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ABSTRACT. The main aim of this research was to detect a possible urban heat
island (UHI) in the tourist city of Málaga (Spain). To achieve this goal, different
methods to validate annual and monthly temperature data have been used, and
the internal variability of the UHI with respect to the topographical changes was
also surveyed. Our results showed two types of atmospheric thermal gradients:
one characterized by a positive gradient according to an elevation above sea
level, and another with a negative gradient related to rural areas. The maximum
impact of the UHI was found to be 9.1 ºC for an instantaneous event, 4.4 ºC
for daily minimum temperatures in August, with a maximum weighted average
difference of 2.3 ºC between data from urban and rural stations. We conclude
that the detection of UHI is useful as a tool to help urban planners, in order to
reduce the intensity of possible climate changes in cities. It is also concluded
that UHI is not only a meteorological phenomenon in Málaga city but a climatic
phenomenon, present during most days and across the transect of increasing
intensity from the sea to the city.
Midiendo los cambios topográficos y las variaciones climáticas para detectar la
isla de calor urbano en la ciudad de Málaga (España)
RESUMEN. El principal objetivo de esta investigación es detectar una posible
isla de calor urbana (UHI) en la ciudad turística de Málaga (España). Para ello,
se han empleado diferentes métodos para validar los datos mensuales y anuales
de temperatura, teniendo en cuenta la variabilidad interna de la isla de calor
urbana con respecto a los cambios topográficos también analizados. Nuestros
resultados indicaron que se pueden detectar dos tipos de gradientes térmicos atmosféricos, uno caracterizado por un gradiente positivo acorde con la elevación
con respecto al nivel del mar, y el otro de tipo negativo, relacionado con las áreas
rurales. Se ha registrado un máximo de isla de calor de 9,1ºC para un evento
específico, 4,4ºC para las variaciones mínimas de temperatura en agosto, y un
promedio máximo de diferencias ponderadas de hasta 2,3 ºC entre las estaciones

Cuadernos de Investigación Geográfica 46 (2), 2020, pp. 521-544

521

Senciales-González et al.

urbanas y las rurales. Por lo tanto, podemos concluir que la detección de islas de
calor podría ser una herramienta útil para los planes de ordenación con objeto
de reducir la intensidad de los posibles efectos climáticos sobre las ciudades.
Además, también se ha observado que la isla de calor urbana no es solo un
fenómeno meteorológico en la ciudad de Málaga, sino un fenómeno de carácter
climático, presente la mayoría de los días del año a lo largo de un determinado
transecto de intensidad creciente desde el mar hasta la ciudad.
Keywords: Climate Observation, Atmospheric Thermal Gradients, Complex
Terrain, Local Climatic Zones, Urban Heat Island.
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1. Introduction
In the context of global warming, the urban heat island (UHI) effect is an important
issue for humankind, though such warming is not restricted to urban areas (McKitrick
and Michaels, 2007). The UHI can be defined as the temperature difference between
the urban-suburban and rural areas in the same region (Ningrum, 2018). The intensity
of each UHI is confirmed through the temperature difference expressed at a given time
between the hottest sector of the city and the non-urban space surrounding (Martín-Vide
et al., 2015).
Numerous studies have focused on documenting the impact of urbanization on local
temperatures in specific areas considering diverse environmental (Mayer and Höppe,
1987; Lin et al., 2008; Corumluoglu and Asri, 2015; Edmondson et al., 2016), economic
(Rizwan et al., 2008) or socioeconomic effects (Buyantuyev and Wu, 2010). However,
urban planners do not usually use such studies when developing urban and tourist plans
(Lin and Matzarakis, 2008; Matzarakis, 2010). Since the pioneer investigations carried
out in London (Howard, 1818; Chandler, 1965), further investigations focused on wellknown UHI have been conducted using different methodologies around the world,
included Spain; unless they are relevant for their methodology or results, they have not
been further discussed in this study due to limited space.
The methods used to measure UHI are diverse. Remote sensing data are commonly
used to assess UHI (Chen et al., 2006; Sobrino et al., 2013), though datasets with a
high spatiotemporal resolution remain rare (Pérez-González et al., 2003; Gomes and
Amorim, 2015). The use of Geographical Information Systems (GIS) (Aniello et al.,
1995; Lo et al., 1997) as well as climate simulations (McCarthy, et al., 2010; Giovannini,
et al., 2014), analysis of thermal data transects (Bello Fuentes, 1994; Torok et al., 2001;
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Vicente-Serrano et al., 2005; Serra Pardo, 2007; Moreno García and Serra Pardo, 2016;
Sánchez-Guevara et al., 2017) or data distribution from public and private nets (Chen
and Jeong, 2018; Jhaldiyal et al., 2018) and mixed methods (Peterson and Owen, 2005),
have also been applied in UHI studies.
Regardless, topography and winds can be considered the key factors in thermal
variability (Goldreich, 1984; Thompson et al., 2007; Ribeiro et al., 2018). In urban and
rural areas, thermal variability affects specific increases or decreases in temperature of
concrete (Tabony, 1985; Suomi, 2014; Ketterer and Matzarakis, 2014; Miao et al., 2015)
and temperature differences between rural and urban areas (Zeleňáková, et al., 2015).
The city of Málaga (South of Spain) represents a clear example of urban development
resulting from favourable climatic aspects and, consequently, a boom in tourism (MarínCots et al., 2008). In addition, the development of a new international passenger terminal
at the airport in 1991, has seen Málaga grow from 522,108 inhabitants (IECA, 2018) with
2 million air passengers in 1990, to 569,002 inhabitants with 18.6 million air passengers
in 2017 (AENA, 2018). There are no previous studies on UHI in Málaga, and it is a good
case study for a rapidly developing city.
Thus, the main aims of this study are to assess: i) the internal variability of the
climatic variables (temperatures, humidity, winds) and their possible connection with
topographical changes; and, ii) to identify evidence for a UHI in Málaga city and its
hinterland.
2. Materials and Methods
2.1. Study Area
The city of Málaga is located on the shore of the Alboran Sea (western end of the
Mediterranean Sea). It occupies 7225 ha (Ayuntamiento de Málaga, 2015) and it extends
from the eastern side of the Guadalhorce River to the foot of a hilly area known as the
“Montes de Málaga” which is a physiographic unit that slightly exceeds 1000 m a.s.l. in
altitude across 11.6 km of longitude. The minimum elevation of the city is located at the
shore of the sea, while the highest level is at 200 m a.s.l. in the north-western corner of
the city (Fig. 1). The predominant exposure towards the south provides a high degree of
insolation. The relief includes moderate slopes around the city, with gradients from 21 to
30%, except in the Guadalhorce valley, where the inclination does not exceed 3%. The
Guadalhorce River forms a narrow valley with a fluvial plain with a width of less than
7 km, which can channel winds and thermal inversions near the coast along the valley
(Rodrigo-Comino et al., 2014).
Málaga registers 2905 hours of sunshine per year (AEMET, 2019). The annual
total rainfall oscillates from 400 to 700 mm, showing the maximum values at the top
of the Montes de Málaga. The mean annual humidity values are around 65%, and the
annual mean values of wind speed vary from 0.5 to 3.7 m/s. The direction of the winds
is considered as a variable throughout the year: maritime (Eastern-South-eastern winds)
in summer, and continental (Western-North-western winds) in winter. Maritime breezes
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are common during the day-time, but at the night-time continental breezes are usual,
reducing the moderating effect of the sea during the coldest hours of the day.

