ocene zaleznosci miedzy
zagospodarowaniem przestrzennym a lokalnymi warunkami termicznymi
i biotermicznymi, ale rowniez okreslenie potencjalnej przydatnosci analizowanych
wskaznikdbw w procesie planowania przestrzennego oraz zwiekszenie mozliwosci

wykorzystania wynikéw badan w praktyce.

Realizujac poszczegolne cele szczegolowe rozprawy (patrz str. 21), uzyskano
nastepujace najwazniejsze wyniki:

(1) Sposréd analizowanych cech wuzytkowania terenu najsilniejsze zwiazki
z charakterystykami temperatury powietrza podczas okresow szczegolnie
goracych wykazywal wskaznik terendw biologicznie czynnych (RBVA),
zwlaszcza w odniesieniu do wartosci srednich i minimalnych.

(2) W przypadku wskaznikéw opisujacych zabudowe, najsilniejsze zaleznosci

z charakterystykami temperatury powietrza w miesigcach upalnych
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)

(6)

)

wykazywaty wskaznik intensywnosci zabudowy (FAR) oraz maksymalna
wysokosé budynkow (BHmax).

Dla wigkszo$ci analizowanych wskaznikdw skala lokalna (strefa buforowa
o promieniu 100 m wokdt punktu pomiarowego) okazata si¢ najlepsza do oceny
wplywu otoczenia na temperature powietrza. Wskazniki zagospodarowania
przestrzennego obliczone dla strefy do 10 m od stacji pomiarowych jedynie
sporadycznie wykazywaly istotne relacje z charakterystykami termicznymi.
Termiczne , hot spoty” (THS) i ,,cold spoty” (TCS) obejmowaly ponad potowe
analizowanego obszaru miasta. Zjawiska te wystepowaly gtdwnie w postaci
izolowanych platoéw, natomiast TCS czesto tworzyly réwniez struktury
o charakterze liniowym.

TCS najczesciej wystepowaly na obszarach gesto zadrzewionych, natomiast THS
dominowaty przede wszystkim na terenach zabudowy przemystowe;.
Zaobserwowano réwniez odstepstwa od dominujacych wzorcoéw, przejawiajace

7

sie wystepowaniem termicznych ,hot spotow” na terenach le$nych oraz
termicznych ,,cold spotéw” wsrdd gestej zabudowy.

Zarowno wskazniki zwiazane z roslinnoscia, jak i zabudowa wykazywaly istotne
relacje z wystepowaniem termicznych ,hot spotow” i ,cold spotéw” (THCS).
W przypadku THS najsilniejsze zwiazki obserwowano z FAR oraz RBVA,
podczas gdy wskazniki odnoszace si¢ wylacznie do wysokosci budynkéw nie
wykazywaly istotnych statystycznie zaleznosci. W TCS najsilniejsze relacje
stwierdzono z FAR i gestoscia zabudowy (BCR).

Czestos¢ THS nie wykazywala zaleznosci istotnych statystycznie od
analizowanych rocznych charakterystyk temperatury powietrza, podczas gdy
wystepowanie TCS zwiazane bylo jedynie ze S$rednig roczna temperaturg
minimalna. Wyniki te wskazuja, Ze czestos¢ THS nie byla zwigzana
z najwyzszymi warto$ciami temperatury powietrza, natomiast w przypadku
TCS nie obserwowano jednoznacznej zgodnosci wskazujacej na chlodniejsze

warunki termiczne.
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(10)

(11)

(12)

(13)

Punkty o réznej czestosci THCS miaty odmienny dobowy rezim termiczny
zarowno w skali calego roku, jak i w sezonie letnim oraz zimowym. Réznice
dotyczyly nie tylko wielkosci kontrastow termicznych miedzy grupami, lecz
takze kierunku tych zaleznosci, zmieniajacego si¢ w zaleznosci od pory dnia.
Baza danych reanalizy klimatycznej ERA5-HEAT moze stanowic warto$ciowe tto
odniesienia dla badan miejskich obcigzent termicznych, umozliwiajac
identyfikacje odchylen uniwersalnego wskaznika obciazenn termicznych
czlowieka (UTCI) wyznaczanego na podstawie lokalnych danych pomiarowych.
Pomiary in situ wskazywaly jednak na wyzszy poziom stresu termicznego
niz dane ERA5-HEAT, szczegdélnie w warunkach silnej ekspozycji na
promieniowanie stoneczne.

Gesty drzewostan okazatl sie jednym z najsilniejszych predyktoréw odchylen
UTCI, redukujac jego lokalne wartosci o ponad 7,0 °C. Zgodny kierunek oraz
istotnosc¢ statystyczna efektéw wskaznikow parametryzujacych zielen miejska
podkreslaja znaczenie kondycji i struktury roslinnosci, a takze gestosci lisci
i pokrycia koronami drzew w tagodzeniu stresu termicznego.

Znormalizowany réznicowy wskaznik zabudowy (NDBI) jako jedyny sposréd
analizowanych wskaznikéw zagospodarowania opisujacych powierzchnie
sztuczne wykazywat statystycznie istotne zaleznosci w réznych porach roku
w trakcie sezonu wegetacyjnego, powodujac lokalne zwigkszenie UTCI o 2,6 °C.
Wyniki te wskazuja, Ze na warunki biotermiczne analizowanych terenow zieleni
wplywa zaréwno infrastruktura parkowa, jak i zagospodarowanie ich
bezposredniego otoczenia.

Ekspozycja na storice oraz wspotczynnik widoku nieba (EXPO, SVF) nalezaty do
najbardziej stabilnych predyktorow lokalnego zrdéznicowania UTCI,
podkreslajac znaczenie zacienienia i dostgpnosci promieniowania stonecznego
w ksztaltowaniu warunkow biotermicznych.

Sita zalezno$ci miedzy zagospodarowaniem przestrzennym a UTCI roznita sie

w zaleznosci od skali przestrzennej i czasowej, przy czym parametry srodowiska
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odnoszace si¢ do najblizszego otoczenia punktow pomiarowych (strefa
buforowa o promieniu 10 m) najrzadziej wykazywaly istotny statystycznie

wplyw na wartosci lokalnego UTCI.

Uzyskane wyniki potwierdzily hipoteze testowana w ramach prowadzonych
badan, wskazujac, ze wplyw Srodowiska miejskiego na lokalne warunki termiczne
i biotermiczne ma charakter ztozony, czesto nieliniowy oraz jest silnie uwarunkowany
skalg przestrzenna i czasowa analiz. Jednoczesnie relacje te roznia si¢ w zaleznosci od
parametrow uwzglednianych przez poszczegolne wskazniki zagospodarowania oraz
analizowanego aspektu srodowiska termicznego. Przeprowadzone badania wskazuja
rowniez, ze dobor metod badawczych oraz dziatan adaptacyjnych powinien by¢ Scisle
uzalezniony od celu ich prowadzenia, w szczegdlnosci, gdy intencja jest poprawa
komfortu termicznego czlowieka. W takim przypadku powszechnie stosowane
wskazniki zagospodarowania przestrzennego oraz najtatwiej dostepne zZrédta danych
termicznych (zobrazowania satelitarne, stacje pomiarowe WMO) nie zawsze
pozwalaja na trafna identyfikacje elementow srodowiska wymagajacych interwencj,
wlasciwe okreslenie skali podejmowanych dziatanni ani wiarygodna ocene ich
skutecznosci. W zwiazku z tym zasadne wydaje si¢ rozszerzenie zestawu narzedzi
wykorzystywanych w dokumentach planistycznych o wskazniki lepiej opisujace
ztozony wplyw morfologii miejskiej na lokalne warunki termiczne. Szczegdlnie istotne
znaczenie moga mie¢ parametry opisujace strukture i kondycje rodlinnosci oraz
zdolnos¢ srodowiska miejskiego do zapewnienia zacienienia i ograniczania ekspozydji
na promieniowanie sloneczne. Uwzglednienie tego typu miar w procesach
planistycznych i projektowych moze zwiekszy¢ skutecznos¢ dziatarn adaptacyjnych
ukierunkowanych na budowanie odpornosci miast na skutki zmiany klimatu oraz

poprawe jakosci zycia mieszkancow.
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In the face of climate change and the growing frequency of thermally burdensome conditions, urban morphology
and city planning are becoming increasingly important to human health. Architects and policymakers use various
tools, including spatial development indicators describing the characteristics of built-up areas, to mitigate urban
climate. This study purposed to (1) indicate which widely used spatial development indicators most adequately
explained the thermal conditions of the environment, and (2) investigate how large an area most accurately
represents the thermal features recorded at a given air temperature measurement site. Selected indexes were
used to characterize each of the 21 measuring sites located in Warsaw. First, five spatial development indicators
were calculated for three distances from each site. Then, based on data from the air temperature monitoring
network, 17 selected thermal characteristics were calculated. The results of the analyses indicated that the Ratio
of Biologically Vital Area has the highest impact on the thermal regime with particularly strong influence on the
lowest daily temperature values. The paper proves that the thermal conditions of a given location in the diverse

space of a city are more precisely represented by a large area than by its nearest surroundings.

1. Introduction

Cities are the most sensitive areas to air temperature rise and
consequently to increases in the frequency and duration of extraordi-
narily high air temperatures, which result in greater morbidity and
mortality (IPCC, 2023; Kysely, 2009; Lin, Kjellstrom, Wilcke & Chen,
2022). In 2018, 55% of the world’s population was exposed to this
problem, and in 2050 that number is projected to reach 68% (Popula-
tion Division, Department of Economic & Social Affairs, United Nations,
2019). Cities’ thermal characteristics depend on urban morphology:
building density, surface roughness, degree of sealing, and type of
building materials (Miiller, 1997; Oke, 1982). Features of the urban
climate include: less shortwave radiation reflected (trapping and mul-
tiple reflections), more absorbed and emitted heat, additional anthro-
pogenic sources of heat, decreased evaporative cooling, a changed rate
of heat exchange with the air above, and a change in the wind field
inside the city (Al-Obaidi, Rayburg, Poétrolniczak, & Neave, 2021;
Grimmond & Oke, 1999; Harman, Barlow, & Belcher, 2004; Offerle,
Grimmond, & Fortuniak, 2005). All of these factors contribute to the
creation of Urban Heat Islands (UHI) (Bassett, Janes-Bassett, Phillipson,
Young & Blair, 2021; Btazejczyk et al., 2014b; Oke, 1973), whose
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intensity is growing as climate change advances (Jagarnath, Thambiran
& Gebreslasie, 2020; Koppe, Kovats, Jendritzky & Menne, 2004; Oke,
1997; Oleson, Anderson, Jones, McGinnis & Sanderson, 2018). Condi-
tions present in UHIs lead to thermal stress, especially in the most
vulnerable groups: children, the elderly, and those suffering from
chronic cardiovascular and respiratory disorders (Flynn, McGreevy &
Mulkerrin, 2005; Kuchcik, 2017).

Because the problem of global temperature rise is growing, searching
for solutions to mitigate climate change has become a priority. To reduce
heat load, heat stress, and future climate-related risks in cities, adapta-
tion and mitigation tools are being implemented. This task can be
accomplished through building design and urban planning that are
suitable for a given climatic zone and adapted to climate threats (For-
wood, Hayman & Tadepalli, 2000; Givoni, 1986; Salata et al., 2017).
One of the current challenges facing city planners is creating local
modifications in already heavily developed cities. To improve the
thermal microclimate in high-density urban areas, earth-to-air heat ex-
changers, cool materials, solar control devices, green spaces, and blue
infrastructure are being introduced (Gaitani et al., 2011). Thoroughly
described examples of cities in Europe where modern solutions aimed at
climate mitigation have been implemented include i.a.: Athens — the
Marousi area (Santamouris et al, 2012), Copenhagen - the
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Nomenclature

BCR Building Coverage Ratio
BHpax  Maximum Building Height
BHpean Mean Building Height
FAR Floor Area Ratio

RBVA  Ratio of Biologically Vital Area
SVF Sky View Factor

UHI Urban Heat Island

avg average air temperature

max average maximum air temperature
min average minimum air temperature

max_a/max_d/max_u value of the difference between max of two
consecutive days: the module/ when the parameter goes
down/ when the parameter goes up

min_a/min_d /min_u value of the difference between min of two
consecutive days: the module/ when the parameter goes
down/ when the parameter goes up

k1/k5/k10 number of 10-minute air temperatures under the 1st/
5th/10th percentile

k90/k95/k99 number of 10-minute air temperatures above the

90th/ 95th/ 99th percentile

time (in minutes) required for the air temperature to

decrease from max to min

up time (in minutes) required for the air temperature to
increase from min to max

down

Climate-Resilient Neighbourhood in @sterbro (Klimakvarter, 2013),
Oslo - Furuset (https://www.futurebuilt.no), and Rome — the Cloister of
San Pietro in Vincoli (Salata et al., 2015). In Poland, the most common
climate mitigation measures are planting trees (close to places where
they were previously cut down due to construction) and solutions con-
nected with rainwater retention (https://sendzimir.org.pl/en/publicat
ions/retention-friendly-places-map/).

In the hands of urban planners, spatial development indicators are
tools for climate mitigation. Local land use policies, recommendation
maps and rules set out in spatial development plans make it possible to
create a sustainable environment for residents and limit climate-related
risks (Birkmann et al., 2021; Ren, Ng & Katzschner, 2010). The
complexity of the elements that shape the city climate is reflected in the
following spatial development indicators, commonly used by city
planners and presented in this paper: Floor Area Ratio, Building
Coverage Ratio, Mean Building Height, Maximum Building Height and
Ratio of Biologically Vital Area.

Attempts to improve communication between urban climatologists,
planners and policymakers are still being made. One of the key problems
is the lack of standardization and terminology. The relationship between
environmental parameters and air temperature is widely described in
articles, while the indicators used in creating land development plans
are analysed much less frequently. Moreover, in most studies data on
thermal conditions usually comes from models or from maps of land
surface temperature which, despite a correlation with air temperature, is
not fully convergent with it. Research based on air temperature data at 2
m above ground from a homogeneous, long-term and constantly su-
pervised measurement network is very rare. Furthermore, it would be
necessary to systematize the area taken into account in the calculations
of urban indicators in the given physiographic conditions of the city in
order to effectively change the urban space. It is particularly important
due to the very limited literature on this subject. In the calculation of
spatial development indicators, areas of various sizes are used (usually
coinciding with the administrative boundaries of plots) without prior
recognition of the thermal properties of this area.

The aim of the study was to determine which elements of the
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surroundings described by the selected spatial development indicators
have the greatest impact on the thermal conditions at the measurement
points. Based on a fairly dense, in-situ air temperature measurement
network (21 sites) covering different areas of Warsaw, the authors
intended to investigate how large an area included in a given land use
index should be to represent thermal features the most accurately.
Therefore, tests were conducted for areas of several sizes. As the urban
environment is the most burdensome for humans during hot periods, the
calculations were made using data from extraordinarily hot months
when the heat load was the highest.

2. Material and methods
2.1. Study area

The study area is Warsaw (20°51' — 21°16' E, 52° 6') — the capital of
Poland and its largest city with a population of 1 792 718 (Statistics
Poland, 2022a) and an area of 517.24 km? (Statistics Poland, 2022b).
Situated in Central Europe, Warsaw lies in a temperate climate zone,
which is experiencing significant climate change including strong air
temperature rise.

According to the CORINE Land Cover database, which takes into
account the physical, biological and functional attributes of surface, the
dominant land use category in Warsaw is ‘artificial surfaces’ (68.3%)
(Chief Inspectorate for Environmental Protection, 2018). Within this
category, 'urban fabric’ occupying 45.8% of Warsaw’s area and
‘Continuous urban fabric’ (2.2%), can be distinguished. The other cat-
egories are: ‘forest and seminatural’ areas (16.0%), ‘agricultural’ areas
(13.4%), and ‘water bodies and wetlands’ (2.3%).

