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A B S T R A C T

Understanding and describing how urban heat islands evolve is important, given the noticeable impact they have 
on people living in cities. This paper considers the London heat island from gridded values with one-arcminute 
spatial resolution over a 33-year period, from 1990 to 2022. Among the available variables in the database, 
maximum and minimum air temperatures were used. A cold island was not observed, since temperatures in the 
city centre were higher than those in the surroundings during the day and at night. However, the urban heat 
island extension was higher for the maximum temperature, whereas this island was limited to the city centre for 
the minimum temperature, in line with the area delimited by the congestion charge. Lamb weather types were 
determined, and it was found that the anticyclonic type prevailed, followed by southwest, west, and cyclonic 
types. The difference between both temperatures was about 6.8 ◦C in the city centre, and was particularly defined 
for anticyclonic and cyclonic types. Moreover, anticyclonic situations were linked with the highest urban heat 
island intensities for minimum temperature. Finally, the temperature trend was similar for both temperatures 
–about 0.2–0.3 ◦C/10 years in the city centre– thereby offering a possible quantification of climate change.

1. Introduction

The influence of urban areas on the environment and on inhabitants 
may be noticeable. This impact has been the subject of research over the 
last few years. Urban heat islands –i.e., the temperature contrast be-
tween the city centre and its surroundings– were barely investigated 
before 1990. However, the number of papers addressing this topic 
increased substantially, reaching over 300 in 2015 (Huang & Lu, 2018), 
and around 1000 articles in 2023, as recorded by Scopus (Elsevier, 
2024). Interest in this topic may be attributed to the availability of in-
formation from satellite observations and to the recent development of 
gridded databases.

Mohan et al. (2022) divided the urban heat island effect into two 
categories; the first is the atmospheric urban heat island, while the 
second is the surface urban heat island. Zhou et al. (2018) conducted a 
historical review of the period 1972–2018 and found most research (69 
%) to be focused on the daytime, whereas only 30 % of studies had 
investigated the urban heat island during the day and at night. An array 
of different methods has been suggested to identify this island. Some 

procedures are based on the contrast between the city centre and its 
surroundings. One example is Cetin et al. (2024), who used satellite 
images and took the difference between each pixel and the average 
temperature in rural areas. Si et al. (2024) considered the contrast be-
tween the urban area and its surroundings, which are less urbanised. 
Bala et al. (2024) used standardised temperatures, with the highest 
values being attributed to the urban heat island. Another experimental 
procedure is based on transect determination. Jaiswal et al. (2023) used 
a vehicle equipped with temperature and relative humidity sensors to 
investigate intra-urban thermal variability in Ahmedabad, India. In 
contrast to the previous methods, other procedures are statistical tech-
niques, since observations are previously treated, as for example in Hu 
et al. (2022) or Yao et al. (2022), where a Gaussian function is used to 
smooth temperature values. The current paper falls into this latter line, 
although a nonparametric smoothing procedure was used, with the 
application of this procedure being one original contribution of the 
current paper to urban heat island research. Prior studies fitted various 
functions to quantify the contrast between the city centre and its out-
skirts. Sarker et al. (2024) used the inverse S-shaped function to fit the 
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Contents lists available at ScienceDirect

Sustainable Cities and Society

journal homepage: www.elsevier.com/locate/scs

https://doi.org/10.1016/j.scs.2024.105743
Received 22 February 2024; Received in revised form 26 July 2024; Accepted 11 August 2024  

Sustainable Cities and Society 114 (2024) 105743 

Available online 16 August 2024 
2210-6707/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:isidro.perez@uva.es
www.sciencedirect.com/science/journal/22106707
https://www.elsevier.com/locate/scs
https://doi.org/10.1016/j.scs.2024.105743
https://doi.org/10.1016/j.scs.2024.105743
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scs.2024.105743&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


decline of urban land density from the city centre in Jakarta, Indonesia, 
with one feature of this procedure being that results do not consider 
different urban patterns following varied radial directions, since all of 
these directions are averaged. Fu et al. (2022) defined the urban city 
centre as the gravity centre of the built-up area, and the urban heat is-
land effect was described by a single exponential decay model where all 
the directions are considered equally. If the aim is to examine the 
directional pattern, one possible procedure to be applied is that by Yang 
et al. (2022), who propose a model with a radial sweep where the 
gravity centre of an urban area is calculated and suggested as the origin 
for polar coordinates. North was the starting direction, and an expo-
nential decay is used to scan land surface temperature and to establish 
the boundaries for the city influence.

One key concept is temperature difference, which is linked to the 
kind of urban development. If green spaces such as parks or green roofs 
are favoured, the cooling effect may counteract heating from buildings 
and pavements. However, meteorological conditions play a key role 
since, for instance, katabatic flow from nearby mountains may refresh 
the city during the night, or the urban heat island effect may prove 
prominent at sites under hot climates. Urban development managers 
should take the most suitable decision in order to ensure citizen well- 
being.

Remote sensing procedures have frequently been used. Mpakairi and 
Muvengwi (2019) used night-time lights as a proxy of anthropogenic 
activity in two urban cities of Zimbabwe, and highlighted the contri-
bution of this variable to the summer night surface urban heat island. 
Similarly, Sun et al. (2020) estimated the urban heat islands of London 
and Paris from night-time light satellite imageries.

However, the values obtained may differ depending on the proced-
ure used. Matuzko and Yakubailik (2018) studied the urban heat island 
in Krasnoyarsk, Russia, where the contrast between remote sensing 
measurements and those recorded by ground based stations exceeded 5 
◦C. This temperature contrast was also observed by Ravanelli et al. 
(2018) at the Georgia State University weather station, where data were 
compared to those from Landsat. Median temperature difference was 6 
◦C for 1992, and even the temperature trend was different, 0.08 ◦C/year 
for the weather station, and 0.22 ◦C/year for Landsat data.

New procedures have recently been developed and are awaiting 
application. Chau (2019) presented a method to estimate air tempera-
ture from smartphones in different contexts. Noticeable spatial resolu-
tion could be obtained using this method, which could be applied in 
urban heat island detection.

The variables involved in urban heat islands merit analysis by urban 
development managers in order to reduce the impact, since this island is 
affected by urban planning aspects such as population and road den-
sities, land use mix, or percentage of open space, as well as landscape 
features such as shape complexity and compactness (Xu et al., 2019). 
Ridwan et al. (2021) established the relationship between urban heat 
islands and building density. Miles and Esau (2020) studied the surface 
urban heat island in 57 cities in northern Fennoscandia, which is formed 
by the Scandinavian peninsula, Finland, Karelia, and the Kola peninsula. 
They found a link between this island and population size in cities that 
had a more continental climate, with the intensity being greater for the 
larger cities, such as Murmansk and Oulu, and which ranged between 3 
and 5 ◦C.

Urban heat island analysis may be an indicator of urban growth, with 
high resolution satellite images allowing for detailed analyses of specific 
areas. Karakuş (2019) used Landsat images with a resolution of 30, 60, 
100 m to study the urban heat island in Sivas, Turkey. This analysis 
distinguished between urban built-up areas, vegetation, agricultural 
land, and barren land, and focused on three years –1989, 1999, and 
2015. Moreover, an increase in urban built-up areas and urban heat is-
land formation can be seen. Hamed Fahmy et al. (2023) detected an 18.9 
% increase for the built-up area in the Sharqiyah region, Egypt, from 
satellite observations over the period 2001–2022. This change was 
accompanied by a temperature increase of about 4 ◦C.

Temperature distribution in urban areas is not only linked with 
physical features such as buildings or pavements, since economic ac-
tivities also play a major role. City centres are the economic heart for 
regions –and even for countries– and are subject to intensive traffic and 
population displacement. Urbanization impact is a major problem in 
China where the temperature increase could be above 2 ◦C and where 
wind speed could decrease by up to 3 m s− 1 (Wang et al., 2024). 
Moreover, gentrification processes are changing the city’s social fea-
tures, and can trigger changes and lead to urban restyling (Reades et al., 
2022), with the urban heat island being sensitive to all these changes. 
The close link between an urban heat island and an urban pollution is-
land was studied by Li et al. (2018) in Berlin, Germany. They observed 
an increase of about 12 % for surface urban heat island intensity at clear 
night due to the increase in absorbed radiation.