Figure 1. Topographic map of Málaga city showing the location of the climate stations.

2.2. Data pre-treatment and validation
All the available thermometric data situated in the climate stations around (thirteen
stations), peripheral (four stations) and within (six stations) the city were used. All the
datasets have sufficiently long series (at least five complete years) to be validated by
standardized methods (Alexandersson and Moberg, 1997; Domonkos and Štěpánek,
2009) (Equation 1)
(1)
Qi= Normalized value (usually around 1)
Yi= Specific value of the dependent dataset
r2= Correlation coefficient between the selected site and a surrounding station
(reference station)
Xj= Annual mean temperature of a surrounding station
Xji= corresponding value of the surrounding station
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The dataset is currently curated by the Andalusian network of environmental
information (“REDIAM”) and is publicly available (Junta de Andalucía, 2018).
Two control stations were used to apply the Standard Normal Homogeneity Test
(SNHT) and to calculate data gaps (Schneider, 2001; Mirón-Pérez et al., 2006). These
control stations are close to each other (<30 km) and have 30 complete years (19882017) of daily data (average, maximum and minimum temperatures) without gaps or
inhomogeneities. To qualify as a control station, a positive correlation >35%, with <10%
of data omissions, and >30-years of data was required (Eischeid et al., 2000; Prieto et al.,
2004). To fill the dataset gaps using one station, the Normalized Ratio (NR) method was
applied (Paulhus and Kohler, 1952) (Equation 2):
(2)
Tp= Mean monthly temperature without data of a specific year.
n= Number of reference stations.
Tx= Mean monthly temperature without data from the used dataset.
Tx1, Tx2, Txn = Mean monthly temperature without data from the used dataset of
the reference station number 1, 2…n.
T1, T2…Tn = Mean monthly temperature without data from a specific year of the
reference station number 1, 2…n.
This method, usually applied to calculate rainfall gaps in mountainous areas,
can also be applied for temperature, insolation and pressure interpolations (BarreraEscoda, 2004). If two control stations can be used to fill the dataset gaps, a multiple
linear regression method can be used (Eischeid et al., 2000; González-Hidalgo et al.,
2002).
Several stations obtained a high correlation with the complete stations and had an
extensive dataset (>25 years with daily data), where the few monthly gaps were filled
to get 30 years of data (1988-2017). The NR method was used to calculate missing data
(see above Equation 2).
After this step, the focus was on completing the dataset for annual data for the rest
of the stations, using the SNHT (Domonkos and Štěpánek, 2009; Alexandersson, 2001;
Aguilar-Anfrons et al., 2002) (Equation 3):
(3)
X= value of the variable to be homogenized.
r2j= correlation coefficient between a series of variable and control series.
yj= control value in the year with lacks.
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X and Yj= mean of series to be homogenized and mean of control series.
SNHT revealed important anomalies in six additional stations; so these stations
were discarded. The metadata was also analysed to verify that there were no changes in
the location of any other stations and if so, to refer to it as a different station (AguilarAnfrons et al., 2002). Sometimes, it was necessary to discard the initial years of the
series due to instrument calibration errors.
After applying all validation methods, 30-years of daily data were obtained for 20
stations (Fig. 1). The same methods were applied to maximum and minimum average
temperatures, means, and extreme (maximum and minimum) values for the 30-year
period. For wind speed and humidity, a minimum of six years in the series was filled
(Table 1). The metadata can be seen in Table 1 as well as the characteristics of the
stations following the concept of local climate zones (LCZ) (Stewart et al., 2014).
Table 1. Metadata of the climate stations used.
Distance to the
sea (km)

