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A B S T R A C T   

Urban heat Islands (UHIs) may constitute a hazard for urban populations, particularly under 
extreme events such as heatwaves. Lisbon is a medium-size city regularly affected by heatwaves 
with maximum temperatures >35 ◦C and is expected to grow and densify during this century. 

This study evaluates the UHI in the Municipality of Lisbon (ML) for the heatwave with the 
highest maximum average temperature identified in long-term (2081–2100) RCP8.5 scenario 
climate simulations, relative to present conditions, represented by a typical heatwave identified in 
historical (1986–2005) period climate simulations. The expected future consolidation of the city 
(up to 2100) is considered, as well as the anthropogenic heat and irrigation effects. Simulations 
are performed with the Weather Research and Forecasting model (WRF) coupled with the Single- 
layer Urban Canopy Model (SLUCM). The results reveal that urban irrigation effects compensate 
anthropogenic heat due to increased latent heat release. The expected city consolidation up to 
2100 produces the largest increase in the UHI intensity (UHII) during nighttime due to the 
introduction of urban land use land cover (LULC) with reduced green fraction. No evidence of 
synergistic interactions between UHI and heatwave intensities were found, with the UHII mostly 
depending on wind direction and intensity.   

1. Introduction 

The underlying LULC of a surface will determine the heat and water budgets between the surface and the atmosphere (Yang et al., 
2015). Among other impacts, any change on the LULC, such as urban artificial surfaces, can alter these budgets and, consequently, the 
atmosphere characteristics expressed by weather conditions and urban climatology (a short description is available in Harman and 
Belcher, 2006 and a comprehensive one in Oke et al., 2017). These changes can be felt at local and regional levels, depending on the 
scale of the modification and physical properties of the new LULC. Along with buildings’ dimensions and city planning, these are some 
of the elements that, according to Oke et al. (2017), are included in the urban form set of features. 

However, the way urban environments function also has an impact in the urban atmosphere. According to Oke (1988) and Oke 
et al. (2017), the heat released from anthropogenic sources, embedded in the way a specific urban environment works, is adding to the 
UHI effect. The main sources of anthropogenic heat are considered to be the heat released by the human metabolism, the heat from 
vehicles, and the internal heat of buildings - which includes the heat released by electrical equipment (e.g., air conditioning) as well as 

* Corresponding author at: Department of Physics and Centre for Environmental and Marine Studies (CESAM), University of Aveiro, Portugal. 
E-mail address: ruipedrosilva@ua.pt (R. Silva).  

Contents lists available at ScienceDirect 

Urban Climate 

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

https://doi.org/10.1016/j.uclim.2022.101218 
Received 20 December 2021; Received in revised form 31 May 2022; Accepted 19 June 2022   

mailto:ruipedrosilva@ua.pt
www.sciencedirect.com/science/journal/22120955
https://www.elsevier.com/locate/uclim
https://doi.org/10.1016/j.uclim.2022.101218
https://doi.org/10.1016/j.uclim.2022.101218
http://crossmark.crossref.org/dialog/?doi=10.1016/j.uclim.2022.101218&domain=pdf
https://doi.org/10.1016/j.uclim.2022.101218
http://creativecommons.org/licenses/by-nc-nd/4.0/


Urban Climate 44 (2022) 101218

2

the heat from fossil fuels burning for heating (Sailor et al., 2016; Sailor and Lu, 2004). 
The heat released by human activities is considered one waste by-product of the metabolic cycle of an urban environment (Oke 

et al., 2017). Hence, the release of anthropogenic heat is dependent on the population density, the climate of each region, the season 
and time of day. As an example, Ichinose et al. (1999) showed the importance of the human activity sectors and the seasonal influence 
of the anthropogenic heat emission on the temperature environment over Tokyo. Thus, the combined effect of several heat sources 
inside a specific urban environment will impact differently the urban boundary layer (UBL) and all the planetary boundary layer (PBL). 
These sources are those having a direct impact on the atmosphere, and they will be one of the main focuses of the present work. 

There are several methods to study urban meteorology and climatology. Numerical modelling is the one that allows a complete 
experimental control on the factors that can determine the interaction between the form and function of a specific urban canopy, PBL, 
and all the scales involved in a specific urban climate (Oke et al., 2017). That is the reason why so much effort has been dedicated to 
improve the UBL description leading to urban canopy parameterizations and anthropogenic heat release schemes inside numerical 
weather prediction (NWP) models like the WRF (see https://ral.ucar.edu/solutions/products/urban-canopy-model and references 
within). 

