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A B S T R A C T

The aim of the present study is to examine the impact of Madrid’s urban growth over the last 50
years (1970–2020). We conduct a modelling study using WRF-ARW with the multilayer urban
parameterization BEP-BEM, in which different urban parameters have been incorporated at each
point within the model’s inner domain according to urban expansion from 1970 to 2020. Two
scenarios of important societal interest with different meteorological conditions are selected for
this study: a period of intense heatwave during the summer season and a short period of strongly
stable atmospheric conditions in winter, both in 2020. The results show that in areas where the
urban fraction becomes greater an increase in near-surface air temperature is found for both
simulated periods, especially during the night. The urbanization modifies the surface energy
balance and turbulent transport in Madrid and its surroundings. It leads to a decrease in latent
heat flux due to the high impermeability and reduced vegetation in urban areas. Additionally, the
urban areas with a higher density of buildings have a high heat capacity, increasing heat flux
storage during the day through solar radiation absorption. This stored energy is released at night,
exacerbating the increase in nighttime near-surface air temperature in both periods.

1. Introduction

The proportion of the world’s population living in urban areas has experienced a significant increase over the past 50 years, rising
from 37 % to 56 %, with projections indicating that this trend will continue, reaching 60 % by the year 2030 (Gerland et al., 2022).
Future urbanization will amplify the projected air temperature changes in cities that can be as large as the global warming signal (AR6
– IPCC, 2022), which entails that the risk faced by people associated with climate change and urbanization increases (Chapman et al.,
2017). This growth in urban population increases the demand for services, housing, and utilities, and changes of land cover and
infrastructure features modulate local and regional weather and climate. In the last decades several studies have been conducted to
understand how urban meteorology and climate is affected by various factors, including the thermal properties of the construction
materials used in buildings, the asphalt on streets, other impermeable surfaces (Oke, 1988), and the increase in anthropogenic heat
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generated directly by human activities (Sailor, 2011; Zhang et al., 2013). The main outcome of those studies is that all these factors
give rise to unique urban climates from micro to regional scales (Arnfield, 2003; Yan et al., 2016; Zhou et al., 2017; Sharma et al.,
2020).

Cities have a multitude of interactions with the overlying atmosphere that modify the exchange of heat, momentum, and moisture
between the surface and the lower atmosphere (Grimmond, 2007). This is due to the highly variable and different thermal charac-
teristics of built-up areas compared to the surrounding rural areas, dynamic interaction with the mean flow due to the roughness of
these cities, and the lack of vegetation that reduces the transfer of moisture from the ground to the atmosphere (Myrup, 1969; Mills
et al., 2022). These urban surfaces redistribute heat differently than rural areas due to differences in the Surface Energy Balance (SEB)
(Schlünzen et al., 2023), often resulting in higher temperatures in these urban zones (Landsberg, 1981; Stewart and Oke, 2012). This
phenomenon is the main cause of the Urban Heat Island (UHI) effect and remains one of the most significant consequences of ur-
banization (Vitanova et al., 2021), which is further exacerbated by the heat generated by anthropogenic activities such as traffic,
industry, the use of electrical appliances, ventilation systems, and air conditioning. Especially in summer, these activities contribute to
increase air temperatures (Salamanca et al., 2012; Maqueda et al., 2020). The most remarkable characteristic is that the cooling rate is
reduced during the afternoon/night, causing the minimum temperature to be higher in urban areas than in nearby rural areas (Oke and
Cleugh, 1987; Chow and Svoma, 2011). This very noticeable UHI effect during the night can result in additional warming of the urban
area by up to 7–10 ◦C (Lokoshchenko, 2014).

This study focuses on Madrid region, located in the center of the Iberian Peninsula, which is recognized as one of the most
vulnerable places to the current climate change situation (IPCC, 2021). This vulnerability is especially pronounced due to the prev-
alence of stable synoptic conditions in summer associated with heatwaves, the intensities and duration of which have increased in
recent years (Rasilla et al., 2019; Lorenzo et al., 2021; Barriopedro et al., 2023). Heat-related mortality has been identified as one of the
key climate extremes posing a risk to human health and highlights the urgency for strong mitigation and adaptation to reduce impacts
on human lives (Vicedo-Cabrera et al., 2021; Tobias et al., 2023; Lüthi et al., 2023).

Madrid, one of the major cities in Europe, experiences a significant UHI effect in its metropolitan area, with average magnitudes
ranging between 4 ◦C and 6 ◦C (Yagüe et al., 1991; Salamanca et al., 2012; Rasilla et al., 2019; Ezpeleta and Royé, 2021; Núñez-Peiró
et al., 2021). Moreover, the urban area of the greater Madrid (including the municipality and all the surrounding satellites cities)
experienced a strong sprawling in the last 50 years. Between 1970 and 2020 the population of the region has doubled, but the extension
of the built surfaces has increased by a factor 5 (López de Lucio, 2003; Muñoz, 2003; National Institute of Statistics of Spain, 2023).
This extraordinary urban development is the result of a number of drivers other than population growth, including a strong demand for
first and second homes supported by an increase in wealth combined with low mortgage interest rates, and an improved transportation
network (EEA, 2006; García-Palomares, 2010). This effect is a consequence of the high population density, which requires a substantial
number of buildings, infrastructure, and energy resources. Consequently, temperatures are significantly elevated within the first few

Fig. 1. (a) The computational domain with four nested grids. (b) The terrain height for the inner domain. The blue domain is the area where land
use and land cover have been modified according to urban expansion from 1970 to 2020, which corresponds to the most populated area. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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meters of the atmosphere compared to the surrounding areas, due to alterations in the heat capacity and thermal conductivity of these
urban surfaces, especially during anticyclonic situations (Yagüe et al., 1991; Salamanca et al., 2012).