Height (m)

2.3

7

Azucarera

1.8

10

3(@)

Rincón

0.2

10

4 (*)

Carmelitas

1.0

12

5(*)

Puerto

0.06

20

17

6(*)

CASE

0.2

25

8

ID

Name

1

Aeropuerto

2

7

Years

Series

Station type

LCZ

74

1942-2017

TG-R-H-W

8-E

22

1972-1993

T-R

8-B

17

1998-2017

TG-R-H-W

6-B

31

1987-2017

TG-R

2-E

2001-2017

TG-R-H-W

5-B

2010-2017

TG-R-H-W

2-E

Churriana

4.0

32

40

1977-2017

TG-R-H-W

9-B

8(*)

Málaga-Ciudad

1.2

53

92

1878-1986

T-R

2-B

9(#)

Cónsul

4.6

56

17

2001-2017

TG-R-H-W

5-C

10

Campanillas

11.2

60

8

2007-2017

TG-R-H-W

9-B

11

Málaga-RIA

11.3

68

17

2001-2017

TG-R-H-W

9-B

12(@)

Torremolinos

2.2

85

9

2009-2017

TG-R-H-W

2-E

13(#)

Atabal

4.2

90

12

2006-2017

TG-R-H-W

8-C

14

Cártama-RIA

19.9

95

16

2002-2017

TG-R-H-W

9-B

15

Agujero

6.7

100

17

1966-1984

T-R

9-B

16(*)

Calderón

1.4

129

5

2007-2015

T-R

6-B

17

Boticario

6.1

450

41

1950-2017

T-R

9-A

18

Cerrado

9.9

635

31

1986-2016

T-R

9-A

19

Torrijos

11.8

718

45

1956-2014

T-R

9-A

20

Contadoras

11.4

760

57

1950-2017

T-R

9-A

T=Temperature; TG=Temperature from thermographic device registering ten-minute data; R=Rainfall;
H=Humidity; W=Wind; (*) Station located in the inner-city area. (#) Peripheral Urban stations. (@) Periurban
stations. LCZ= Local Climate Zones
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Prior to analysing the data, the reliability of the extrapolation was checked using a
post hoc t-test and chi-squared, determining differences between the average values and
contrasting observed and predicted frequencies. The null hypothesis was rejected for
alpha values equal to 0.05, supposing a level of confidence of 95%. All of these statistical
analyses were performed with the software Statgraphic v.17.0.
2.3. Temperature gradients in Málaga city
After validating the data, it is necessary to analyse the influence of topography on
the distribution of temperatures. Firstly, linear correlations between elevation above sea
level and temperature were performed, the latter being the dependent variable. It is usual
to consider that temperatures drop linearly according to elevation, by 0.65 ºC for each
100 m (Barry and Chorley, 2009), but the value of that gradient may be variable (Hufty,
1975; Rodrigo-Comino, 2012) or even inverse (García-Guadalupe et al., 2012; Mason et
al, 2017), especially with minimum temperatures (Tabony, 1985).
For this reason, in Málaga city, it was necessary to clarify the presence or absence
of thermal inversion at the bottom parts for calculating the real gradient. To achieve this
goal, several adjustment maps were prepared using a Digital Terrain Model (DTM) with
a 5-meter resolution to get the best possible accuracy. These adjustments used virtual
stations from different urban, peri-urban and rural gradients close to the city (Mason et
al., 2017).
Different gradients and maps using mean annual (Figs. 2 and 3), average minimum
daily (Fig. 4), and average maximum daily temperatures (Fig. 5) were obtained for
urban, rural and all stations. They were used to calculate new values for virtual stations
located in urban, peri-urban and rural areas at different heights and types of thermal
values. The maps were made using the software Arc-Map 10.5.1 (ESRI, USA). 180
virtual stations were added to the original 20 stations. The data of these virtual stations
have been calculated according to the different gradients obtained in urban, peri-urban
(general gradient using all stations) and rural areas. Then, Universal Kriging (Crawford,
2001 ) with anisotropy and 8 sector neighbourhoods was applied; this procedure reduces
the root mean square error (RMSE) by 0.2 points from the cross-validation method. It
was compared with Ordinary Kriging and Map Algebra methods.
2.4. UHI calculations
In order to analyse real thermal differences between urban and non-urban areas,
various procedures have been used. The weight of the temperature differences between
stations located at the same level and distance from the sea were sought, distinguishing
between urban and non-urban stations. Daily data from stations with ten-minute
thermographic data were used; thus, it was possible to find the maximum difference at
a given time, clarifying the difference between values. Winds, humidity, pressure and
weather type were also identified for each moment. Twelve cases (one for each month)
were selected from fixed dates identified as having the highest daily thermal differences
between stations.
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The Oke (1978), Karl et al. (1988) and Torok et al. (2001) methods were
applied to make an approximation to the impact of the size of the city on UHI, and
compare the expected results to those obtained for the analysis related to the real
thermal data:
Oke (1978) method (Equation 4):
ΔTu-r= 2.01 logP-4.06