The study is based on data from 21 sites in Warsaw recorded by
HOBO U23 Pro-v2 data loggers located 2 m above the ground (Fig. 1).
This air temperature monitoring network belongs to the Climate
Research Department of IGSO PAS; it started operation in 2001 with a
small number of loggers, expanding to 27 in 2008-2009. The network is
unique on a global scale due to its size and long series of observations
(Kuchcik, Btazejczyk, Milewski & Szmyd, 2014). As the study period
extends from 2010 to 2019 and the city is constantly changing, the vi-
cinity of the measurement sites was carefully analysed. As a result, two
sites were excluded from the study due to changes in land use during the
research period. Four of the remaining stations are situated outside the
city and were thus not considered in this work. Furthermore, not all
years were included in the analysis due to missing data or sensor
calibration.

All the analysed sites are located in urbanised areas; however, they
differ as to share of greenery, spatial development and horizon limita-
tion (see the electronic supplementary material: Table 1). Eight sites are
in residential areas, seven — in the vicinity of service buildings, four, in
the areas classified as urban greenery or undeveloped areas, and two,
next to urban technical infrastructure (The Special Policy for Warsaw,
2010). Only one site (no. 6) is located in a small courtyard surrounded
by buildings on every side, and two sites are in large courtyards (no. 18,
21). None of the others are completely enclosed by buildings. In the local
climate zones classification, seventeen of the sites represent built-up
areas and four sites neutral areas (Demuzere et al., 2022; Kuchcik &
Milewski, 2016).

2.2. Spatial development indicators

To identify which urban development features have the greatest
impact on the thermal regime of a given site’s immediate surroundings,
five indicators referred to as spatial development indicators, were
calculated in this study (see the electronic supplementary material:
Table 2). In this study, “spatial development indicators” are defined as a
numerically expressed form of characteristics of the built-up area
arrangement based on morphological features. Their selection was
guided by the universality of indicators used by urban planners, the
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Fig. 1. Location of the air temperature measurement points. Source: own
elaboration, basemap Esri, Maxar, GeoEye, Earthstar Geographics, CNES/
Airbus DS, USDA, USGS, AeroGRID and the GIS User Communice.

availability of the spatial data required for their calculation, and the
requirement to take into account both vertical and horizontal features.

Three distance buffers from the measuring point were tested: 10 m,
50 m, and 100 m. For easy identification, the number of meters was
added to each indicator abbreviation (e.g. FAR10). One value for each of
the distances was assigned for each measurement site. If the share of the
area covered by buildings or greenery within a radius of 100 m of the
measuring point changed during the research period, none of the data
(either spatial or meteorological) from the years after the change were
included in this paper. The analysis of changes in land use was carried
out on the basis of historical satellite images from Google Earth Pro.

The spatial development indicators used in this study are (also see:
Nomenclature):

o Building Coverage Ratio (BCR) — indicator describing the horizontal
parameter of the built-up area. To calculate it, the area within all
building contours was divided by the total plot area (Xu et al., 2017).
The outlines of all buildings within the three distances from the
measuring point were determined in QGIS 3.4.9 based on Open-
StreetMap and Bing Aerial (Open Layers Plugin 2.0.0).

Floor Area Ratio (FAR) - indicator primarily describing the vertical
parameter, but also, the horizontal parameter of the built-up area. It
is calculated as the area within all building contours multiplied by
the number of floors and divided by the total area of the plot (In-
formation Report No. 111, 1958). The outlines of all buildings
within the three distances from the measuring point were deter-
mined in QGIS 3.4.9 based on OpenStreetMap and Bing Aerial (Open
Layers Plugin 2.0.0). The information about the number of floors
comes from satellite map analysis based on Google Earth Pro-and
from field inventory.

Mean Building Height (BHmean) - indicator describing primarily the
horizontal parameter, but also, the vertical parameter of the built-up
area. It is the ratio of the sum of the products of the area of buildings
and their height to the Building Coverage area (Xu et al., 2017). This
indicator was calculated with the use of QGIS 3.4.9 based on
OpenStreetMap and Bing Aerial (Open Layers Plugin 2.0.0); how-
ever, information about building heights comes from Google Earth
Pro (Qi et al., 2016).
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e Maximum Building Height (BHmax) — indicator describing the ver-
tical parameter of the built-up area. Its value is the height of the
tallest building within the buffer area (Tsichritzis & Nikolopoulou,
2019). This parameter was calculated using QGIS 3.4.9 based on
OpenStreetMap and Bing Aerial (Open Layers Plugin 2.0.0), and
estimated building height from Google Earth Pro (Qi et al., 2016).
Ratio of Biologically Vital Areas (RBVA) — indicator of green space in
the immediate vicinity of the measurement site. The area covered by
vegetation or open water was divided by the total plot area (Szulc-
zewska et al., 2014). Areas of greenery on roofs or terraces with
natural vegetation larger than 10 m2 were included in 50%. A layer
with the outline of the area without buildings was created in QGIS
3.4.9 with the use of OpenStreetMap and Bing Aerial (Open Layers
Plugin 2.0.0).

All the spatial development indicators calculated for each buffer
considered are provided in the electronic supplementary material
(Table 2).

The Sky View Factor (SVF) is also an important indicator for
describing the urban microclimate (Lin, Tsai, Hwang & Matzarakis,
2012); however, it varies strongly even over a single a year. Moreover,
calculating the indicator at three different distances would be inadvis-
able because to capture the most important obstacles blocking the view,
aradius of 100 m is recommended (Dirksen, Ronda, Theeuwes & Pagani,
2019). Therefore, SVF values are included in the electronic supple-
mentary material (Table 1). only to provide a background, and not as
elements of the analysis. In this paper, the SVF of each measurement
point was estimated using RayMan Pro 3.1 (Matzarakis, 2012, 2007,
2010). The input to the program is the model of all obstacles in the
neighbourhood: buildings, and coniferous and deciduous trees. Height
and area data were obtained from Bing Aerial images, Google Earth Pro,
and Map of the Tree Crowns (http://mapa.um.warszawa.pl/).

2.3. Thermal characteristics

The basis for the calculations was air temperature sampled every 10
min by the 21 loggers located 2 m above the ground (placed above grass
even in the most built-up areas) that form part of the air temperature
monitoring network.

To properly assess the impact of the surroundings on the thermal
regime of a given site during hot periods, only days when the whole area
of Warsaw was in one air mass, with no frontal zones, were analysed.
Calm, sunny periods with typical air temperature courses were chosen
based on data from the Warsaw-Okgcie synoptic meteorological station
(IMGW-PIB). Thermal characteristics were calculated only for the years
with complete monthly series of data (see the electronic supplementary
material: Table 1).

Four extremely hot months — July 2010, August 2015, May 2018, and
June 2019 - were chosen for the analysis. They were the warmest after
2008, the year when the Warsaw air monitoring network was expanded.
Their extreme warmth becomes apparent when the average air tem-
perature for these months is compared with the 30-year average for the
period 1991-2020 (Fig. 2). Moreover, severe heat waves, described in
the literature, were observed during the selected periods (Blazejczyk,
Twardosz, Watach, Czarnecka & Btazejezyk, 2022; Kuchcik, 2017;
Sulikowska & Wypych, 2020; Twardosz, 2019; Twardosz & Kossow-
ska-Cezak, 2021).

Seventeen thermal characteristics were calculated for each studied
month. They included not only the basic features of thermal microcli-
mate, but also unusual ones intended to express the increased heat ca-
pacity of the city and differences in the heating and cooling of different
surface types. These characteristics were selected to answer the ques-
tion: How do various built-up structures differ in terms of their impact
on the increase/decrease in air temperature?

The thermal characteristics were (see: Nomenclature):


http://mapa.um.warszawa.pl/

K. Czarnecka et al.

the average minimum air temperature (min),

the module of the difference between minimum air temperature
values noted on a given day and the following day — averaged for the
month (min_a),

the average difference between minimum air temperature values
noted on a given day and the following day — only when the air
temperature goes down (min_d),

the average difference between minimum air temperature values
noted on a given day and the following day — only when the air
temperature goes up (min_u).

the average maximum air temperature (max),

the module of the difference between maximum air temperature
values noted on a given day and the following day — averaged for the
month (max_a),

the average difference between maximum air temperature values
noted on a given day and the following day - only when the
parameter goes down (max_d),

the average difference between maximum air temperature values
noted on a given day and the following day — only when the
parameter goes up (max_u),

the average air temperature (avg),

the number of 10-minute air temperature measurements above the
99th percentile (k99) during a given month,

the number of 10-minute air temperature measurements above the
95th percentile (k95) during a given month,

the number of 10-minute air temperature measurements above the
90th percentile (k90) during a given month,

the number of 10-minute air temperature measurements under the
10th percentile (k10) during a given month,

the number of 10-minute air temperature measurements under the
5th percentile (k5) during a given month,

the number of 10-minute air temperature measurements under the
1st percentile (k1) during a given month,

May
24 -
22
o
2. 20 +
g
2 18 A
o
o il
g 16
E plom=med oo
-
=
© 12 4
O A S
W N O A N M T N ON KOO O
O O d d d dddddd AN
O O O 0O O O O O O o o o o
NN NN~
July
24 4
22
o
2. 20 - -l - - - -
[
=
2 18 A
o
o il
g 16
£
o 14 4
-
=
c 12 4
O A S
0 N O =" N M < 1N O N 0 O O
O O W - d - d A dd AN
O O O O O O O O O o o o o
N NN NN

Sustainable Cities and Society 100 (2024) 105014

e the time (in minutes) required for the air temperature to increase
from the minimum in the morning to the maximum (up),

e the time (in minutes) required for the air temperature to decrease to
the lowest temperature at night, usually in the early hours of the next
day (down).

2.4. Statistical analysis

The statistical significance of the relationships between an area’s
thermal characteristics and spatial development indicators determined
for three distances from the measuring site, was calculated with the use
of Pearson’s linear correlation coefficient. The confidence level was at
least 95.0%, but some of the relationships showed a confidence level of
99.0%. The tables in the electronic supplementary present only those air
temperature characteristics that showed a statistically significant rela-
tionship with urban development indexes. In the next step the strength
of the relationship was determined.

One of the most commonly used clustering methods, k-means with
Euclidean distance was used to create the pattern of land use type
resulting in a given thermal regime. First, three clusters of sites were
extracted for each thermal characteristic (each year calculated sepa-
rately) and each spatial development index, giving 22 types of three
clusters. The clusters were defined by the lowest, medium, and highest
values of the relevant characteristic. Next, the spatial development-
based clusters and the thermal indicator-based clusters were compared
in terms of the extent to which they related to each other. The final value
was the percentage of properly matched (overlapping) stations in all
three clusters of the two types among all stations considered. At this
stage, the sign of the correlations previously calculated between indexes
was considered.

For example - the relationship of two sites’ RBVA10 and min in 2015
(negative correlation coefficients) is 100% matched if:
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Fig. 2. Average air temperature in May, June, July, and August (2008-2020) in Warsaw as compared to the 30-year average monthly air temperature (1991-2020,
dashed lines). Source: own elaboration based on IMGW-PIB, https://danepubliczne.imgw.pl/.
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e all the stations in the cluster with high values of RBVA10 are the
same as the stations in the cluster with low values of air temperature,

e all the stations in the cluster with low values of RBVA10 are the same
as the stations in the cluster with high values of air temperature,

o all the stations in the cluster with average values of RBVA1O0 are the
same as the stations in the cluster with average values of air
temperature.

As it was suspected that linear regression would not be the most
accurate model for describing the dependence of thermal conditions on
urban indexes, the last analysis was intended to select the best fitted
models for describing these relationships. Twenty seven curvilinear
models (fitted with the least squares only method) were tested. For each
relationship (1020 matches = 5 spatial development indicators x 17
thermal characteristics x 3 distances x 4 research periods), one model
was selected — the one with the highest R-Squared value.

All the analyses were processed with the use of the Statgraphics
Centurion software package. The results of the analysis are provided in
the electronic supplementary material Tables 3, 4 and 5.

3. Results

The correlation between the thermal characteristics and the spatial
development indexes calculated for every studied distance was statisti-
cally significant for 274 relationships (see the electronic supplementary
material: Table 3). The characteristics that showed no dependence in
any of the years were: max d, max_ u, k95, and k90. These indicators
were omitted in the electronic supplementary material (Table 3). Most
relationships were moderately correlated (182), then highly (56), and
weakly (36). None of the correlations was very weak (correlation coef-
ficient lower than 0.3) or very strong (correlation coefficient higher than
0.9).

Among thermal characteristics, min was most often correlated with
urban indicators regardless of year or distance from the site. Of 68
correlations (17 urban indicators x 4 years), 46 were statistically sig-
nificant at a confidence level of at least 95.0%, and 35 at 99.0%. Min also
had the highest number of strong correlations: 18. This parameter was
characterised by the strongest relationship with RBVA100 in 2015
(r=—0.87), which indicates that large green areas played the main role
in regulating minimum air temperature. The other thermal character-
istics that were highly correlated with spatial development indicators
were: k10 (42 correlations in total; 25 at 99.0%), k5 (35; 20 at 99.0%)
and avg (35; 17 at 99.0%). The first two — k10 and k5 — reflect minimum
air temperature value, and the avg includes min: this explains the high
correlation.

The weaker correlations found for min_d, min u, min a, max_a, up
and down indicate that day-to-day changes in minimum air temperature
are less influenced by surroundings and more by atmospheric processes
taking place on a larger scale. Land use mainly impacted air temperature
values themselves, affecting changes in them to a lesser extent.

The weakest impact of spatial development on air temperature was
observed in the case of its highest values, which occur in daytime. In
total, only 3 correlations were statistically significant with max (1 at
99.0%), 2 with k90 (0 at 99.0%) and 2 with k95 (0 at 99.0%).

Among spatial development indicators, the strongest correlation
with thermal properties was shown by RBVA100. Out of 68 possible
correlations (17 thermal parameters x 4 research periods), 32 were
significant, 21 at 99.0% confidence level. This indicates that in hot pe-
riods, thermal conditions are most strongly affected not by buildings,
but by greenery. The other spatial development indicators characterized
by many statistically significant correlations with thermal characteris-
tics were: BHq 100 (30; 17 at 99.0%), RBVA50 (28 in total; 17 at
99.0%) and FAR100 (26; 15 at 99.0%).

The spatial development indicators that had a much lesser impact on
the thermal regime were: FAR10, BCRA10 and RBVA10. This and other
results of this study show that the smaller the studied area, the fewer the
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correlations between spatial development indicators and thermal char-
acteristics. This proves that in the diverse space of a city, the thermal
regime of a given location is influenced not by its closest surroundings,
but by a larger area with a radius of at least 100 m.

The correlations of FAR, BCR and BHp,ea, Were positive with min,
min_d, max_a, avg, and down, and negative with the remaining thermal
characteristics. These relationships reflect the rise of air temperature in
areas where the development intensity is growing and are strongly
connected with the high heat capacity of the urban fabric. BHp,x showed
the same relationships, except for min d — some of the correlation co-
efficients were positive and some negative depending on the year and
the distance from the measurement point.

Positive correlation coefficients were noted for RBVA with min_ u,
min a, k10, k5, k1 and up (air takes longer to warm up in green areas).
Some of the correlations between RBVA and min d were positive and
some were negative depending the year and on the distance from the
measurement point. These statistics confirm that the greater the share of
greenery and open ground, the lower the air temperature.