The UHI intensity or time series analysis of long-term temperature data (minimum or maximum temperatures) from a single
meteorological station or a network of stations, has been traditionally used as an indicator to assess the effects of changes in land use
and land cover (LULC) (Oke, 1973; Landsberg, 1981; Gallo et al., 1996; Maqueda et al., 2020). However, interpreting these variables
can be challenging, as they depend on how urban and rural areas are defined. Typically, previous analyses have focused solely on
maximum values near the urban core, neglecting to examine these impacts in residential areas, which frequently represent the pre-
dominant land use in urban environments. Hence, the main objective of this work is to assess the impact of urban development in the
city of Madrid and its surroundings on the local weather, separated from the effect caused by the global warming signal. To achieve
this, we analyze the impact of urban growth and assess how “current” events would have behaved under lower urbanization condi-
tions. In this way, two short periods representatives of different current weather situations are selected: an intense heatwave event
(August 2020) and a strongly stable atmospheric conditions in winter (February 2020), and we use the mesoscale model WRF-ARW
with the multilayer BEP-BEM scheme to represent urban areas (Martilli et al., 2002; Salamanca et al., 2010) in order to capture the
effects of urban development in our simulations (Chen et al., 2011). The methodology followed consists in modifying LULC using
realistic maps of the urban development of the Madrid region in 1970 and 2020.

2. Data and methodology

2.1. Site description

According to the Köppen-Geiger classification (Kottek et al., 2006), Madrid has a Mediterranean climate bordering the semi-arid
class (Csa – BSk), with hot summers and cold winters. Precipitation tends to concentrate in spring and autumn, while cloudless days are
mostly observed in summer. Regionally, its climate is slightly influenced by the presence of the Central System (Fig. 1). Madrid is in the
center of the Iberian Peninsula, on a plateau at an elevation of approximately 600 m a.s.l., with a mountain range (Sierra de Gua-
darrama) at the NW, reaching heights of up to 2428 m a.s.l. The core of the city is bounded by two small valleys oriented in a NNW-SSE
direction, crossed by the Manzanares and Jarama rivers. This influences the predominant wind direction, which generally blows from
NE during the night and SW during the day, creating a temperature gradient from north to south, with cooler conditions in the north
and warmer conditions in the south of the metropolitan area (Fernández García et al., 1996). The difference in elevation between the
bottom of the valleys and the hill where the old city center is located is approximately 100 m.

In the municipality of Madrid, more than 3.3 million people reside with a population density of 5418 hab km− 2, while the
metropolitan area of Madrid has a population of 6.7 million, with a significant increase in the last decades (National Institute of
Statistics of Spain, 2023). The rural areas surrounding Madrid are typically Mediterranean in nature, although influenced by altitude
and the distance from the sea, featuring a mix of farmland, shrubland, and evergreen trees, especially near the mountains. Regarding
urban land cover classification, the local climate zone (LCZ) scheme is commonly used to divide the landscape into regions of uniform
surface cover, structure, material, and human activity (Stewart and Oke, 2012). Overall, in Madrid there is a prevalence of compact
midrise (LCZ 2) and open midrise (LCZ 5) (Fig. 3). The large low-rise urban class (LCZ 8) is also substantially present in the south-
western periphery.

2.2. Simulated periods description

As commented before, two periods were simulated to investigate the effect of the urban expansion: a heatwave in summer and
stable atmospheric conditions in winter, both of a present day climate, to isolate the impact of the urban expansions from the global
climate change signal.

2.2.1. Summer period
To select this period, we have defined a heatwave as an episode of at least 3 consecutive days, during which at least 10 % of the

considered stations display maximum temperatures above the 95th percentile of their daily maximum temperature series for the
months of July and August for the 1971–2000 period. This is the standard definition used by the Spanish State Meteorological Agency
(AEMET, 2022). The simulated period comprises from August 4th at 1200 UTC to August 10th at 0000 UTC (considered by AEMET as a
heatwave), focusing on the results from 0000 UTC of the 5th (12 h of spin up). At the synoptic scale, high-pressure systems dominated
over the Iberian Peninsula during the period, as typical in the region in summer. A Mediterranean anticyclone was also present,

Table 1
Observational data of temperature (T), wind speed (WS), and relative humidity (RH) for both simulated periods at the meteorological station located
in Plaza Elíptica (air quality monitoring station of the Madrid city network (Data Air Quality Network)).

PERIOD T (◦C) WS (m/s) HR (%)

mean max min mean max min mean max min

Summer 30.7 39.1 22.2 1.03 2.07 0.50 31.4 53.0 17.0
Winter 8.8 15.4 3.7 0.85 2.25 0.51 76.6 95.0 29.0
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accompanied by the influence of a subtropical air mass that affected the central and eastern regions of the peninsula, leading to the
peak temperatures. The NCEP-NCAR reanalysis composites from this period are included in Fig. A.1 of supplemental material. An
overview of the meteorological conditions during this period is provided in Table 1. Data from the meteorological station located at
Plaza Elíptica were used (air quality monitoring station of the Madrid city network (Data Air Quality Network)). Table 2 provides
detailed information about the location of this station, the urban fraction, as well as the LCZ based on the categories defined by Stewart
and Oke (2012).

2.2.2. Winter period
The period of strongly stable winter atmospheric conditions in 2020 was simulated between February 19th at 1200 UTC to

February 25th at 0000 UTC, and results are analyzed starting from 0000 UTC of the 20th (12 h of spin up). These days were char-
acterized by a high-pressure blocking system situated over western Europe (Fig. A.2 of the supplemental material), with a weak
surface-pressure gradient in the central area of the Iberian Peninsula. This situation favours very low wind conditions, especially
during the evening transitions (Román-Cascón et al., 2023). An overview of the meteorological conditions during this period is
provided in Table 1.