(4)

Karl et al., (1988) method (Equation 5):
ΔTu-r= a·P0.46

(5)

Torok et al., (2001) method (Equation 6):
ΔTu-r= 1.42 logP- 2.09

(6)

Where ΔTu-r= Temperature difference between the urban and rural area
P = Population (number of inhabitants of the city)
a = empirical coefficient, usually 1.82·10-3,
Several authors have also added the night-time and seasonal UHI (Capelli de Steffens
et al., 2005; Alcoforado and Andrade, 2006; Bahi et al., 2017) finding important differences
between this analysis and the results of annual UHI. In addition, several authors have even
demonstrated that the UHI effect overturns in certain hours of the day (normally at midday)
(Ningrum, 2018), with variations across the year (Chen and Jeong, 2018). Therefore, the
same differences (rural-urban) were measured using the fixed time of maximum difference.
3. Results
3.1. Data pre-treatment
In Table 1, five LCZ (Stewart et al., 2014) are registered: 2, 5, 6, 8 and 9. LCZ 2
shows compact urban areas with mid-rise buildings which include several urban and
peri-urban stations (4, 6, 8) and station 12. LCZ 5 shows open mid-rise buildings with
only two urban stations. LCZ 6 summarises urban areas but open low-rise buildings.
LCZ 8 includes non-urban zones with large low-rise buildings. Finally, LCZ 9 has only
rural stations in sparsely built areas.
Table 2 shows summarise the average value of the mean annual, daily minimum
and daily maximum temperatures from 1988 to 2017. Data values for one or several
months during some years were gap-filled using NR at several stations, but most gap
fillings were done using SNHT. Data show a mean difference of 4.8 ºC between the
maximum and the minimum mean annual value, due to topographical factors; but the
maximum difference between stations at the same level is 2 ºC (average of mean annual
temperature) and 4.2 ºC (average of daily minimum temperatures). Nevertheless, the
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maximum difference between stations at the same level is 2.8 ºC for an average of
daily maximum temperatures.
Table 2. Summary of the average annual temperatures and methods of interpolation for climate
stations 1 to 20 from 1988 to 2017.
ID 1 2
3
4
5
6
7
8
9 10 11 12 13 14 15 16 17 18 19 20
Annual Mean T (⁰C) 18.7 18.0 18.7 19.0 19.2 19.2 18.3 19.4 19.3 18.2 18.3 19.0 18.1 17.9 17.7 19.7 17.6 15.7 14.9 16.1
Number of
30 13
13 22
30 13 22 13 21 18 14 30 25 15
3
extrapolated years
Number of interpolated
(1) (6) (2)
(2) (2) (7) (7) (6)
years
Daily Min. T (⁰C) 14.1 12.9 14.9 15.6 16.0 16.2 13.5 14.5 15.1 12.8 12.8 14.5 14.9 11.9 11.9 16.1 13.0 10.7 9.9 10.8
Daily Max. T (⁰C )

23.5 23.0 22.1 22.2 23.2 22.1 23.4 21.3 23.8 24.1 23.9 22.7 22.0 24.6 23.5 23.4 22.1 20.7 20.0 21.2

Bold: Reference Stations; Underlined: annual extrapolation using SNHT; Shaded: monthly interpolation using
NR. Reverse colour: the maximum difference between temperatures values among stations at the same level.
Daily Min. T (ºC): Daily minimum temperature. Daily Max. T (ºC): Daily maximum temperature.

3.2. Temperature gradients in Málaga city
Figure 2 shows four types of mean annual temperature gradients in Málaga city and
its hinterland. The first of them (urban stations; R2= 0.91; Δ= 0.57·100-1 m) follows an
inverse gradient. The second (R2= 0.89; Δ=-0.6·100-1 m) includes only urban stations and
two rural stations situated at more than 600 m a.s.l. The third one excludes all the urban
stations (R2= 0.87; Δ=-0.29·100-1 m). Finally, the worst adjustment uses all the stations
(R2= 0.77; Δ=-0.45·100-1 m.).