The next step, cluster analysis, was conducted only for the pairs that
indicated significant correlation (simple regression analysis). Three
clusters of sites were created for each spatial development indicator and
each thermal characteristic. Clusters grouped sites with the lowest,
medium, or highest values of given indexes. Next, the spatial
development-based clusters were compared with the thermal
characteristics-based clusters in terms of whether the previously calcu-
lated correlations were negative or positive (e.g. the cluster of stations
with the lowest RBVA100 was compared with the cluster of the stations
with the highest min because of the negative correlation; the cluster of
stations with the lowest FAR100 was compared to the cluster of stations
with the lowest min because of positive correlation) (see the electronic
supplementary material: Table 2). The reason for this analysis was to
establish to what extent (in%) the areas described by given spatial
characteristics correspond to areas with given thermal conditions. It
supplements the study with information on how many stations fit the
thesis that was put forward based on the correlations calculated.

Out of 248 statistically significant relationships, 111 were found to
be matched above 50% (see the electronic supplementary material:
Table 4). Most of the best-matched relationships were related to RBVA:
in 66.2% of all the pairs of clusters related to it, more than half of the
measuring stations matched. Measurement sites with the highest RBVA
overlapped with sites that had the lowest air temperatures. On the other
hand, the indicators related to buildings were well-matched only in half
as many pairs as compared to the indicator related to urban greenery.
Most of the well-matched pairs of clusters were connected to minimum
air temperature — 26 of 46 statistically significant pairs were matched for
more than half of the stations.

Of the thermal characteristics analysed in this study, only max_a, k90
and k95 failed to show a well-matched relationship. This means that the
sites characterised by the highest air temperature values do not overlap
with the same sites grouped by any of the spatial development indicators
analysed in this paper.

The presence of many significant linear relationships was found even
at the level of 99.0%; however some of them could be better explained
by a different, curvilinear model (see the electronic supplementary
material: Table 5). This would be the case if the increase in the value of
indexes describing the urban fabric causes an unsteady increase or
decrease in the values of air temperature characteristics — the trendline
is properly curved to best reflect such a relationship.

Of 1020 matches, 18.0% were best described by model No. 1
(Reciprocal-Y squared-X), the next 12.5%, model No. 2 (Squared-Y
Square root-X) and 9.8%, — model No. 3 (Double squared) (see the
electronic supplementary material: Table 4). The linear model was the
best in 4.8% of cases.

As concerns the indexes of built-up areas (FAR, BCR, BHmean,
BHmax), the best fitted model was No. 1, which described 163 of 816
matches (20.0%) the most accurately, and then model No. 2 (124 of 816
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- 15.2%). Fig. 3 (A, B) offers a comparison of linear and alternative
curvilinear models for FAR100 and min in 2015. The value of the min
trend for FAR100=0 was much lower with the use of model No. 2 (Fig. 3,
B) than with the linear model (Fig. 3, A), while for a high values of
FAR100 the trendline of min was smoother and increased less.

In the case of RBVA, the index describing greenery, the most fitted
model was No. 3 (30 of 204 matches — 14.7%), followed by model No. 10
(Double reciprocal; 29 of 204 — 14.2%). Using the example of RBVA100
and min in 2015 (Fig. 3C, D): the value of the min trend in the area
without greenery was slightly higher for model No. 15 (Square root-Y)
than for the linear one. When RBVA100=100%, the value of the trend
was also lightly higher. The trend lines of these two models differed
slightly.

4. Discussion

Our study aimed to identify which elements of the urban fabric, as
described by spatial development indicators, most accurately reflected
the air temperature in a given place during hot periods, which are
particularly burdensome for humans. While trying to establish a rela-
tionship between the air temperature measured at 2 m a.g.l. and the
built-up area features, we asked ourselves how large an area an air
measurement obtained in a single location can represent. To answer this,
we analysed areas of 3 different sizes: circles centered on the measure-
ment site with radiuses of 10 m, 50 m, and 100 m from the logger. We
then calculated 5 different spatial development indicators to find out
which of them had the greatest impact on thermal conditions during hot
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periods.

This paper proves that the thermal regime of a given location in the
diverse space of a city is influenced not by its nearest surroundings, but
by a larger area with a radius of at least 100 m. The land use indexes
calculated for areas with a radius of 100 m showed the most correlations
and the strongest statistically significant correlations with the charac-
teristics describing the thermal environment. So far, the number of
publications on the size of the area that should be considered during this
type of research is very limited. In the case of studies based on land
surface temperature, much larger areas are often analysed, and the
reason may be limitations related to the resolution of used images (Xu
et al., 2017). On the other hand, studies based on ground measurements
use smaller research plots, which can be better correlated in the case of
cities with high development intensity, tall buildings and located in a
hot and humid climate (Cheung & Jim, 2019).

Because it is during heat waves that land use type most harmfully
affects the thermal conditions in cities and thus the thermal sensations of
residents (Alcoforado, Andrade, Lopes & Vasconcelos, 2009; Blazejczyk,
Kuchcik, Blazejczyk, Milewski & Szmyd, 2014a; Taleghani, Kleerekoper,
Tenpierik & van den Dobbelsteen, 2015), we decided to conduct the
calculations for the hottest months. The mosaic of different surface
materials in the city which is responsible for the specific urban climate
leads to a reduction in the nighttime cooling effect, as observed at sites
with lower RBVA and with higher FAR, BCR, BHpean and BHpax. This
property of built-up areas negatively impacts the health of local resi-
dents (i.a. Kuchcik, 2017; Semenza et al., 1996), since heat stress that
lasts many days burdens the human body.

B
min_2015 = sqrt(158.362+124.979*sqrt(FAR_100))
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In this paper, every spatial development indicator characterizing
built-up and green areas showed a statistically significant influence on at
least one of the thermal characteristics. Most of the strong correlations
concerned the daily average or the lowest air temperatures (avg, min,
k10, k5, k1). As only periods of radiant weather were covered by the
study, these low temperatures occurred mainly at night, not long before
sunrise. The results confirmed that urban structures influence minimum
air temperature more than they influence maximum temperatures,
following principle that is seen for the canopy layer urban heat island —
present at night and vanishing during the day (Blazejczyk et al., 2014;
Fortuniak, 2001; Igergard, 2021; Weng, 2001; Zardo, Geneletti,
Pérez-Soba & Van Eupen, 2017).

Many types of indicators are used to describe the horizontal and
vertical features of urban areas. They usually take into account share of
the area occupied by buildings, their height, or the number of floors. One
of the most basic and common indicators is BCR. Building coverage af-
fects the local thermal microclimate, especially if a radius of at least 100
m is analysed. However, indicators with vertical elements like FAR and
BHpax showed a stronger correlation with the thermal indexes than BCR
did. In the analysed hot months, the lowest daily air temperature values
were significantly higher when the area occupied by buildings was
larger, and more importantly, when the buildings were higher. How-
ever, although BHp,,, takes into account the vertical parameter, it
rarely shows a statistically significant impact on air temperature char-
acteristics. The reason may be the presence of low buildings, especially
those with a large surface area, which strongly modify BHyean value. If
there are tall buildings within a short distance of a measurement point,
the remaining buildings may have a smaller effect on the microclimate.
The best-fitted model describing the relationships between built-up
areas and thermal indexes is the Reciprocal-Y squared-X model (No.1).
The Linear model was well-fitted for only 42 out of 816 pairs. This in-
dicates that although many of the pairs do show a linear relationship, the
association between them is better illustrated by other curvilinear trend
lines because the increase/decrease in the value of air temperature
characteristics caused by the increase in spatial development indicator
values is unsteady.

The presence of a relationship between the structure of built-up areas
as described by spatial development indicators and thermal conditions is
confirmed by Xu et al. (2017). The authors indicated that
satellite-derived urban morphology can be used in urban climate
research. To systematize information about the thermal conditions
characteristic of urbanized areas with various features, classifications
were created taking into account their surface structure, cover, fabric,
and human activity (Auer, 1978; Ellefsen, 1991; Oke, 2004). Further-
more, Stewart and Oke (2012) showed that thermal contrasts between
local climate zones are driven mainly by land cover and building ge-
ometry, and that the latter plays the greatest role in temperature dif-
ferentiation. Zhang, Li and Hu (2022) came to similar conclusions in the
case of the impact of urban morphology on thermal comfort. Indexes
describing only horizontal parameters at pedestrian height were less
correlated with outdoor mean radiant temperature and physiological
equivalent temperature than urban morphology indicators describing
both vertical and horizontal parameters (Zhang, Zhang, Chen, Tan &
Chan, 2022). Vertical features of buildings, being a reflection of the size
of the shaded area, which affects the rate of surface heating by limiting
or allowing radiation influx, significantly affect thermal comfort.

Urban greenery plays a very important role in strategies for adapting
to climate change and mitigating UHI. Planners use several different
eco-spatial indicators describing greenery, including: the Ratio of Bio-
logically Vital Area, the Biotope Area Factor, the Seattle Green Factor,
the Malmo Green Factor, and the Green Plot Ratio (Hagen & Stiles,
2010; Hirst, Morley & Bang, 2008; Ong, 2003; Szulczewska et al., 2014).
Each of them is used in a different region and involves different scoring
systems that take into account various spatial elements of greenery. The
first one has been widely used in Poland since 1993. Its key advantage is
simplicity and ease of application. Szulczewska et al. (2014) observed a
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significant correlation between RBVA and environmental performance.
The level of RBVA in housing estates that provides a better thermal
environment for humans has been established to be at least 42%
(Szulczewska et al., 2014). An almost linear correlation between envi-
ronmental conditions and RBVA was observed. In this paper, out of 204
statistically significant thermal characteristic-RBVA pairs, the linear
model was the best fitted for only 7 of them, and the Double squared
model (No. 3) was dominant.

Furthermore, a strong mitigating effect of urban greenery during hot
periods has been shown by Top, Milosevi¢, Caluwaerts, Hamdi and Savi¢
(2020). They demonstrated that the urban park was the most comfort-
able area with the lowest mean Physiological Equivalent Temperature in
Ghent (Belgium) during two heat waves (2017, 2019). The reasons for
this are an absence of direct shortwave radiation and the evapotrans-
piration phenomenon seen in plants. The thesis about the mitigating
effect of greenery is also confirmed by sources that are more easily
available than air temperature data: on the correlation between vege-
tation indexes and land surface temperatures (Aram, Garcia, Solgi &
Mansournia, 2019; Voogt & Oke, 2003; Wang, Wang, Meng, Zhou &
Wang, 2023), and between the presence of trees and ground surface
temperatures (Petri, Wilson & Koeser, 2019). However, the strength of
the relationship may depend on the type of urban greenery, because
some studies indicate that trees modify thermal conditions and outdoor
thermal comfort more strongly than meadows (Zhang et al., 2022).

Currently, green belts, green wedges, and greenways are being
created to protect urban green areas. However, this is not enough to
design a space that would be resident-friendly also in extremely warm
periods. This paper shows that to ensure thermal comfort, large bio-
logically vital areas are necessary in human surroundings. Moreover,
preserving green areas in cities not only benefits human health, biodi-
versity, and the quality of the environment but also brings measurable
financial profits (Hill, Dorfman & Kramer, 2010).

Spatial development indicators have been used in urban planning
since antiquity to describe the current state, planning, and forecasting of
the development of urban areas (Bradecki, 2021). Currently, one of the
most important urban planning documents in Poland is the Study of
Conditions and Directions of Spatial Development of the Commune,
which includes selected spatial development indicators. However, the
exchange of information between climatologists and urban planners or
local governments is still insufficient. In light of the growing awareness
of climatic threats, it is necessary to elaborate more precise but still
comparatively simple guidelines with the best land use indicators from
the point of view of the climate, to be used among others in legal doc-
uments. This article contributes to a better understanding of the impact
the urban environment has on creating thermal conditions, especially in
less intensively built-up cities in temperate climates. The results may be
useful both to urban climatologists, including those involved in micro-
climate modeling, and to policymakers involved in city planning.
Further research on the topic is necessary, including analysis areas of
other sizes, cities with different structures or climates, and possibly with
the use of machine learning technology.

5. Conclusions

The most relevant results and conclusions of the present study, which
link the most common spatial development indicators used in urban
planning and in planning documents with air temperature values from
21 sites, are as follows:

(1) Among the different land use characteristics, the Ratio of Bio-
logically Vital Areas showed the strongest impact on the thermal
characteristics of a given site, influencing average and minimum
temperatures (min, k10, and k5) particularly strongly. This means
that during a hot period the higher the RBVA, the more intensive
the mitigation effect noted. Hence this indicator should be taken
into account not only in urban analyses dealing with climate
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change but also in urban planning that aim to mitigate the effects
of climate change.

Of the built-up indicators, FAR and BHmax, showed the highest
correlation with the thermal environment, indicating that the
vertical parameters of buildings have a key influence on the
thermal microclimate.

For most indicators, a radius of 100 m turned out to be the most
appropriate for assessing the influence of a site’s surroundings on
thermal conditions. Spatial development indicators calculated for
an area of up to 10 m from stations rarely correlated with thermal
characteristics. Therefore, research should be continued for
bigger plots and radiuses above 100 m.

In the case of the majority of the relationships, an increase in
the values of spatial development indicators (e.g. the size of green
area, vertical or horizontal parameters of buildings) causes an
unsteady increase/decrease in the values of temperature char-
acteristics. The linear model fits only 4.8% of pairs the best.

(2

—

3

-
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Table 1. The description of measuring sites

No. | Land cover Land use LCZ SVF | Years

1 Discontinuous urban | Single-family housing | open low-rise 0.8 | 2010, 2015,
fabric development 2018

2 Discontinuous urban | Services: open high-rise 0.3 |2015,2018
fabric social/education

3 Discontinuous urban | Services: open midrise 0.3 |2010, 2015,
fabric social/education 2018

4 Continuous urban Technical infrastructure | open midrise 0.6 |2018,2019
fabric

5 Discontinuous urban | Services: open midrise 0.2 |2018
fabric social/education

6 Continuous urban Multi-family housing compact midrise | 0.1 | 2010, 2015,
fabric; development 2018, 2019

7 Discontinuous urban | Multi-family housing open midrise 0.3 | 2010, 2015,
fabric development with a 2018, 2019

high ratio of greenery

8 Continuous urban Multi-family housing open midrise 0.4 | 2010, 2015,

fabric development with a 2018, 2019
high ratio of greenery

9 Discontinuous urban | Single-family housing | sparsely build 0.3 | 2010, 2015,
fabric development 2018, 2019

10 Discontinuous urban | Services: office open high-rise 0.5 | 2010, 2015,
fabric 2018, 2019

11 Discontinuous urban | Undeveloped areas and | open midrise 0.3 | 2010, 2015,
fabric greenery 2018, 2019
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12

13

14

15

16

17

18

19

20

21

Discontinuous urban
fabric

Industrial or
commercial units

Discontinuous urban
fabric

Discontinuous urban
fabric

Discontinuous urban
fabric

Coniferous forest

Discontinuous urban
fabric

Discontinuous urban
fabric

Industrial or
commercial units

Discontinuous urban
fabric

Urban greenery

Technical infrastructure

Services: social

Multi-family housing
development with a
high ratio of greenery

Urban greenery

Services: science

Services: science

Multi-family housing
development

Undeveloped areas and
greenery

Multi-family housing
development

scattered trees

low plants

open high-rise

open midrise

scattered trees

dense trees

compact midrise

open midrise

open midrise

open midrise

0.5

0.8

0.3

0.2

0.7

0.2

0.2

0.3

0.4

0.5

2018, 2019
2015, 2018,
2019

2010, 2015,
2018, 2019

2010, 2015,
2018,

2015, 2018,
2019

2015, 2018,
2019

2010, 2015,
2018, 2019

2018, 2019
2010, 2015,
2018, 2019

2010, 2015,
2018, 2019

Source: Land cover from Chief Inspectorate for Environmental Protection, Corine Land Cover

(2018); Land use from The Special Policy for Warsaw (2010); Local Climate Zone (LCZ) from

Kuchcik and Milewski (2016) and Demuzere et al. (2022); Sky View Factor (SVF) estimated

using RayMan Pro 3.1 (Matzarakis, 2012; Matzarakis et al., 2007; Matzarakis et al., 2010).




