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Abstract

Studying urban heat islands (UHIs) in Southern Europe is crucial, as they amplify heat risks under climate change. UHIs
and their temporal variability at seven urban—rural pair locations in Spain were analysed from 1970 to 2023. The UHI was
defined as the air temperature difference between each urban site and its neighbouring rural sites, and trends were analysed
using the non-parametric Mann—Kendall test with Sen’s slope estimator. Based on daily minimum air temperature data,
results indicated a mean UHI intensity ranging from —0.15 °C in Alicante to 2.28 °C in A Corufia. The UHI annual trend
was significant, increasing in Valladolid (0.023 °C/year) and Alicante (0.009 °C/year) and decreasing in Santander (-0.015
°Clyear). Seasonal analysis showed statistically significant trends in Valladolid, particularly in spring and summer (0.029
°Clyear). In Alicante, an increase of around 0.012 °C/year was observed in spring and summer, while Madrid showed a
trend of 0.012 °C/year in winter. However, a warming effect at the rural site was identified in Barcelona (—0.028 °C/year
in autumn) and in Santander —0.025 °C/year in spring and summer), corresponding to negative UHI trends. The influence
of synoptic patterns on UHI yielded values between 3 and 4 °C in A Coruiia and Madrid for anticyclonic southeasterly,
anticyclonic southerly, and southeasterly air flows. Lower intensities were found in Barcelona (2.5 °C) and were associated
with hybrid anticyclonic westerly flows. UHI intensities below 2 °C were obtained at the other locations, with the lowest
values being linked to hybrid cyclonic westerly and cyclonic north-westerly flows.
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1 Introduction

Cities modify the physical environment where they are situ-
ated through changes in the natural landscape, and anthropo-
genic activities have a significant impact on environmental
conditions, since they are sources of heat and air pollution
(Cuadrat et al. 2022). Urban areas are an important contribu-
tor to climate change, with the so-called “urban heat island”
or UHI having come to prominence. UHIs have become a
major concern in almost every urban area since they refer
to the warmer air temperature in urban areas compared to
the surrounding rural areas (Arnds et al. 2017; Jabbar et al.
2023; Maqueda et al. 2020; Ward et al. 2016). This effect is
mainly evident in minimum daily temperatures, as reported
in other studies (Cuerdo-Vilches et al. 2023; Martin-Vide
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and Moreno-Garcia 2020; Moreno-Garcia 1994). Different
studies have indicated that the geographical location and
characteristics of each area studied —such as population den-
sity, industrialisation, vegetation cover, and urban morphol-
ogy— are key factors in the potential urban heat island effect.
This suggests the need for local studies aimed at determin-
ing the greater or lesser importance of the urban heat island,
depending on the type of city in question (Cuerdo-Vilches et
al. 2023; Runnalls and Oke 2000; Santamouris et al. 2001;
Tzavali et al. 2015). Moreover, UHI intensity is controlled
by meteorological conditions such as cloudiness, wind, pre-
cipitation, radiation, and pressure, which play a key role in
its regulation (Martinelli et al. 2020; Macintyre et al. 2021,
Tehrani et al. 2024; Tzavali et al. 2015). As climate change
leads to more frequent and intense heat events, these meteo-
rological factors interact with urban characteristics, influ-
encing the urban climate and resulting in significant risks to
human health and thermal comfort. Heatwaves, in particu-
lar, increase heat stress among high-risk individuals (Ward
et al. 2016).
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At a local or global scale, the impact of UHIs is diverse
and includes both positive and negative effects. This
urban phenomenon can impact the well-being and health
of city dwellers due to direct heat risk or through warmer
temperatures during colder periods (Cuadrat et al. 2022;
Cuerdo-Vilches et al. 2023; WHO 2021). Not only thermal
discomfort but also environmental deterioration can affect
many people and can cause increased health and mortality
problems (Santamouris and Kolokotsa 2015). Furthermore,
the UHI effect can also lead to higher energy demands in
buildings due to the need for cooling (Santamouris 2020).
Elevated temperatures can also increase the urban pollutant
concentration, particularly ground-level ozone and urban
smog, since photochemical reactions are intensified (Tza-
vali et al. 2015). The synergistic effect between high tem-
perature and air pollution can also damage and shorten the
operational lifetime of materials.

UHIs have been widely studied for different cities all
over the world, particularly in Europe, North America, and
Asia, based on both remote as well as in-situ observations
that have established their space—time variability (Marando
et al. 2019; Santamouris 2020; Tzavali et al. 2015; Wang
et al. 1990; Ward et al. 2016). The main controlling fac-
tors to have been studied are the impact of urbanization,
vegetation, urban area population, climate, season, time of
day, and period of time, and which determine UHI intensity
(Martinelli et al. 2020; Yue et al. 2019). In European cit-
ies, UHI magnitude varies from 1 to 10 °C, with an aver-
age maximum value close to 6 °C (Santamouris 2020). UHI
magnitude may vary between 0.5 and 11 °C, with an aver-
age value close to 4.1 °C for Australian and Asian locations
(Santamouris 2015). Several studies have been conducted in
Spanish cities (Cuadrat and Martin Vide 2007; Lehoczky et
al. 2017) such as Madrid and have shown an average urban
heat island intensity of around 2 °C (Almendros and Lépez
1995; Yagiie et al. 1991), with maximum values reaching up
to 5 °C (Sobrino et al. 2009). In Granada, higher values have
been observed in winter —ranging from 3 to 7 °C— while
lower differences of around 0.5 °C have been recorded in
autumn and summer (Montavez et al. 2000). On the Medi-
terranean coast, cities such as Barcelona, Valencia, Castel-
16n, and Alicante have reported maximum intensities of up
to 7 °C and average values of around 4 °C (Moreno and
Serra 2016).