Figure 2. Different gradients identified in Málaga city using the mean annual temperatures from
each climate station.
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However, these gradients are different when analysing the average of the daily
minimum and maximum temperatures. There is no valid gradient in urban areas:
R2= 0.013; Δ=-0.18·100-1 m for minimum temperatures; R2= 0.056, Δ= 0.5·100-1 m
(inverse gradient) for maximum temperatures; but the rural gradient has better
adjustment than using mean annual temperature: R2= 0.903, Δ=-0.37·100-1 m for
minimum temperatures, and R2= 0.88, Δ=-0.38·100-1 m for maximum temperatures.
A correlation of R2= 0.527 and a gradient of Δ=-0.55·100-1 m is achieved using all
stations for minimum temperatures and R2= 0.48, Δ=-0.337·100-1 m for maximum
temperatures.
3.3. UHI calculations
Table 3 shows the weighted average of differences between minimum daily values
of urban and non-urban stations (values in ºC) located at the same level and distance
from the sea. Weighted averages were obtained from all available daily data of minimum
values from the ten-minute thermographic series. These data contrast with those reflected
in Table 4, reducing differences between stations.
Table 3. Weighted average of differences between minimum daily values of urban and not-urban stations

Urban Station (A)
4
6
9

1
1.60
1.54

Rural stations
7

10

11

1.66

2.30

2.27

Peri-urban station
3
0.69
1.66

∑(A-B)/Total cases (values in ºC).
All urban stations show a positive difference with respect to non-urban stations.

Three different UHI realisations were obtained. The Oke (1978) method establishes
a maximum difference between rural and urban zone applied to Málaga of 7.5 ºC. The
Karl et al. (1988) method obtains a maximum difference of 0.8 ºC. Finally, the Torok et
al. (2001) method shows a maximum difference of 6.1 ºC. We compared these results
with the real maximum difference between measured temperatures in Málaga city using
several types of data: average and fixed daily data.
Figure 3 and Table 2 use annual mean temperatures. It is necessary to emphasize
that maximum difference between urban and rural stations reaches exactly 2 ºC in
5 km., but near the sea, the maximum difference is only 1 ºC. Next to the urban
area, a “cool island” is observed, due to a wooded hill whose summit is the Castle
of Gibralfaro (130 m a.s.l.).
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6

9.3

10.4 10.6

2.9

9.9

7.2

6.3

7.4

64.8 68.7

68.1
6.1

2.2

1.9

0.6

SE

E

W

25.4 25.4 26.6 26.9 26.1

20.1 21.8 23.2 22.8 23.5

61.9 64.5

2.5

9.8

66.5

1.9

SSE

26.2

21.1

31.5

68.1

2.1

NW NW WNW

11.9

7.5

16.7

7

21.6

7.5

25.4

29.2

12.6

8.9

16.2

8

9.2

64.8

2.4

SE

27.1

22.3

31.8

70.9

2.3

6.4

9.6

12
8.6

13
6.0

14
6.3

15
10.4

16
6.5

17

1.9

1.6

N

0.7

S

8.9

4.6

18

7.4

3.2

19

8.6

4.7

20

1.4

SE

1.7

SW

0.6

N

1

E

11.2 11.5

7.7

7.2

12.7 11.5

61.6 56.4 63.3 58.6 56.4

0.7

SSE

6.9

9.0

10.3

9.7

10.1

26.3 26.4 26.3 25.7 26.4 25.6 27.6 25.7 24.9 24.5 25.5

20.3 20.0 22.3 22.3 19.2 19.2 23.6 20.7 18.8 14.7 19.2

32.5 32.4 30.0 29.5 33.5 31.9 31.4 30.5 30.9 25.7 31.6

1.3

NW

71.3 70.6 67.6 65.2 73.6

0.9

N

11.8 11.5 13.1 11.7 10.7 11.5 13.2 10.7

7.2

11

17.4 17.1 17.4 15.7 17.1 16.7 16.4 14.8 13.2 11.6 12.4

10

WNW NW

12.8

8.6

17.5

9

Jan.: January; Aug.: August; Max: Maximum; Min: Minimum; Aver.: Average. Bold: maximum values at the same level; Underlined: minimum values at the same level.
Shaded: Maximum differences at the same level. N: North; E: East; S: South; W: West. Reverse text: Urban stations.

Wind direction WNW
Wind speed
3.5
(m.s-1)
Aver. Humidity 61.8

Daily temperature
range (⁰C)

21.8

26.5

5

30.4 29.1 30.1 30.2 29.5

0.7

3.9

31.3

4

11.7 12.6 12.2 13.3 13.7

7.1

W

Aug.Aver.

Aug.Min

Aug.Max

Wind direction
Wind speed
(m.s-1)
Aver. Humidity

3

16.6 16.2 15.1 17.8 16.7

2

NNW

12.3

7.8

Jan.Aver.

Jan.Min

17.2

1

Jan.Max

Station
Month\

Table 4. Summary of winds, maximum, minimum, daily range and average temperatures of the coldest (January) and warmest (August) months in
Malaga city and its hinterland.
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Figure 3. Map of the annual mean temperature of Málaga city.