Table 2. The values of analysed spatial development indicators: FAR, BCR(%), RBVA(%), BHmean(m) and BHmax(m)

Station | FAR BCR RBVA BHmean BHmax

number | 10 50 100 10 50 100 10 50 100 10 50 100 10 50 100
1 00 02 0.1 00 89 55 646 674 787 00 72 62| 00 11.0 110
2 0.0 1.o 07| 00 222 10.7 783 563 58.6| 0.0 145 21.0| 0.0 42.0 42.0
3 00 08 07] 00 190 159 296 393 446 0.0 151 157| 00 37.0 37.0
4 00 02 02 00 125 119 624 292 324| 00 74 8.1 0.0 100 17.0
5 0.0 1.2 09 1.9 224 188 459 568 479 | 80 164 168| 80 31.0 31.0
6 1.2 28 24| 172 447 450 3118 5.6 59| 279 251 220 28.0 29.0 33.0
7 00 09 09| 00 236 228 994 291 263 00 132 143| 00 170 23.0
8 0.0 0.6 1.1 0.0 155 228 529 196 179| 00 148 166 0.0 31.0 35.0
9 04 02 02] 417 145 134 347 674 709 60 72 8.1 6.0 10.0 11.0
10 0.0 02 038 19 80 139 70.7 529 449| 90 109 213| 9.0 34.0 37.0
11 00 02 01} 22 97 55 76.1 247 376| 80 73 78] 80 80 16.0
12 00 00 00| 00 0.0 1.6 8.3 913 932 00 00 77| 00 00 80
13 00 00 00| 00 00 0.0 799 964 942 00 00 00| 00 00 00
14 02 03 1.0 | 12.1 94 182 328 599 50.0| 90 128 180| 9.0 30.0 4I1.0
15 28 09 1.2 255 145 254 634 468 374 | 310 189 15.6| 31.0 31.0 31.0
16 0.0 00 0.1 00 00 66| 1000 958 8.0 00 00 54| 00 00 6.0
17 00 02 02} 00 54 58 844 829 842| 00 13.0 13.1 0.0 13.0 16.0
18 0.5 24 1.7 123 474 328 175 84 154 140 133 14.1| 21.0 29.0 29.0
19 0.6 0.7 1.1 | 140 189 264 82.8 514 391| 100 65 54| 140 190 190
20 00 03 03| 00 14.0 19.2 994 632 456| 0.0 180 17.7| 10.0 10.0 17.0
21 0.0 1.4 1.3] 0.0 277 27.0 70.1 385 315 80 164 168] 0.0 21.0 270

Source: own elaboration



Table 3. Correlation between thermal characteristics and spatial development indicators

indicator year min mind minu mina maXx maxa avg k1 k5 k10 k90 k95 up down
FAR10 2010 - - - - - - - - - - - - - -
2015 - - - - -0.48 - - - - - - - - -
2018 - - - - - - - - - - - - - -
2019 - - - - - - - - - - - - - -
FARS50 2010 | 0.63 - - - - - - - - - - - - -
2015 | 0.66 - - - - - 055 -0.51 -0.58 -0.68 - - - 049
2018 | 0.63  0.52 - - - - 054 -0.44 -052 -0.54 - - -048 057
2019 | 0.62 - - - - - 0.52 - - -0.58 - - -0.62 0.64
FAR100 2010 | 0.76 - - - - - 0.63 - - -0.59 - - - -
2015 | 0.81 - -0.52 -0.51 - - 0.67 -0.65 -0.75 -0.84 - - - 054
2018 | 0.76  0.64 - -0.57 - - 0.66 -0.53 -0.64 -0.65 - - - 047
2019 | 0.75 - -0.53 - - - 0.62 - -0.63 -0.71 - - -0.57 058
BCR10 2010 - - - - - - - 0.60 - - - - - -
2015 - - - - - 0.66 - - - - - - -0.50 -
2018 - - - - - - - - - - - - - -
2019 - - - - - - - 0.52 - - - - - -
BCR50 2010 - - - - - - - - - - - - - -
2015 | 0.63 - - - - - 058 -0.51 -0.57 -0.65 - - - -
2018 | 0.61 0.44 - - - - 0.60 - -0.52 -0.54 - - - 051
2019 | 0.63 - - - - - 0.60 - -0.52 -0.60 - - -0.54 057
BCR100 2010 | 0.63 - - - - - 0.56 - - - - - - -
2015 | 0.77 - - -0.49 - - 063 -0.62 -0.73 -0.80 - - - 049
2018 | 0.71  0.51 - -0.52 - - 071 -046 -0.59 -0.61 - - - -
2019 | 0.69 - - - - - 0.69 - -0.58 -0.65 - - -0.53 0.55




RBVAIO 2010 - - - - - - - - - - - - - -
2015 - - - - - -0.50 - - - 051 - - 0.52 -
2018 | -0.47 - - - - - - - - - - - 0.49 -
2019 - - - - - - - - - - - - - -
RBVAS50 2010 | -0.69 - - - - - - - 0.68 0.66 - - - -
2015 | -0.79 -0.53 - 059 - - <076 0.75 0.79 0.80 - - 0.57 -0.70
2018 | -0.76 -0.48 - - - - =078 0.61 0.74 0.74 - - - 044
2019 | -0.80 0.58  0.58 - - - =078 054 0.79 0.83 - - 0.58 -0.63
RBVA100 2010 | -0.80 - - - - - -0.65 066 0.78 0.77 - - - -
2015 | -0.87 -0.56 0.55 0.64 - - -08 085 0.8 0.88 - - 0.52 -0.68
2018 | -0.83 -0.49 - 049 - - -08 0.68 079 0.79 - - - -
2019 | -0.84 0.53 0.62 0.51 - - -0.87 0.61 082 0.85 - - 0.59 -0.63
BHmean10 2010 - - - - - - - - - - - - - -
2015 | 0.61 - -0.60 -0.59 -0.52 0.49 - - -0.57 -0.61 -057  -0.57 - -
2018 | 0.59 048 - - 044 - - - -047 -0.48 - - - -
2019 | 0.59 - - - - - - - - - - - - -
BHmean50 2010 | 0.61 - - - - - 0.56 - - - - - - -
2015 | 0.67 - - - - - 059 -0.64 -0.68 -0.65 - - - -
2018 | 0.58 - - -0.48 - - 051 - -048 -0.51 - - - 054
2019 | 0.55 - - - - - 050 - - -0.51 - - -054 051
BHmean100 2010 | 0.70 - - - - - 074 -058 -0.59 -0.64 - - - -
2015 | 0.67 - - - - - 0,69 -0.70 -0.69 -0.65 - - - -
2018 | 0.55 0.48 - -0.53 - - 047 - -0.49 -0.52 - - - 047
2019 | 0.57 - - - - - - - - -0.53 - - - -




BHmx10 2010 - - - - - - - - - - - - - -
2015 | 0.59 - -0.62 -0.58 - - - - -0.55 -0.60 -0.49  -0.50 - -
2018 | 0.56 - - - - - - - 044 -0.46 - - - -
2019 | 0.54 - - - - - - - - -0.54 - - -0.50 -
BHma50 2010 | 0.68 - - - - - - -0.57 - -0.64 - - - -
2015 | 0.64 - -050 -0.52 - - 0.67 -0.64 -0.66 -0.63 - - - -
2018 | 0.66  0.56 - -0.58 - - 050 -0.54 -0.64 -0.63 - - -045  0.55
2019 | 0.73 - -0.56 - - - 0.56 - -0.67 -0.74 - - - -
BHmax100 2010 | 0.77 - - - - - 059 -0.68 -0.67 -0.75 - - -0.57 -
2015 | 072 050 -049 -0.54 - - 075 074 -0.75 -0.71 - - - -
2018 | 0.71  0.58 - -0.60 - - 059 -0.60 -0.70 -0.70 - - 045 052
2019 | 077 -0.55 -0.61 - - - 061 -0.53 -0.73 -0.76 - - - -

Bold values indicate a statistically significant correlation at the level of 0.01. Unbold values indicate a statistically significant correlation at the
level of 0.05. “-*“ indicates no correlation. Thermal characteristics that didn’t show a statistically significant correlation in any year, indicator and
distance were not included.

Source: own elaboration



Table 4. Share of overlapping groups of clusters (%)

indicator year min mind minu mina max maxa  avg kl k5 k10 k90 k95 up down
FARI10 2010 - - - - - - - - - - - - - -
2015 - - - - 235 - - - - - - - - -
2018 - - - - - - - - - - - - - -
2019 - - - - - - - - - - - - - -
FARS50 2010 | 38.5 - - - - - - - - - - - - -
2015 | 29.4 - - - - - 235 294 294 235 - - - 28.6
2018 | 28.6 333 - - - - 286 190 28.6 333 - - 14.3 9.5
2019 | 25.0 - - - - - 5.9 - - 313 - - 31.3 25.0
FAR100 2010 | 154 - - - - - 308 - - 53.8 - - - -
2015 | 41.2 - 353 353 - - 471 412 412 471 - - - 19.0
2018 | 429 429 - 476 - - 476 667 476 429 - - - 19.0
2019 | 12.5 - 125 - - - 412 - 250 188 - - 37.5 18.8
BCR10 2010 - - - - - - - 231 - - - - - -
2015 - - - - - 294 - - - - - - 47.1 -
2018 - - - - - - - - - - - - - -
2019 - - - - - - - 375 - - - - - -
BCR50 2010 - - - - - - - - - - - - - -
2015 | 52.9 - - - - - 529 412 412 529 - - - -
2018 | 47.6  38.1 - - - - 333 - 429 476 - - - 524
2019 | 68.8 - - - - - 412 - 563 688 - - 50.0 68.8
BCR100 2010 | 53.8 - - - - - 538 - - - - - - -
2015 | 64.7 - - 588 - - 647 647 647 64.7 - - - 333
2018 | 61.9 429 - 619 - - 571 429 571 524 - - - -
2019 | 56.3 - - - - - 765 - 438 500 - - 37.5 313




RBVAIO 2010 - - - - - - - - - - - - - -
2015 - - - - - 35.3 - - - 353 - - 58.8 -
2018 | 38.1 - - - - - - - - - - - 47.6 -
2019 - - - - - - - - - - - - - -
RBVA50 2010 | 46.2 - - - - - - - 538 538 - - - -
2015 | 64.7 529 - 58.8 - - 588 647 64.7 58.8 - - 529 524
2018 | 61.9 571 - - - - 571 524 571 524 - - - 381
2019 | 563 375 563 - - - 765 500 563 50.0 - - 438 375
RBVA100 2010 | 76.9 - - - - - 769 385 69.2 53.8 - - - -
2015 | 64.7 412 412 529 - - 824 0647 64.7 70.6 - - 47.1 429
2018 | 61.9 47.6 - 571 - - 571 429 571 524 - - - -
2019 | 688 250 625 50.0 - - 882 625 688 625 - - 43.8  50.0
BHmeanl0 2010 - - - - - - - - - - - - - -
2015 | 35.3 - 412 529 529 471 - - 353 412 471 41.2 - -
2018 | 28.6  38.1 - - 476 - - - 28.6 286 - - - -
2019 | 68.8 - - - - - - - - - - - - -
BHmean50 2010 | 61.5 - - - - - 615 - - - - - - -
2015 | 52.9 - - - - - 412 412 529 529 - - - -
2018 | 52.4 - - 476 - - 476 - 476 524 - - - 476
2019 | 56.3 - - - - - 529 - - 50.0 - - 43.8  50.0
BHmean100 2010 | 76.9 - - - - - 615 462 769 46.2 - - - -
2015 | 47.1 - - - - - 588 353 353 471 - - - -
2018 | 524 333 - 381 - - 286 - 38.1 429 - - - 619
2019 | 56.3 - - - - - - - - 563 - - - -




BHmax10 2010

2015 | 47.1 - 47.1 58.8 - - 412 529 412 47.1 - -
2018 | 42.9 - - - - - 381 38.1 - - - -
2019 | 62.5 - - - - - - 563 - - 37.5 -
BHmax50 2010 | S3.8 - - - - 231 - 231 - - - -
2015 | 35.3 - 294 471 412 353 353 353 - - - -
2018 | 333 333 - 333 28.6 190 286 333 - - 38.1  66.7
2019 | 62.5 - 625 - 41.2 - 438 563 - - - -
BHmax 100 2010 38.5 - - - 46.2 53.8 53.8 53.8 - - 46.2 -
2015 | 588 588 353 353 588 529 529 58.8 - - - -
2018 | 524 524 - 476 429 333 476 429 - - 38.1 57.1
2019 | 50.0 31.3 50.0 - 353 375 688 56.3 - - - -

Bold values indicate a match above half of the stations

Source: own elaboration



Table 5. The curvilinear models tested for 1020 matches with the highest R-Squared values (%)

No. Model Formula Match (%)
1 Reciprocal-Y squared-X Y =1/(a+bX"2) 18.0
2 Squared-Y Square root-X Y = sqrt(a + b-sqrt(X)) 12.5
3 Double squared Y = sqrt(a + b-X"2) 9.9
4 Square root-X Y =a+ b-sqrt(X) 7.8
5 Reciprocal-Y square root-X Y = 1/(a + b-sqrt(X)) 6.2
6 Reciprocal-Y Y =1/(a+bX) 6.0
7 Squared-X Y=a+bX"2 5.8
8 Square root-Y squared-X Y =(a+b-X"2)"2 5.7
9 Squared-Y Y = sqrt(a + b-X) 5.4
10 Double reciprocal Y = 1/(a + b/X) 4.5
11 Squared-Y reciprocal-X Y =sqrt(a + b/X) 2.8
12 Logarithmic-Y square root-X Y = exp(a + b-sqrt(X)) 2.3
13 Reciprocal-X Y=a+b/X 2.3
14 Squared-Y logarithmic-X Y = sqrt(a + bIn(X)) 1.0
15 Square root-Y Y =(a+bX)"2 1.0
16 Double square root Y = (a+ b*sqrt(X))"2 0.8
17 Logarithmic-Y squared-X Y =exp(a+ b-X"2) 0.7
18 Square root-Y reciprocal-X Y =(a+ b/X)"2 0.6
19 Exponential Y =exp(a + b-X) 0.6
20 Reciprocal-Y logarithmic-X Y = 1/(a + b*In(X)) 0.4
21 Square root-Y logarithmic-X Y = (a + b*In(X))"2 0.3
22 Logarithmic-X Y = a+ b*In(X) 0.3
23 Multiplicative Y =a*X"b 0.3
0 Linear Y=a+bX 4.8
TOTAL 100.0

Source: own elaboration
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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.