2.3. Model setup

WRF-ARW version 4.3 has been used to perform the simulations, with four nested domains (27 km, 9 km, 3 km, 1 km) centered on
the city center (40◦ 25′ 0.4” N and 3◦ 42′ 13.6” W) and including most of the close mountain ridge (Fig. 1). The analysis focused on the
innermost domain, which has 111 × 123 grid points with the horizontal resolution of 1 km. In the vertical, a constant resolution of
approximately 5 m is used for the lowest 10 vertical levels (i.e., up to 50 m a.g.l.), and then the resolution is progressively stretched for
a total of 57 numerical grid vertical levels (33 of them in the lowest 1 km), until 20 km. This provides high vertical resolution near the
surface, allowing for an accurate reproduction of vertical profiles of meteorological and turbulent variables in the urban area, which is
very important for this study. The physical parameterizations used in the simulations include the Rapid Radiative Transfer longwave
radiation scheme (Mlawer and Clough, 1997), Dudhia shortwave radiation scheme (Dudhia, 1989), a revised version of Monin-
Obukhov surface layer scheme (Monin and Obukhov, 1954; Jiménez et al., 2012), and WRF Single-Moment-Microphysics scheme
(Hong et al., 2004). Turbulence in the planetary boundary layer is parameterized based on the Bougeault and Lacarrere turbulent
scheme (Bougeault and Lacarrere, 1989) and rural land surface, and soil heat and moisture fluxes are treated by the Noah Land Surface
Model (Chen and Dudhia, 2001).

We focus our analysis on the two selected periods that span 5 days with a 12-h spin-up time. Using two different meteorological
conditions periods allows to estimate the influence of the urban expansion in different synoptic conditions over the urban climate. In
order to assess the impact of the current extent and nature of Madrid’s urban growth over the last 50 years (1970–2020), we conducted
paired simulations with identical meteorology for each period (initial and boundary conditions are derived from the NCEP-FNL data at
0.25◦ resolution every 6 h) driven by two LULC scenarios in 1970 and 2020. These databases (Uhl et al., 2023) include urban pa-
rameters such as urban fraction, mean building height (Hmean), building plan area density (λp) and density of building surfaces (λb),
which have been computed for each point within the inner domain. The urban fraction is derived from the urban morphological data
described in section 2.4. This data has a horizontal resolution of 100 m, that is then aggregated up to the resolution of the finer domain
(1 km). In particular, the urban fraction at 1 km resolution is equal to the fraction of points of the morphological dataset (100 m × 100
m) with building plan area density greater than zero. Considering that within a 1 km2 grid cell there are 100 points, the estimate is
expected to be quite accurate. All the other morphological parameters (λp, λb, Hmean and distribution) are derived from the
morphological dataset by averaging them, and are given point by point. This provides a realistic view of LULC for these decades, and it
allows us to represent urban development, as shown in Figs. 2 and 3. Given that the region of interest is an urban area, where LULC
information is crucial (Lin et al., 2016), we used the multilayer BEP-BEM scheme to represent the urban zones (Martilli et al., 2002;
Salamanca et al., 2010). The BEP parameterization considers the interaction between buildings and the atmospheric boundary layer,
including the effects of vertical and horizontal motion, Turbulent Kinetic Energy (TKE), and thermal stability. Additionally, it is
coupled with the BEM parameterization, which considers the energy produced inside buildings, including variables related to air-

Table 2
Air-quality monitoring stations of the Madrid city network with their coordinates. The value of their urban fraction (Furb) and LCZ in 1970 and 2020 is
shown.

STATION LONGITUDE (◦) LATITUDE (◦) Furb LCZ

1970 2020 1970 2020

1. Escuelas Aguirre − 3.682 40.421 0.86 0.96 LCZ 2 LCZ 2
2. Farolillo − 3.732 40.394 0.76 0.88 LCZ 5 LCZ 2
3. Plaza del Carmen − 3.703 40.419 1 1 LCZ 2 LCZ 2
4. Cuatro Caminos − 3.707 40.445 0.83 0.98 LCZ 5 LCZ 2
5. Ensanche de Vallecas − 3.612 40.372 0.22 0.81 LCZ 6 LCZ 5
6. Plaza Elíptica − 3.718 40.385 0.95 0.97 LCZ 5 LCZ 5
7. JMD Centro − 3.711 40.416 0.83 0.87 LCZ 5 LCZ 5
8. Moratalaz − 3.645 40.407 0.73 0.97 LCZ 5 LCZ 5
9. Juan Carlos I − 3.609 40.465 0 0 LCZ B LCZ B
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Fig. 2. Difference in urban fraction (%) in the Madrid region from 1970 to 2020. The black lines indicate the different districts of the city of Madrid,
and the city center is marked by a blue dot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Map of urban LCZs over Madrid for 1970 and 2020. The majority urbanized landscape (LCZ types 1 to 10) is classified as Compact Mid-rise
(LCZ 2), Compact Low-rise (LCZ 3), Open High-rise (LCZ 4), Open Mid-rise (LCZ 5), Open Low-rise (LCZ 6), Large Low-rise (LCZ 8) and Sparsely
Built (LCZ 9). There were no areas classified as Compact High-Rise (LCZ 1), Lightweight Low-Rise (LCZ 7) and Heavy Industry (LCZ 10).
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conditioning or heating systems. Since our objective is to isolate the effect of urban development, we have conducted simulations
without considering the impact of air conditioning. However, for model validation, the air conditioning parameterization has been
activated. The validation is against data obtain in 2020, when the air conditioning is already largely used in the city. Previous studies
have shown that this parameterization can accurately estimate this energy at the city scale if morphological parameters and building
thermal properties are correctly specified (Salamanca et al., 2013; Tewari et al., 2017).