Although some variables are closely linked with urban environments 
and, in fact, some analyses focus on the urban pollution island, the 
contribution of meteorological variables should not be ignored. Shi and 
Zhang (2022) analysed the urban moisture island in Guangzhou, China, 
and obtained a daily evolution with a U-shape for the urban heat island, 
with a decrease after 6 h and an increase after 19 h. Li et al. (2020)
studied the urban heat island in 419 major cities over the period 
2003–2013 to investigate the most impacting variables, and highlighted 
not only vegetation activity and tree cover fraction but also temperature 
and precipitation. Alonso et al. (2007) analysed the urban heat island in 
Salamanca, a medium-sized Spanish city, and obtained values between 
− 0.9 ◦C and 3.6 ◦C. Moreover, they considered the following three 
meteorological variables as the most contributing. The first was wind 
speed, since speeds above 6 m s− 1 prevented the urban heat island from 
developing. Another variable was cloudiness, due to its link with the flux 
of incident solar radiation. Greater nocturnal urban heat island intensity 
was observed with high clouds. Finally, synoptic pressure conditions 
also contribute substantially, since the stability linked to anticyclonic 
situations favours more intense urban heat islands. However, instability 
situations determine a low intensity of urban heat islands.

The impact of synoptic situations on urban heat islands is the object 
of the current analysis. Buildings and their spacing modify the values of 
local meteorological variables. However, regional meteorological 
structures –such as pressure centres or air flow– have a regional 
dimension and might barely be affected by a city. Consequently, the 
interaction between local and regional structures merits inquiry and fills 
a gap in urban heat island research. The response of the urban heat is-
land to the synoptic type should be investigated in order to establish the 
urban heat island spatial range and its intensity under regional meteo-
rological features, so that correction measures can then be taken and 
future urban development planned in advance. This topic is studied in 
two ways, which are specific objectives of this paper. The first explores 
the relationship between the synoptic pattern and the urban shape. The 
second objective is to analyse the temporal evolution of the urban heat 
island. The selected city is London and the database used is extensive 
and dense enough to be employed in both spatial and temporal analyses. 
Among the various procedures available to determine the synoptic type, 
this paper considers the Lamb (1972) classification, following the Jen-
kinson and Collison (1977) method. The main advantage is its objective 
determination of weather type based on mean sea level pressure, which 
allows rapid determination of synoptic type with extensive databases. 
Three groups may be defined in this scheme, with the first being formed 
by directional flows following eight wind directions. The second group 
corresponds to situations governed by pressure centres such as cyclones 
or anticyclones, or their absence in unclassified situations. Finally, the 
third group considers hybrid situations where pressure centre features 
are mixed with directional flows.

Calculation procedures used for urban heat island and Lamb weather 
types are presented in the materials and methods section. The results 
section considers the maximum and minimum temperature distribution. 
The annual cycle is presented as a previous step for seasonal analysis. 
Among the various weather types, this paper focuses on the four most 
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frequent, and the contrast between the city centre and its surroundings is 
calculated. Finally, the temperature trend is analysed in order to quan-
tify climate change impact in this city.

2. Materials and methods

2.1. Temperature database

The variables used were obtained from a gridded meteorological 
dataset for Europe (Thiemig et al., 2022). Spatial resolution was one 
arcminute, and the time range extended from 1990 to 2022. Although 
six variables are available at a daily resolution level, only the maximum 
and minimum temperatures, Tmax and Tmin, respectively, were used in 
this paper. The region studied is presented in Fig. 1 together with 3600 
grid points where measurements are provided. Both spatial and tem-
poral resolutions are sufficient for obtaining an initial approach to 
describing the urban heat island. However, specific hotspots are not 
observed with this database and their analysis would require an 
improved resolution. For instance, Seeberg et al. (2022) investigated the 
urban heat island in Stuttgart (Germany) with Landsat images at 30 m 
resolution. They attributed cooling spots to green roofs and albedo 
changes, whereas the sealing of surfaces was linked with warming spots. 
In the current study, the database provides robust results since the 
contribution of outliers is minimal when a sufficient number of obser-
vations is available.

Drivers of the urban heat island may be morphological, such as the 
building surface fraction or building heights, but also meteorological, 
such as air temperature or relative humidity. Finally, there are also so-
cioeconomic drivers, such as the population or road density (Guan et al., 
2023). There is a sharp socioeconomic contrast between the area 
spreading out to the southwest of the city centre and the area located 
northeast of the city centre, since the former is wealthier compared to 
the latter, where socioeconomic indicators such as child poverty, 
household income or life expectancy are worse (Hennig & Dorling, 
2024). Most of the population lives in the city centre, where green spaces 
are common. However, a green belt surrounds the city at the boundaries 
of the greater London area, especially to the north and south (London 
Green Cover, 2024).

2.2. Determining the urban heat island

The following smoothing function was used (Donnelly et al., 2011): 

T(x, y, h1, h2) =

∑N
i=1K1

(
x− xi
h1

)

K2

(
y− yi
h2

)

Ti

∑N
i=1K1

(
x− xi
h1

)

K2

(
y− yi
h2

) , (1) 

where T is temperature at point (x,y), Ti is the known temperature at 
point (xi,yi), Ki are the smoothing kernels, and hi are the bandwidths. 
The kernel used was Gaussian 

K(t) = (2π)− 1/2exp
(
− 0.5z2), − 3 < z < 3. (2) 

The calculation interval was limited so as to increase calculation 
speed (Fernández-Duque et al., 2019). Silverman’s method was used to 
calculate the bandwidth, h (Donnelly et al., 2011). 

h = 0.9σn− 1/5, (3) 

where σ is the standard deviation of n data.
Once the temperatures had been smoothed, two urban heat island 

estimators were used. The first is the urban heat island index, UHII, 
which is defined at point i by 

UHIIi =
Ti − Tʹ

min

Tʹ
max − Tʹ

min
(4) 

where Ti is the temperature at one point in the region studied –shown in 
Fig. 1– and T’max and T’min are the maximum and minimum tempera-
tures in this region. This index is a normalised quantity that represents 
the relative impact of the urban heat island on the study area, and which 
allows urban heat island intensity to be compared under different con-
ditions. It has been used by several authors at different sites in India, 
such as Badugu et al. (2023) in their analysis for Tiruchilappalli, 
Mathew et al. (2017), who studied the urban heat island at Jaipur, or the 
research focused on Bengaluru, carried out by Suthar et al. (2023). The 
current study suggests a temperature associated with a UHII equal to 
0.9, T0.9.

However, Guha et al. (2018), and Hamed Fahmy et al. (2023)
considered a less restrictive procedure since they considered the urban 
heat island at sites where temperature Ti is above a temperature 
threshold, TT, following 

Ti > TT = μ + 0.5⋅δ (5) 

where μ is the mean, and δ the standard deviation of temperature in the 
studied region. This method was also followed in this paper, although it 
was considered an alternative procedure due to the greater extension of 
the urban heat islands obtained.

Fig. 1. (a) Study region and grid points where temperature data are available. (b) Analysed region in the British Isles from Google Earth.
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2.3. Lamb weather types

Lamb weather types were calculated from pressure data obtained 
from NOAA (2024) using the objective procedure developed by Jen-
kinson and Collison (1977), where a 16-point spatial network is used. 
This is a reliable procedure to calculate the synoptic type since pressure 
changes at a continental scale are small. However, since a one-day 
temporal resolution is used, fast-moving small structures, such as 
small high-speed fronts may be inadvertently overlooked. The network 
centre was located at 0◦ E, 50◦ N, following Fig. 2.