Keywords

cold spot ¢ hot spot ¢ land surface temperature * air temperature ¢ land cover ¢ local climate zones °

spatial development

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 dato-
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.|, 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

Geographia Polonica 2025, 98, 2, pp. 149-169



152

Kaja Czarnecka

Table 1. Satellite imagery data and land surface temperature calculation algorithms

No |Satellite (sensor) Dates Algorithm to calculate land surface temperature
1 I_To,\r/wldsot 5 21.02.2002 | — Co + C1 .DN
2 (T™) 13.09.2003
3 18.09.2005 K
TC = 2 - 273.15
4 21.09.2006 K, —InL
5 03.05.2007 | where:
6 19052007 |L - Spectral Radiance;
o C,and C, - radiometric calibration coefficients;
7 28.08.2009 | DN - Digital Number value;
K, and K, - the calibration constants (607.76, 1260.56).
9 " 20.06.2013
10 08.09.2013
TC = |——2—| -273.15
11 22.05.2014 K
In[—|+ 1
12 23.04.2015 K,
13 14.09.2015 || here:
14 02.04.2016 |L - Spectral Radiance;
M, - Radiance Multiplier;
15 04.05.2016 | pN - Digital Number value;
A - Radiance Add;
16 05.06.2016 ’
K:ond 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-Zielinska 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: 1.05.2024-0, 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 (ATGvg), the absolute mini-
mum/maximum air temperature (AT~ /
AT ) 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 3 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%
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%
1 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%
— g -y - B RBVA
- T - —— 2 ! 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%
o e ~— o _—  BHmax FAR
b _ e - N max: 50 m max:3.0
- — ~ 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-XIl), summer (VI-VIII)
and winter (XII-Il) 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 75.1-100.0% - 1.5%.
The TCS 100% frequency did not occur. In the
largest area - 44.0% - the effect occurred
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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
(25.1-50.5%) 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. Its distribution was closely related
to the size of the area occupied by individual
classes. “121. Industrial or commercial units’
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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 area, 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 ‘LCZ9 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

RBVA BH ... BH . DC
THS -0.50 0.29 0.38 -0.55
TCS 0.62 -0.50 -0.59 0.54
ATavg 0.33 -0.42 0.58 0.48 -0.60 0.62 0.57 -0.68
ATmin 0.43 -0.48 0.59 0.51 -0.68 0.55 0.52 -0.68
ATmax 0.29 -0.31 0.51 0.41 -0.54 0.65 0.57 -0.66
ATmin_abs 0.14 -0.10 0.21 0.16 -0.20 0.04 0.10 -0.46
ATmax_abs 0.01 -0.15 0.05 0.01 -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 TCS THS FAR BCR RBVA | BH__. | BH__ DC CLC LCZ
1 6 421 34 0.2 5.9 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 21.6 9.7 112, 121 ,9,B
3 8 43 413 1.2 23.8 31.0 15.1 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

Geographia Polonica 2025, 98, 2, pp. 149-169

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

Alasg AT AT AT s i AT o
No.
avg c avg c avg c min c max c
1 9.7 0.5 9.3 0.5 10.1 0.5 -27.3 3.7 43.6 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 0.2 231 1.0 394 0.9

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

winter (XII-I1)

Hour 1 ) 3
X1 VI-VIII XII-11 X VI-VIII XII-I1 X VI-VIII 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 10.4 20.9 -1.0 9.9 20.8 -1.8 10.0 20.6 -1.5
9 11.6 22.3 -0.4 11.1 221 -1.2 111 21.9 -1.0
10 12.6 23.3 0.3 121 23.2 -0.5 1.9 22.7 -0.4
1 13.3 241 0.9 12.8 24.0 0.1 12.6 23.4 0.1
12 13.8 24.8 13 13.4 24.5 0.5 13.1 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 1.2 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 13.1 239 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 11.0 21.7 -0.3 10.8 21.4 -0.8 11.4 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 compo-
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

Geographia Polonica 2025, 98, 2, pp. 149-169

Kaja Czarnecka

observed in Warsaw during the research
period, which aligns with the findings of vari-
ous publications (Guerri et al., 2021; Stredova
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; Geletic 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 (Gawuc 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 built-up 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; Stredovd 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; Geletic¢ 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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ARTICLE INFO ABSTRACT

Keywords: Urban parks play an essential role in mitigating thermal stress and enhancing human comfort, yet their bioclimatic
Outdoor thermal comfort performance varies across seasons and depends on complex interactions between vegetation, built form, and spatial
UTCI

configuration. This study investigated seasonal variability in Universal Thermal Climate Index (UTCI) conditions across
six parks in Warsaw (Poland). The bioclimate was assessed in relation to multi-source environmental indicators derived
from satellite imagery, hemispherical photography, field inventories, and open-access geospatial datasets. In-situ
measurements conducted during spring, summer, and autumn (2022-2024) at 23 sun-exposed and shaded locations
were compared with UTCI from ERAS-HEAT reanalysis to derive the difference, used as the response variable in a
Generalised Additive Model. Fourteen environmental indicators describing vegetation, park morphology, and sur-
rounding urban fabric were analysed at micro (site-specific, 10 m) and local scales (50 m, 100 m). Results demonstrate
pronounced intra- and inter-park variability, with stronger contrasts between sun and shade in summer (up to 10 °C)
than in transitional seasons. Dense vegetation systematically reduced UTCIup to 7 °C. Quantitative vegetation indicators
(ELAL, TCD, NDVI, EVI) significantly decreased UTCI from 0.3 to 1.7 across seasons. Built-up indicators (NDBI, BCR,
BHpean, BHmay) increased UTCI, especially during summer, up to 2 °C. Sky openness proved a consistent determinant of
thermal stress across the entire growing season. Significant effects varied across spatial scales. The findings highlight the
seasonal and scale-dependent nature of thermal stress regulation provided by parks and emphasise the need for inte-
grated design strategies that consider park arrangement to enhance urban climate resilience.
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1. Introduction

As a major element of urban green infrastructure, parks provide
crucial ecological, social, and health-related functions, particularly in
densely built environments [1,2]. Within the broader category of urban
green spaces — understood as vegetated or semi-natural areas embedded
in the urban fabric, including street trees, community gardens, green
corridors and small woodland remnants [3] — parks represent the most
structured and publicly accessible form. Beyond their recreational and
aesthetic value, they represent dynamic microclimatic systems in which
biotic and abiotic components interact with atmospheric processes in
ways that differ fundamentally from the surrounding built environment
[4]. These unique conditions make parks critical sites for oxygen pro-
duction, air pollution reduction, and — within the context of this work —
regulating local energy balance and mitigating heat stress [5-7]. How-
ever, the extent to which urban greenery delivers these benefits is not
fixed: it varies across seasons and times of day, depends on spatial
configuration, and is also shaped by the multiple urban environment
factors operating at various scales within and outside the park [8]. As a
result, not every green area generates the same cooling effect, and some
of them may fail to provide noticeable thermal relief under certain cir-
cumstances in terms of air temperature, land surface temperature or
thermal stress [9-11]. Understanding these dynamics is essential for
optimising the design of urban parks and their close vicinity, which
contributes to both climate resilience and human well-being.

Recent studies on the cooling effect of urban parks have predomi-
nantly focused on summer observations, where a pronounced cooling
impact has been confirmed through in-situ measurements [5,12]. Ana-
lyses for other seasons are mainly limited to land surface temperature
assessments [9,13] and considerably fewer investigations of thermal
conditions outside the summer period, focused especially on bioclimatic
conditions [11,14,15]. Despite growing evidence, seasonal perspective
of thermal stress remains underexplored — transitional periods, when
leaves are in the development stage or are already in the senescence
phase, are equally important, particularly given that climate change
increasingly triggers positive thermal anomalies outside the summer
months (e.g., heatwaves in April-May 2018 in Poland [16], October
2021 in South Korea [17], March-April 2022 in India and Pakistan [18],
September-October 2023 in Austria [19]). Meanwhile, during summer,
the cooling properties of parks may be compromised by excessive heat
stress and moisture deficits, which are becoming more frequent under
recent climatic trends [10]. Regarding the influence of park morphology
on microclimatic conditions, a substantial body of research has
addressed the role of selected specific aspects such as park size and
shape [20,21], vegetation type and structure [22], as well as features of
the surrounding built-up environment [23,24]. Some of these park and
surroundings characteristics remain constant throughout the year (e.g.,
green area extent, impervious surface cover), while others vary
seasonally (e.g., horizon limitation, vegetation condition). Moreover,
their influence on the thermal environment may change under different
weather contexts [25]. Taken together, these findings highlight the need
for an integrated understanding of how different urban environmental
factors at various scales shape local climate across different seasons
when heat stress may occur.

A human-oriented approach is particularly important in shaping
urban spaces, including parks, as well as in developing adaptation plans
[26-28]. Many strategies and recommendations are based either on land
surface temperature, derived from widely available datasets with broad
spatial coverage but not always representative of air temperature con-
ditions at the pedestrian level, or on air temperature from relatively
sparse national monitoring [29]. However, it is crucial to consider the
thermal comfort of urban residents, which depends not only on air
temperature but also on humidity, wind speed, and radiant heat ex-
change, as well as on human-related factors. Such evidence can be
provided by studies of biometeorological conditions using indicators
parameterised through human heat balance models. While indices such
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as Standard Effective Temperature (SET), Physiological Equivalent
Temperature (PET), Perceived Temperature (PT) and Physiological
Subjective Temperature (PST) are commonly applied to relate meteo-
rological inputs to thermal comfort assessment, the Universal Thermal
Climate Index (UTCI) is beneficial as it offers a physiologically based
scale of thermal stress that enhances comparability across diverse
thermal environments [30,31]. Given the distinctive microclimatic
conditions found in parks, there is a need to deepen our understanding of
park bioclimates and to develop evidence-based guidelines for resilient
green infrastructure design [12].

To address the research gaps, this study aimed to identify urban
environmental indicators that most effectively capture spatial charac-
teristics relevant to thermal stress and to quantify their influence across
varying temporal and spatial scales. Therefore, the study addresses the
following research questions:

Q1. How do UTCI conditions vary within and among parks across
different parts of the growing season, and how do they differ from
reanalysis-based estimates?

Q2. Which urban environmental indicators show significant effects
on local UTCI deviations, and how do these effects vary across spatial
scales?

Q3. How do the effects of urban environmental indicators on local
UTCI vary seasonally, and how does their magnitude differ between
spring, summer, and autumn?

To answer these questions, a multi-indicator, multi-source approach
was applied at both micro (site-level and 10 m radius buffer) and local
scales (50 m and 100 m radius buffers), integrating in-situ meteoro-
logical measurements with ERA5-HEAT (Human thErmAl comforT)
reanalysis UTCI data — physically consistent fields generated by assim-
ilating ground, satellite, and model observations [32,33] - serving as a
consistent background reference for comparing campaigns conducted on
different days and under varying weather conditions. The analytical
framework incorporates eleven quantitative and three qualitative in-
dicators characterising key aspects of parks and their surroundings,
capturing vegetation properties, artificial surfaces, spatial configuration
and horizon limitation. The analysis was conducted across six urban
parks and their surroundings in Warsaw (Poland), a city located in a
region with pronounced seasonal variability.

2. Materials and methods
2.1. Study area

Warsaw (52°06'-52°22' N; 20°51'-21°16' E; area of 517.24 km?) is
one of Europe’s greenest capitals, boasting 88 parks and 242 municipal
green squares. In 2025, the city was ranked fifth in a European
assessment of urban greenery and environmental sustainability.” Within
the overall land-use structure of Warsaw, green spaces account for a
substantial share, including forests (15.5%), unmanaged green areas
(10.4%), and designed green infrastructure (5.6%).! This composition
helps Warsaw rank as the 12th capital city in terms of the percentage of
total green infrastructure among the 37 capitals within the European
Environment Agency network.”

! Office of Architecture and Spatial Planning of the Capital City of Warsaw
City Hall. Atlas Ekofizjograficzny Miasta Stotecznego Warszawy. Warsaw: 2018

2 City Hall of Warsaw. Poland’s capital at the forefront of Europe’s green
cities https://en.um.warszawa.pl/-/poland-s-capital-at-the-forefront-of-europe-
s-green-cities (accessed 5.08.2025).

3 European Environment Agency. Percentage of total green infrastructure,
urban green space, and urban tree cover in the area of EEA-38 capital cities
(excluding Liechtenstein) https://www.eea.europa.eu/en/analysis/maps-and-
charts/percentage-of-total-green-infrastructure (accessed 5.08.2025).


https://en.um.warszawa.pl/-/poland-s-capital-at-the-forefront-of-europe-s-green-cities
https://en.um.warszawa.pl/-/poland-s-capital-at-the-forefront-of-europe-s-green-cities
https://www.eea.europa.eu/en/analysis/maps-and-charts/percentage-of-total-green-infrastructure
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Warsaw is situated on the transition zone between the temperate
oceanic (Cfb) and humid continental (Dfb) climate zones according to
the Koppen-Geiger classification [34,35]. The climate features four
distinct seasons, with warm summers and cold winters. Precipitation is
distributed relatively evenly throughout the year, with no clearly
defined dry season. Based on data from the synoptic station Warsa-
w-Okgcie (WMO index: 12375) for the period 2022-2024," the average
annual air temperature was 10.8 °C. The absolute air temperature
amplitude during this period was 50.6 °C, ranging from a minimum of
—15.1 °C (January 9, 2024) to a maximum of 35.6 °C (July 1, 2022). The
warmest month was August, with an average air temperature of 21.5 °C,
while the coldest was January, averaging 1.4 °C. Mean annual relative
humidity was 73.0%, varying from 56.4% in May to 87.3% in December.
Wind speed, a key factor influencing outdoor thermal stress, averaged
3.2ms7, ranging from 2.7 m-s! in August to 4.0 m-s! in February.

This study involved six urban parks, along with their immediate
surroundings, located in various parts of Warsaw (Table 1; Fig. 1). Most
of these sites provide habitats that support urban biodiversity.” The
selected parks differ in size, shape, vegetation structure, presence of
various minor park facilities (e.g., walkways, pergolas, pavilions or
playgrounds), and the characteristics of the surrounding transportation
infrastructure, resulting in diverse spatial design configurations.

Within each park, measurement sites were established in fully sunlit
and shaded locations surrounded by vegetation. In addition, supple-
mentary sites were selected close to impervious surfaces — such as
asphalt parking lots, roads, sidewalks or buildings — either within the
parks or in their immediate surroundings. In total, 23 sites were selected
(Fig. 1).

2.2. Thermal stress measure

Biometeorological conditions in urban parks and their immediate
surroundings were parameterised using the Universal Thermal Climate
Index (UTCI), which enables the assessment of thermal stress levels [36].
The index distinguishes ten categories, including five associated with
cold stress, four with heat stress, and one indicating no thermal stress,
corresponding to the UTCI range from 9 to 26 °C (Table A.1 in Electronic
Supplemental Material). This index is expressed mathematically as:

UTCI(ta, MRT, va, RH) = ta + Offset (ta, MRT, va, RH) 1)

where ta, MRT, va and RH represent air temperature (°C), mean radiant
temperature (°C), wind speed (m-s1) and relative humidity (%),
respectively.

The data for UTCI calculation were collected during the growing
season in the years 2022-2024. For the four largest parks, data were
obtained for each season (Spring 2023/2024, Summer 2022/2023, and
Autumn 2023), while for the two smaller parks, measurements were
conducted during summer and one transitional season (Summer 2022
and either Spring 2024 or Autumn 2023). During this period, the local
land use remained unchanged, so the values of the indicators were un-
affected by interannual alterations. Field campaigns took place from
8:00 AM to 8:00 PM CEST in spring and summer, and from 8:00 AM to
6:00 PM CEST in autumn, due to earlier sunset times. 17 measurement
days were selected based on radiation-dominated weather conditions,
with no precipitation, low wind speed, and limited cloud cover, to
ensure clear microclimatic contrasts within parks [37].

UTCI values were computed using the 6th-order polynomial regres-
sion approximation (offset function) provided in the UTCI operational
procedure [36] derived from the Fiala thermophysiological model and

4 IMGW-PIB. Warsaw-Okecie, 2022-2024. https://danepubliczne.imgw.pl/
data/dane_pomiarowo_obserwacyjne/dane_meteorologiczne/dobowe/synop/
(accessed 5.08.2025).

5 Office of Architecture and Spatial Planning of the Capital City of Warsaw
City Hall. Atlas Ekofizjograficzny Miasta Stotecznego Warszawy. Warsaw: 2018
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Table 1
Characteristics of the study parks.
Name of park Size® Dpc’ TCD® Description
(code) [ha] [km] [%]
Zoological Garden 56.06 2.54 57.0 Established in 1928, the

& Praski Park Zoological Garden is one of

(ZOO) the largest green complexes
in central Warsaw, combined
with the adjacent Praski Park
(founded in the 19th
century). The area contains
dense tree stands, historical
pavilions, and recreational
spaces.