Fig. 3 illustrates the graphical representation of the different types of urban morphology present in the city of Madrid in 1970 and
2020. Each grid point has been classified in a LCZ based on the urban parameters calculated previously, in agreement with the ranges
defined by Stewart and Oke (2012) (detailed classification can be found in Appendix A.2 of the supplemental material.). This clas-
sification is only performed for representation purposes, but are not used in the simulation since the urban morphology is given at each
grid point, and the building thermal and optical properties are the same for all the buildings.

2.4. Urban development data

We used cadastral data with rich thematic property attribution, such as construction year, to assess the potential effects of Madrid’s
current and historical settlement over the last 50 years (1970–2020). A procedure similar to the one described in Uhl et al. (2023) has
been followed. We scraped and processed Cadastral building footprint data using INSPIRE information via the ATOM interface for the
autonomous region of Madrid (last accessed on October 1st, 2021). We stratified the building records by their construction year into
temporal epochs based on 5-year intervals between 1970 and 2020. A Digital Model of Building Surfaces with 2.5 m resolution
(MDSnE2.5, based on LiDAR coverage 2009–2015) from the Spanish National Geographic Institute was employed to extract the
average building heights for each footprint. The recent coverage of the MDS implies that we assume a constant height, in addition to
the current height being that of the historical building footprints. For the model setup, we estimated spatial aggregation into grid cells
within regular spatial grids of 100 m × 100 m by calculating the building footprint area and fraction, building contour, lambda (sum of
heights and vertical building area), and average building heights.

2.5. Analysis of the surface energy balance in the simulations

Micrometeorology in urban areas is quite different than in rural areas. This has been confirmed and extensively investigated by
Rotach (1993), where turbulent variables were measured at different heights within and above a street canyon. He found that tur-
bulent flows are not constant with height in the lower part of the Urban Roughness Sublayer (URS, 1–3 times the mean building
height). Consequently, the Monin-Obukhov Similarity Theory cannot be applied in urban areas since the invariance with height of
turbulent flows is not met. Therefore, urban surface roughness determines the turbulent characteristics of the urban environment, and
the fact that a city is composed of buildings of variable size must be taken into account since this particularity significantly affects the
structure of the UBL developed, where the two most important factors are:

• Mechanical: Buildings create a drag effect that leads to a loss of momentum. Additionally, they promote the transfer of energy from
larger to smaller eddies.

• Thermal: Buildings induce differential heating/cooling of sunlit/shaded surfaces within the urban landscape. This differential
heating results in the trapping of radiation within street canyons. Furthermore, buildings and roads (being impervious) reduce
latent heat fluxes, which, in turn, affect the sensible heat flux released into the atmosphere.

These factors show that the impact of urbanization goes beyond temperature, as urbanization also affects wind patterns and the
characteristics of the Urban Canopy Layer (UCL). In general, the wind field in the UCL is more complex than in rural areas and is
strongly influenced by the details of the building morphology (Louka et al., 2000; Oke et al., 2017). Due to this mechanical effect, wind
speed tends to decrease as air moves into urban areas (Zhu et al., 2016) or as urbanization increases (Hou et al., 2013). However, urban
areas often have higher temperatures during night-time than rural areas, which can induce direct thermal circulation. Observational
evidence of both mechanical and thermal effects on winds in urban areas are provided in Bornstein and Johnson (1977).

The study of the SEB of urban surfaces during different meteorological periods can lead to a better understanding of the factors that
mitigate or amplify urban temperatures anomalies. In the case of the model used in this study, the SEB is described by the following
equation:

Q* = QH +QE +ΔQS (1)

where Q* is the net radiation, QH is the sensible heat flux, QE is the latent heat flux, and ΔQS is the storage heat flux. The sign criterion
used in this paper is that Q* and ΔQS are defined as positive when it is directed towards the surface and negative when directed
outwards from the surface. On the contrary, the heat fluxes QH and QE are defined positive when they are outgoing from the surface.

3. Results

3.1. Model validation

In order to evaluate the 2-m air temperature (T2) results obtained in the WRF simulations, data from different meteorological
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stations belonging to the air quality monitoring stations of the Madrid city network were used (Data Air Quality Network, see Fig. 4).
Hourly data were used for both periods and in Table 2 detailed information regarding the location of each station, the urban fraction of
the area, as well as the LCZ based on the categories defined by Stewart and Oke (2012).

The statistical parameters Mean Bias Error (MBE) and Root Mean Square Error (RMSE) are used to quantify the model’s accuracy:

MBE =
1
N

∑N

i=1
(Ai − Oi) (2)

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
(Ai − Oi)

2

√
√
√
√ (3)

where N is the total number of temperature data points, Ai it refers to the data simulated by the WRF model and Oi to the observed data.
The model underestimates the values of daytime temperature at all stations except one during the winter period (Table 3).

Additionally, the model tends to capture nighttime temperatures more accurately, as reflected in lower MBE and RMSE values during
this period. On the contrary, during the summer period the model tends to overestimate the values of daytime temperatures at five out
of the nine stations, with MBE values less than 0.5 ◦C (Table 4). In this case, the model tends to overestimate daytime temperatures and
underestimate nighttime temperatures, with lower MBE and RMSE values compared to the winter period.

We can conclude that the results for the summer period are good both during the daytime and at nighttime. In the case of the winter
period, there is an underestimation during daytime, but these results are acceptable given the difficulty of simulating a period of stable
atmospheric conditions.