Ruiting and Han (2016) showed the importance that the combined effects of considering the local diurnal hourly scaling factors of 
anthropogenic heat release of Beijing and the WRF’s SLUCM have on several atmospheric parameters near the surface and on the PBL 
height. Using WRF model simulations coupled with an urban canopy model, Feng et al. (2012) studied the impacts resulting from 
changes in urbanization as well as the release of anthropogenic heat in five of China’s most populous regions over a two-year period 
(December 2006 to December 2008). The results show that the combined effect of changes in urbanization and anthropogenic heat can 
lead to a temperature increase up to 2 ◦C in some regions, and to a considerable decrease in the albedo and soil moisture. In another 
study carried out by Yang and Wang (2015) for the city of Phoenix, USA, the impact of various irrigation schemes coupled to an urban 
canopy model was tested. The study concludes that the application of different irrigation schemes increases the moisture available for 
evapotranspiration and decreases the surface temperature, which can exceed 3 ◦C during the summer period compared to the case 
where no irrigation scheme is used. 

In one hand, the WRF model is a valuable tool to assess changes in the synoptic weather due to changes in the global climate (under 
different emissions scenarios) and how those changes can influence the urban climate. On the other hand, it can also be used on the 
evaluation of certain mitigation and/or adaptation measures that may be part of a specific urban environment under future climate 
scenarios (Fallmann et al., 2014; Li et al., 2018; Warrach-Sagi et al., 2018). 

The work here presented makes use of the WRF model to evaluate the UHI in Lisbon for future climate scenarios considering mixing 
aspects of the form and function of the city. Regarding its form, the expected evolution of the city within the limits of the ML is 
considered through the inclusion of the urban LULC areas to be consolidated by 2050 and 2100. Regarding the functions, the study also 
considers the effects of anthropogenic heat and irrigation on the green fraction of urban LULC classes. 

Section 2 of the present paper explores the data and methods applied in the model setup and its description; the specificities of the 
anthropogenic heat emitted by the city of Lisbon and how the WRF model was adjusted to include it; the description of the irrigation 
scheme; the considerations about the surface energy balance in the WRF/Noah LSM/SLUCM modelling system; and how the present 
and future LULC of the city is described in WRF. In Section 3 the results are discussed and, finally, Section 4 holds the final remarks and 
conclusions of the work. 

Fig. 1. Domains’ configuration used in the climatic (D-1, D-2, and D-3) and urban heat island (D-1, D-2, D-3, D-4, and D-5) simulations. The area 
delimited by the red contour represents the Municipality of Lisbon (ML), within which the white color represents the public water domain. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

R. Silva et al.                                                                                                                                                                                                           

https://ral.ucar.edu/solutions/products/urban-canopy-model


Urban Climate 44 (2022) 101218

3

2. Materials and methods 

2.1. Model setup and description 

2.1.1. Climatic simulations and heatwaves’ selection 
To carry out UHI simulations under future urban and climate scenarios, two sets of regional climatic simulations were performed 

using the WRF version 3.9 (Skamarock et al., 2008) with the modifications introduced by Fita et al. (2010). The first simulation 
represents the historical (HIST) past-present climate that extends for a 20-year period, from 1986 to 2005, while the second simulation 
corresponds to the long-term future scenario (LONG), from 2081 to 2100. To force the model in what is related to the initial and 
boundary conditions, outputs of the global climate model (GCM), MPI-ESM (LR), from the Max-Plank Institute were used (available at: 
CERA - WDCC (dkrz.de)) (Giorgetta et al., 2013). The retrieved GCM data is from the r1i1p1 initialization and RCP8.5 scenario, with a 
horizontal resolution of 1.9◦ × 1.9◦ in 47 hybrid sigma-pressure levels and provided to WRF with six-hourly frequency. The preference 
for the RCP8.5 scenario is due to the fact that this is the most extreme among the available Representative Concentration Pathways 
(RCPs) scenarios, that projects an increasing radiative forcing peaking at 8.5 W m- 2 by the end of the 21st century due to greenhouse 
gases emissions. A model configuration of three nested domains with horizontal grid spacing of 81 km, 27 km, and 9 km (respectively, 
D-1, D-2, and D-3 in Fig. 1) was implemented. This dynamical downscaling and model configuration follows the one described in 
Marta-Almeida et al. (2016) except for the number of vertical levels and the choice of the PBL scheme. As Marta-Almeida et al. (2016), 
sea surface temperature update was used and spectral-nudging was applied in D-1 for wavelengths larger than 1000 km (Miguez- 
Macho et al., 2004). A two-way nesting strategy was applied, with the model top defined at 50 hPa. A total of 46 vertical levels were 
used with the first model level defined at ~56 m for consistency with the UHI simulations performed by Silva et al. (2021) for the 
Lisbon Metropolitan Area. Due to the importance of accurate LULC and topography representation in the WRF model, the Coordination 
on the Environment (CORINE) LULC (Büttner, 2014) for the year of 2012 (hereinafter referred to as “CLC2012”) and the NASA’s 
Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007), with a horizontal resolution of ~100 m and ~90 m, respectively, were 
used. These two geographical datasets are shown in Fig. 2 and Fig. 3, respectively, for the highest resolution domain of the UHI 
simulations described in the following section (Section 2.1.2). The procedure to include the CLC2012 LULC and SRTM topography data 
in WRF’s modelling system is the same as the one described in Section 2.1.1 of Silva et al. (2021). WRF’s model physical parame
terizations include the WRF-Single-Moment 6-class microphysics (WSM6) scheme (Hong and Lim, 2006), the Dudhia shortwave ra
diation scheme (Dudhia, 1989), the Rapid Radiative Transfer Model (RRTM) longwave radiation model (Mlawer et al., 1997), the 
Revised MM5 surface model (Jiménez et al., 2012), the BouLac planetary boundary layer model (Bougeault and Lacarrere, 1989), the 