Skaryszewski Park 77.68 2.94 49.0 Designed in 1905-1916. It is
(SKA) one of Warsaw’s largest

landscape-style parks. Its
layout incorporates an
extensive system of water
features and diversified plant
compositions, complemented
by open recreational spaces.®

Botanical Garden 76.50 1.59 65.4 Established in the 18th

& Lazienki Park century as a royal residence,

(LAZ) the most famous historic park
in Warsaw, characterised by
palaces, water features, and
old-growth trees. The
neighbouring Botanical
Garden, created in 1818,
enriches the area with
scientific plant collections.

Malicki Park 3.54 3.60 49.0 A small municipal park
(MAL) created in the 1970s serves
primarily as a neighbourhood
green space. It contains open
lawns, a small pond,
playgrounds, and walking
paths.

Krélikarnia & 19.85 4.18 66.6 The park surrounds the
Arkadia Park Krolikarnia Palace, built in
(KRO) the late 18th century, and is

integrated with the romantic-
style Arkadia Park
(transformed into an urban
park in the 20th century)
with an elongated pond. The
area is known for its historical
architecture and sculptures,
as well as recreational

facilities.®"
Przy Bazantarni 9.52 10.88 72.5 Developed in the early 2000s
Park (BAZ) as part of a new housing

estate, it provides a modern
recreational space with sports
facilities, open greenery and
playgrounds. It is an example
of contemporary urban park
design.’

Source: own elaboration based on Google Earth Pro, the Tree Crown Map’ and
official websites.®™3,

@ size — the area of urban parks covered by the study;.

b D - distance to the city centre, defined as the Dmowski Roundabout;.

¢ TCD - Tree Cover Density.

4 parki. Zarzad Zieleni Mst Warszawy. https://zzw.waw.pl/nasze-tereny/
parki/ (accessed 10.9.2025).

¢ Krétka historia Warszawskiego ZOO/ A short history of the Warsaw ZOO.
Municipal Zoological Garden in Warsaw. https://zoo.waw.pl/o-nas/95-lecie-w
arszawskiego-zoo/historia (accessed 10.9.2025).

f park im. Malickiego. 2025. https://eko.um.warszawa.pl/-/park-im-malickie
go-p-nowickiego- (accessed 10.9.2025).

8 O Krolikarni. Krélikarnia - Muzeum Rzezby im. Xawerego Dunikowskiego
https://krolikarnia.mnw.art.pl/o-krolikarni/ (accessed 10.09.2025).


https://www.zzw.waw.pl/nasze-tereny/parki/
https://www.zzw.waw.pl/nasze-tereny/parki/
https://zoo.waw.pl/o-nas/95-lecie-warszawskiego-zoo/historia
https://zoo.waw.pl/o-nas/95-lecie-warszawskiego-zoo/historia
https://eko.um.warszawa.pl/-/park-im-malickiego-
https://eko.um.warszawa.pl/-/park-im-malickiego-
http://-nowickiego-
https://krolikarnia.mnw.art.pl/o-krolikarni/
https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/dane_meteorologiczne/dobowe/synop/
https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/dane_meteorologiczne/dobowe/synop/
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" parki. Zarzad Zieleni Mst Warszawy. https://zzw.waw.pl/nasze-tereny/
parki/ (accessed 10.9.2025).

! Park Przy Bazantarni. 2025. https://ursynow.um.warszawa.pl/-/park-przy-b
azantarni (accessed 10.9.2025).

J Kunert Z. Miliony warszawskich drzew na jednej mapie. Zarzad Zieleni m.st.
Warszawy. https://zzw.waw.pl/2021/02/26/miliony-warszawskich-drzew-na
-jednej-mapie/ (accessed 18.11.2025).

implemented in R [38]. The input data included air temperature, mean
radiant temperature and relative humidity at 1.1 m above ground, as
well as wind speed measured at 1.4 m and scaled to 10 m a.g.l. using the
logarithmic wind profile consistent as defined in the procedure [39].
Data were recorded at 1-minute intervals using HOBO sensors and
custom-made 4 cm acrylic black globe thermometers, selected based on
prior verification studies demonstrating their reliable performance
under variable shading conditions typical of local park environments
[40,41] (Table A.2 in ESM). The measurements were subsequently
averaged to 10-minute values following established methodological

21°10'E
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approaches [42,43]. MRT was determined from black globe temperature
following ISO 7726, assuming the black globe emissivity of e = 0.95. The
convective heat transfer coefficient (h.) was determined depending on
the natural or forced convection — the higher of the two values was used
in MRT calculations.

MRT = (/ (tg+273.15)* + g—;-(tg — ta) - 273.15 ['C] @

where ¢ is the Stefan-Boltzmann constant and tg is the globe tempera-
ture (°C).

Since measurements were conducted on different days across sea-
sons, meteorological conditions varied among the individual parks. To
minimise the influence of weather variability and focus on the impact of
environmental factors, reanalysis data were used as a background
reference. The nearest ERA5-HEAT node to the city centre (52°15' N,
21°00' E) was selected as a regional background reference for Warsaw,
with the corresponding grid cell covering more than 70% of the city
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Fig. 1. Location of the study parks and measurement sites.

A near artificial surfaces

B shaded

O sun-exposed

Source: own elaboration; basemap from OpenStreetMap (and) contributors, Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID,

IGN, and the GIS User.
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area, including all analysed parks [32,33]. A key variable for further 2.3. Environmental indicators
analysis was UTClgj¢s — the difference between the 10-minute averaged
UTCI at each measurement site and the corresponding 10-minute UTCI
(approximated from hourly data) from ERA5-HEAT. This approach was
supported by Pearson correlation, which indicated a strong association
(r > 0.8) between in-situ and reanalysis 10-minute values, significant at

the 99% confidence level.

To assess the impact of the complex environment of urban parks and
their immediate surroundings, individual elements were parameterised
using eleven well-established and widely applied in spatial research
indicators, complemented by sun-shade exposure typology and vegeta-
tion classification at two levels of detail. The selected spatial-contextual
metrics were calculated within three buffer zones around each mea-
surement point - radii of 10, 50, and 100 m (Table 2A), representing
different analytical scales, from the immediate surroundings of the

Table 2

Overview of the selected spatial indicators.

A. Spatial-context indicators

Abbreviation  Indicator name Description Calculations
BCR Building Coverage The proportion of the area covered by building footprints, * B . . . s .
Ratio expressed as a percentage of the total plot area [55]. BCR = %loowhere B is the footprint area of the i th building, Aotal is
the total area of the parcel and n is the total number of buildings within the
analysed area.
EVI Enhancgd {%spectral inde‘x‘ufed for analysing vegetation co-nclliti-on with EVI — G- NIR —R Where NIR is the reflectance in the Near
Vegetation Index improved sensitivity to dense vegetation and minimised NIR+Ci-R—C2B+1L
atmospheric and canopy background effects [48,56]. Infrared band, R = reflectance in the Red band, B = reflectance in the Blue
band, and the following coefficients are L = 1, C;=6, C,=7.5, and G (gain
factor)=2.5.
FAR Floor Area Ratio The ratio of a building's total floor area to the total plot area Sty BiF;
[57,58]. FAR = T Ava
Where B; is the footprint area of the i th building, F; is the number of floors of
the i th building, A¢ota; is the total area of the parcel and n is the total number
of buildings within the analysed area.
BHax Maximum Building The height of the tallest building within the analysed area BHpgx = max (h;)
Height [59].
BHpean Mean Building Average height of buildings, where each building’s BH Y LihiB;
Height contribution is proportional to its footprint within a given meam oS By
area [50]. Where h; is the height of the i th building, B; is the building footprint area of
the i th building, and n is the total number of buildings within the analysed
area.
NDBI Normalized A spectral index showing the area covered by build-up NDBI — SWIR — NIR
Difference Built-up surfaces in a given area [60,61]. SWIR + NIR
Index Where NIR is the reflectance in the Near Infrared band, SWIR is the
reflectance in the Short-Wave Infrared band.
NDVI Normalized A spectral index calculated as the normalised difference NDVI — NIR — R
Difference between near-infrared and red reflectance values, allowing NIR +R
Vegetation Index the estimation of chlorophyll content and biomass [62-64]. Where NIR is the reflectance in the Near Infrared band, R is the reflectance
in the Red band.
RBVA Ratio of Biologically ~ The proportion of area that is covered by permeable surfaces v
Vital Areas capable of supporting ecological functions (also 50% of the RBVA = m'loo
roofs or terraces’ area larger than 10 m? covered by natural Where V; is the biologically vital area of the i th patch, Aoq is the total area
vegetation), including open water, expressed as a percentage  of the parcel and n is the total number of biologically vital surface patches
of the total plot area [65,66]. within the parcel.
TCD Tree Cover Density The percentage of ground area covered by tree canopies SrG
when viewed from above [22,67]. TCp = m-lOO

Where C; is the canopy area of the i th tree, A,y is the total area of the
parcel and n is the total number of trees within the analysed area.

B. Site-specific indicators

Abbreviation  Indicator name Categories

EXPO Sunlight-shade exposure A binary variable indicating site exposure to direct solar radiation during the measurement period, with 1 representing shaded conditions
type and O representing full sun exposure.

ELAI Effective Leaf Area The leaf area per unit ground surface area, accounting for canopy light interception but not leaf clumping, integrated over the zenith
Index angles 0-60°; modelled using the Gap Light Analyzer software [51,68].

SVF Sky View Factor The fraction of the visible sky hemisphere from a given point; modelled using a pixel-based method following Holmer et al. [52,57,69].

VEGgen Generalized vegetation TC - a tree cluster; M — meadow; L — lawn; AS - site localised in the close vicinity of an artificial surface.
type

VEGgpec Specified vegetation TC_A - tree cluster, dense, deciduous, tall, with shrubs, low grass; TC_B — tree cluster, dense, deciduous, tall, with shrubs, low grass,

type

understory; TC_C - tree cluster, dense, deciduous, tall, with shrubs, high grass; TC_D - tree cluster, dense, deciduous, tall, without shrubs,
low grass; TC_E - tree cluster, dense, mixed, tall, without shrubs, low grass; TC_F - tree cluster, open, deciduous, tall, with shrubs, low

grass;

L — open lawn; LT — lawn with single trees; M — meadow; MS — meadow with a group of shrubs;
AS/L - lawn in combination with artificial surface; AS/LT — lawn with single trees in combination with artificial surface.
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station to the broader local context [44-46]. Indicators involving cate-
gorisation or modelling based on hemispherical photographs were
applied only to the measurement point itself (Table 2B).

The first group of contextual indicators was derived from satellite
imagery. To acquire information on the vegetation condition and built-
up surface properties, spectral metrics were calculated based on Sentinel
2 images. Ground-reflectance-corrected images were obtained in 10 m
spatial resolution for the study site in Google Earth Engine for dates
closest to the measurement campaigns (Table A.3 in ESM). Cloud
masking was applied based on the QA pixel band, and surface water
bodies were masked using data from the Map of the Hydrographic Di-
vision of Poland® and the Land functionality map of Warsaw 2019
provided by Warsaw City Council. For the resulting scenes, three spec-
tral indices were computed (Table 2A): Normalized Difference Vegeta-
tion Index (NDVI) [47], Enhanced Vegetation Index (EVI) [48] and
Normalized Difference Built-up Index (NDBI) [49]. Then, in QGIS 2.22,
mean index values were calculated within three buffer zones using the
Zonal Statistics tool.

The second group of spatial-context parameters comprised selected
urban morphology indicators that are widely used in urban planning
practice and are included in local legal frameworks: Building Coverage
Ratio (BCR), Maximum Building Height (BHpax), Mean Building Height
(BHpean), Floor Area Ratio (FAR), Ratio of Biologically Vital Areas
(RBVA) and Tree Cover Density (TCD) [45,46,50]. These indicators can
be applied to both build-up areas and parks, particularly when analysing
areas of varying size, extending beyond the administrative boundaries of
green spaces. Calculations were performed in ArcMap 10.2.2. for
selected buffer zones using well-established formulas (Table 2A) and
diverse datasets: building footprints and the number of storeys were
digitised based on the Topographic Objects Database and Bing Aerial
images; building heights were estimated from Google Earth Pro imagery;
biologically vital area boundaries were derived from OpenStreetMap
imagery and Bing Aerial; and tree canopy cover was extracted from the
Tree Crown Map.7

The first group of site-specific metrics includes two quantitative
indices — the Sky View Factor (SVF), which describes the proportion of
visible sky from a given point and helps assess shading and radiation
exposure [44], and the Effective Leaf Area Index (ELAI), which char-
acterises canopy density and light interception by vegetation [51] — both
of which were modelled in specialised software based on hemispherical
images (Table 2B). The photographs were taken during each campaign
directly above the air temperature solar radiation shield (1.3 m above
ground) with the Canon EOS M50 and CF 4 mm F2.8/210° fisheye lens.
After the post-processing, SVF was computed in Sky View Factor
Calculator v1.1 [52,53] and ELAI in Gap Light Analyzer v2.0 [54].

The second group of site-specific characteristics were based on cat-
egorisation (Table 2B). Vegetation type information, both Generalised
vegetation type (VEGgen) and Specified vegetation type (VEGspec), was
determined after detailed field surveys conducted in the immediate vi-
cinity of each measurement point, supported by cartographic materials
such as municipal park inventory data and the Tree Crown Map'®. These
indices allow for a systematic description of vegetation structure and
composition at the local scale, which is important for understanding
bioclimatic conditions. Exposure type (EXPO) was determined based on
field observations, the SVF value, and analysis of solar radiation, which
were also monitored during the measurement campaigns for verification
purposes, providing insight into the overall spatial geometry and po-
tential solar exposure at each location.

6 The State Water Holding Polish Waters. Map of the Hydrographic Division
of Poland (scale 1:10 000 000). https://dane.gov.pl/pl/dataset/2167, mapa-
podzialu-hydrograficznego-polski-w-skali-110 (accessed 21.06.2023).

7 Kunert Z. Miliony warszawskich drzew na jednej mapie. Zarzad Zieleni m.
st. Warszawy. https://zzw.waw.pl/2021/02/26/miliony-warszawskich-drz
ew-na-jednej-mapie/ (accessed 18.11.2025).
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2.4. Statistical analysis

To address research questions Q1-Q3, the analysis proceeded in
three steps. First, to characterise the variability of thermal conditions
within the parks, UTCI heatmaps were generated based on ERA5-HEAT
data for the study period. Differences between in-situ observations and
the corresponding reanalysis grid node values were then evaluated, and
overall error metrics (MAE — mean absolute error, RMSE — root mean
square error and Bias) were computed in R version 4.5.1 [70]. Mea-
surement results for each park were subsequently summarised to pro-
vide an overview of thermal stress conditions (Q1; subSection 3.1).

To investigate the influence of local environmental characteristics on
bioclimatic conditions (Q2) and how their relevance varies across sea-
sons (Q3), a generalised additive model (GAM) with random effects for
park, measurement location and observation day was applied (Section
3.2). Many spatial indicators were strongly correlated, which prevents
including them simultaneously in a GAM without producing unstable
estimates, necessitating a univariate modelling approach within this
study framework. Restricting the analysis to only uncorrelated in-
dicators would have limited the ability to fully address the study’s pri-
mary objective — examining how various environmental factors relate to
UTCI in urban parks. The response was modelled using the mgcv package
in R (version 4.4.2) [70,71] as a function of a covariate and a nonlinear
smooth function of time, estimated separately for each park (p = 0.05).
This modelling framework enabled the simultaneous modelling of
location-specific temporal dynamics and the accommodation of random
spatial and temporal variation. The model was fitted using UTClgif as
the response variable, which represents the difference between the local
UTCI and the corresponding UTCI from ERA5-HEAT. Because UTCly is
a relative measure, GAM coefficients describe how changes in a given
variable modify the local thermal stress deviation from the background
conditions, enabling the analysis of systematic patterns and trends
rather than absolute values or short-term variability. Positive co-
efficients indicate that the predictor increases UTClyi¢ (local UTCI be-
comes relatively higher), while negative coefficients indicate a decrease
(local UTCI becomes relatively lower).