3.2. Impact of urban expansion on the near-surface air temperature

In this section, we analyze and quantify the near-surface air temperature increase due to the urban development in the city of
Madrid and surroundings. To do this, we use the model variable of air temperature at the lowest model level (Ta). The top of the lowest
model level is at 5 m above the surface and its mass center is around 2.5 m above ground level. In our analysis, to be consistent, we use
Ta because the standard T2 output from the WRF model, in rural areas, results from a logarithmic interpolation modified to account for
atmospheric stability, based on Monin-Obukhov Similarity Theory (MOST). However, in urban areas, where MOST is not valid, T2 is
simply the temperature of the lowest model level (when BEP-BEM is used).

In the study area, there are no pixels where the urban fraction decreased in 2020 compared to 1970, but there are pixels where it
remained the same. In these pixels, the average increase in Ta is negligible during the day and only 0.3 ◦C during the night for both
periods, indicating that the increase of urbanization of the surrounding areas affect also the regions that were already urban in 1970.
This can be observed in Fig. 5, which shows the spatial differences of the Ta between 2020 and 1970 for day, nighttime and for both

Fig. 4. Location and name of air-quality monitoring stations of the Madrid city network used for the study-validation.
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periods. The city center pixels (which do not change their urban fraction) experience this weak nocturnal increase in Ta due to the
expansion of surrounding urban areas that contribute to the city temperature increase. During the summer period, the average
temperature increases 0.25 ◦C during the day and approximately 1.5 ◦C at night in areas that have undergone urban development
(those pixels of 1 km2 where urban fraction has increased). In specific locations, the maximum differences are around 1.5 ◦C during the
day and up to 7 ◦C at night, due to factors related to wind direction and the city’s urban expansion configuration. In the winter period,
the average temperature rise is 0.4 ◦C during the day and 1.5 ◦C at night. Maximum anomalies of approximately 2 ◦C during the day
and around 6.5 ◦C at night are observed in certain areas, as seen in the summer period. The smaller temperature differences at night
during the winter period compared to the summer one, are likely attributed to typical thermally-driven flows that occur overnight
under stable conditions (Fernández García et al., 1996; Román-Cascón et al., 2019) in the area of Madrid.

The temperature anomalies are more pronounced at night since the city expansion reduces the rate of cooling during the late
afternoon and night, resulting in higher minimum temperatures in heavily urbanized areas. The materials used in urban construction
are characterized by their enhanced heat capacity and, as a result, higher thermal inertia. This leads to significant heat storage that
increases the energy available to maintain a positive sensible heat flux during night and contributes to the typically warmer nighttime
air temperatures. In addition, the low PBL height during night makes that a small change in the sensibile heat flux to the atmosphere
has a large impact on air temperatures., compared to the daytime situation when the heat is mixed over a much thicker layer.

The percentage of pixels where diurnal temperature shows an increase of more than 0.25 ◦C due to urban development accounts for
45 % of urban pixels in 2020 (urban fraction greater than 50 %) for the summer period, while this impact extends to 88 % during the
night. In contrast, during the stable winter period, we find that during the day, the affected area is 51 %, and during the night, is 81 %.
We can conclude that the area in which the near-surface air temperatures increase due to the urbanization of Madrid is greater during
the night than during the day. When we compare both periods, the results show a greater area with significant increase in temperature
during the day in the winter period (6 % more than in summer), but a greater expansion during the night in the summer period (7 %
more than in winter). To understand these differences, we extend the analysis to the energy balance of the urban surfaces during these
contrasting conditions since this can lead to a better understanding of the factors that mitigate or amplify the intensity and extent of the
urban heat (Section 3.3).

Both the intensity and expansion of Madrid’s UHI are greater at night than day. To understand its cause, we analyze the trend in
nighttime temperatures due to the urban growth of Madrid over the past 50 years, as depicted in Fig. 6. This figure shows the change in
nighttime temperature versus the increase in urban fraction but only for those areas (1 km2 pixels) located at an altitude between 600
and 700 m above sea level, to account for changes not related to altitude. The method for this analysis involves grouping these pixels in
increments of 10 % of the urban fraction for the 1970–2020 period. This means that the first group consists of all pixels that have
increased their urban fraction between 1 % and 10 %, the second group for pixels with an increase between 11 and 20 %, and so on, up
to the last group, which includes those with an increase between 91 and 100 %. The linear regression of the median values of these

Table 3
Model evaluation results for the winter period.

STATION ALL DAY DAYTIME (08-17 UTC) NIGHTTIME 19-06 UTC)

MBE (◦C) RMSE (◦C) MBE (◦C) RMSE (◦C) MBE (◦C) RMSE (◦C)

Escuelas Aguirre − 1.62 2.26 − 2.72 3.14 − 0.62 0.88
Farolillo − 0.73 1.85 − 1.89 2.26 0.21 1.31
Plaza del Carmen − 1.33 2.18 − 2.08 2.85 − 0.68 1.37
Cuatro Caminos − 1.57 2.23 − 2.40 2.88 − 0.70 1.04
Ensanche de Vallecas − 0.67 1.39 − 1.54 1.76 0.21 0.49
Plaza Elíptica − 0.53 1.77 − 1.78 2.26 0.55 1.13
JMD Centro − 2.10 2.26 − 2.54 2.67 − 1.69 1.79
Moratalaz 0.17 1.06 0.14 1.32 0.33 0.64
Juan Carlos I − 1.80 2.01 − 1.83 2.01 − 1.64 1.81
MEAN VALUE − 0.93 1.89 − 1.85 2.35 − 0.45 1.16

Table 4
Model evaluation results for the summer period.