As another important controlling factor, certain synop-
tic weather patterns can cause the behaviour and range of
changes in UHI intensity as local meteorological parameters
are modified (Yang et al. 2022). It is therefore important
to obtain the features of the UHI under different synoptic
situations and to determine those which intensify the UHI
(Aquino-Martinez et al. 2025; Hardin et al. 2018). Studying
the interaction between UHI and synoptic patterns is crucial
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for understanding changes in urban climate (Aquino-Mar-
tinez et al. 2025; Colangelo et al. 2022). There are different
procedures to determine synoptic conditions based on tradi-
tional or machine learning techniques (Su et al. 2018). This
study explores the role and impact of synoptic patterns using
surface pressure. The procedure applies the Lamb weather
classification, which has been satisfactorily used mainly for
anticyclonic situations linked to the strongest UHI intensi-
ties (Pérez et al. 2024).

Additionally, green spaces can constitute a differenti-
ating factor when studying urban phenomena. The World
Health Organization (WHO) recommends increasing green
space for health and environmental benefits. Local studies
can thus help to determine the importance of city features
in establishing the key factors that influence the potential
urban heat island effect, added to which the combination of
different factors should also be considered.

Although the UHI has been extensively studied, under-
standing of the processes involved remains incomplete. It
is important to characterise the UHI at different locations.
This paper establishes specific aims to provide deeper
insights into the climate variability that affects the urban
environments examined. Temperature trends were analysed
at different urban and nearby rural locations across Spain,
specifically in coastal and inland areas, as well as medium-
sized and large cities, some of which had not previously
been studied. UHI intensity and temporal variability were
also assessed, including an interdecadal analysis, the rela-
tionship with heatwave periods, and trend estimation using
a non-parametric test. The influence of atmospheric pres-
sure was examined by analysing synoptic patterns based on
the Lamb classification method, which is considered a key
factor influencing urban heat islands. Finally, UHI trends
were compared among the study areas.

This study aims to improve current knowledge of the
urban heat island in the Mediterranean region and could
help authorities to develop control strategies and effective
policies to better manage temperature variations in urban
areas. European cities must adapt to climate change and
implement green infrastructures if they are to reduce the
effects of UHI, protect biodiversity, and improve air quality
for public health, particularly in view of urban growth and
ever-increasing urban heat stress.

2 Material and methods
2.1 Sampling site and data
The Iberian Peninsula within the Mediterranean basin is

diverse and presents different climatic conditions. The south-
ern half of the Peninsula is characterised by a Mediterranean
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Fig. 1 Map of the Iberian Peninsula indicating the sites analysed and
the elevations

Table 1 Main features of the meteorological stations

Station Latitude Longitude Eleva- Period Dis-
(deg:min:sec) (deg:min:sec) tion tance
(m) (km)
A Corufia 43:22:01 —008:25:09 58 1970- 6.4
2023
A Corufa-Air- 43:18:24 —008:22:18 98 1972—
port (Alvedro) 2023
Alicante 38:22:11 -000:29:39 81 1970 8.8
2023
Alicante- 38:16:58 -000:34:14 43 1970—
Airport (El 2023
Altet)
Granada- 37:11:22 —003:35:44 775 2010- 15.0
Cartuja 2023
Granada-Air- 37:11:22 —003:47:21 567 1973-
port (Garcia 2023
Lorca)
Santander 43:27:52 —003:49:08 64 1970- 5.0
2023
Santander- 43:25:45 —003:49:53 5 1970—
Airport 2023
(Parayas)
Valladolid 41:39:00 —004:46:00 735 1974- 10.8
2023
Valladolid- 41:42:00 -004:51:00 846  1970-
Airport 2023
(Villanubla)
Madrid-Retiro 40:24:42 —003:40:41 667 1970- 14.5
2023
Madrid-Air-  40:28:00 —003:33:20 609  1970-
port (Barajas) 2023
Barcelona-El  41:17:34 +002:04:11 4 1999— 12.0
Raval 2023
Barcelona- 41:23:02 +002:10:0 33 1970—
Airport (El 2023
Prat)

climate, while the northern half is influenced by a Mediter-
ranean oceanic climate. The southeast of the Peninsula has
a semi-arid climate, whereas an oceanic climate is found in

mountainous regions (Busenkova et al. 2024). This study
is based on sites that are representative of those conditions.