Fig. 2. Model LULC with percentage of area of each LULC class in domain D-5. The area delimited by the red contour represents the Municipality of 
Lisbon (ML), within which blue color represents the public water domain. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Noah Land Surface Model (Noah LSM) (Chen and Dudhia, 2001), and the Grell-Freitas cumulus scheme (Grell and Freitas, 2014). 
A similar methodology to the one used by Rocha et al. (2020) was applied for heatwave identification. Two heatwaves were 

selected from the HIST and LONG climatic periods. The heatwave identified in HIST period has a relatively short duration (4 days) and 
low mean maximum temperature, while the heatwave selected in the LONG period is the most intense one (i.e., heatwave with the 
highest mean maximum temperature) identified in the climatic simulations of this period, having a duration of 10 days. 

2.1.2. Urban heat island simulations 
The numerical simulations of the ML’s UHI were performed using the same physical parameterizations, LULC, topography, and 

initial and boundary conditions of the climatic simulations described in Section 2.1.1. Two additional domains with a horizontal grid 
spacing of 1 km and 333 m (respectively, D-4 and D-5 in Fig. 1) were added to the domains’ configuration of the climatic simulations to 
proceed with the dynamical downscaling of the MPI-ESM (LR) data to the Lisbon Metropolitan Area, and to perform the UHI simu
lations during the heatwaves selected from the HIST and LONG climatic simulations. Hence, the UHI simulations considered a total of 
five nested domains and were performed in two-way nesting mode. The updated LULC and the percentage of coverage of each LULC 
class is shown in Fig. 2, for domain D-5, while the updated topography map is shown in Fig. 3 for the same domain. As thermodynamic 
and dynamic effects associated with convective and shallow clouds can be explicitly resolved at finer grid spacings, the Grell-Freitas 
cumulus scheme was turned off in D-4 and D-5 (Skamarock et al., 2008). 

For the representation of the urban canopy physical processes and features, the Single-layer Urban Canopy Model (SLUCM) (Kusaka 
et al., 2001; Kusaka and Kimura, 2004), coupled to the Noah LSM (Chen and Dudhia, 2001), was used. The UHI simulations performed 
by Silva et al. (2021) for the Lisbon Metropolitan Area, using the same model configuration as this study, but forced by the ERA-Interim 
reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011), have shown that the SLUCM is 
less sensible to the number and distribution of vertical levels than the Building Effect Parameterization (BEP) multi-layer urban canopy 

Fig. 3. Model LULC with percentage of area of each LULC class in domain D-5. The area delimited by the red contour represents the Municipality of 
Lisbon (ML), within which blue color represents the public water domain. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Table 1 
Summary of the Lisbon UHI simulation experiments.  