Figure 4 and Table 2 show the differences in average minimum daily temperatures;
in this case, differences increase up to 4.2 ºC. Again, close to the sea, the differences are
reduced to 3.3 ºC (2.7 ºC if the stations 2 and 4 were compared).
Figure 5 and Table 2 show the differences in average maximum daily temperatures.
Contrary to previous data, maximum values are obtained in rural zones, although there
are no clear trends due to the absence of a valid gradient in urban areas. In any case,
maximum differences are 2.8 ºC. A minor difference is obtained close to the sea (1.3 ºC).
Thus, the UHI disappears at midday. An exception can be highlighted in this case:
station 9 (urban zone) shows a higher average maximum daily temperature than station
7 (rural zone). Several effects (not exclusive to each other) could explain this exception:
i) the winds in summer and during the most of daytime in the year blow from the sea
at both stations, but there is a reduction of the effects of the sea breezes (with a lower
humidity) in the urban station, due to the continuous presence of buildings from station
9 to the sea, as can be seen also in station 13 (Table 4); ii) the closest proximity to other
high-temperature stations of the Guadalhorce valley (Fig. 1), combined with a slightly
higher sun exposure compared with station 7; and iii) the position of the station 9 in
the boundary of the city, with midrise buildings, bushes and small trees, but next to
wasteland and peri-urban open fields.
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Figure 4. Map of the average minimum daily temperature of Málaga city.

Figure 5. Map of the average maximum daily temperature of Málaga city.
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Furthermore, Table 4 shows the main differences between maximum, minimum and
average, comparing the coldest (January) and the warmest (August) month. Thus, using
these data, the maximum differences reached at minimum temperatures of August are
4.4 ºC. A large distance to the sea could be decisive.
Finally, Table 5 shows the maximum differences between urban and nonurban stations in fixed-hour and date-registered data over all the analysed series with
thermographic data, compared the same level and distance from the sea.
Table 5. Maximum differences between urban and not-urban stations in specifics dates and hour.
Hour and date of maximum differences

Differences between urban (A) and not-urban stations (B) in ºC
A-B
6–3

6:00:10/01/2009

A-B
4–1

A-B
4-3

A-B
9–7

2.9

2.8

1.7

9.1

Wind
direction

Wind speed
(m.s-1)

Humidity
(%)

Pressure
(HPa)

4.6

290

2.7-4.7

75

1018.7

A–B A-B
9 - 10 9 –11

7:40:25/02/2012

3.8

2.4

1.8

3.6

3.7

4.9

330

0.4-4.5

43-53

1027.2

6:30:15/03/2012

0.3

3.5

-0.1

2.4

3.1

2.6

Variable

0 – 3.7

48-76

1025.1

5:50:05/04/2017

2.4

3.7

0.7

4.2

2.7

2.8

290-360

0.3-4.7

51-73

1017.8

1.9

0.7

5.8

5.4

5.7

120-190

2.2

50

1017.2

1.1

2.7

4.4

2.8

5

Variable

0.2-3.6

30-49

1018.5

3.1

6.7

-2.5

-1.6

0.2

Variable

2.8-8.9

21-52

1009.3

2.9

4.7

6.3

290-15

0.3-1.5

29-42

1015.0

2.7

290-350

2.6-3.9

27-39

1011.5

16:30:07/05/2009
6:00:28/06/2015

7.4

18:00:11/07/2008
5:40:09/08/2017

2.7

16:30:09/09/2011

5.2

0.6

3.5

2.1

7:00:29/10/2017

-2.4

2.2

-2.4

1.9

2.1

4.2

211-357

0.1-3.2

78-100

1020.8

5:50:21/11/2017

1.7

3.1

-1

3.9

2

5.1

236-255

0.6-5.5

45-77

1018.2

10:30:15/12/2015

4.2

4.3

3.4

3

Variable

0.1-2.7

36-60

1027.7

% Cases A > B (>1 ºC)

64.1

66

43.7

75.1

88.2

84.4

% Cases A < B (>1 ºC)

2.2

9

16.3

1

0.3

0.2

% Cases A ≈ B (<1 ºC)

33.7

25

39.9

23.9

11.5

15.4

Hollow: Data no available. Urban stations used (A) to compare: 4, 6 and 9; Not-Urban stations (B): 1, 3, 7,
10 and 11.