Seven locations in Spain were selected to investigate
the effect of the urban heat island (A Corufa, Alicante,
Granada, Santander, Valladolid, Madrid, and Barcelona)
(see Fig. 1). Two stations for each location were consid-
ered: one corresponded to an urban environment, with the
other having rural features and being located some distance
from the corresponding city. Four sites are on the coast:
A Corufia and Alvedro; Alicante and Altet; Barcelona-El
Raval (henceforth referred to as Barcelona) and Barcelona-
Airport; Santander and Parayas. The other three are inland:
Madrid-Retiro (henceforth referred to as Madrid) and
Madrid-Airport; Granada and Granada-Airport; Valladolid
and Villanubla. The selected locations involved the largest
cities such as Madrid (3,277,000 inhabitants) and Barcelona
(1,628,000 inhabitants), mid-sized cities (less than 500,000
population) such as A Corufia, Alicante, Granada, and Val-
ladolid, and Santander with a population of under 200,000
inhabitants.

Each study location therefore has a different associated
climate according to the Képpen-Geiger climate classifica-
tion. The most dominant climate is Csa (hot-summer Medi-
terranean climate), which extends to Valladolid, Granada,
and Barcelona, and which is characterised by warm or
hot summers and cold, wet winters. A Corufia has Csb
(warm-summer Mediterranean climate), and Santander is
dominated by the Cfb (Oceanic climate), both of which are
predominant in the north of Spain. Madrid exhibits a Medi-
terranean to cold semi-arid climate (Csa and BSk, respec-
tively), while Alicante is linked to the BSk climate type
(semi-arid) (Agencia Estatal de Meteorologia-Espafia and
Instituto de Meteorologia-Portugal 2011; Bushenkova et al.
2024, Salvati et al. 2017).

The geographical features of the stations are presented
in Table 1, which also includes the distance between each
urban site and its corresponding rural site —ranging from
approximately 5-15 km. The height of the stations above
mean sea level varies significantly across areas, and ranges
from 4 to 846 m. Each pair of sites is geographically com-
parable for studying the UHI (Martinez 2014).

With some exceptions —as can be seen in Table 1- the
study is based on the period 1970-2023, using daily data of
the different meteorological variables; namely, mean tem-
perature, maximum temperature, and minimum tempera-
ture. Data were obtained from ECA&D (European Climate
Assessment & Dataset), which is available at the link https:/
/www.ecad.eu/dailydata/predefinedseries.php. Data availab
ility is greater than 98%, except for Granada-Airport, which
is 92%.

Local meteorological conditions present a wide variety
of features which are attributed, among other reasons, to
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population density, land use, and topography. A Coruiia is in
northwest Spain on a gulf on the Atlantic Ocean and has a
flat isthmus and soft hills around the city. Situated in north-
ern Spain, the city of Santander is defined by the Cantabrian
coastline and the Bay of Santander, with a pre-coastal plain
where some mountains rise up. Valladolid is on the north-
ern Spanish plateau, in the centre of the Duero sedimentary
basin along the Pisuerga River, and is surrounded by moun-
tains, except to the west, where the absence of large moun-
tains allows an open corridor to the Atlantic Ocean. Granada
is in southern Spain, at the foot of the Sierra Nevada moun-
tains and at the confluence of some rivers in a valley. Madrid
lies in the centre of the Iberian Peninsula, on the southern
plateau. It is close to the Guadarrama mountain range and
extends over the Manzanares and Jarama basins. Barcelona
is located on the northeastern Mediterranean coast of the
Iberian Peninsula, on a plain bordered by the Besos and Llo-
bregat rivers, near the Serra de Collserola mountain range.
Alicante is on the southeastern coast of Spain and is sur-
rounded by mountainous landscapes with the Serra de Font-
calent to the west.

2.2 Mann-Kendall test and Sen’s slope method

The procedure used in this research to quantify urban heat
island intensity is based on the daily temperature difference
between urban and rural (Eq. 1), with the air temperature
in the city usually being higher than the temperature of the
nearby non-urban area (Cuadrat et al. 2022; Oke 1973); in
other words:

UHI =AT,_, =T, — T, (1)

where AT,,_, is the intensity of the heat island, UHI, T, is
the temperature of the urban station, and T, is the tempera-
ture of the rural station.

Using the daily values of the corresponding temperature
parameters, a temporal analysis of the UHI was carried out
to observe its behaviour at different locations. The statis-
tical approach involved applying the Mann—Kendall test
and Sen’s slope to identify and assess the magnitude of the
trends over time in annual values of the variables studied.
These methods were run using MAKESENS 1.0, devel-
oped by the Finnish Meteorological Institute (Salmi et al.
2002). Estimation of the slope applied a linear model using
a non-parametric procedure (Kundan et al. 2020; Sen 1968).
Following the procedure described, the Mann—Kendall test
statistic, S, is calculated using Eq. 2.

2 sign (w5 — ) @)
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where n is the total number of data values, and x; and x; are
the annual values. For large samples (n>10), the test uses
a normal distribution approximation (Z statistics). The sig-
nificance levels tested are 0.001, 0.01, 0.05 and 0.1.

The study was completed by estimating the slope of the
trend. The method used was developed by Sen (1968) and is

assumed to be linear as a function of time:

ft)=Qt+B (3)
where B is a constant and Q is the slope.