The following expressions must be used with the corresponding sea 
level pressure values:

Westerly flow 

W =
1
2
(P12+P13) −

1
2
(P4+P5) (6) 

Southerly flow 

S = C1
[
1
4
(P5+2×P9+P13) −

1
4
(P4+2×P8+P12)

]

(7) 

The resulting flow 

F =
(
S2 + W2)1/2 (8) 

Westerly shear vorticity: 

ZW = C2
[
1
2
(P15+P16) −

1
2
(P8+P9)

]

− C3
[
1
2
(P8+P9) −

1
2
(P1+P2)

]

(9) 

Southerly shear vorticity: 

ZS =C4
[
1
4
(P6+2×P10+P14) −

1
4
(P5+ 2×P9+P13) −

1
4
(P4

+2×P8+P12)+
1
4
(P3+2×P7+P11)

] (10) 

Total shear vorticity: 

Z = ZW + ZS (11) 

where: 

C1 = 1/cos(latitude) (12) 

C2 =
sin(latitude)

sin(latitude − 5∘)
(13) 

C3 =
sin(latitude)

sin(latitude + 5∘)
(14) 

C4 =
1

2cos2(latitude)
(15) 

Latitude is 50◦N in this application. 

Wind direction = tan− 1
(

W
S

){
If W > 0 and S < 0, add 360∘

If S > 0, add 180∘ (16) 

Eight 45◦ sectors were used to determine wind direction.
A Lamb pure directional type appears if |Z|<F, i.e., northerly, N, 

north-easterly, NE, easterly, E, south-easterly, SE, southerly, S, south- 
westerly, SW, westerly, W, and north-westerly, NW.

The weather type is cyclonic, C, (Z > 0) or anticyclonic, A, (Z < 0), if | 
Z|>2F.
The synoptic situation is a Lamb hybrid type if F<|Z|<2F.
The pattern is the unclassified type, U, if F < 6 and |Z|<6.
This classification gives 27 weather types.

2.4. Trend calculation

Annual temperature fields were obtained with Eq. (1) and linear 
trends were obtained for every point in Fig. 1. The statistical significance 
of the correlation coefficients was also calculated. Two specific signifi-
cance levels were used, i.e., 1 % and 5 %.

Additionally, temperature distribution was calculated every day, and 
days with T0.9 temperatures inside region borders were selected. A linear 
fit was first used. However, one drawback of the linear function is the 
intensive influence of outliers if the number of outliers is high. This 
drawback may be avoided by using a harmonic function. In a later step, 
T0.9 was modelled following the equation formed by two parts, i.e., a 
linear part and a harmonic part, simplified from Pérez et al. (2017): 

Fig. 2. Network used in the method of Jenkinson and Collison (1977) to determine Lamb weather types for the current analysis.
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T0.9 = A + B t + C cos
(

2πt
T

)

+ D sin
(

2πt
T

)

+ E t cos
(

2πt
T

)

+ F t sin
(

2πt
T

)

, (17) 

where t is time, and T the period of one year. This model is based on the 
periodic pattern presented by the meteorological variables. Although 
fitted with a multiple linear function, the model represented by Eq. (17)
is less sensitive to outliers due to the contribution of five terms 
depending on time. The most relevant feature of this model is that 
temperature trend is divided. One part corresponds to the B coefficient. 
However, the other part is obtained from the amplitude change with 
time, which is represented by a combination of harmonic terms.

3. Results

3.1. The urban heat island

Fig. 3. presents the urban heat island, which was calculated by 
smoothing all the observations with Eq. (1). Tmax contrast was about 1.4 
◦C, and was slightly higher for Tmin. The surface fraction whose tem-
perature was above T0.9 was 10.6 % for Tmax and was longitudinally 
distributed. However, this surface fraction was 3.9 % for Tmin and 
focused on the city centre. Moreover, surface expansion for lower tem-
peratures, such as TT, is longitudinal –along the river valley. The main 
feature is that the heat island is observed with both temperatures, 
especially with Tmin. Since London is a city with abundant green spaces, 
the temperature contrast between the city centre and its surroundings is 
small. Moreover, the green belt is mainly located to the north and south 

of the city. This distribution justifies the latitudinal extension of the 
urban heat island. During the day, this island is the city’s response to its 
activities and to solar heating, whereas the residual heat island is found 
in the city centre at the night. This heat centre may be the result of high 
urban density and may play a critical role under dangerous hot condi-
tions (Zhou et al., 2024). Interactions between heat and urban pollution 
islands should be the subject of research since certain chemical reactions 
are favoured under high temperatures, for instance, ozone formation. 
Moreover, air pollutants, which are mainly found in the city centre and 
which can reduce visibility, determine longwave emission that favours 
the urban heat island effect.

3.2. The annual cycle

Monthly median temperature was calculated in the region where the 
values were smoothed, and is represented in Fig. 4. The mean difference 
between Tmax and Tmin is 6.9 ◦C, and thermal amplitude was 14.5 ◦C for 
Tmax and 10.4 ◦C for Tmin. Moreover, this cycle allows seasons to be 
defined, since winter is formed by the coldest temperatures, i.e. from 
December to February. Summer is formed by the hottest temperatures 
–from June to August– and the rest of the months are divided between 
both intermediate seasons, from March to May for spring, and from 
September to November for autumn.

3.3. Weather types

Lamb weather types were obtained and their frequencies were 
calculated and presented in Fig. 5. Prominent is A type, with a frequency 
close to 25 %. Other noticeable types are W, SW, and C. The frequency of 
these four types is near to 52 %. Consequently, the rest of the paper 

Fig. 3. Urban heat island for Tmax temperatures (a) and Tmin temperatures (b). The inner black line corresponds to T0.9, the outer grey line to the temperature 
threshold, TT.
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focuses on these types, since they are the most representative. Seasonal 
distribution of frequencies is also presented in Fig. 5, where A type 
peaks, especially in summer, when frequency was around 28 %. W and 
SW types were the next most frequent types in winter and autumn. 
However, C type was the second most frequent in spring, and U type was 
the third most frequent in summer.

Fig. 6 presents the isobar distribution, where the first row corre-
sponds to a general description of the flow associated to the most 
frequent types. The pressure centres for A and C types are in the middle 
of the region presented in Fig. 2. Isobar orientation is the main differ-
ence between W and SW types, with the geostrophic wind flowing along 
these isobars. The highest wind speed is observed for the W type fol-
lowed by the SW type, since the isobar spacing is narrower for the W 
type. The seasonal distribution of pressure fields is also presented. Key 
points in the annual evolution are the pressure values and the isobar 
spacing, which determines wind intensity. Wind speed is noticeable in 
winter for W and SW types, and the lowest values are obtained for the C 
type. Another feature that may be highlighted is the close link between 
the pressure field for all the observations and that for spring, which 

could be used instead of the pressure field from all the observations. For 
the A type, the highest pressure values were observed in winter (above 
1028 hPa), compared to those obtained in summer, which were the 
lowest (below 1024 hPa). The opposite behaviour is observed for the C 
type, since the lowest values were below 1000 hPa in winter and above 
1008 hPa in summer.

Fig. 4 presents the annual cycle for these types, where type A stands 
out due to the sharp contrast between the two temperatures, which is 
around 8.8 ◦C. Types W and SW are linked to mild temperatures. They 
are low for Tmax and high for Tmin in summer. However, this feature is 
particularly pronounced in the period January-March for Tmin, since 
temperature remained steady and close to 6 ◦C. This result is justified by 
the air flow presented in Fig. 6, where the flow comes from the ocean for 
both types. Moreover, temperatures are higher for the SW type, since 
winds came from lower latitudes, where temperatures were higher. 
Finally, C type stood out due its low Tmax in the period November-April.

Results for specific weather types and seasonal analysis are presented 
as supplementary material. The urban heat island for Tmax is presented 
in Fig. S1 and T0.9 indicates that the highest temperatures are found in a 

Fig. 4. Annual temperature cycle obtained from the median of smoothed values in the region (a) Tmax, (b) Tmin. Calculations were made with global observations and 
for the most representative weather types.

I.A. Pérez et al.                                                                                                                                                                                                                                  Sustainable Cities and Society 114 (2024) 105743 

6 



small region for A and C types, i.e., the highest temperatures are 
confined to the city centre for pressure centres located in the region 
studied. However, the extension of the highest temperatures is consid-
erably greater and is directed towards the E for the W and SW types, i.e., 
W and SW directional flow triggers an increase in the urban heat island 
extension. The rest of the figure presents the seasonal pattern of tem-
peratures under these weather types. The behaviour is quite similar, 
although the urban heat island spread towards the E for C type in 
autumn. For W types, the highest temperatures were confined to the city 
centre in spring, and in winter for the SW type. Differences between T0.9 
and TT are quite small. However, the extension contrast may be 
noticeable. The highest extension for T0.9 is for W type in autumn 
–around 19 %– whereas the lowest is for A type, also in autumn –around 
7 %. Extension of the TT region is higher, between 30 and 40 %. Both 
limits, T0.9 and TT, extended in longitude.