Simulation name Simulation period/ () heatwave period Urban LULC categories Anthropogenic heat Irrigation scheme 

NURB_HIST 00 UTC of 17(18)/06/2000–00 UTC of 22/06/2000 No1 No No 
URB_HIST1 – Yes (current Lisbon) No No 
URB_HIST2 – Yes (current Lisbon) Yes Yes 
URB2050_HIST – Yes (Lisbon 2050) Yes Yes 
URB2100_HIST – Yes (Lisbon 2100) Yes Yes 
NURB_LONG 00 UTC of 09(10)/07/2098–00 UTC of 20/07/2098 No1 No No 
URB2100_LONG – Yes (Lisbon 2100) Yes Yes  

1 Urban LULC categories replaced by cropland/woodland mosaic. 
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model (Martilli et al., 2002). 
Aiming to evaluate the ML’s UHI during the HIST and LONG heatwaves, and to account for anthropogenic heat effects, irrigation of 

urban green spaces, and future urban consolidation, several WRF simulations forced by the MPI-ESM (LR) GCM were performed. The 
simulations and heatwave periods are described in Table 1, as well as the LULC, anthropogenic heat, and irrigation options used. All 

Fig. 4. Flow chart of the climatic and UHI simulations performed in this study.  
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the simulation periods described in Table 1 include a model spin-up of 24 h that is discarded from the analysis. The heatwave identified 
in HIST period allows the study of the city’s growth relative impact, anthropogenic heat, and irrigation of the urban green fraction on 
the UHII. The heatwave of the LONG period is used to evaluate the relationship between heatwave and UHI intensities. In total, five 
simulations of the HIST period heatwave and two simulations of the LONG period heatwave were performed. Note that these simu
lation experiments do not consider possible demographic and traffic fluctuations, nor the possible advance or retreat of the water 
bodies surrounding the ML area that can occur in future climate scenarios. 

For the assessment of the UHII and spatial patterns, the “local method” is used. This UHI identification method has been used in 
several studies (e.g., Georgescu et al., 2011; Ma et al., 2017; Silva et al., 2021) and is based on the temperature difference at each urban 
location when the model LULC is considered urban, and when it is replaced by the dominant rural LULC category of the urban sur
roundings. Hence, the application of the “local method” always requires two simulations, one considering the urban LULC and another 
including a hypothetical pre-urban LULC. As cropland/woodland mosaic is the most represented LULC class in domain D-5, covering 
33.7% of the total area of the domain (excluding water), the model’s urban LULC categories (i.e., Low Intensity Residential – LIR; High 
Intensity Residential – HIR; and Industrial or Commercial - IC) were replaced with this rural category. In this study, the simulations 
representing the pre-urban scenario of the HIST and LONG heatwaves are the NURB_HIST and NURB_LONG, respectively (see Table 1). 
It should be noted that the “local method” only accounts for urban canopy effects on the UHI, since local geographic effects are 
removed when using this UHI identification method. The preference for the “local method” instead of “classic method”, that compares 
the urban temperature with the temperature of the urban surroundings, is related to the fact that this study is focused on the ML’s area, 
where most of the LULC is composed by urban surfaces and where the future urban consolidation is considered. As in Silva et al. 
(2021), LIR, HIR, and IC, urban LULC classes have respectively 50%, 90%, and 95% of urban fraction, being the remainder fraction 
occupied with urban green spaces. Thermal and geometric parameters are also the same as in Silva et al. (2021). 

Taking into consideration the simulation experiments described in Table 1, the following UHI fields and what they express are 
defined:  

• UHI1_HIST (difference between urban points of URB_HIST1 and NURB_HIST simulations) – allows the study of the present impact 
of the ML’s urban areas without considering the effects of anthropogenic heat and urban green spaces’ irrigation;  

• UHI2_HIST (difference between ML’s urban grid points of URB_HIST2 and NURB_HIST simulations) – allows the evaluation of the 
collective impact of the anthropogenic heat and irrigation of urban green spaces;  

• UHI3_HIST (difference between ML’s urban grid points of URB2050_HIST and NURB_HIST simulations) – enables the study of the 
impact that the urban areas to consolidate by 2050 have on the ML’s UHI intensity and distribution;  

• UHI4_HIST (difference between ML’s urban grid points of URB2100_HIST and NURB_HIST simulations) – enables the study of the 
impact that the urban areas to consolidate by 2100 have on the ML’s UHI intensity and distribution;  

• UHI_LONG (difference between ML’s urban grid points of URB2100_LONG and NURB_LONG) – establishes the relationship between 
UHI and heatwave intensities, by comparing UHI_LONG with UHI4_HIST. 

A flow chart of the methodology employed in the climatic and UHI simulations performed in this study is shown in Fig. 4. 

2.2. Anthropogenic heat 

The amount of anthropogenic heat release in cities is directly related to their population number. According to Sailor and Lu 
(2004), the magnitude of the anthropogenic heat, Qf, can be divided into three components that represent its major sources of heat 
release in urban environments: 

Qf = QV +QB +QM (1)  

where the subscripts V, B, and M indicate vehicles, buildings, and human metabolism, respectively. The heat released by buildings can 
be further divided into heat directly rejected from electric energy consumption and heat released from the burning of fossil fuels used 
in heating during the cold season (can be ignored during summer periods). 