2.3 Synoptic situation analysis

A synoptic climatological classification using surface pres-
sure was carried out to determine the prevailing meteoro-
logical conditions linked to the urban heat island values. The
method determines the synoptic weather types following the
procedure given by Lamb (1972). The expression applied is
shown in Pérez and Garcia (2023), in accordance with the
method provided by Jones et al. (2013) for sea level pres-
sure series, available at the NOAA PSL, Boulder, Colorado,
USA website (https://psl.noaa.gov). The study area covers
the Iberian Peninsula, and synoptic weather types comprise
cyclonic or anticyclonic, pure directional types, hybrids,
and unclassified type (Table S1) (Garcia et al. 2024).

3 Results and discussion
3.1 Annual temperature trend analysis

The annual mean, maximum, and minimum temperatures
for the whole period of study were analysed and plotted
in Fig. 2 for the urban and rural stations. Mean urban tem-
perature values ranged from 11.4 °C in Valladolid to 19.6
°C on the Mediterranean coast (Alicante and Barcelona).
Lower values were obtained for the rural sites, especially
for the extreme low values, with a difference of about 1.5
°C being observed in Valladolid and Barcelona. Maximum
temperatures were between 16.2 °C in Santander and 25.7
°C in Granada, and 15.4 and 26.6 °C at Valladolid-Airport
and Granada-Airport, respectively. Minimum temperatures
showed high values at urban sites, with extreme values
between 4.8 and 16.9 °C, corresponding to inland areas
(Valladolid) and Mediterranean coast sites (Barcelona),
respectively, compared to 3.6 to 14.6 °C obtained in rural
environments.

The test results for estimating temperature trends over
the whole study period (in general over 54 years, except 14
for Granada and 25 for Barcelona) are shown in Table 2.
All temperature parameters increased, since Z values were
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Fig.2 Annual temperatures
over the period 1970-2023 for
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positive and statistically significant at the 0.001 significance
level, except those obtained for Granada, which had lower
values or even no significance for the minimum temperature.

As regards mean temperature, the highest increase trends
were observed at the Granada site, with values up to 0.067
°Clyear for the urban site and slightly lower for the rural site
(0.048 °Clyear), at the Barcelona stations, reaching 0.059
°C /year, and at the Madrid stations, which were no lower
than 0.043 °C/year. However, the urban Santander station
presented the lowest trend, 0.026 °C/year. Trend estimations

in the remaining stations ranged from 0.03 to 0.039 °C/year.
A similar pattern was observed for the maximum tempera-
ture, with the highest intensity trend being reached at the
Barcelona station (0.1 °Cl/year), followed by the Granada
urban and rural sites (0.092 and 0.055 °C/year, respectively)
and the Madrid urban and rural stations (0.051 and 0.047
°Clyear, respectively). The lowest values were found in
Santander (0.022 °C/year) and Alicante (0.025 °Cl/year).
Trends at the remaining locations ranged between 0.029
and 0.043 °C/year. Minimum temperature trends ranged
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Table 2 Temperature trend analysis at the different sites (Q (°C /year) and B (°C)) for the mean, maximum, and minimum temperatures

Station/Test Tinean T T Mean Taximum T nininum
Test Z Q B Test Z Q B Test Z Q B

A Corufia 6.97 0.037 13.75 6.73 0.039 16.77 6.76 0.034 10.77
A-Corufa-Airport 5.85 0.030 13.01 5.67 0.030 17.37 5.04 0.032 8.76
Alicante 6.68 0.038 17.30 5.16 0.025 22.97 7.28 0.049 12.09
Alicante-Airport 4.83 0.032 17.38 4.07 0.029 22.29 5.12 0.036 12.41
Granada 1.86 0.067 17.29 2.41 0.092 24.01 0.88 0.038 10.44
Granada-Airport 5.85 0.048 14.55 5.41 0.055 22.07 4.59 0.033 6.97
Santander 491 0.026 13.98 4.05 0.022 16.81 5.45 0.028 10.99
Santander-Airport 6.80 0.042 13.34 5.86 0.043 17.23 7.48 0.041 9.53
Valladolid 4.86 0.039 11.80 3.39 0.029 18.19 5.36 0.047 5.49
Valladolid-Airport 5.36 0.033 10.51 5.28 0.041 16.60 4.76 0.022 4.48
Madrid 6.71 0.046 13.86 6.34 0.051 18.64 6.60 0.041 9.08
Madrid-Airport 6.40 0.043 13.41 5.79 0.047 19.92 6.16 0.038 6.98
Barcelona 3.74 0.059 17.12 3.62 0.10 19.81 3.53 0.053 14.41
Barcelona-Airport 7.16 0.058 14.66 6.25 0.042 19.45 5.04 0.060 7.80

Significance levels are 0.001, except for Granada, where they are 0.1 (mean temperature), 0.05 (maximum temperature), and>0.1 (minimum
temperature)
Mean temperature

Maximum temperature Minimum temperature
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Fig.3 Means and 95% Fisher LSD (Least Significant Difference) of daily UHI for each site at the study period associated to mean, maximum, and
minimum temperatures

from 0.022 °Cl/year in Valladolid to 0.060 °C/year at Bar-
celona-Airport, with the greatest differences being observed
between the Valladolid stations. The trends of the rural sta-

3.2 Urban heatisland (UHI)

The urban heat islands for the sites selected are presented

tions in Santander and Barcelona were higher than those for
the corresponding urban ones. These results may reflect the
sea’s moderating influence on urban sites, combined with
land-use changes and greater sensitivity of rural areas to
regional warming.