The Tmin distribution is presented in Fig. S2. In this case, T0.9 is 
confined to the city centre under all the situations studied, and only TT 
extended beyond the boundaries investigated in approximately half of 
the cases; in particular, under W type, and summer and autumn for A 
and SW types. Surface for T0.9 is between 3 % and 6 %, whereas for TT it 
is between 28 % and 32 %. T0.9 is close to the city centre, whereas TT 
presents a longitudinal orientation.

Temperature difference Tmax-Tmin was calculated every day at every 
point of the grid, and all the values were smoothed with Eq. (1). The 
result is presented in Fig. 7. The lowest values were observed in the city 
centre and were about 6.8 ◦C. However, the greatest contrast was 
observed at SW, where the difference was over 1 ◦C higher than in the 
city centre. This calculation was made for the four most frequent 
weather types as well as seasonally. The result is presented in Fig. S3. A 
general result is the smallest contrast in the city centre, although the 
amount depends on weather type and season. Additionally, the contrast 
between the city centre and the surroundings is well defined under 
specific conditions; for instance, under A and C types, and for this last 
type in the seasonal analysis. Moreover, the largest contrasts are 
observed in the SW corner except for the SW type, where the most 
relevant contrasts were observed in the NE corner.

Table 1 presents the contrast between the average temperature in the 
region, with temperature above T0.9, which is represented by Tin, and 
the average temperature outside this region, which is represented by 
Tout. Differences are around 0.5 ◦C for Tmax, with Tin being greater than 
Tout. The highest contrast was 0.8 ◦C for the SW type in summer, and the 
lowest 0.4 ◦C for A and C types in autumn. The urban heat island 
intensified for Tmin, since most differences were around 0.8 ◦C, although 
the highest contrasts were around 1.2 ◦C for most of the situations with 
A type.

3.4. Temperature trend

The slope of the linear fits for every point of the region studied from 
annual means is presented in Fig. 8. The significance levels of the cor-
relation coefficients are also represented. Tmax trends are positive in all 
the region. The highest values –around 0.4 ◦C/10 years– were observed 
in the east of the region. However, the trend in the city centre is about 
0.2 or 0.3 ◦C/10 years. For Tmin, the trend in the region may be both 
positive and negative. Positive values are below 0.4 ◦C/10 years and are 
observed in the city centre, with some being statistically significant at 5 
% level. However, most of the negative values were observed in the 
southwest of the region, although they were not statistically significant.

Figure S4 presents the trend by weather type and season for Tmax. In 
this case, the urban heat island is not observed. Moreover, values are 
only statistically significant at a level below 5 % with A type in most of 
the region. Under this type, the highest trend was about 0.7 ◦C in 10 
years in the east of the region. Seasonal analysis presents noticeable 
results only for A type in winter when the trend in the city was around 
0.5 ◦C in 10 years in the city centre. A similar result was obtained for W 
type in summer.

Fig. 5. Frequency distribution for global observations and for every season.
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An analogous result is observed for Tmin in Fig. S5. For this variable, 
the increase was positive and statistically significant for A type in an 
area covering from the city centre to the south of the region studied.

3.5. T0.9 trend

Table 2 presents the global results when daily temperatures higher 

than T0.9 are inside the region, i.e. the urban heat island does not touch 
the region limits. Results for the most frequent types are also presented. 
The increase is about 0.9 ◦C/10 years for Tmax and 0.3 ◦C/10 years for 
Tmin., with the highest values being for A type, i.e., around 1 and 0.5 ◦C/ 
10 years, respectively. However, the surface fraction decreased at a rate 
of around 0.6 and 0.5 %/10 years for Tmax and Tmin, respectively, with 
the highest surface decrease being for A type, about 0.8 %/10 years for 

Fig. 6. Pressure fields (hPa) for specific types with all the observations in the first row and for seasons in the rest (winter, W; spring, Sp; summer, S; autumn, A).

Fig. 7. Temperature difference obtained from smoothing daily differences.
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Tmax, whereas the decrease was about 0.6 %/10 years for Tmin for SW 
type.

When harmonic terms are added to the linear fit following Eq. (17), 
temperature change is divided into two parts. One corresponds to the 
direct linear evolution given by the B coefficient, which was more 
moderate, 0.5 and 0 ◦C/10 years for Tmax and Tmin, respectively. The 
second term corresponds to the amplitude evolution, which is presented 
in the last column, as a result of a combination of harmonic terms. The 
correlation coefficients are quite satisfactory, and noticeable values of 
the amplitude change are around 0.4 and 0.2 ◦C/10 years for Tmax and 
Tmin, respectively.

4. Discussion

4.1. The London heat island

Wilby (2003) used two sites in London –Wisley and St. James– to 
establish the urban heat island. However, the current research considers 
a network of values that covers the city and its surrounding areas. 
Consequently, the representativeness of the values increases. Zhou et al. 
(2016) divided the Greater London area into two regions –the city 
cluster and its belt– and calculated urban heat island intensity from the 
two regions. This temperature contrast was higher during the night, 
reaching 1.6 ◦C, and lower during the day, around 0.8 ◦C or even lower. 

In the current paper, a wider region is studied. Temperature contrast is 
similar during the night, but higher during the day. Safarrad et al. 
(2022) calculated the night-time urban heat island in several European 
cities in 2019 and 2020, dividing the cities into several areas following 
heat island intensity. In London city centre, this intensity reached 4 ◦C, 
and the influence of the pandemic was seen to be slight, since surface 
decreased for the highest intensities, and urban heat island intensity was 
around 1 ◦C lower at peripheral sites of the city.

The current study considers smoothed temperatures, such that con-
trasts between the city centre and its surroundings are consequently 
small. This contrast is only above 1 ◦C for specific situations. Guha et al. 
(2018) considered Landsat 8 data and obtained differences slightly 
above 3 ◦C between the hottest areas of Florence and Naples, Italy, and 
their boundaries. The hottest and coldest sites inside the city may be 
separated due to the high resolution of these images. However, the 
London analysis in this paper focuses on the contrast between the city 
and the surrounding area. Boccalatte et al. (2023) considered urban heat 
island intensity as the positive difference between urban and rural air 
temperatures, which were modelled, and applied it in the Canton of 
Geneva, Switzerland, where it ranged from 1.7 to 2.2 ◦C. Geng et al. 
(2023) analysed the urban heat island with satellite data in 253 Chinese 
cities in five climate zones and obtained values between − 2.59 and 6.20 
◦C. These examples indicate the varied values that can be obtained 
depending on each city’s specific features.

City response to the diurnal cycle has been investigated in some 
studies. Zargari et al. (2024) considered satellite images to study the 
Tehran heat island, and obtained an urban heat island during the night, 
but an urban cool island during the day. Díaz-Chávez et al. (2024)
studied urban heat island intensity in five coastal cities in northern 
Colombia with Landsat images, using a numerical model. They obtained 
higher values for the urban heat island during the day compared to those 
obtained during the night. In the current study, the temperature contrast 
in the region analysed was slightly higher for Tmin (night) versus Tmax 
(day). However, the main difference was the surface of high tempera-
tures, which was considerably higher during the day. Hence, a 

Table 1 
Average temperatures and standard deviations following weather type and 
season in the region, with mean temperatures above T0.9, denoted as Tin, and 
outside this region, denoted as Tout.