STATION ALL DAY DAYTIME (06–18 UTC) NIGHTTIME (20–04 UTC)

MBE (◦C) RMSE (◦C) MBE (◦C) RMSE (◦C) MBE (◦C) RMSE (◦C)

Escuelas Aguirre 0.40 1.45 0.41 1.62 0.54 1.32
Farolillo − 0.10 1.16 0.25 1.36 − 0.46 0.84
Plaza del Carmen 0.31 0.88 0.31 0.95 0.35 0.85
Cuatro Caminos 0.09 1.34 0.56 1.55 − 0.29 0.98
Ensanche de Vallecas − 0.45 1.25 0.13 1.21 − 1.06 1.22
Plaza Elíptica 0.43 1.18 0.17 1.14 0.89 1.34
JMD Centro 0.01 1.12 0.35 1.29 − 0.27 0.85
Moratalaz 0.32 1.52 0.69 1.70 0.01 1.33
Juan Carlos I − 0.82 1.81 − 0.41 1.21 − 1.09 2.29
MEAN VALUE 0.02 1.30 0.27 1.34 − 0.15 1.22
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groups shows a trend of increase in nighttime temperature. Specifically, a 10 % growth in urban fraction leads to an increase in
nighttime temperatures by 0.225 ◦C in the summer period and 0.249 ◦C in the winter period. It’s worth noting the significant vari-
ability observed, as an increase in the urban fraction in a specific area also depends on the configuration of this urban development.
Therefore, urban development clearly tends to increase nighttime temperatures, but it is difficult to precisely determine this increase
because it depends on many characteristics of the city’s configuration that are challenging to quantify.

The best correlation is for the summer period because the higher solar radiation absorption of urban surfaces amplifies the in-
tensity, duration, and frequency of heatwaves. Studies in Europe have identified a significant contribution of urbanization to
increasing trends in extreme temperature indices (Lauwaet et al., 2016; Ma et al., 2024). Furthermore, the response of the UHI to
extreme heat episodes has been modeled in many studies. In general, simulated values during a heatwave intensified, mainly due to
lower humidity and reduced wind speed in urban areas during the heatwave. The intensity monitored at night was significantly higher,
validating its typical nighttime dominance (Li and Bou-Zeid, 2013; Zhao et al., 2018; Ao et al., 2019; He et al., 2020).

3.3. Analysis of the surface energy balance

Urban areas are highly impermeable and present less vegetation than rural, which reduces moisture storage in the subsurface and
causes the available energy to be used as surface heating instead of producing evaporation (Wang et al., 2012). To represent each term
of the SEB in our study, we consider the urban grids with an urban fraction change from 1970 to 2020 (only pixels with altitude
between 600 and 700 m are used). A decrease in QE is observed (Figs. 7 and 8), which is more pronounced during the winter period

Fig. 5. Increase in the daily mean Ta due to urban development (1970–2020) in the simulated summer (above) and winter (below) periods during
daytime (left) and nighttime (right) hours.
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(wetter season) and almost negligible during the summer period (drier season). This difference in moisture between the two periods
leads to important changes in SEB.

In the winter period, the daytime decrease in QE in 2020 compared to the 1970 values (Fig. 7) is compensated by an increase in ΔQS
during the daytime in 2020 (approximately 30 % during the midday hours), rather than an increase of QH that stays relatively

Fig. 6. Boxplots of the increase in night-time Ta (average over the period) according to the increase in urban fraction: (a) summer period and (b)
winter period.
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unchanged, with only a shift in the maximum towards the afternoon hours in 2020 compared to 1970. This is attributed to the greater
solar radiation absorption through multiple reflections, and a larger surface area for this storage. On the other hand, during the
nighttime the more negative ΔQS values in 2020 (directed towards the atmosphere) release energy into the atmosphere creating a
small increase in the QH (slightly less negative). This phenomenon leads to much stronger impact on the near-surface air temperature at
night compared with that during the day because the stable stratification during the night decreases the turbulent mixing between near
surface and above layers related to what happen during the day with unstable stratification (Bohnenstengel et al., 2011; Wouters et al.,
2013).

In the summer period (Fig. 8), the daytime QH decreases from 1970 to 2020 due to the mechanical interaction effect caused by the
city’s roughness, and the increased thermal inertia. However, the daytime near surface air temperature slightly increased in 2020
compared to 1970. The greater number of buildings reduces average wind speed and heat loss by decreasing turbulence in the UCL.
Despite an increase in the vertical temperature gradient, the QH decreases because the mechanical effect dominates over the thermal

Fig. 7. Surface energy balance and Ta (green lines) for the winter period (dashed lines for 1970 and solid lines for 2020). These averages are
calculated over all the days of the period and represent the points that have experienced an increase in their urban fraction between 1970 and 2020,
situated at an altitude between 600 and 700 m.a.s.l. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Surface energy balance and Ta (green lines) for the summer period (dashed lines for 1970 and solid lines for 2020). These averages are
calculated over all the days of the period and represent the points that have experienced an increase in their urban fraction between 1970 and 2020,
situated at an altitude between 600 and 700 m.a.s.l. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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effect. Again, the increased thermal inertia and the decrease in turbulence heat transport in the UCL during the day lead to an increase
in the storage term. This increase in the ΔQS (approximately 50 % during the midday hours) during the day is released back into the
atmosphere at night (in both periods), increasing the city air temperature and exacerbating the UHI effect, both in intensity and extent.
Grimmond and Oke (1999) studied the heat storage flux for seven cities in North America, concluding that it is an important
component of the energy balance in all the urban studied sites (representing between 17 % and 58 % of the daytime net radiation).