Fig. 5. Diurnal profile of the human metabolic rate (W hab− 1).  
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These anthropogenic heat components can be defined as a function of the population density, meaning that it is only necessary to 
compute their values per capita and multiply them by the population density. 

2.2.1. Human metabolism 
Typically, the heat resultant from human metabolism, QM, represents the smallest percentage of the total anthropogenic heat, and it 

is related with the level of physical activity during the day. According to Fanger (1970) and Hall (2015), during the day the metabolic 
rates for a 70 kg adult are 115 W hab− 1 in rest and 230 W hab− 1 walking, while at sleep the rates reduce to 70 W hab− 1. In this study, a 
diurnal mean value of 140 W hab− 1 was considered. As in Sailor et al. (2016), a three hour transitional period was used during the 
morning and evening hours. Fig. 5 shows the diurnal profile of the heat resultant from human metabolism. 

2.2.2. Buildings 
The electric energy consumption due to home appliances, air conditioning, and lighting results in a variable percentage of energy 

wasted as heat, depending on the level of thermal insulation of the buildings, indoor temperature, and the location of the equipment (i. 
e., inside or outside the building). 

According to Sailor et al. (2016), the electric energy consumption, EHR, at any city can be given by EHR = EDPCf(hour), where EDPC is 
the daily energy consumption per capita and where 

∑24

1
f (hour) = 1.0 (2) 

For the summer f(hour) is represented by the diurnal profile of Fig. 6, with minimum values at nighttime and maximum values 
during the daytime period. 

2.2.3. Transport 
Assuming that the distance per capita covered by vehicles has little seasonal variation, the hourly profile of the emissions from 

vehicles can be estimated using hourly data from traffic. Following Sailor et al. (2016), using the hourly traffic fraction profile, Ft, 
shown in Fig. 7, and the values of the distance per capita covered by vehicles, DVD, the heat released by the vehicles at a given hour of 
the day can be estimated through 

QV(h) = DVD.Ft(h).ρpopulation(h).EV (3)  

where ρpopulation(h) is the hourly population density, which is assumed to be constant in this study, and EV is the energy released per 
vehicle, per kilometer covered, and is given by 

EV =
NHC.ρfuel

FE
(4)  

where NHC is the heat resulting from the combustion of gasoline or diesel (J kg− 1), ρfuel is the density of the fuel (kg l− 1) and FE is the 
mean fuel consumption (km l− 1). 

The profile of Fig. 7 represents the average daily traffic profile of 61 cities of the United States of America, being the variation from 
city to city negligible. Hence, in this study, it is assumed that the daily traffic profile for the Lisbon Metropolitan Area has the same 
shape as the one from the USA cities. 

2.3. Anthropogenic heat in the WRF single-layer urban canopy model 

In the SLUCM model, there is the option for the inclusion of anthropogenic heat to each urban LULC class (i.e., LIR, HIR, and IC). For 
each one of these urban classes, a value corresponding to Qfmax (in units of W m− 2) is multiplied by the nondimensional profile of Fig. 8. 

For the population density in D-5, a constant value of ρpop = 5064 hab km− 2 (PORDATA, 2018) was considered, as this corresponds 

Fig. 6. Non-dimensional diurnal profile of the electric energy consumption.  
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to the population density of the ML, which is mostly covered by urban LULC. Since WRF computes anthropogenic heat fluxes only for 
urban grid cells, this was considered an adequate value for the whole D-5 domain. It is worth noting that diurnal variations in pop
ulation density were not considered, and that population density is assumed constant across all urban LULC classes. For the application 
of the previous sections formulations and for obtaining the different components of the anthropogenic heat, it was considered that FE 
= 16.6 km l− 1 (average value for EU-28 and equivalent to an average urban fuel consumption of ~6 l 100 km− 1 for the year of 2017) 
(Diaz et al., 2020), ρfuel = 0.85 kg l− 1 (assumed the same for both gasoline and diesel), DVD = 10.3 km hab− 1dia− 1 (INE, 2018), NHC =
45 × 106J kg− 1, and EDPC = 11.4767 kWh dia− 1 hab− 1 (PORDATA, 2019). 