Temperature Type Season Tin (◦C) Tout (◦C)

Tmax 15.18±0.04 14.7 ± 0.3
A 16.50±0.04 15.9 ± 0.3

W 7.93±0.04 7.4 ± 0.2
Sp 15.89±0.04 15.3 ± 0.3
S 23.54±0.04 22.9 ± 0.3
A 16.43±0.04 16.0 ± 0.2

W 14.17±0.04 13.7 ± 0.3
W 10.08±0.04 9.7 ± 0.2
Sp 13.56±0.04 13.0 ± 0.3
S 20.51±0.04 19.9 ± 0.4
A 14.97±0.04 14.5 ± 0.3

SW 15.01±0.04 14.5 ± 0.3
W 10.74±0.03 10.3 ± 0.2
Sp 14.73±0.05 14.1 ± 0.4
S 21.53±0.06 20.7 ± 0.5
A 16.27±0.04 15.7 ± 0.3

C 14.05±0.04 13.6 ± 0.3
W 6.05±0.04 5.6 ± 0.3
Sp 13.24±0.04 12.8 ± 0.3
S 21.15±0.05 20.6 ± 0.3
A 14.03±0.04 13.6 ± 0.3

Tmin 8.46±0.05 7.6 ± 0.4
A 7.99±0.07 6.9 ± 0.5

W 2.69±0.06 1.7 ± 0.4
Sp 6.19±0.07 5.0 ± 0.5
S 13.15±0.07 12.0 ± 0.5
A 8.42±0.07 7.2 ± 0.5

W 8.88±0.04 8.2 ± 0.3
W 6.05±0.04 5.4 ± 0.3
Sp 7.38±0.04 6.7 ± 0.3
S 13.63±0.05 12.9 ± 0.3
A 9.98±0.04 9.3 ± 0.3

SW 9.70±0.04 9.0 ± 0.3
W 6.52±0.04 5.9 ± 0.2
Sp 8.58±0.04 7.7 ± 0.3
S 14.43±0.05 13.6 ± 0.3
A 11.07±0.04 10.3 ± 0.3

C 8.71±0.04 7.9 ± 0.3
W 3.14±0.04 2.4 ± 0.3
Sp 7.28±0.04 6.5 ± 0.3
S 14.41±0.05 13.6 ± 0.4
A 9.08±0.04 8.3 ± 0.3

Fig. 8. Trend for Tmax (a) and Tmin (b). Black lines correspond to the signifi-
cance levels (%) of the correlation coefficient.
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contraction of the urban heat island was observed in the transition from 
day to night, and an expansion was seen for the transition from night to 
day.

Qin et al. (2024) investigated research trends for mitigating the 
urban heat island. They considered eight main categories. Vegetation 
and shade was the first category, which involved green roofs and walls. 
This was followed by urban planning and design, where park develop-
ment is included. However, permeable pavements, such as cool roofs, or 
natural ventilation are also of substantial interest. Alizadehtazi et al. 
(2024) quantified the green roof impact in New York City to be slightly 
below 1 ◦C. Similar values were obtained with green walls (Ornam et al., 
2024), although their maintenance cost may prove to be a drawback. 
However, Kim et al. (2024) indicated that trees are two or three times 
more effective at reducing local air temperature than green roofs or 
walls. Urban vegetation forms urban cooling islands, which were 
investigated by Wang et al. (2023) in China, with their average being 
2.47 ◦C, with the largest values in small cities and the temperate con-
tinental climate zone. The average cooling magnitude of urban parks 
was around 2 ◦C in Melbourne, Australia (Algretawee, 2023). Moreover, 
the cooling effect of urban water bodies –known as urban blue spaces– 
should not be ignored. Zhou et al. (2024) observed this effect by a river 
in Suzhou, China, where the cooling effect was mainly observed in 
summer. Finally, Kang et al. (2024) concluded that single-centre cities 
and cities with a high continuous urban spatial structure are linked with 
increased intensities of urban heat islands. Consequently, urban devel-
opment should be directed towards avoiding this problem. Current 
research for London reveals that the urban heat island effect is weak and 
that the area where such measures should be implemented is the city 
centre, since the temperature distribution is symmetrically distributed 
around it, especially during the night.

4.2. Weather types

Stations utilised by Wilby (2003) were used by Wilby et al. (2011)
together with Lamb weather types for London. Urban heat island in-
tensity was between 1 and 4 ◦C, with the authors distinguishing between 
summer and annual values. The contrast between these values and the 
values obtained in the current analysis may be attributed to the 
smoothing process wherein averages are calculated. De Luca et al. 
(2019) considered a network centred on the British Isles to determine 
Lamb weather types. They introduced the description of the eight 

frequent types and obtained A, C and W types as the most frequent. The 
Wilby et al. (2011) method was used to determine urban heat island 
intensity, with the authors observing the correlation between intense 
urban heat island summer events and the anticyclonic type.

Pérez et al. (2024) studied the London pollution island under Lamb 
weather types with five years of measurements, although seasonal 
analysis was not presented. Weather type distribution in the current 
research with 33 years of data is analogous. In that analysis, similar 
shapes were observed for the urban pollution island under different 
weather types, with the concentration values being different. However, 
the urban heat island shape is linked to weather type for Tmax, since it is 
confined to the region studied for A and C types. However, the urban 
heat island was insensitive to weather type for Tmin and was confined to 
the city centre.

Additional papers consider the relationship between the urban heat 
island and weather types, which may be determined by different pro-
cedures. Hardin et al. (2018) analysed different stations inside and 
outside cities in northeast US to calculate urban heat island intensity. 
Moreover, they used a weather type classification developed by Sher-
idan (2002). This is a hybrid scheme composed of manual and auto-
mated methods that considers seven weather types. Arnds et al. (2017)
analysed the mean nocturnal urban heat island of Hamburg, and high-
lighted the influence of several meteorological variables such as wind 
speed –especially in autumn– cloud cover in winter, and relative hu-
midity in spring and summer. Moreover, the influence of objective 
weather types was also underlined, although their seasonal influence 
was unsteady due to their strongly variable frequency. These objective 
weather types were determined by the German Meteorological Service 
(2024), with the classification being made up of 40 weather types. 
Petrou et al. (2023) used ten weather types, which were determined 
using statistical procedures and are described by four variables, i.e., 
temperature, wind direction, specific humidity, and cloud cover. Annual 
cycles of these types are presented together with the contrast between 
urban and rural temperatures for the Attica region, Greece. The highest 
contrasts were about 7 ◦C during summer daytime, whereas they were 
slightly higher during summer night-time. Colangelo et al. (2022) used 
weather types based on a taxonomic scheme centred in Italy. They 
considered the daily thermal range in different local climate zones, 
which were defined by building density and vegetation (Stewart & Oke, 
2012), under anticyclonic and cyclonic conditions. Lee (2015, 2020) 
developed a weather type classification based on temperature and 

Table 2 
T0.9 trend calculation by linear fit and with a harmonic model. Values are accompanied by standard deviations.

Temperature and 
type

Data 
(%)

T0.9 trend 
(◦C/10 
years)

Surface fraction 
trend 
(%/10 years)

A*
(◦C)

B*
(◦C/10 
years)

C*
(◦C)

D*
(◦C)

E*
(◦C/10 
years)

F*
(◦C/10 
years)

r Amplitude trend 
(◦C/10 years)