The cities analysed showed increasing temperature trends
—around 0.04 °C/year— with higher values at the urban sites,
except for certain exceptions where rural values stood out,
such as Santander, for the three temperature indicators, Ali-
cante and Valladolid for the maximum temperature, and
Barcelona for the minimum temperature. These results con-
cur with Roca et al. (2023), who reported increases in the
main Spanish cities of around 2.17 °C.

@ Springer

in Fig. 3 using mean plots. As can be observed, the UHI
presents very low average values for the mean and maxi-
mum temperatures, being no higher than 1 °C. However,
the difference is particularly noticeable for minimum tem-
peratures, since urban points cool to a lesser degree than the
nearby rural areas (Maqueda et al. 2020). The average UHI
in most of the sites was between 1.2 and 2.2 °C, except in
Alicante where there was virtually no difference in mini-
mum temperatures. Considering the results showing the
larger effect of the minimum temperature on UHI intensity,
from this point forward the UHI corresponding to the mini-
mum temperature for each site will be considered.

There were statistically significant differences in average
UHI values between the locations studied, except for the
2.2 °C obtained in Madrid and Granada. The topographical
setting of Granada in a relatively enclosed valley can limit
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air circulation, resulting in elevated nighttime temperatures
and mean UHI intensity. However, Madrid exhibited higher
extreme values (between —6.1 and 11.7 °C). These intensi-
ties are within the range of other studies (Maqueda et al.
2020; Nuiez et al. 2017; Roman et al. 2017; Yagiic et al.
1991). Fernandez et al. (1996) investigated the effect of
topography for Madrid, mainly in the valleys (Manzanares
River) where cold air accumulates on winter nights with
strong radiation, and which are the preferred routes of air
penetration from the surrounding areas. The UHI can be
explained by the topography of the city and the high den-
sity of buildings, which together causes heat retention. The
average UHI intensity in A Corufia, which is an open coastal
area, was slightly higher at 2.3 °C (ranging from—9.6 to
10.0 °C). The city retains heat overnight, while the sur-
rounding areas remain relatively cool. The UHI estimated
in Barcelona was approximately 1.9 °C on average, with
extreme values of —7.4 and 12.3 °C for the whole study
period. These results are consistent with those obtained by
Martin-Vide and Moreno-Garcia (2020), who evaluated
urban heat island intensity in Barcelona and established a
value of about 2.0 °C for a ten-year period. Moreno-Garcia
(1994) also reported a maximum intensity of the urban heat
island effect of about 8 °C, based on minimum tempera-
tures. Urban temperature and ventilation in Barcelona are
influenced by the city’s proximity to the Serra de Collserola
mountain chain and to the Mediterranean Sea (Salvati et al.
2017). A lower mean UHI value was obtained in Vallado-
lid, 1.4 °C (ranging from —8.6 to 8.6 °C), considering its
location on the Northern Spanish Plateau and its setting in a
valley. Santander is a coastal city with maritime influence,
which favours ventilation and which may limit UHI inten-
sity, where the lowest mean value of 1.2 °C (ranging from
—6.2 to 12.6 °C) was observed. A barely noticeable aver-
age heat island yielding a negative mean was obtained in
Alicante, —0.15 °C (with some extreme intensities between
—9.0 and 6.2 °C), in part due to the negative average values
in most years, except from 2003 to 2010 and the last four
years. A similar result was attributed by Martinez (2014) to
the characteristics of the area where the airport is located

Table 3 Mean values of UHI and the annual trend analysis associated
to differences in minimum temperatures at the different sites

Station/Test UHI-T,inimum
Mean (°C) Test Z Significance Q (°C /year) B (°C)

A Coruifia 2.28 0.4 0.002 223
Alicante -0.15 3.57 0.001 0.009 -0.57
Granada 2.20 0.66 0.023 1.26
Santander 1.21 —4.86 0.001 -0.015 1.64
Valladolid  1.41 6.61 0.001 0.023 0.80
Madrid 2.18 0.29 0.001 2.14
Barcelona 1.93 -1.52 -0.021 2.13

Blank significance level:>0.1

—the rural site— since it is warmer because of the Serra de
Fontcalent and the Foehn effect that causes the warm ther-
mal anomaly in the zone. This effect was also detected in
Jato-Espino (2019), suggesting higher values at rural sta-
tions in the Mediterranean area, particularly in Alicante.

Overall, these findings highlight that UHI intensity is not
only a function of urban density but is also influenced by
geographical setting, local airflow patterns, and topographi-
cal features. The results found in the areas studied are also
comparable to those reported for other locations in Europe,
such as Hamburg with 1.2 °C (Arnds et al. 2017), and the
values reported for larger cities like London, around 1.8 °C
(Pérez et al. 2024; Wilby 2003).