To facilitate the interpretation of effect sizes across predictors
expressed in different units, quantitative variables were rescaled ac-
cording to their practical ranges of variation. For indicators expressed as
percentages (BCR, RBVA, TCD), effects were expressed per 10% change.
For continuous indices with limited variability (NDVI, EVI, NDBI, SVF),
effects were reported per 0.1-unit change. For variables where moderate
increments are meaningful (ELAIL, FAR, BHpean, BHmax), effects were
expressed per 1-unit change. Categorical variables were modelled rela-
tive to a reference class (lawn for VEGgen; open lawn for VEGgpec; sun for
EXPO), and the effects of all other categories were expressed with
respect to this baseline.

3. Results
3.1. Thermal stress patterns

3.1.1. Background biometeorological conditions during the study period
Biometeorological conditions during the study years were broadly
representative of typical seasonal patterns in Poland, which were pre-
sented in Figure A.1 in ESM. During the selected measurement campaign
days in Warsaw, ERA5-HEAT UTCI values calculated for full 24-hour
periods ranged from moderate cold stress (—7.9 °C) to strong heat stress
(33.0 °C), indicating a broad spectrum of thermal conditions (Table A.4
in ESM). Focusing on the hours during which field measurements were
conducted, UTCI spanned several thermal stress classes. In spring, all
observations fell within the no thermal stress class (9.8-25.6 °C)
(Fig. 2A). Summer observations covered conditions from no thermal
stress to strong heat stress (18.6-33.0 °C) with the most frequent moderate
heat stress (50.0%) (Fig. 2B). In autumn, UTCI from the reanalysis ranged
from moderate cold stress to no thermal stress (—0.2-24.8 °C), with
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Fig. 2. Diurnal distribution of UTCI values from ERA5-HEAT for Warsaw, with colour scale representing UTCI thermal stress categories following Brode et al.,

2012 [36].
thermoneutral conditions occurring with 70.0% frequency (Fig. 2C).

3.1.2. Comparison of reanalysis and in-situ UTCI values

The UTCI values calculated from the in-situ measurement campaigns
across all sites during the observation hours were higher than those
derived from the ERA5-HEAT dataset for the node the closest to the
centre of Warsaw (bias = —1.5 °C), reflecting differences between local
conditions and the coarser-scale reanalysis (Fig. 3A). For all data com-
bined, values of MAE (3.9 °C) and RMSE (4.9 °C) indicated a moderate
spread of values around the line of agreement. Stratification by exposure
revealed larger discrepancies in sun-exposed locations (Fig. 3B),
whereas shaded sites showed closer agreement (Fig. 3C). Overall, ERA5-
HEAT reproduced the variability of thermal conditions reasonably well,
though absolute UTCI values were typically lower than in-situ mea-
surements. In this dataset, the tendency for reanalysis to overestimate
cold stress at the lowest end of the distribution likely reflects its higher
wind-speed estimates, which strongly reduce UTCI values under cold
conditions due to the physiological sensitivity of the index to convective
heat loss [72,73] (Fig. A.2 in ESM). In contrast, in sun-exposed locations,
the stronger daytime collinearity of air temperature, relative humidity,
and MRT exerts a more dominant influence on UTCI. Shaded sites
showed slightly higher explanatory power, suggesting a marginally
better fit of the linear model than in sunlit conditions. This may reflect a
tendency of ERA5-HEAT to underestimate high UTCI compared to the
values derived from in-situ measurements in sun-exposed locations [74],
although the difference in explained variance between exposure types
was minor, amounting to only 1.3%.

3.1.3. Intra- and inter-park variability of bioclimatic conditions
According to the in-situ measurements collected across all parks,
UTCI values during the campaigns ranged from slight cold stress (5.2 °C)
to very strong heat stress (39.8 °C). Heat-stress related categories occurred
more frequently than suggested by the ERA5-HEAT reanalysis, and

substantial spatial variability was observed within individual parks be-
tween sun-exposed and shaded sites (Fig. 4).

In spring (Fig. 4A), the lowest mean and minimum UTCI values were
recorded in LAZ (15.5 °C; 8.6 °C), whereas KRO exhibited the highest
mean and maximum UTCI values (20.0 °C; 28.2 °C), indicating that
thermal stress levels ranged from slight cold stress to moderate heat stress
across the sites. LAZ also showed the lowest maximum UTCI (22.5 °C),
while BAZ recorded the highest minimum value (12.4 °C). Differences
between sun-exposed and shaded locations within the same park ranged
from 2.3 °C to 4.9 °C. This pattern generally applied to both minimum
and maximum UTCI values, although isolated cases occurred in which
shaded measurements were slightly higher than sun-exposed ones (e.g.,
in KRO, the minimum UTCI in shade was higher by 0.2 °C; in ZOO, the
maximum UTCI was higher by 1.6 °C). These moderate and sometimes
reversed contrasts were consistent with solar radiation variations and
incomplete leaf-out in spring, which limit radiative differences between
sites. In addition, unshaded locations were more exposed to radiative
cooling and local airflow, occasionally resulting in lower UTCI
compared to shaded sites.

During the summer campaign (Fig. 4B), the highest mean UTCI value
was observed in ZOO (32.3 °C), while the lowest was in BAZ (23.7 °C),
with the same trend observed in minimum values (23.4 °C and 18.6 °C,
respectively) and maximum values (39.6 °C and 32.5 °C, respectively).
These values indicate that summer bioclimatic conditions ranged from
no thermal stress at the coolest sites to very strong heat stress at the
warmest locations. Differences between sun-exposed and shaded sites
were more pronounced than in spring: mean UTCI differences ranged
from 3.8 °C in BAZ to as much as 9.7 °C in LAZ. Minimum and maximum
UTCI values were higher in sun-exposed locations in all parks, although
the magnitude of these differences varied, from 3.8 °C (ZOO) to only 0.1
°C (BAZ) for minimum values, and from 11.3 °C (LAZ) to 2.6 °C (ZOO)
for maximum values. This pronounced divergence reflects the dominant
role of solar radiation in summer, when fully developed canopy cover
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Fig. 3. Scatter comparison of in-situ versus ERA5-HEAT UTCI values: A) across all measurement sites, B) sun-exposed, and C) shaded locations.

strongly suppresses incoming radiation in shaded areas, thereby max-
imising the contrast between sun-exposed and shaded bioclimatic
conditions.

Mean UTCI values during the autumn campaign were generally
lower than in spring (Fig. 4C), reflecting reduced solar input and lower
air temperature, although minimum and maximum UTCI values still
indicated conditions ranging from no thermal stress to moderate heat
stress. The highest mean value was recorded in MAL (24.0 °C) - the
smallest park, while the remaining parks showed means closer to the
lowest value observed in ZOO (11.8 °C) — situated close to the Vistula
river. The highest maximum UTCI values were also noted in MAL and
Z00 (31.2 °C; 20.9 °C), whereas the lowest minimum UTCI occurred in
SKA (5.2 °C). As in spring, differences between sun-exposed and shaded
measurement sites were smaller than in summer, ranging from 4.8 °C
(SKA) to 1.2 °C (KRO). In several cases, both minimum (LAZ, SKA, KRO,
MAL) and maximum (ZOO, MAL) UTCI values were slightly higher in
shade than in sun-exposed locations. This reduced contrast is consistent
with the seasonal decline in solar radiation and the canopy thinning,
while increased exposure of sunlit sites to airflow and nocturnal heat
loss, manifesting in the early morning and evening, can occasionally
cause shaded locations to exhibit slightly higher UTCI.

3.2. Impact of environmental factors

3.2.1. Overview of GAM results across the growing season

Measurement sites located within parks and their immediate sur-
roundings exhibited considerable heterogeneity in spatial arrangement,
reflected in varying values of indicators that describe different compo-
nents of the urban environment. In the GAM analysis, the local de-
viations of UTCI from the ERA5-HEAT reference (UTClg;s) were related

to these characteristics — positive effects estimated by the model indicate
that higher values of a given indicator were associated with increased
UTCI relative to the reference, whereas negative effects indicate the
opposite tendency. The extent and statistical significance of these re-
lationships depended on the spatial scale at which the indicators were
calculated, as well as on the seasonal variability of the prevailing
biometeorological conditions.

The univariate GAM analysis (Fig. 5) revealed clear and statistically
significant effects of multiple urban environmental variables on UTClgjss
throughout the growing period. Ten quantitative indicators showed
significant associations, with the modelled effects depending on spatial
scales for metrics with multiple significant buffer zones (Fig. 5A-C).
Only FAR showed no significance at any scale. Among the quantitative
indicators, those related to the built environment exhibited strong pos-
itive associations with UTClg;¢ (ranging from approximately 0.6 °C for
height-related metrics to 1.6 °C for measures of building density),
whereas vegetation-related indicators were associated with decreases in
UTClgigr (below 1 °C for RBVA, NDVI, and TCD, and above 1 °C for EVI
and ELAI). Among the categorical variables, the most pronounced
modelled effects were observed for vegetation type and sun/shade
exposure (Fig. 5D). Changes in vegetation structure in reference to the
open lawn caused UTClg;¢ reductions from 3.8 °C for dense clusters of
deciduous tall trees, shrubs, and low grass (relative to open lawns;
VEGgpec, TC_A) to 8.2 °C for clusters with a more open tree structure
(VEGspec, TC_F). Shade exposure further enhanced local cooling by 3.9
°C, contrasting sharply with the warming associated with quantitative
openness indicators, such as SVF, where a 0.1-unit increase resulted in a
0.6 °C rise in UTCI.
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Fig. 4. Seasonal distribution of UTCI values at sun and shade measurement sites across parks.

3.2.2. Seasonal variation of environmental effects

Across the three seasons analysed separately, notable differences
emerged in the statistical significance, spatial scale, and magnitude of
relationships between UTClgs and urban environmental indicators
(Fig. A.3-5 in ESM). Spring exhibited the broadest range of significant
quantitative variables, indicating that early-season thermal responses
were sensitive to both vegetation and built-up characteristics. In
contrast, summer retained significance only for a subset of five in-
dicators, while autumn showed the most reduced set, limited to ELAI,
SVF, NDBI and TCD. Although several indicators showed significance
across multiple spatial buffers, the dominant buffer size varied by sea-
son: in spring, indicator values of the largest buffers (100 m and 50 m)
yielded the highest number of significant effects. In summer, the ma-
jority of significant associations were observed at the 50 m radius buffer,
while in autumn, the effects were distributed more evenly across buffer
sizes, with no single scale clearly prevailing. Moreover, seasonal dif-
ferences were also reflected in the variability of buffer-specific effect
sizes: in summer, the effects showed the strongest divergence across
scales, ranging from differences of approximately 0.1 °C to 1.3 °C,
whereas in spring the maximum buffer-related variation reached only
about 0.3 °C and in autumn remained close to 0.1 °C. These differences
did not follow a consistent directional pattern, as increasing the buffer
size did not systematically impact UTClyiff responses, varying by the
indicator and season. Site-specific indicators, such as ELAI, SVF, and

EXPO (Fig. 6), remained consistently significant across all seasons, as
did several recurrent categories within the categorical vegetation vari-
ables (VEGspec and VEGgep).

3.2.3. Effects of vegetation indicators

Throughout the growing period, vegetation-related metrics exhibi-
ted a clear tendency to reduce thermal stress; however, the statistical
significance of different vegetation parameters varied depending on the
season (Fig. A.3-5 in ESM). RBVA (up to 0.6 °C per 10%) and EVI (1 °C
per 0.1 unit) showed a pronounced negative modelled effect only in
spring, whereas NDVI demonstrated significant negative effects both in
spring (0.8 °C per 0.1 unit) and summer (1.4 °C per 0.1 unit). Certain
vegetation types were significant regardless of the analysed period,
while some effects emerged only in particular seasons. The presence of
tree clusters in contrast to lawns (VEGge,) resulted in a decrease in
UTClyifs ranging from 2.1 °C in autumn to 5.7 °C in summer. More
specifically (VEGspec), consistently significant classes in each season
included tree clusters with dense vegetation, as well as deciduous and
tall trees mixed with shrubs. The strongest effects were observed in
spring and summer, particularly in areas where an understory was
present, with reductions up to 7.2 °C. Indicators related to meadows,
lawns with shrubs, and lawns combined with artificial surfaces were also
significant, leading to an increase in UTClg;¢r compared to the reference
open lawn in autumn, while in spring, lawns with shrubs exhibited a



K. Czarnecka et al.

Building and Environment 296 (2026) 114506

[A]

B

SVF e TCD_10 o
NDVI_10 @ | BCR_50 S
NDBI_10 b —e— RBVA_50 @
EVI_10 —@—i! TCD_50 @
NDVI_50 @ BCR_100 e
NDBI_50 e RBVA 100 ——
EVI_50 —o— | TCD_100 @
NDVI 100 —@— -4 -3 -2 -1 O 1 2 3 4
} UTCIdiff change [°C]
NDBI_100 e if variable changes by 10%
EVI_100 —— |
1 <]
4 3 2 44 0 1 2 3 4
UTCIdiff change [°C] ELAI —o—
if variable changes by 0.1 unit
BHmean_10 —@—
BHmax_10 -
4 3 2 4 0 1 2 3 4
UTCIdiff change [°C]
if variable changes by 1 unit
o]
VEGspec_TC_A } — i
VEGspec_TC_B : ® | |
VEGspec _TC _C I — | 3
VEGspec_TC_F . o 1 3
VEGgen_TC ! @ } i
EXPO_Shadow — i
-16 -14 12 -10 -8 6 -4 2 0 2 4 6

UTCIdiff change [°C]
relative to reference
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Abbreviations of all indices are provided in Table 2.

negative effect. Quantitative indicators that showed statistically signif-
icant modelled effects across all seasons of the growing period included
TCD across all three buffer zones and site-specific ELAI (Fig. 6 and
Fig. A.3-5 in ESM). Tree canopy density around measurement sites
exerted a pronounced impact on the local bioclimate — higher TCD
values were consistently associated with lower in-situ UTCI values
(negative modelled effect by 10% from 0.3 °C in autumn for a 10 m
radius buffer; 1.1 °C in summer for a 100 m radius buffer). Increases in
ELAI corresponded to systematic reductions in field-measured UTCI
relative to reanalysis values (negative modelled effect by 1 unit from 0.7
°C in autumn; 1.7 °C in spring), highlighting the effectiveness of dense
tree canopies in shading and mitigating thermal stress.

10

3.2.4. Effects of built-up indicators

The only indicator directly related to built-up and impervious areas
that showed a statistically significant modelled effect on increasing
UTClg;sr across all seasons separately was satellite-derived NDBI, ranging
from 0.7 °C in autumn to 2.6 °C in summer per 0.1 unit, both for the 50
m buffer (Fig. 6 and Fig. A.3-5 in ESM). This result reflects the strong
heating of artificial materials and the limited cooling capacity. The ef-
fect was most pronounced in summer, highlighting the role of built-up
areas in intensifying thermal stress (Fig. 6). Apart from NDBI, the only
other indicator showing statistical significance was BCR for the 100 m
buffer in spring, which increased UTClyi by 1.5 °C. This finding em-
phasises the importance of the broader local context during periods



K. Czarnecka et al.

Building and Environment 296 (2026) 114506

Spring

Summer

Autumn

40

30

20

Exposure|

sun
Shade

40

30

20

40

30

20

UTCI at measurement sites [°C]

40

30

20

40

fl
J
30 o
NDBI50
; -_f,.jg. 0.00
;A [ |
20 x‘i«. 025
. s
R H 050
10 3
0
0 10 20 30 0 10 20 30 0 10 20 30

UTCI from ERAS-HEAT [°C]
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Abbreviations of all indices are provided in Table 2.

when thermal contrasts are smaller, and leaves are not yet fully
developed.