Tmax (all types) 34.8 0.86±0.11 − 0.64±0.05 15.00 
±0.10

0.54±0.06 − 7.02 
±0.15

− 2.45 
±0.14

− 0.46 
±0.08

− 0.12 
±0.08

0.867 0.4049±0.0006

A 9.6 1.1 ± 0.2 − 0.76±0.10 15.41 
±0.17

0.54±0.09 − 8.4 ±
0.2

− 2.0 ±
0.2

− 0.08 
±0.13

0.09±0.13 0.914 0.06449 
±0.00011

W 3.3 0.1 ± 0.3 − 0.6 ± 0.2 15.3 ±
0.2

0.05±0.13 − 5.2 ±
0.3

− 1.6 ±
0.3

− 0.09 
±0.17

− 0.2 ±
0.2

0.890 0.1713±0.0005

SW 3.1 0.0 ± 0.3 − 0.21±0.18 16.0 ±
0.3

0.22±0.16 − 5.2 ±
0.4

− 2.5 ±
0.3

− 0.3 ±
0.2

0.12±0.19 0.870 0.2014±0.0006

C 2.1 − 0.1 ±
0.5

− 0.7 ± 0.2 14.3 ±
0.4

0.2 ± 0.3 − 7.6 ±
0.7

− 3.6 ±
0.6

− 0.4 ±
0.4

0.7 ± 0.4 0.857 0.221±0.006

Tmin (all types) 47.0 0.26±0.07 − 0.48±0.04 9.08 
±0.09

− 0.07 
±0.04

− 4.28 
±0.12

− 2.51 
±0.12

− 0.20 
±0.06

− 0.12 
±0.06

0.782 0.235324 
±0.000011

A 11.5 0.53±0.15 − 0.50±0.07 8.02 
±0.18

0.06±0.09 − 5.0 ±
0.2

− 2.3 ±
0.3

0.01±0.12 − 0.09 
±0.13

0.809 0.03320 
±0.00010

W 4.7 0.17±0.18 − 0.38±0.11 9.8 ± 0.2 0.05±0.13 − 3.3 ±
0.3

− 1.8 ±
0.3

− 0.22 
±0.17

− 0.08 
±0.18

0.737 0.23719 
±0.00002

SW 5.4 0.08±0.17 − 0.62±0.11 10.9 ±
0.2

− 0.27 
±0.12

− 3.5 ±
0.3

− 2.1 ±
0.3

− 0.13 
±0.16

− 0.17 
±0.18

0.747 0.20632 
±0.00009

C 3.8 0.2 ± 0.3 − 0.52±0.13 8.7 ± 0.3 0.06±0.15 − 5.8 ±
0.4

− 3.1 ±
0.4

− 0.2 ±
0.2

0.1 ± 0.2 0.858 0.1125±0.0003

* Model: T0.9=A+Bt+C cos(2πt/T)+D sin(2πt/T)+E t cos(2πt/T)+F t sin(2πt/T), t is time, and T is the period of one year.
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humidity, which may be used from gridded meteorological variables. 
Eleven weather types are defined, with two being transitional weather 
types that correspond to front passages. Kassomenos et al. (2022)
applied this classification to two cities in Greece –Athens and The-
ssaloniki– and obtained an increase in warm group frequency and a 
decrease in cold group frequency in Athens. Moreover, right-skewed 
distributions of the urban-suburban temperature difference were ob-
tained in Athens during the day. However, a softer skewness was 
observed in Thessaloniki. Contrasts between urban and rural environ-
ments were small. However, the main contrasts were observed for the 
highest temperatures, since the most frequent difference was 2 ◦C for 
Athens during the day, and 6 ◦C for Thessaloniki during both day and 
night. Hartmann et al. (2023) studied the urban heat island in Wurz-
burg, Germany. The highest difference between the inner city and the 
outskirts was 8.2 ◦C. This effect heightened in summer when anticy-
clonic weather types prevailed over Central Europe. Moreover, the 
cooling effect of urban trees was estimated to be about 2 ◦C, although it 
may be half of this value when trees are affected by water stress. High 
values were observed in the current analysis for the London heat island 
for minimum temperature under the anticyclonic type, although there is 
no acute seasonal contrast, since intensity ranged from 1 ◦C in winter to 
1.2 ◦C in spring and summer.

Zakarin et al. (2022) studied stagnant conditions at Almaty, 
Kazakhstan. They pointed out the strong dependence of urban heat 
islands on wind conditions, and found heat islands to be cooler during 
the night than during the day due to the katabatic wind from the nearby 
mountains. The London urban heat island extends along the river valley, 
although its shape is more acute during the day. Noticeable orographic 
features are not observed. However, directional patterns do impact the 
urban heat island extension. Consequently, corrective actions could be 
implemented in the east of the city to reduce airflow influence. Anjos 
et al. (2020) studied the urban heat island at Londrina, Brazil, a 
mid-sized city with around 600,000 inhabitants, under different syn-
optic patterns and obtained the largest intensities during the night under 
anticyclone conditions, whereas overcast and rainy conditions were 
linked to the lowest intensities. These conditions are associated with the 
passage of troughs, cold fronts and complex mesoscale systems. Since 
these conditions are not steady, they are excluded from the usual 
weather-type classifications. This is one restriction of Lamb weather 
types. However, the most representative pattern for London –type A– 
provides an accurate representation of the urban heat island vis-à-vis 
planning future city development.

4.3. Temperature trend

Bassett et al. (2021) considered urban heat island intensity in London 
with observations from the weather station in St James’ Park as well as 
those at nearby sites from ECMWF ERA5 atmospheric reanalysis. The 
highest intensity was obtained in April, which was about 2.5 ◦C, and the 
lowest was observed in December, which was around 1.7 ◦C. The tem-
perature contrast in this study agrees with the one presented in that 
paper. Moreover, the authors indicated no significant changes in urban 
heat island intensity over the period 1950 to 2019. Badugu et al. (2023)
studied the urban heat island at Tiruchirappalli, India, and obtained an 
urban heat island at night. The temperature increase was 0.17 ◦C in 10 
years. Moreover, they identified a hot spot outside the urban area 
–which was linked to industry– and some cold spots within the rural 
area. This study presents a similar temperature increase –around 0.2–0.3 
◦C/10 years– in the city centre. Moreover, the T0.9 trend was 0.86 ◦C/10 
years for Tmax, whereas it was 0.26 ◦C/10 years for Tmin for all weather 
types. Neither cold nor hot spots were observed, although an area in the 
south of the city stood out due to its noticeable Tmin trend of around 0.3 
◦C/10 years.

Orkomi and Ameri (2024) studied the urban heat island in a 
mid-sized city –Rasht in Iran– and obtained an increasing trend in hot 
seasons over the last 20 years, whereas this island remained steady in 

cold seasons. Zhao et al. (2024) investigated the urban heat island in the 
Yangtze River Delta, China. Despite the high land surface temperature at 
the urban cores, some cities with high urbanization levels showed a 
cooling trend due to urban renewal by vegetation restoration. Día-
z-Chávez et al. (2024) reported an evolution in urban heat island in-
tensity that was attributed to the growth of urban areas and the 
densification of built-up areas in five coastal cities in northern Colombia. 
They suggested procedures such as the construction of green areas and 
roofs, the use of materials with low heat absorption and high reflectance, 
and the development of linear parks and green corridors. Huang et al. 
(2024) observed an intensifying trend of summer heat island or cool 
island effects in six Chinese cities over the period 2013–2023, which was 
attributed to planning layout and urban expansion, although other 
factors –such as population density– were seen to have a minimal 
impact. Deng et al. (2024) analysed 717 cities worldwide after 2010 
under varied climates and with urban areas of over 100 km2. They found 
a global decreasing trend of the urban heat island during the day and 
night, although significant disparities were also found. Moreover, a 
noticeable cooling effect of vegetation was evident in smaller arid cities.

The heat island is the urban response to urban activity. How it 
evolves depends on how the climate evolves as well as on how urban 
activity evolves. However, despite the specific and varied evolutions 
found worldwide, the current analysis does not show any specific trend 
for London city centre. Consequently, this analysis suggests that climate 
change determines the temperature evolution in the region studied. 
Masucci et al. (2013) indicated that London street density barely 
evolved over the period 1990–2010. In their review paper, Lai et al. 
(2019) concluded that changes in urban geometry as well as the intro-
duction of vegetation, cool surfaces and water bodies can reduce air 
temperature by around 2 ◦C in summer. City centre activities could be 
spatially distributed to decrease the urban heat island effect since a 
lower activity density will reduce the associated traffic. Cheng et al. 
(2006) suggested changes in urban design and considered three exam-
ples. In the first, they recommended scattered layouts for blocks instead 
of uniform arrays. In the second example, the availability of more open 
space with higher buildings is preferable vis-à-vis lower buildings and 
higher site coverage. The third example is a vertical random layout, 
which is encouraged in preference to a uniform vertical distribution. 
Deng et al. (2023) considered three alternative designs. The first cor-
responds to freestanding plots, which are large-scale building complexes 
where a super high-rise tower is on a multi-storey podium. The second 
urban form is for scattered plots where a more open layout is observed 
from several high-rise towers without podiums. The third urban form is 
for the enclosed plot where an inner courtyard is surrounded by build-
ings. These types were identified in the central area of Nanjing, China, 
with the maximum air temperature being for the freestanding plot. This 
temperature was about 4 ◦C higher at midday than the temperature for 
the scattered plot. However, this temperature was about 1 ◦C higher 
than the temperature for the enclosed plot, which presented the lowest 
value.