In order to understand the QH decrease in the summer period in 2020 compared to 1970 we analyze the modifications observed in
the vertical profiles of potential temperature and TKE, one of the most studied turbulent parameters (Arya, 2001), which is generated
by both wind shear and buoyancy forces. The TKE budget in the UCL is complicated by multiple generation and dissipation mecha-
nisms, as well as TKE redistribution and transport due to spatial inhomogeneities (Fernando, 2010). The most common hypothesis in
the study of urban areas is that these zones are usually characterized by increased roughness and QH compared to the rural areas that
they replace, leading generally to higher TKE. This results in greater mixing within the boundary layer and increased entrainment.
However, while this may be true for the whole PBL, it may not in the lower part of the UCL. Rotach (1993), for example, measured that
the peak of TKE is in general in the upper part of the roughness sublayer, well above roof tops, and that the TKE decreases in the lowest
part of the canopy. This is in agreement with CFD simulations (Santiago et al., 2007). In our case, we observed reduction in QH in the
summer simulation when using land cover and land use data from 2020 compared to 1970. As mentioned earlier several mechanisms
are at play: the increase of thermal inertia, the creation of TKE generated by the increased shear induced by building roughness, the
decrease of TKE in the UCL, along with many other factors related to wind direction and city characteristic’s, which are challenging to
quantify.

Focusing on areas that have experienced an increase in their urban fraction from 1970 to 2020, as illustrated in Fig. 9, we observe
that, on average, over the five simulated days (at 13 UTC, which corresponds to the time of maximum QH), these areas exhibit a higher
potential temperature near the surface (within the UCL) in the 2020 simulation compared to the 1970 simulation, during both summer
and winter periods. However, outside the UCL (from 50 m above the ground), we observe the opposite effect, but only during the
summer period. This results in a stronger vertical temperature gradient in the 2020 simulation due to urban development. Addi-
tionally, the increased number of buildings reduces average wind speeds and heat loss by decreasing TKE in the UCL (Fig. 10), and
these differences are more pronounced during the summer period (again on average for the five days simulated at 13 UTC which is the
time of maximum QH). Therefore, this decrease in QH during the summer period is due to reduced vertical mixing in the layers closer to
the ground, causing more heat to accumulate in the UCL.

This decrease in vertical mixing shown above, due to a reduction in turbulence in the UCL, raises questions about whether the
model is accurately quantifying these mechanisms, as we lack observational data on turbulent parameters in the city of Madrid to
validate these simulations. This is, in part, due to the challenges associated with calculating reliable turbulent parameters from
observational measurements in complex urban environments. Most observations consist of traditional surface-level measurements
without vertical profiles (particularly useful in areas with tall or significantly variable building heights) and often include only a few
common meteorological variables (e.g., temperature, wind, precipitation, and humidity). A comprehensive set of complementary
observations, including turbulent fluxes, is often absent. Consequently, the lack of these observations complicates the understanding of
these interactions and feedback mechanisms.

Given the challenges associated with obtaining accurate and representative measurements of wind and turbulence in intricate
urban environments, the investigation conducted by Román-Cascón et al. (2023) aims to explore distinctions when utilizing data from
sonic anemometers deployed at different emplacements: street and terrace. Throughout their study, they have discerned that the
recorded values of turbulence parameters (TKE, u*, and QH) and wind speed, as obtained from the sonic anemometers, are notably
lower for the device situated on the street when compared with its counterpart on the terrace (positioned at a height of 26 m above
street level). Notably, these findings align coherently with the outcomes derived from our model. These complementary observations
are crucial for future urban management plans and for designing more appropriate strategies to mitigate the urban growth effect. In
this sense, more-intense field campaigns with a larger number of sonic anemometers would be necessary to further explore the
microscale differences among the different parts in the city (both vertical and horizontal). Therefore, this should serve as an incentive
to conduct measurement campaigns in the future to determine whether the model results explain the factors that amplify urban
temperature anomalies.

4. Summary and conclusions

This work presents the impact of the urban expansion in Madrid on the local atmospheric conditions for two periods in different
seasons: an intense heatwave event (August 2020) and a strongly stable period in winter (February 2020). In order to assess the impact
of the exceptional of Madrid’s urban growth over the last 50 years (1970–2020), we conducted paired simulations with identical
meteorology for each period driven by two LULC scenarios in 1970 and 2020. These databases (Uhl et al., 2023) include urban pa-
rameters such as urban fraction and mean building height. This provides a realistic view of LULC for these decades, and it allows us to
parameterize urban development. The main outcomes are summarised below:

• One of the most significant findings of this study is the influence of urban expansion on near-surface air temperatures. This impact is
more pronounced at night for both simulated periods, as it reduces the rate of cooling during the late afternoon and night, resulting
in higher minimum temperatures in heavily urbanized areas. The percentage of urban pixels in 2020 (urban fraction greater than
50 %) showing an increase in nighttime near-surface air temperatures of more than 0.25 ◦C due to urban development is 88 %
during the intense heatwave event and 81 % during the period with stable winter conditions. The average impact of the increase is
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1.5 ◦C for both simulated periods. However, specific areas with substantial urban development exhibit a higher impact, reaching up
to 7 ◦C during the summer period and 6.5 ◦C during the winter period for the nighttime near-surface air temperatures.

• The trend of urban growth is to increase nighttime temperatures near the surface for both simulated periods. Specifically, a 10 %
growth in urban fraction leads to an increase in nighttime temperatures by 0.225 ◦C in the intense heatwave event and 0.249 ◦C in
the period with stable winter conditions. The characteristics of urban surfaces, including material properties and city morphology,
contribute significantly to this nighttime temperature effect.