The maximum difference of analysed data is reached during night time in the
winter (9.1 ºC), under anticyclonic conditions, continental winds, medium wind speed
and medium humidity. This value is higher than that calculated using the Oke method.
In addition, each pair of stations show maximum differences in different months;
nevertheless, it is usual that the maximum number of UHI cases occur in the winter or in
the autumn, except for stations 6 (urban) and 3 (peri-urban), that occur in the summer.
The probability of daily differences >1 ºC between station 9 and station 10 is 88.2%
(the highest value between urban-not urban stations); the probability of differences >6 ºC
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is 3.6%, with a weighted average difference of 2.3 ºC. Station 9 (urban) shows the
maximum differences when compared with nearest non-urban stations (stations 7, 10 and
11); urban stations 4 and 6, closer to the sea, do not usually show such high differences.
In fact, although the UHI remains, the proximity to the sea can reduce the effect of
building typology (LCZs): stations 4 and 5 (LCZ 2E, compact buildings without trees or
scrubs) should show maximum differences, but the highest differences were observed at
station 9 (LCZ 5 C, open midrise buildings with bushes).
Nevertheless, on some days, differences are inverse (non-urban zones have higher
values than urban zones), but this is an infrequent phenomenon: between station 4 and 3
it happens with a probability of 16.3%, between station 4 and 1 (near to the sea) it reaches
a probability of 9%, and between station 9, and 7, 10 and 11 (urban vs. rural stations) it
is limited to ≤1%. That is, the overturn of UHI in areas near the sea is more likely than in
inland areas. It is frequent that the warm winds from inland push the warm water out to
sea and cause upwelling (cold deep seawater), refreshing the coast in shallow, local areas
(a few kilometres and with very variable location); this summer phenomenon is known
in Málaga as “terral” (Senciales-González, 2007).
4. Discussion
The world climatic data net has a very low density if the WMO criteria are strictly
followed (WMO, 2018). This is the reason why studies all over the world use several
methods to validate scarce data, to ensure they are sufficiently representative of local
climatic conditions. Thus, using the NR (when there are several reference stations) and
SNHT (when there are only one or two), it is possible to validate data until reaching the
mentioned criteria. In addition, these methods can be used to find inhomogeneities that
lead us to discard series or parts of them, refining the available information (Peterson
and Owen, 2005; Alexandersson, 2001; Aguilar-Anfrons et al., 2002). Nevertheless, in
spite of the statistical validity, there is always the question about time-series to forecast
beyond the measured data: is it truly valid in an urban scenario of climate change?
Three complete series have been extrapolated and the results can be considered valid
and credible, and consistent with the nearby stations. Specifically, the city of Málaga is
delimited by a mountainous relief, the sea and one fluvial valley which channels the
continental winds. Regardless the type of urbanization, annual mean temperatures and
maximum daily temperatures reveal an inverse gradient in the urban zone, as occurs in
several other studies (Miao et al., 2015; García-Guadalupe et al., 2012). However, the
average minimum daily temperatures keep a logical gradient (-0.34·100m-1). Probably,
the effect of maritime breezes can refresh the lowest areas of the city in day time and
during the summer (with predominance of maritime winds), attenuating the warmest
values; whilst, at night and during the winter, the predominance of continental winds
keeps a normal gradient and accentuates the thermal amplitude (Rodrigo-Comino et al.,
2014).
An increase in temperature is usually caused by an increase in pollution (Cao et
al., 2016; Li et al., 2018), and high levels of pollution damages the touristic attraction
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of the city. The municipality of Malaga offers information about pollution in many
neighbourhoods (Smart Data Málaga, 2019), but it does not show any metadata
(hour, date, data series); those data have been consulted, but not considered for this
research. However, it seems clear that the main pollution centres are located in the
main avenues and the urban centre, given the fact that Málaga is a city with few green
areas: 6% of the total area of the city, and 7.6 m2.hab-1 (Fuller and Gaston, 2009;
Ayuntamiento de Málaga, 2015; Russo and Cirella, 2018). Nevertheless, a slightly
“cool effect” can be seen in a green area called “Castillo de Gibralfaro” as has been
revealed in other cities with castles and medieval fortresses (Pérez-González et al.,
2003; Farina, 2012; Edmondson et al., 2016). This is considered to be a “cool island”,
where the effect of the elevation compared to the city (130 m a.s.l.), the absence of
buildings (except the castle) and its forest cover are combined, demonstrating the
importance of green areas.
Regarding the results of the current research, the average of the series used was
evaluated, using climatic values, and has been statistically normalized and validated. The
SNHT method is commonly used (Alexandersson, 2001; Aguilar-Anfrons et al., 2002;
Domonkos and Štěpánek, 2009), but the NR method is preferred to improve statistical
validity (Paulhus and Kohler, 1952), especially, in areas characterised by frequent
topographical variations. The weather types that determine the maximum and minimum
values are usually due to continental flows (Rasilla-Álvarez, 2003; Rodrigo et al.,
2019). Málaga City studies have previously considered Málaga Airport as the climatic
station of reference, but numerous stations of Málaga city have a better adjustment with
other stations than that, which is located at the bottom of the Guadalhorce valley and
experiences frequent thermal inversions and continental flows. It is necessary to correctly
select the reference stations before they are used.
Co-kriging (Universal Kriging) was found to be a useful tool that allows
topographical variables to be compared to other types of environmental variables, which
is particularly useful in the case of temperatures with respect to relief (Crawford, 2001).
Plotting maps with this tool obtained satisfactory results, which shows the effect of UHI
throughout the city, depending on both temperatures and relief.
In order to assist with urban planning, it would be necessary to increase the
number of weather stations and until reaching statistical validity (Domonkos and
Štěpánek, 2009; Schneider, 2001). This is obligatory to detect urban areas where