Green areas could be also increased. One key feature is green roofs, 
which decrease rainwater runoff and reduce the heat island effect (Salih 
et al., 2022). The cooling effect of urban greenery has been analysed at 
three scales: the block scale, such as streets, the neighbourhood scale, 
and the city scale (Licón-Portillo et al., 2024). The minimum effect was 
reached at the city scale, and the maximum at the neighbourhood scale, 
although differences between results in these scales are small, and were 
between around 0.5 and 2.5 ◦C. Noticeable changes of around 1.7 ◦C in 
the urban heat island were reached in India with small changes in 
vegetation (Bhanage et al., 2023). A contrast of about 2 ◦C between 
blue-green spaces and non-blue-green spaces was found to be the cool-
ing effect in Bhubaneswar, India (Pritipadmaja et al., 2023). Thermal 
mitigation thanks to city afforestation was investigated by Wu et al. 
(2024) in China and was found to lead to reductions in urban surface 
temperature of about 0.1 ◦C with a 1 % increase in vegetation coverage, 
although a temperature increase was sometimes observed in rural areas 
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with increased vegetation. Taylor et al. (2024) recorded lower urban 
temperatures of around 0.8 ◦C for maximum temperatures and 2 ◦C for 
minimum temperatures during heatwaves for areas of London with high 
canopy coverage compared to those with low canopy coverage. Traffic 
restrictions, and even establishing zero emission zones, could be among 
some of the measures adopted to decrease the urban heat island effect. 
Finally, burying traffic could be a measure taken to increase green zone 
coverage and thereby cut air pollution concentration. The Superblock 
model –where streets are replaced by green axes– is now being imple-
mented in Europe as a response to prevent the negative impacts of public 
transport, air pollution, noise and urban heat islands (Nieuwenhuijsen 
et al., 2024). All of this previous experience reveals that designers are 
necessary partners to create cooler cities using microclimate informa-
tion (Lin et al., 2022).

5. Conclusions

This analysis of maximum and minimum temperatures in the London 
region over a period of 33 years increases the number of studies 
addressing the urban heat island during the day and night. It reveals 
similar values of urban heat island intensity –around 1.4 ◦C. However, 
the surface of the urban heat island for the maximum temperature 
extended along the valley, whereas the minimum temperature was 
closely confined to the city centre. A contraction of the urban heat island 
extension is observed in the transition from day to night. A restrictive 
limit, such as temperature for an urban heat island index equal to 0.9, 
should be considered in order to obtain a defined urban heat island in 
the region studied.

One noticeable feature of the current analysis when compared to 
previous studies is the focus on the relationship between the urban heat 
island and the synoptic pattern. The anticyclonic type was prominent, 
followed by two directional types –westerly and south-westerly types– 
which were characterised by strong winds in winter. Cyclonic type fre-
quency was also noticeable and its wind speed was low, especially in 
summer. In contrast, the smallest frequencies were for the hybrid 
cyclonic types.

Among the most frequent types, directional ones presented mild 
values for both temperatures in winter and early spring and even in 
summer for the maximum temperature, which may be attributed to the 
transport of oceanic air masses. The lowest values in winter were for 
cyclonic situations for the maximum temperature and anticyclonic sit-
uations for the minimum temperature.

Another noticeable feature of this research is the reported influence 
of the synoptic pattern on the urban heat island shape. Among the most 
frequent weather types, both directional types –westerly and south- 
westerly –provided a noticeably extended urban heat island for the 
maximum temperature, whereas it was closely confined to the city 
centre for the minimum temperature.

The difference between the two temperatures was around 6.8 ◦C and 
was confined to the city centre, whereas the highest contrast was about 1 
◦C greater, and was observed outside the city in the SW.

Temperature trends were calculated and values of 0.2–0.3 ◦C/10 
years were obtained for the city centre, although an urban heat island 
was not observed for the temperature trend, with this result being an 
additional feature of this research. Moreover, satisfactory agreements 
were obtained for the harmonic models used to fit specific temperatures 
such as this for an urban heat island index equal to 0.9.

The main limitations of the current analysis stem from the calculation 
procedure. Hotspots in the city are omitted since the smoothing procedure 
is geared towards calculating the urban heat island shape. Moreover, the 
annual cycle is only considered in the trend calculation. This procedure 
should be considered as a first approach, since lower frequency evolutions 
are omitted. Another limitation comes from the procedure itself. Although 
the period used is long enough, seasonal analyses divide the original se-
ries, and trend results must be taken with caution, as the statistical sig-
nificance of the correlation coefficient has shown.

Since the current database includes Europe, North Africa, and the 
Middle East, similar analyses may be carried out for all large enough 
cities in this region. Such studies would allow the urban heat island to be 
compared under varied climates and urban structures. Moreover, the 
results to emerge from such research would help urban planners to 
mitigate this effect in cities that are experiencing rapid and negative 
development, since the urban heat island shape may be determined 
under the most frequent synoptic types.

Further research should consider urban heat island features under 
specific conditions, such as cold or heat waves, as well as air trajectories 
linked to these situations. This analysis could provide information about 
the transport of cold or hot air, source regions, corresponding weather 
patterns, and their impact on this urban island. Moreover, the urban 
heat island is integrated into the urban meteorology island. Hence, the 
city’s impact on other meteorological variables should be explored. 
Finally, the relationship between the urban meteorology island and the 
urban pollution island is a field that is open to future research, and one 
which might help to control air pollution and to define city development 
and expansion.
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I.A. Pérez et al.                                                                                                                                                                                                                                  Sustainable Cities and Society 114 (2024) 105743 

13 

https://doi.org/10.1016/j.geog.2022.10.004
https://doi.org/10.1016/j.geog.2022.10.004
https://doi.org/10.1007/s12524-024-01810-8
https://doi.org/10.1007/s12524-024-01810-8
https://doi.org/10.1016/j.uclim.2021.100990
https://doi.org/10.1016/j.uclim.2021.100990
https://doi.org/10.3390/urbansci7020038
https://doi.org/10.3390/urbansci7020038
https://doi.org/10.1016/j.scs.2023.104677
https://doi.org/10.1080/24751839.2019.1634869
https://doi.org/10.1080/24751839.2019.1634869
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0012
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0012
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0012
https://doi.org/10.1007/s11069-024-06431-5
https://doi.org/10.3390/atmos13091529
https://doi.org/10.3390/atmos10100577
https://doi.org/10.3390/atmos10100577
https://doi.org/10.1016/j.buildenv.2023.110358
https://doi.org/10.1016/j.scs.2024.105483
https://doi.org/10.1016/j.scs.2024.105483
https://doi.org/10.1016/j.cscee.2024.100617
https://doi.org/10.1016/j.scitotenv.2010.12.001
https://www.elsevier.com/products/scopus
https://doi.org/10.1007/s00477-019-01655-5
https://doi.org/10.3390/atmos13050739
https://doi.org/10.1016/j.scs.2022.104303
https://doi.org/10.1016/j.scs.2022.104303
https://www.dwd.de/EN/ourservices/wetterlagenklassifikation/wetterlagenklassifikation.html
https://www.dwd.de/EN/ourservices/wetterlagenklassifikation/wetterlagenklassifikation.html
https://doi.org/10.3390/rs15205061
https://doi.org/10.1080/22797254.2018.1474494
https://doi.org/10.1080/22797254.2018.1474494
https://doi.org/10.1016/j.ejrs.2023.04.001
https://doi.org/10.1016/j.uclim.2017.09.001
https://doi.org/10.1127/metz/2023/1151
http://london.worldmapper.org/analysis/inequality-in-london/
http://london.worldmapper.org/analysis/inequality-in-london/
https://doi.org/10.1016/j.scs.2021.103585
https://doi.org/10.1016/j.scs.2021.103585
https://doi.org/10.1007/s00704-016-2025-1
https://doi.org/10.3390/su16073091
https://doi.org/10.1007/s12040-023-02063-8
https://doi.org/10.1007/s12040-023-02063-8
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0035
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0035
https://doi.org/10.1016/j.indic.2024.100337
https://doi.org/10.1007/s13143-019-00109-w
https://doi.org/10.1007/s13143-019-00109-w
https://doi.org/10.1016/j.scitotenv.2022.153071
https://doi.org/10.1016/j.scitotenv.2023.168494
https://doi.org/10.1016/j.scitotenv.2019.01.062
https://doi.org/10.1016/j.scitotenv.2019.01.062
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0041
http://refhub.elsevier.com/S2210-6707(24)00568-7/sbref0041
https://doi.org/10.1002/joc.4010
https://doi.org/10.1002/joc.4010
https://doi.org/10.1002/joc.6263
https://doi.org/10.1002/joc.6263
https://doi.org/10.1016/j.scitotenv.2018.04.254
https://doi.org/10.1016/j.scitotenv.2018.04.254
https://doi.org/10.1016/j.jag.2020.102131
https://doi.org/10.1016/j.jag.2020.102131
https://doi.org/10.3390/urbansci8020041
https://doi.org/10.3390/urbansci8020041
https://doi.org/10.3390/urbansci6010009
https://doi.org/10.3390/urbansci6010009
https://apps.london.gov.uk/green-cover/
https://doi.org/10.1371/journal.pone.0069469
https://doi.org/10.1371/journal.pone.0069469
https://doi.org/10.1016/j.scs.2017.07.013
https://doi.org/10.1088/1755-1315/211/1/012010
https://doi.org/10.1088/1755-1315/211/1/012010
https://doi.org/10.1016/j.uclim.2019.100575
https://doi.org/10.1016/j.uclim.2019.100575
https://doi.org/10.1016/B978-0-323-85539-6.00007-X
https://doi.org/10.1016/j.uclim.2019.100468
https://doi.org/10.1016/j.uclim.2019.100468