3.2.1 Annual trend analysis

This research aims to analyse annual trends in UHI intensity
by applying the Mann—Kendall statistical test to differences
in minimum temperatures between urban and rural loca-
tions. Sen’s slope statistics were then used to estimate the
magnitude of the trend. The test results shown in Table 3
reveal that annual UHI trends were only statistically sig-
nificant in Alicante, Santander, and Valladolid for a signifi-
cance level of 0.001. The annual trend value was quite high
in Valladolid (0.023 °C/year). Lower values were found for
the other two stations, with a different effect. While UHI
increased in Alicante at a rate of 0.009 °C/year, it decreased
in Santander with a similar rate of —0.015 °C/year. The rest
of the stations showed no statistically significant annual
trend. However, a warming effect was found in Granada,
A Corufa, and Madrid. The result for Madrid concurs with
other studies for a similar period where a non-significant
positive trend in Madrid and at the Airport (Barajas) was
determined, albeit with a lower value (Maqueda et al. 2020).
In contrast, Barcelona experienced a warming effect in its
surrounding areas. Studies carried out by Martin-Vide and
Moreno-Garcia (2020) also show a slight decreasing trend
in UHI intensity in Barcelona. Urban structure and popu-
lation variations over the years —particularly the slight
decrease in recent years— have had a major impact on how
the UHI has developed, although this has also been shaped
by the geographical features of the locations and by weather
conditions (Jabbar et al. 2023).

The interdecadal study (five decades) showed that the
highest mean UHI values were observed in recent years,
beginning in 2020, coinciding with the increased intensity
of heatwaves across the different locations. Madrid also
showed high values during the 1980-1989 decade. Further-
more, mean UHI values in Valladolid have increased since
1980.
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and winter were also reported in previous studies (Martin-
Vide et al. 2020; Salvati et al. 2017) for a short period (nine
years). These studies showed that the UHI was weaker in
summer because of the sea breeze and, consequently, the
stronger intensity was obtained in winter and autumn. Other
findings concerning the UHI in Mediterranean coastal cities
have confirmed the influence of sea breeze on changes in
UHI patterns (Martinelli et al. 2020).

Trend analysis results using the values of Mann—Kendall
trend statistics (Z) and trend values (Q) for seasonal series
of the annual mean UHI of all stations are also presented
in Table 4. The mean winter UHI at Valladolid and Madrid
exhibited statistically significant increasing trends with dif-
ferent levels of significance. The trend in Valladolid was
significant at the 0.001 significance level, while the trend for
Madrid was less significant at the 0.1 significance level. Val-
ladolid showed the highest trend values of 0.020 °C/year as
indicated by the Q statistics compared to 0.012 °C/year for
Madrid. Although Z values were also positive for the rest of
the stations except in Barcelona, the trends were statistically
non-significant. A statistically significant positive trend in
mean spring UHI emerged for A Coruiia, Alicante, and Val-
ladolid. The trend for Valladolid was significant at the 0.001
significance level, while trends for Alicante and A Corufia
were less significant (at the 0.01 and 0.1 significance lev-
els, respectively). The trend value for Valladolid was 0.029
°Clyear, which was greater than that obtained in Alicante
(0.011 °Clyear) and A Coruiia (0.006 °C/year). However,
Santander showed a statistically significant negative trend
at the 0.001 significance level and a rate of —0.024 °C/year.
Similar results were found for the UHI summer mean with
certain features. In this season, the trends for Valladolid and
Alicante were positive and statistically significant (at the
0.001 significance level) with values of 0.029 and 0.019 °C
/year, respectively. Statistically significant negative trends
were found for Santander and Barcelona (at the 0.001 and
0.1 significance levels, respectively) with both showing the
same estimated rate of 0.025 °C/year. The same behaviour
seen in summer was found in Santander and Barcelona for
autumn; in other words, a significant and negative trend,
albeit with a different statistical significance (at the 0.05
and 0.1 significance levels, respectively) and with a great
difference in the values (—0.009 °C/year for Santander and
—0.028 °C/year for Barcelona). These results can be attrib-
uted to a combination of climatic and urban factors. In con-
trast to the behaviour of inland cities, both coastal cities are
influenced by the sea, which moderates urban warming. In
addition, urban adaptation measures may have reduced heat
storage, whereas surrounding rural areas may be warming
at a similar or at an even faster rate due to land-use changes.

In general, seasonal UHI intensities increased during the
study period, albeit to varying degrees depending on the

city and not always with statistical significance. The heat
effect was particularly noticeable in Valladolid in all sea-
sons, while a warming effect in the surrounding areas was
observed in Santander (in spring and summer) and in Barce-
lona (in summer and autumn).

3.3 UHI under different synoptic situations

UHI is influenced by certain synoptic situations that char-
acterise the state of the atmosphere at a given location
(Aquino-Martinez et al. 2025). Figure 4 depicts in box-and-
whisker plots the distribution of UHI values for the differ-
ent synoptic patterns identified for each location based on
the Lamb classification. In general, the highest mean UHI
values were observed under a high-pressure system (anti-
cyclone), which brings fair weather conditions with clear
skies, stable conditions, and light winds. Hybrid patterns
were also involved, such as anticyclonic southerly (AS),
anticyclonic southeasterly (ASE), and anticyclonic south-
westerly (ASW), depending on the location. The maximum
mean UHI value was obtained in Madrid (4.2 °C), with
the greatest range being 4.4 °C. A Coruifia and Santander
showed lower values, with a range of 2.7 °C, while Val-
ladolid had a value of 2.3 °C. Data variability for most syn-
optic patterns in Alicante was similar, with the lowest mean
UHI values ranging from —1.1 to 0.5 °C. Although the range
was the same in Granada, all mean values were positive and
reached up to 1.5 °C. Apart from the size of the city and the
location as well as the topographical characteristics of the
study sites, the state of the atmosphere proved crucial in the
formation of the urban heat island since the results showed
some differences related to synoptic conditions.