urgent interventions are necessary, either due to a shortage of green areas or because
of an inadequate construction model to mitigate UHI (Nouri et al., 2017-1). This is
the case in Málaga. It is also necessary to consider the distance to the sea and the
height with respect to sea level to address thermal variability as much as it would
be convenient to differentiate seasonal, monthly, daily or, even, hourly values,
highlighting differences between urban and rural areas in terms of winds, humidity
and temperatures.
This highlights the need to consider non-thermometric aspects such as elevation,
orientation, or position, as well as the growth of the population (Nouri et al., 2017-2) and
the types of the built environment and land cover (Stewart et al., 2014). Accordingly,
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UHI studies in cities located in complex terrain need an adjustment for relief and other
aspects, such as distance to bodies of water (sea, lake, river) (Ketterer and Matzarakis,
2014; Martín-Vide et al., 2015; Ribeiro et al., 2018).
Urban growth could reduce the above-mentioned “cool island”, increasing the UHI
if this growth is not accompanied by an increase in green areas. It is necessary to analyse
the parallel evolution of urban growth and increasing temperatures over the past 30
years. This will be the subject of future research.
Among the above-mentioned methods studying the UHI, it is necessary to
highlight several expressions to calculate it according to the human population (Oke,
1978; Karl et al., 1988; Torok et al., 2001) or type of urbanisation (Stewart et al.,
2014). Such studies obtain very different results, from 0.7 ºC (Cao et al., 2016) to 20 ºC
(Menberg et al., 2013), although there are certain differences among measurement
methods: satellite versus ground devices. In a similar study if UHI in Ibiza (SerraPardo, 2007), a medium value of the difference between urban and rural areas of 3.2 ºC
was observed. In the city of Málaga, the highest value of UHI is reached in average
minimum temperatures of August: 4.4 ºC, but the mean annual data are reduced to 2 ºC.
It is important to highlight that the city of Málaga has a population almost four times
bigger than Ibiza. Three methods were applied to compare UHI and population: Oke
(1978), Karl et al. (1988) and Torok et al. (2001). The last method obtains the closest
results to the data measured in Málaga when average values are used. These methods
consider an increasing of UHI when population increases but do not consider any
other effect (trees, topography, closeness to the sea…). When the values of UHI
for a given time (fixed hour and date) are analysed, a value of 9.1 ºC is seen for
Málaga. This instantaneous maximum exceeds the values calculated by Oke method.
Nevertheless, it is necessary to highlight that differences greater than 9 ºC between
stations 9 and 10 is only present in 0.42% of the cases, while the weighted average
difference between both stations is 2.3 ºC, the value that is reached in at least 30% of
cases. In addition, the role of maritime breezes could reduce the effect of UHI in those
areas next to the sea, while it increases in high areas and far from the sea, explaining
the above-mentioned inverse gradient and the maximum differences between urban
and rural stations. That is why this study emphasizes the use of average values to
clarify that UHI in Málaga city is not only a meteorological event but a frequent,
climatic phenomenon.
5. Challenges, implications and main conclusions
The usefulness of this type of study is evident. For example, some authors have
emphasized the relationships between socioeconomic pattern, green land-cover and
urban planning (Buyantuyev and Wu, 2010; Farina, 2012) or applied to climatic
change scenarios (Shimoda, 2003), or relations between UHI and health (Jendritzky
and Tinz, 2009). Finally, there are several studies that focus on the relationships
between comfort and tourism, with a worsening of the tourist experience due to the
increase of thermal values (Rutty and Scott, 2015). In this context, the current research
is an introduction for further studies focusing on urban and touristic planning in the
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city of Málaga, where the shortage of green zones coincides with higher thermal values
in average minimum daily of temperatures and, in general, in most of the instantaneous
values throughout the city, that is, not located only in the centre of the city and not
strictly related to the type of building. This reveals the need for increasing green zones,
especially in higher areas, where thermal values are higher. As some researchers have
shown, an increase in thermal values implies an increase in water and energy demand
(Gondhalekar and Ramsauer, 2017; Núñez-Peiró et al., 2017; Salvati et al., 2017). In
the case of the city of Málaga, whose water reserves are located in areas where climate
change scenarios provide for reductions in rainfall (Burke et al., 2006; Ruiz-Sinoga
et al., 2011) and the consequent increase in the price of energy, it is fundamental to
control the increase of thermal values. This increase can also lead to a worsening of the
climate welfare indices, and, therefore, a reduction in tourism, one of the main sources
of income of the city.
We highlight the following conclusions of this study:
(i) Using the NR (when there are several reference stations) and SNHT (when
there are only one or two reference stations), it is possible to validate data until
reaching WMO criteria, and it is possible to find inhomogeneities. In addition,
co-kriging is a useful tool that allows topographical variables to be compared to
temperature data.
(ii) The effect of maritime breezes modifies and reverses the normal thermal
gradients in Málaga city and moves the maximum values of UHI to higher and interior
areas of the city, although the thermal values of all urban stations at night always remain
higher than those from rural stations. However, this effect overturns the role of LCZs
at midday. It is necessary to increase the density of the network of weather stations to
identify those areas with the highest UHI, arguably those with few or no plants, and
dense, tall buildings.
(iii) UHI in Málaga city is not only a meteorological event but a frequent, climatic
phenomenon. Thus, the average minimum temperatures in August in Málaga city are 4.4 ºC
higher than in rural zones; using mean annual data reduces this difference to 2 ºC, but
the values of UHI for a given time (fixed hour and date) in Málaga can reach 9.1 ºC.
Maximum differences between urban and rural zones using fixed hour data are reached
in autumn and winter.
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