Tatah, L., Tiran, J., Tonne, C., & Mueller, N. (2024). The Superblock model: A review 
of an innovative urban model for sustainability, liveability, health and well-being. 
Environmental Research, 251, Article 118550. https://doi.org/10.1016/j. 
envres.2024.118550

NOAA. (2024). https://psl.noaa.gov. (Accessed February 15, 2024).
Orkomi, A. A., & Ameri, M. (2024). Investigating the intensity of urban heat island and 

the impacts of local climate using verified WRF data: A case study of Rasht, Northern 
Iran. Sustainable Cities and Society, 106, Article 105405. https://doi.org/10.1016/j. 
scs.2024.105405

Ornam, K., Wonorahardjo, S., & Triyadi, S. (2024). Several façade types for mitigating 
urban heat island intensity. Building and Environment, 248, Article 111031. https:// 
doi.org/10.1016/j.buildenv.2023.111031
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Pérez, I. A., Sánchez, M. L., García, M. A., & Pardo, N. (2017). Trend analysis of CO2 and 
CH4 recorded at a semi-natural site in the northern plateau of the Iberian Peninsula. 
Atmospheric Environment, 151, 24–33. https://doi.org/10.1016/j. 
atmosenv.2016.11.068

Petrou, I., Kyriazis, N., & Kassomenos, P. (2023). Evaluating the spatial and temporal 
characteristics of summer urban overheating through weather types in the Attica 
region, Greece. Sustainability, 15(13), Article 10633. https://doi.org/10.3390/ 
su151310633

Pritipadmaja, Garg, R. D., & Sharma, A. K (2023). Assessing the cooling effect of blue- 
green spaces: Implications for urban heat island mitigation. Water, 15(16), Article 
2983. https://doi.org/10.3390/w15162983

Qin, Y., Ghalambaz, S., Sheremet, M., Baro, M., & Ghalambaz, M. (2024). Deciphering 
urban heat island mitigation: A comprehensive analysis of application categories and 
research trends. Sustainable Cities and Society, 101, Article 105081. https://doi.org/ 
10.1016/j.scs.2023.105081

Ravanelli, R., Nascetti, A., Cirigliano, R. V., Di Rico, C., Leuzzi, G., Monti, P., & Crespi, M. 
(2018). Monitoring the impact of land cover change on surface urban heat island 
through Google Earth Engine: Proposal of a global methodology, first applications 
and problems. Remote Sensing, 10(9), Article 1488. https://doi.org/10.3390/ 
rs10091488

Reades, J., Lees, L., Hubbard, P., & Lansley, G. (2022). Quantifying state-led 
gentrification in London: Using linked consumer and administrative records to trace 
displacement from council estates. Environment and Planning A, 55, 810–827. 
https://doi.org/10.1177/0308518×221135610

Ridwan, Rasyidi, E. S., Syafri, Rahman, R., Okviyani, N., Jumadil, & Ma’Rief, A. A. 
(2021). Assessment of the relationship between building density and urban heat 
island using Landsat images in Makassar City. IOP Conference Series: Earth and 
Environmental Science, 802(1), Article 012042. https://doi.org/10.1088/1755-1315/ 
802/1/012042

Safarrad, T., Ghadami, M., & Dittmann, A. (2022). Effects of COVID-19 restriction 
policies on urban heat islands in some European Cities: Berlin, London, Paris, 
Madrid, and Frankfurt. International Journal of Environmental Research and Public 
Health, 19(11), Article 6579. https://doi.org/10.3390/ijerph19116579

Salih, K., Saeed, Z. O., & Almukhtar, A. (2022). Lessons from New York high line green 
roof: Conserving biodiversity and reconnecting with nature. Urban Science, 6(1), 
Article 2. https://doi.org/10.3390/urbansci6010002

Sarker, T., Fan, P., Messina, J. P., Mujahid, N., Aldrian, E., & Chen, J. (2024). Impact of 
urban built-up volume on urban environment: A case of Jakarta. Sustainable Cities 
and Society, 105, Article 105346. https://doi.org/10.1016/j.scs.2024.105346

Seeberg, G., Hostlowsky, A., Huber, J., Kamm, J., Lincke, L., & Schwingshackl, C. (2022). 
Evaluating the potential of Landsat satellite data to monitor the effectiveness of 
measures to mitigate urban heat islands: A case study for Stuttgart (Germany). Urban 
Science, 6(4), Article 82. https://doi.org/10.3390/urbansci6040082

Sheridan, S. C. (2002). The redevelopment of a weather-type classification scheme for 
North America. International Journal of Climatology, 22(1), 51–68. https://doi.org/ 
10.1002/joc.709

Shi, Y., & Zhang, Y. (2022). Urban morphological indicators of urban heat and moisture 
islands under various sky conditions in a humid subtropical region. Building and 
Environment, 214, Article 108906. https://doi.org/10.1016/j.buildenv.2022.108906

Si, M., Yao, N., Li, Z. L., Liu, X., Tang, B. H., & Nerry, F. (2024). Feasibility of urban–rural 
temperature difference method in surface urban heat island analysis under non- 
uniform rural landcover: A case study in 34 major urban agglomerations in China. 
Remote Sensing, 16(7), Article 1232. https://doi.org/10.3390/rs16071232

Stewart, I. D., & Oke, T. R. (2012). Local climate zones for urban temperature studies. 
Bulletin of the American Meteorological Society, 93(12), 1879–1900. https://doi.org/ 
10.1175/BAMS-D-11-00019.1

Sun, Y., Wang, S., & Wang, Y. (2020). Estimating local-scale urban heat island intensity 
using nighttime light satellite imageries. Sustainable Cities and Society, 57, Article 
102125. https://doi.org/10.1016/j.scs.2020.102125

Suthar, G., Singhal, R. P., Khandelwal, S., & Kaul, N. (2023). Spatiotemporal variation of 
air pollutants and their relationship with land surface temperature in Bengaluru, 
India. Remote Sensing Applications: Society and Environment, 32, Article 101011. 
https://doi.org/10.1016/j.rsase.2023.101011

Taylor, J., Simpson, C., Brousse, O., Viitanen, A.-K., & Heaviside, C. (2024). The potential 
of urban trees to reduce heat-related mortality in London. Environmental Research 
Letters, 19(5), Article 054004. https://doi.org/10.1088/1748-9326/ad3a7e

Thiemig, V., Gomes, G. N., Skøien, J. O., Ziese, M., Rauthe-Schöch, A., Rustemeier, E., 
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