The most frequent and representative synoptic weather
situations are presented in Table 5 together with the asso-
ciated UHI intensity. The most frequent synoptic patterns
were the anticyclonic situation (A), representing more than
21%, and the unclassified situation (U), which comprises no
defined air flows and represents about 17.5%. Easterly flow
(E) accounted for approximately 7.6%, while the cyclonic
pattern (C) was less frequent, at 6.7%. The corresponding
UHI intensity for each site linked to the A and U patterns
was positive, except for Alicante, which showed a low con-
trast (—0.21 and —0.30 °C, respectively). In general, higher
values were associated with anticyclonic situations (A).
As regards the mentioned patterns (A and U types), UHI
intensity was greatest in Madrid, reaching 3.19 and 2.69 °C,
respectively. This was followed by A Coruiia, which had
very similar values —around 2.3 °C- and Barcelona, where
the difference between the two types was about 0.4 °C, close
to 2.0 °C. UHI intensity in Santander for A and U synoptic
situations reached 1.72 and 1.18 °C, respectively. However,
Granada and Valladolid showed no differences between
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{ Fig. 4 UHI for different synoptic patterns at each location during the
study period. The mean is depicted with a cross sign, the median as a
horizontal line, while the upper and lower whiskers extend out to the
extreme maximum and minimum values below or above 1.5 times the
interquartile range from the first and third quartiles. Outliers are repre-
sented as small squares

the two weather types, with values around 1.4 and 1.3 °C,
respectively. Eastern flows were associated with high UHI
intensity in A Corufia (3.19 °C) and lower values in Madrid
and Barcelona (2.29 and 1.86 °C, respectively). This syn-
optic pattern led to lower UHI intensities at the remain-
ing locations, and which were all below 1.3 °C. The pure
cyclonic pattern exhibited low values, except in A Corufia
(2.01 °C), Barcelona (1.48 °C), and Valladolid (1.32 °C).

When analysing the results of the highest values of UHI
intensity associated with synoptic situations, notable differ-
ences were observed. In Madrid, values ranged between 3
and 4 °C associated to anticyclonic situations and ASE or
SE hybrid types (see also Table 5). Under these stable con-
ditions, southerly winds linked to warm and dry advections,
together with the absence of any significant orographic bar-
riers, intensify the lack of ventilation. This effect, combined
with dense urban construction, contributes to a stronger
urban heat island (UHI). Almendros and Lopez (1995) also
reported that high pressure was linked to relatively intense
UHI values in Madrid, whereas low-pressure systems were
linked to lower intensities. High values were also observed
along the coast —particularly in A Corufia— with an aver-
age intensity of 3.6 °C, mainly associated with light winds
from inland areas, which are warmer and drier. However,
although Santander is also located on the northern coast and
is affected by southerly winds —which are more stable and
warmer than northerly breezes— it exhibits lower UHI val-
ues due to stronger orographic and local wind influences.
Unlike A Corufla, Santander is less exposed, with a mean
UHI intensity of around 2.7 °C, although the Foehn effect
linked to the Cantabrian Range contributes to frequent tem-
perature increases across the area.

In Barcelona, stable anticyclonic conditions limit the
dispersion of heat accumulated in buildings and pavements.
Weak offshore winds (W-SW) enhance the thermal contrast
between the city and its surroundings and may inhibit the
intrusion of cooler marine air, thereby maintaining high
temperatures. Weak SE winds may also sustain nocturnal
urban heat. The ASW and AW situations produce the highest
UHI intensities, reaching around 2.7 °C (with an average of
approximately 2.5 °C for the highest values). These findings
are consistent with the results reported by Martin-Vide et
al. (2016) for the Barcelona area over a short study period.

An average UHI intensity of around 2 °C was observed
in Valladolid, reflecting not only the influence of anticy-
clonic conditions but also NW or even N flows which, due

to the configuration of the Pisuerga Valley where the city
is located, are channelled and decelerate within the urban
canopy, thereby reducing ventilation. In addition, atmo-
spheric stability favours nocturnal thermal inversions, caus-
ing the heat accumulated in the city to be released more
slowly. Southerly flows do not intensify the urban heat
island because, although they are warmer, they are also
more unstable and reduce the thermal contrast between the
city and its surroundings.

In Granada, the factors favouring the highest urban heat
island values are related to anticyclonic conditions and to
the circulation of air around the city, which is influenced
by its location within a valley. N and NE winds, associated
with high atmospheric stability, promote nocturnal thermal
inversions, weaken upon entering the city, and limit effec-
tive ventilation. Mean urban heat island values are around
1.4 °C, showing a marked contrast with the other cities.