Fig. 9 shows the diurnal cycle profiles for each one of the anthropogenic heat components described previously, as well as their 
total. A Qfmax = 6.2 W m− 2 was used for each LULC class and then multiplied by the non-dimensional profile of Fig. 8 to obtain the 
diurnal cycle of the total anthropogenic heat, which was used within the URBPARM.TBL of the WRF model. 

2.4. Urban green spaces’ irrigation 

The irrigation of urban green spaces is a common practice during summer. Besides its contribution to the maintenance of the urban 
green spaces, irrigation contributes to the increase in evaporative cooling near the surface and, hence, for greater energy efficiency of 
the surrounding buildings (Yang and Wang, 2015). Urban canopy models frequently overestimate the surface sensible heat fluxes and 
underestimate the latent heat fluxes (Huang et al., 2019; Shiguang and Fei, 2014), which could potentially result in greater vertical 

Fig. 7. Diurnal traffic profile.  

Fig. 8. Diurnal cycle of the nondimensional anthropogenic heat fraction.  

Fig. 9. Diurnal profiles of the total anthropogenic heat (black) and its components: human metabolism (blue), vehicles (red), and buildings (green). 
Units: W m− 2. 
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instability and surface temperature. The use of irrigation schemes in urban canopy models allows for a better representation of these 
processes and, consequently, a better evaluation of UHIs (Shiguang and Fei, 2014). 

The SLUCM model includes an irrigation scheme activation option for simulating the irrigation of urban green spaces for the 
months between May and September, every day, between 2100 and 2200 local time (Yang et al., 2015). The irrigation effect is 
reproduced by increasing the volumetric soil moisture content in the first top two soil layers (first 0.4 m of soil, which represent the 
vegetation root zone) to a value of 0.329 m3m− 3 (i.e., the threshold reference value below which vegetation begins to stress due to 
decreased transpiration). Hence, water uptake by vegetation roots is not limited by soil moisture availability. 

In this study the urban green spaces irrigation option was considered in URB_HIST2, URB2050_HIST, URB2100_HIST, and 
URB2100_LONG simulation experiments (see Table 1) by activating the IRI_SCHEME option in the URBPARM.TBL of the WRF model. 

2.5. Surface energy balance 

In the Noah LSM/SLUCM system, embedded in the WRF model, surface heat fluxes are estimated through the urban fraction 
parameter (F). For a specific model grid cell, heat fluxes from vegetated surfaces are computed by the Noah LSM, while the SLUCM 
computes the fluxes over artificial surfaces (Chen et al., 2011; Kusaka and Kimura, 2004). In this modelling system, the vegetated 
fraction of the LIR, HIR, and IC LULC is classified as “NATURAL” LULC, which assumes the same physical parameters of the cropland/ 
grassland mosaic class (see Table S1 of Silva et al., 2021 for details about the physical parameters of the different LULC classes). 

In this study, the representation of the surface energy balance (BAL) when considering anthropogenic heat in the Noah LSM/ 
SLUCM system is given by 

BAL = SH +LH − GRD (5)  

with 

BAL = Rn +Qf (6)  

where Rn is the net radiation, Qf is the anthropogenic heat flux, SH, LH and GRD, represent the sensible, latent, and ground surface heat 
fluxes, respectively. Particularly, within a model grid cell classified as LIR, HIR, or IC, the SH flux is computed as, 

SH = SHurb ×Furb + SHveg ×Fveg (7)  

where Fveg and Furb represent each model’s grid cell vegetated and urban fractions, respectively. The same equation can be applied to 
the LH and GRD fluxes. 

Fig. 10. a) ML orthophoto in the present (2012 LULC); b) and c) ML urban areas to consolidate by 2050 and 2100, respectively; d) representation of 
WRF land use map in the present, e) including the urban areas to consolidate by 2050, f) and including the urban areas to consolidate by 2100. The 
white areas within the ML limits of Fig. 10d), e), and f) correspond to the public water domain. 
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2.6. Future consolidation of the municipality of Lisbon urban areas 

For the inclusion of future urban changes in WRF’s LULC, the urban areas to consolidate by 2050 and 2100 were provided by the 
Lisbon City Council. The first step was to project the supplied shapefiles to the standard coordinate system of WRF (i.e., World Geodetic 
System 1984), followed by the conversion of the projected shapefiles into ascii format with pixel area equal to the CLC2012. The 
resultant ascii files, corresponding to the urban areas to consolidate by 2050 and 2010, and classified as central and residential space, 
were reclassified to HIR, while pixels previously classified as space of economic activities and as special equipment use space were both 
reclassified to IC. 