• Urbanization has a significant influence on the surface energy balance terms. There is a decrease in QE because urban areas are
highly impermeable and have less vegetation, which reduces moisture storage in the subsurface and directs available energy to-
wards surface heating instead of producing evaporation. This reduction in QE is more pronounced during the winter period (wetter
season) and almost negligible during the summer period (drier season). During the winter period, daytime QH values remain
approximately the same but shift their peak towards the afternoon hours. On the other hand, in the summer period, daytime QH
decreases due to the mechanical interaction effect caused by the city’s roughness. Furthermore, the high heat capacity of urban
surfaces with numerous buildings increases the ΔQS during the daytime. This is attributed to the greater solar radiation absorption
through multiple reflections, and a larger surface area for this storage. This increase in the ΔQS during the day is released back into

Fig. 9. Vertical profiles of potential temperature on average for the five days simulated (at 13 UTC wich is the time of maximum QH). These are the
averages of the points that have increased their urban fraction between 1970 and 2020 and are located at an altitude between 600 and 700 m.

Fig. 10. Vertical profiles of turbulent kinetic energy (TKE) and wind speed (WS) on average for the five days simulated (at 13 UTC wich is the time
of maximum QH), respectively. These are the averages of the points that have increased their urban fraction between 1970 and 2020 and are located
at an altitude between 600 and 700 m.
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the atmosphere at night in both periods, exacerbating the increase in nighttime near-surface air temperatures, both in intensity and
extent.

The decrease in QH during the summer period is due to reduced vertical mixing in the layers closer to the ground, causing more heat
to accumulate in the UCL. The mechanical interaction effect caused by the city’s roughness reduces average wind speeds and heat loss
by decreasing turbulence in the UCL. Despite an increase in the vertical temperature gradient, the QH decreases because the mechanical
effect dominates over the thermal effect. This decrease in vertical mixing, due to a reduction in turbulence in the UCL, raises questions
about whether the model is accurately quantifying these mechanisms, as we lack observational data on turbulent parameters in the city
of Madrid to validate these simulations. In this sense, more-intense field campaigns with a larger number of sonic anemometers would
be necessary to further explore the microscale differences among the different parts in the city (both vertical and horizontal).
Therefore, this should serve as an incentive to conduct measurement campaigns in the future to determine whether the model results
explain the factors that amplify urban temperature anomalies. Additionally, it would be interesting to consider the role played by both
the city breeze and the mountain-valley breeze. The interactions between UHI-induced urban flows (Catalano et al., 2012) and
mesoscale circulations, such as mountain-valley and land-sea or lake breezes, are the subject of active research (Miao et al., 2015;
Ganbat et al., 2015; Yu et al., 2021) and may be more significant influences on microclimate than land cover and surface properties
(Martilli et al., 2020). Finally we stress that this study neglects the warming induced by climate change. Investigating the relative
impact of urban expansion and climate change as well as the interactions will be a subject of future studies.
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Resources, Investigation, Formal analysis, Data curation. C. Yagüe: Writing – review & editing, Supervision, Project administration,
Methodology, Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This work has been funded by the Madrid Autonomous Community and the European Commission (FSE) under the AIRTEC-CM
(S2018/EMT4329) project, as well as in the framework of the I + D + i Spanish National Projects PID2023-149246OB-C21 project
(MULTIURBAN-I) and PID2023-149246OB-C22 project (MULTIURBAN-II), funded by the Ministerio de Ciencia e Innovación of Spain
MCIN/AEI/10.13039/ 501100011033/ FEDER, UE. The Madrid City Council is specially acknowledged for its support for the data
provided of the air-quality monitoring stations.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.uclim.2024.102198.

Data availability

Data will be made available on request.

References

AEMET, 2022. Olas de calor en España desde 1975. https://www.aemet.es/documentos/es/conocermas/recursos_en_linea/publicaciones_y_estudios/estudios/Olas_
calor/Olas_Calor_Actualizacion_Junio_2019.pdf.

Ao, X., Wang, L., Zhi, X., Gu, W., Yang, H., Li, D., 2019. Observed synergies between urban heat islands and heat waves and their controlling factors in Shanghai,
China. J. Appl. Meteorol. Climatol. 58, 1955–1972. https://journals.ametsoc.org/view/journals/apme/58/9/jamc-d-19-0073.1.xml. https://doi.org/10.1175/
JAMC-D-19-0073.1.

AR6 - IPCC, 2022. Climate Change 2022 – Impacts, Adaptation and Vulnerability: Working Group II Contribution to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press. https://doi.org/10.1017/9781009325844.

Arnfield, A.J., 2003. Two decades of urban climate research: a review of turbulence, exchanges of energy and water, and the urban heat island. Int. J. Climatol. 23,
1–26. https://doi.org/10.1002/joc.859.

Arya, P.S., 2001. Introduction to Micrometeorology. Elsevier.

J. Carbone et al. Urban Climate 58 (2024) 102198 

14 

https://doi.org/10.1016/j.uclim.2024.102198
https://www.aemet.es/documentos/es/conocermas/recursos_en_linea/publicaciones_y_estudios/estudios/Olas_calor/Olas_Calor_Actualizacion_Junio_2019.pdf
https://www.aemet.es/documentos/es/conocermas/recursos_en_linea/publicaciones_y_estudios/estudios/Olas_calor/Olas_Calor_Actualizacion_Junio_2019.pdf
https://journals.ametsoc.org/view/journals/apme/58/9/jamc-d-19-0073.1.xml
https://doi.org/10.1175/JAMC-D-19-0073.1
https://doi.org/10.1175/JAMC-D-19-0073.1
https://doi.org/10.1017/9781009325844
https://doi.org/10.1002/joc.859
http://refhub.elsevier.com/S2212-0955(24)00395-X/rf0025
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ojs_geoph/geoph.2021735202.
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