A weak urban heat island effect is observed in Alicante,
with a mean intensity of 0.4 °C, and which is mainly influ-
enced by maritime effects and favourable topography that
result in small temperature differences between the urban
centre and its surroundings. The predominant synoptic situ-
ations are hybrid cyclonic conditions and westerly flows.
The influence of synoptic situations in some Mediterranean
coastal cities differs from that observed in continental envi-
ronments or, as previously noted, in Barcelona. In Alicante,
UHI intensity is significantly enhanced during cyclonic
situations, hybrid, and W and NW flows, as a result of the
interaction between synoptic-scale atmospheric circulation,
proximity to the sea, and the thermal properties of the urban
environment, which cause the city to retain more heat than
its surroundings (Martinez 2014).

4 Conclusions

UHI intensity was studied at seven urban—rural paired sites
in Spain using temperature datasets for the period 1970—
2023. Locations included coastal and inland cities, and
differed in population density, climate, and topographical
features. Results showed that urban temperatures increased
significantly at all sites, with magnitudes greater than
those of the corresponding rural temperatures, except in
Santander, for maximum temperatures in Alicante and Val-
ladolid, and for minimum temperature in Barcelona. Mini-
mum temperatures were found to have the greatest impact
on UHI intensity. Using this temperature parameter, a mean
UHI value of 2.3 °C was obtained in A Coruila, with similar
values in Madrid and Granada (2.2 °C), although the former
showed high extreme values of up to 11.7 °C. UHI inten-
sity in Barcelona was slightly lower, and was around 1.9
°C. Conversely, intensity was much lower at the remaining
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Table 5 UHI intensity for the most frequent synoptic patterns and the
highest UHI values for each location in the study period
Station

Synoptic pattern/ UHI
The most frequent  (°C)

Synoptic pattern/  UHI
The highest UHI  (°C)

A Corufia A 242 E 3.19
U 223 AE 3.68
E 3.19 SE 3.77
C 2.01 ASE 3.82
Alicante A -0.21 CNW 0.33
U -030 CW 0.36
E -036 W 0.50
C -0.09 NW 0.51
Granada A 147 ASW 1.36
U 1.32 AE 1.39
E 098 A 1.47
C 0.50 ANE 1.51
Santander A 1.72 S 2.26
U 1.18 SE 2.59
E 1.31 ASE 2.99
C 091 AS 3.02
Valladolid A 1.27 NW 1.94
U 138 N 2.00
E 1.28 ANW 2.04
C 1.32 AN 2.27
Madrid A 319 A 3.19
U 2.69 SE 3.34
E 229 AS 3.85
C 1.01 ASE 4.28
Barcelona A 220 SE 2.40
U 1.78 ASE, W 2.42
E 1.86 AW 2.52
C 148 ASW 2.74

locations, with a value of 1.4 °C in Valladolid and 1.2 °C in
Santander (the highest extreme value being 12.6 °C). The
cooling effect of the UHI in Alicante was not noticeable and
was —0.15 °C. The annual UHI trend was statistically sig-
nificant (at a significance level of 0.001), with an increase of
0.023 °C/year in Valladolid and a smaller effect in Alicante,
0.009 °Clyear. In contrast, a decreasing trend of —0.015 °C/
year was observed in Santander. The study shows that UHI
intensity results from the combined effect of urban density,
topographical features, geographical location, and local air-
flow conditions.

In general, statistically significant trends were found for
all seasons in Valladolid, with the greatest increases occur-
ring in spring and summer (around 0.03 °C/year). Alicante
showed significant trends in most seasons except winter,
although at a lower rate (up to 0.019 °C/year). Madrid
showed a smaller trend in winter (0.012 °C/year). However,
significant decreasing trends were observed in Barcelona
for summer (—0.025 °C/year) and autumn (—0.028 °C/year),
and in Santander for spring and summer (—0.024 and -0.025
°Clyear, respectively).

@ Springer

Anticyclonic (A) and unclassified (U) weather situations
were identified as the predominant synoptic patterns. The
most pronounced effects of synoptic situations on the urban
heat island —according to the Lamb classification— were
mainly observed in hybrid patterns characterized by anticy-
clones and flows from the south, southeast, and southwest.

The highest mean UHI values were recorded in Madrid
and A Coruifia for the ASE type, with values of 4.3 and
3.8 °C, respectively. However, for the same synoptic pat-
tern, the UHI in Santander was lower and reached 3.0 °C.
The ASW synoptic pattern resulted in a mean UHI value
of 2.7 °C. Moreover, in Valladolid, it was associated with
the AN type (2.3 °C), and in Granada, with the ANE type
(1.5 °C). Locations on the Mediterranean coast showed a
different behaviour. In Barcelona, the UHI was influenced
by hybrid anticyclonic conditions and westerly, and south-
easterly flows. In contrast, in Alicante, although the UHI
was generally not noticeable under most weather patterns,
north-westerly flows and cyclonic situations did contribute
to a certain extent. These findings indicate that both local
geography and synoptic weather conditions play key roles
in shaping UHI intensity.

Finally, this study seeks to provide evidence of the UHI
phenomenon in southern Europe based on a dataset of seven
Spanish cities with the aim of implementing policy strat-
egies to mitigate the impact on people’s lives and on the
environment. Geographical location, city features, and local
weather conditions prove key to understanding the potential
effects of the urban heat island. With the support of different
datasets and satellite imagery, it is therefore also important
to continue exploring other scenarios and controlling fac-
tors so as to identify hot spots, particularly in large cities,
in order to forecast extreme events and determine the most
effective mitigation measures.
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