After the reclassification of the urban areas to consolidate in the ascii files, they were overlaid with the original CLC2012 ascii file. 
The pixels of the original CLC2012 ascii file coincident with the areas to consolidate were reclassified to the new categories. Hence, two 
distinct files were created: the first one includes the areas to consolidate by 2050 and the second one includes the areas to consolidate 
by 2100. The resultant ascii files were then converted into binary format to be assimilated and interpolated by WRF preprocessing 
system (WPS). Fig. 10a) shows the 2012 orthophoto of the ML; b) and c) shows the shapefiles representation of the areas to consolidate 
in ML by 2050 and 2100, respectively; d), e), and f) shows the WRF’s LULC in ML without the areas to consolidate (Present LULC), with 
the areas to consolidate by 2050, and with the areas to consolidate by 2100, respectively. Here, the “Present” LULC represents the 
CLC2012 LULC. Complementarily to Fig. 10, in Table 2, is shown the number of grid points/percentage of each urban LULC in the ML 
for the present, 2050, and 2100; and in Table 3 is shown the statistics of the transition between LULC classes in number of grid points/ 
percentage for 2050/2100/2100 relative to Present/2050/Present, respectively. It is evident that, compared with the present LULC 
map, the ML is expected to densify through the conversion of LIR (with 50% urban fraction) areas into HIR (with 90% urban fraction); 
there is a decrease of about 10.3% (5.9%) in LIR class, an increase of 45.2% (30.8%) in HIR class, and a decrease in IC of 4.3% (4.8%) 
grid points by 2100 (by 2050). 

3. Results 

3.1. Impact of anthropogenic heat, urban green spaces’ irrigation, and urban areas to consolidate on the UHI 

In this section, the impacts that the anthropogenic heat, irrigation of urban green spaces, and the inclusion of urban areas to 
consolidate by 2050 and 2100 have on the modeled UHI are addressed for the ML. These impacts are considered, separately or 
together, using the different HIST heatwave simulations results. 

Fig. 11 shows the heatwave averaged mean diurnal cycle of the two-meter temperature (T2m) over ML’s urban grid points from the 
HIST heatwave simulations. As expected, the lowest T2m values are produced by the NURB_HIST simulation for the entirety of the 
diurnal cycle, as urban LULC classes were replaced by cropland/woodland mosaic. In contrast, the URB2100_HIST produces the highest 
T2m, especially during nighttime, as it includes all of the effects considered in this study. 

As previously mentioned, the evaluation of the UHI during the HIST heatwave is done with respect to the reference simulation of 
the same period (i.e., NURB_HIST simulation). Therefore, Fig. 12 shows the diurnal cycle of the heatwave averaged UHIs defined in 
Section 2.1.2. Complementarily, a summary of the mean statistics decomposition of these UHIs into the different urban LULC cate
gories is presented in Table 4. For this particular heatwave the near-surface UHI is positive in all simulations, with average daytime 
values ranging from 0.48 ◦C in UHI3_HIST and 0.6 ◦C in UHI4_HIST, while nighttime values range from 1.27 ◦C in UHI2_HIST and 
1.75 ◦C in UHI4_HIST. Among the different factors that differentiate the HIST heatwave simulations, the consolidation of the future 
urban areas is the one that has the most impact in the increase of the UHII, particularly when the areas to consolidate by 2100 are 
considered. The UHI4_HIST reaches a nighttime maximum intensity of 2.34 ◦C during the heatwave period over the ML (not shown), 
and the nighttime UHII decreases when comparing UHI1_HIST and UHI2_HIST. This reduction may be related with the inclusion of 
irrigation in the urban green spaces, which introduces moisture in the first layers of soil and reduces its temperature. As can be seen, 
the effect introduced by the urban green spaces’ irrigation offsets the warming effect of the anthropogenic heat release during the 
nighttime period in all urban LULC classes. Another aspect to be highlighted is the lower daytime intensity of the UHI3_HIST compared 
with UHI2_HIST, which is verified in all urban classes. This indicates that the changes introduced in the model’s LULC map due to the 
areas to consolidate by 2050 did not contribute for the increase in the daytime temperature. However, this is mostly owed to a 
reduction of about 4.3% and 5.9% in the IC and LIR areas, respectively, together with the increase in the HIR areas by 30.8% that leads 

Table 2 
Number of grid points / % of each LULC class within the ML area for the Present (2012), 2050, and 2100 LULC, over the domain D-5 
grid. The acronyms represent: LULC – land use land cover; DEP – dryland cropland and pasture; ICP – irrigated cropland and 
pasture; CWP – cropland/woodland mosaic; LIR – low intensity residential; HIR – high Intensity Residential; IC – industrial or 
commercial.  