3.2.5. Effects of openness and exposure indicators

Indicators that do not focus solely on built-up features or vegetation,
but rather on the openness of a site and its overall exposure to solar
radiation, include the categorical EXPO and the quantitative SVF — both
modelled effects statistically significant across all seasons (Fig. 6;
Fig. A.3-5 in ESM). Sites located in full sunlight consistently exhibited
higher UTCI values compared to shaded sites, from 2.2 °C in autumn to
the most pronounced differences in summer, 5.4 °C. Similarly, SVF,
which describes the degree of sky view, influenced the magnitude of
deviations between local measurements and reanalysis — higher SVF
values were associated with elevated local UTCI (from 0.4 °C in autumn,
0.7 °C in spring and summer per 0.1 unit). Both indicators highlight the
importance of spatial geometry and radiation availability as key de-
terminants of the urban bioclimate.
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4. Discussion

This study aimed to identify spatial indicators parametrising the
urban environment that exert a significant effect on thermal stress in
parks and their surroundings across different temporal and spatial
scales. The GAM framework was applied to quantify how vegetation
structure, built-up form, and site geometry shape local UTCI deviations,
using in-situ biometeorological measurements from 23 sites across six
Warsaw parks (in the growing seasons 2022-2024) combined with
ERAS5-HEAT as a reference. This multi-scale approach allowed for a
systematic assessment of micro- to local-scale drivers of bioclimatic
conditions across seasons. The detection of heat stress in parks during
both spring and autumn demonstrates that physiologically burdensome
conditions extend beyond the summer period, which is consistent with
increasingly frequent scientific communications [75-77]. This is
particularly relevant given that many studies, planning guidelines, and
green-infrastructure designs prioritise mid-summer heat, when dense
foliage provides the strongest cooling potential [78,79]. These findings
highlight the need for planning and adaptation strategies that explicitly
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account for transitional seasons and the strong influence of overall urban
morphology on park bioclimates.

An important methodological aspect of this study is the use of ERA5-
HEAT as a consistent background reference, which represents both a
strength and a potential limitation [80]. This reanalysis dataset is widely
used in climate studies across continents for inter-city and regional
historical assessments, providing a robust basis for comparative evalu-
ation [77,81,82]. Its potential for urban bioclimate studies as a proxy for
the UTCI measured onsite was first highlighted by Kriiger & Di Napoli in
2022 [74], who reported that ERA5-HEAT UTCI values may provide a
reliable support for outdoor thermal stress research in the absence of
in-situ observations and outperform WMO station data. However, their
findings also indicate that the values may be underestimated under heat
or cold stress, pointing out the need to consider these limitations when
interpreting results. At the same time, the coarse spatial (0.25°) and
temporal (1 h) resolution of ERA5-HEAT restricts the direct use of un-
processed reanalysis fields for detailed microclimate assessments [32,
83], particularly as discrepancies between reanalysis and measurements
increase in complex environments characterised by varying surface
roughness, such as urban areas [74]. Nevertheless, while assigning local
reference points is a common approach, any such point within a het-
erogeneous urban environment is inherently influenced by complex
microclimatic conditions. The use of the reanalysis in this research
enabled comparability across measurement days by minimising
inter-daily meteorological variability and isolating environmental
drivers of local thermal stress. Applying ERA5-HEAT as a controlled
background, rather than a direct representation of conditions in the city
centre, demonstrates its potential value for bioclimatic studies, and
future work should further explore its integration with high-resolution
in-situ data and modelling approaches [83,84].

Vegetation composition is widely recognised as a key determinant of
the urban thermal environment, with numerous studies demonstrating
its capacity to reduce heat stress through evapotranspiration [85],
altered wind patterns [9], as well as modified radiative exchange,
including reduced incoming shortwave radiation, diminished longwave
emission and overall radiant heat loads [86]. In this paper, vegetation
indicators of the full dataset consistently emerged as significant pre-
dictors of local UTCIL. RBVA, representing the proportion of biologically
vital area, showed significance only in a few cases, at local-context
scales. Although, according to the state of knowledge, RBVA and
similar 2D metrics affect the air temperature [45,46], the lack of influ-
ence of this indicator on thermal stress level in urban space was stated by
Lindner-Cendrowska et al. [44], which emphasises that its use in plan-
ning documents as a sole indicator related to vegetation is insufficient.
NDVI and EVI showed only modest improvements as predictors of heat
stress in urban parks. Nonetheless, given the high potential of data
derived from satellite observations with high spatial and temporal res-
olution and the observed associations with thermal patterns in urban
areas [87,88], further studies are required to explore the utility of these
indices in bioclimatic assessments. In contrast, metrics directly linked to
tree canopy density and size (TCD and the site-specific ELAI) were sig-
nificant across the growing period, supporting earlier findings on the
primary importance of canopy shading in mitigating thermal stress in
various seasons, with the effect of TCD typically strengthening at larger
buffer scales as it captures broader continuity of tree canopy cover [89,
90]. Recent work by Guo et al. [51] further suggests that high leaf
density can optimise thermal comfort even with limited planting,
whereas increased planting density can compensate for lower leaf area.
The distinct role of trees in shaping the bioclimate was confirmed by the
categorical vegetation typology: tree clusters consistently reduced UTCI
compared with open lawns, with seasonal differences of up to 5 °C, in
line with current knowledge [25,91-93]. The most notable cooling in
summer, exceeding 7 °C, occurred in dense, tall deciduous clusters with
shrub and understory layers, where conditions could shift by as much as
two heat-stress categories. However, these findings are relevant to
daytime conditions; at night, trees with dense canopies may retain heat,
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whereas open lawns provide a cooling effect [94-96].

Urban parks are enclaves of greenery embedded within the urban
fabric, and their thermal environment is influenced by the characteris-
tics of the surrounding built environment [13,23,78]. In this study,
built-up factors influenced local thermal stress primarily through the
extent of artificial surfaces, as captured by NDBI. Unlike only
building-related metrics, NDBI remained consistently significant in both
the full research period analysis and all seasonal subsets, indicating that
surface cover and material properties exert a strong control on local
UTCI, with the effect being most pronounced during summer. These
findings complement research on surface types, underscoring the need
to limit the extent of impervious surfaces, particularly asphalt, and to
keep this in mind when introducing large recreational or paved areas
within urban parks [97,98]. Traditional indicators of urban form, such
as building height and density, exhibited weaker and less frequent ef-
fects overall, while building intensity was not significant in any spatial
or temporal scale. However, among these metrics, BCR in local-context
scales emerged more often as a significant predictor than other
morphology-related indicators, particularly in the growing-season
model and in spring. Similar effects of built-up density have been re-
ported by Yan et al. [99], indicating that an increase in BCR diminishes
thermal comfort. Nevertheless, building structures surrounding the
study sites were relatively sparse and spatially fragmented, even for the
smallest parks, and were often separated from park edges by wide
transportation corridors that increased their distance from compact
development. Only a few measurement locations were entirely free of
nearby buildings, while the remaining sites captured varying, but
generally limited, degrees of built infrastructure within the analysed
buffers. These characteristics likely attenuated the influence of building
morphology in the applied models, reflecting the limited variability that
is often typical of urban parks. Therefore, these results should be
interpreted with caution and are not indicative of their potential
importance in denser urban settings.

Beyond the vegetation metrics and build-up indicators in urban parks
and their surroundings, the site’s openness emerged as an equally
important determinant of local thermal stress level, aligning with pre-
vious research [14,97,98,100]. Both indicators, SVF and EXPO, were
among the most robust and seasonally consistent predictors of local
UTCI deviations. Their pronounced modelled effects on UTCI across
seasons further indicate that solar radiation strongly shapes bioclimatic
conditions, also dependent on vegetation phenology. This reinforces
extensive evidence that direct solar loading is the primary driver of
thermal stress under clear-sky conditions and confirms that shading —
whether from trees or other structures — remains the most effective
means of reducing UTCI [44,101]. However, in temperate climates, the
benefits of shading are inherently season-dependent, as complete and
permanent sky obstruction may not be advantageous year-round. De-
ciduous tree canopies offer a particularly effective compromise, as their
reduced foliage during winter allows increased solar penetration, which
can locally elevate UTCI under sunny cold-season conditions, while
providing substantial shading during summer heat [102]. Given the
limited number of SVF-focused studies conducted specifically within
urban parks, as well as occasional inconsistencies in reported results —
likely stemming from the complex radiative effects of dense vegetation
(reduction of reflected and emitted heat, as well as trapping longwave
radiation) — further research is warranted on these relationships [100,
101,103]. Overall, these findings emphasise that managing sky
obstruction and providing continuous shading should be central prior-
ities in park design and in broader urban planning strategies aimed at
mitigating heat stress.

While this study advances understanding of seasonal and spatial
drivers of thermal stress in urban parks, several limitations should be
acknowledged, as they also indicate directions for future research. The
analysis did not aim to develop a single comprehensive model of envi-
ronmental influences on UTCI, as the inclusion of multiple, partly
overlapping indicators (e.g. SVF and ELAI) can introduce
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interdependencies and complex combined effects. Instead, the focus was
placed on identifying parameters with statistically significant individual
relationships with UTCI, providing insights that remain valuable for
urban planners and for informing future, integrative modelling ap-
proaches. Although the number of field campaigns and sampling sites
was necessarily constrained by the in-situ nature of the measurements,
care was taken to ensure representative locations and to target season-
ally typical days with radiative weather. Given the focus on park envi-
ronments, the variability of built-up indicators was inherently
constrained, which likely contributed to their significance at the full-
period scale but not within individual seasons. Furthermore, this study
focuses on daytime conditions during the growing season, when vege-
tation exerts a strong influence on local microclimate in temperate cli-
mates. Winter and night-time measurements fall outside its scope,
leaving the response of the urban parks' thermal environment under low
or absent solar radiation to be explored in future research. Moreover,
subsequent analysis will extend the present findings on urban parks'
bioclimate by incorporating human thermal perception, acknowledging
that subjective thermal sensations do not necessarily correspond to
objectively measured conditions [44,104].

5. Conclusions

This study demonstrates that thermal stress in urban parks arises
from complex, seasonally dependent interactions between vegetation,
park spatial structure, and the surrounding urban fabric. The main
conclusions are as follows:

e Reanalysis-based UTCI provided a robust comparative baseline,
revealing consistent local deviations driven by park morphology and
the surrounding built environment. In-situ measurements captured
higher thermal stress than ERA5-HEAT, particularly under sun-
exposed conditions.

Tree clusters with dense, tall, multi-layered vegetation emerged as
the cooling driver associated with local UTCI reductions of up to 7.2
°C; greenery indicators’ consistent effects highlighted the impor-
tance of vegetation condition, structure, canopy cover and leaf
density for mitigating thermal stress.

NDBI exhibited statistically significant effects in all seasons, with the
strongest influence under summer heat up to 2.6 °C, emphasising the
substantial impact of anthropogenic surfaces on the urban bioclimate
even within park areas.

Sun exposure and sky openness (EXPO, SVF) were persistent de-
terminants of local UTCI differences, underscoring the role of overall
spatial geometry and radiation availability as key elements shaping
the urban bioclimate.

The influence of environmental factors on local UTCI was season-
and scale-dependent, with indicators calculated for broader spatial
buffers (radii of 50-100 m) showing the strongest effects in spring,
indicators at the 50 m radius dominating in summer, and effects in
autumn being more evenly distributed across buffer sizes.

Taken together, these findings advance the understanding of how
urban parks' characteristics modify local bioclimate throughout the
growing season under temperate climates. They proved that integrating
vegetation layering, effective shade provisioning, and careful consider-
ation of both intra-park structure and surrounding built-up areas can
contribute to reducing local thermal stress.
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Table A.1. Universal Thermal Climate Index (UTCI) thermal stress categories.

UTCI range (°C) Stress category

above +46 extreme heat stress
+38 to +46 very strong heat stress
+32to +38 strong heat stress

—13t00 moderate cold stress
—27t0—13 strong cold stress
—40 to —27 very strong cold stress
below — 40 extreme cold stress

Source: based on Table 3 from Brode et al. [1].

Table A.2. Technical specification of the instrumentation used for the measurements.

Parameter Sensor Range Accuracy

Air temperature (ta) Onset S-THC-M002 -40-75 °C +0.21 °C

Relative humidity (RH) 0-100% +2.5%

Wind/Air speed (va) Cup anemometer 0-76 m/s +1.1m/s or +4%
Onset S-WSB-M003
Omnidirectional hotwire 0.05-5 m/s +0.2 m/s
probe AP3203 with NTC (0—-1 m/s)
10kohm sensor + 0.3 m/s
Senseca Delta OHM (1-5 m/s)
HD32.3TC!

Globe temperature (tg)  Acrylic sphere @4 cm with 0-315°C N/A

T-type steel thermocouple
inside Omega THSS-18G-
RSC-6, (colour black)?

' To ensure reliable wind-speed measurements in areas with limited airflow, an additional high-sensitivity
anemometer was used at sheltered sites.

2 The methodology is based on earlier verification comparing a standard 15 cm globe with 4 ¢m black and
grey acrylic globes, which identified the black globe as providing the most reliable inputs for mean radiant
temperature calculations in the local park environments [2].



Table A.3. Overview of measurement campaign dates and Sentinel-2 observation dates.

Season Park Measurement campaign dates Sentinel-2 acquisition dates
Summer 2022  SKA 3.08.2022 05.08.2022
LAZ 4.08.2022
700 5.08.2022
BAZ 9.08.2022
KRO 10.08.2022
MAL 11.08.2022
Spring 2023 700 4.05.2023 9.05.2023
SKA 8.05.2023
KRO 9.05.2023
Summer 2023  SKA 10.07.2023 08.07.2023
Autumn 2023 MAL 3.10.2023 29.09.2023
LAZ 6.10.2023
700 8.10.2023
SKA 10.10.2023
KRO 13.10.2023
Spring 2024 LAZ 26.04.2024 13.05.2024
BAZ 13.05.2024

SKA — Skaryszewski Park; LAZ — Botanical Garden & Lazienki Park; ZOO — Zoological Garden &
Praski Park; BAZ — Przy Bazantarni Park; KRO — Kroélikarnia & Arkadia Park; MAL — Malicki Park.
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Fig. A.1. Diurnal distribution of UTCI values from ERAS-HEAT for Warsaw during the entire
study period (1 July 2022 — 30 September 2024).

Source: based on ERAS-HEAT dataset [3]; The colour legend represents UTCI thermal stress categories

according to Brode et al. [1].



Table A.4. Minimum, maximum, and quartile values of ERAS-HEAT UTCI for Warsaw during

the measurement campaigns.

Season Measurement campaign days Observation hours

min Ql Q2 Q3 max min Q1 Q2 Q3 max

Spring
Summer

Autumn

Source: based on ERAS-HEAT dataset [3]; The colour legend represents UTCI thermal stress categories
according to Brode et al. [1].
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Fig. A.2. Distributions of mean radiant temperature (A), air temperature (B), relative humidity

(C), and wind speed at 10 m (D) with reanalysis background reference.

Source: based on in-situ measurements, ERA5-Land dataset [4] and ERAS-HEAT dataset [3].
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Fig. A.3. Statistically significant (p = 0.05) effects of urban environmental factors on UTCI in
spring: (A) per 0.1 unit, (B) per 10% change, (C) per 1 unit, or (D) relative to the reference
category.

Abbreviations of all indices are provided in Table 2 of the main article.
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Fig. A.4. Statistically significant (p = 0.05) effects of urban environmental factors on UTCI in
summer: (A) per 0.1 unit, (B) per 10% change, (C) per 1 unit, or (D) relative to the reference
category.

Abbreviations of all indices are provided in Table 2 of the main article.
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