LULC class Present (2012) 2050 2100 

DCP 9 / 1.1% 8 / 1.0% 8 / 1.0% 
ICP 114 / 14.0% 114 / 14.0% 114 / 14.0% 
CWM 11 / 1.4% 12 / 1.5% 13 / 1.6% 
LIR 390 / 47.9% 367 / 45.1% 350 / 43.0% 
HIR 104 / 12.8% 136 / 16.7% 151 / 18.6% 
IC 186 / 22.9% 177 / 21.7% 178 / 21.9%  
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Table 3 
Transition between LULC classes within the ML area for 2050 / 2100 / 2100 relative to Present / 2050 / Present, respectively, over the domain D-5 
grid. The acronyms represent: LULC – land use land cover; DEP – dryland cropland and pasture; ICP – irrigated cropland and pasture; CWP – cropland/ 
woodland mosaic; LIR – low intensity residential; HIR – high Intensity Residential; IC – industrial or commercial.  

Present (2012) LULC 2050 LULC (grid points / %) 

DCP ICP CWM LIR HIR IC 

DCP -1 / -11.1% – – – 1 / 1.0% – 
ICP – -2 / -1.8% – 1 / 0.3% 1 / 1.0% – 
CWM – – – – – – 
LIR – 2 / 1.8% 1 / 9.1% − 24 / -6.2% 21 / 20.1% – 
HIR – – – – – – 
IC – – – – 9 / 8.7% − 9 / -4.8% 
Total − 1 / -11.1% 0 / 0.0% 1 / 9.1% − 23 / -5.9% 32 / 30.8% − 9 / -4.8% 
2050 LULC 2100 LULC (grid points / %) 

DCP ICP CWM LIR HIR IC 
DCP – – – – – – 
ICP – − 2 / -1.8% – – 1 / 0.7% 1 / 0.6% 
CWM – – – – – – 
LIR – 2 / 1.8% 1 / 8.3% − 17 / -4.6% 12 / 8.8% 2 / 1.1% 
HIR – – – – − 1 / -0.7% 1 / 0.6% 
IC – – – – 3 / 2.2% − 3 / -1.7% 
Total – 0 / 0.0% 1 / 8.3% − 17 / -4.6% 15 / 11.0% 1 / 0.6% 
Present (2012) LULC 2100 LULC (grid points / %) 

DCP ICP CWM LIR HIR IC 
DCP − 1 / -11.1% – – – 1 / 1.0% – 
ICP – − 4 / -3.5% – – 3 / 2.9% 1 / 0.5% 
CWM – – – – – – 
LIR – 4 / 3.5% 2 / 18.2% − 40 / -10.3% 31 / 29.8% 3 / 1.6% 
HIR – – – – – – 
IC – – – – 12 / 11.5% − 12 / -6.5% 
Total − 1 / -11.1% 0 / 0.0% 2 / 18.2% − 40 / -10.3% 47 / 45.2% − 8 / -4.3%  

Fig. 11. Heatwave averaged mean diurnal cycle of the T2m over ML’s urban grid points for the different simulation experiments of the 
HIST heatwave. 

Fig. 12. Heatwave averaged mean diurnal cycle of the near-surface UHIs defined in Section 2.1.2 for the HIST heatwave.  
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to higher shadowing effect. During nighttime there is a significant increase in the UHI3_HIST compared with UHI2_HIST, with the 
exception of the LIR class. The HIR and IC urban classes contribute the most for the total UHI during nighttime, with intensities 
reaching >2.5 ◦C in both classes, while the LIR class has an intensity more than five times smaller. During daytime the differences 
between the UHIs are smaller, with HIR areas having the highest intensities ranging between 0.6 ◦C and 0.72 ◦C. Minimum UHII is 
reached at 08 UTC in all urban classes. Interestingly, while near-surface UHII values remain almost constant during daytime, they 
increase at the surface, with this increase being inversely proportional to the increase in urban green fraction of each urban class (not 
shown). 

Fig. 13 shows the heatwave averaged UHI1_HIST, UHI2_HIST, UHI3_HIST, and UHI4_HIST daytime and nighttime fields, with the 
corresponding heatwave averaged 10-m wind speed and direction. Consistent with the previous results, the UHII is much higher during 
nighttime than daytime, with UHI4_HIST showing the highest values. The differences between the UHIs are less visible during daytime, 
with all the UHIs showing approximately the same intensity. The nighttime UHI fields show greater contrast between the different 
urban classes, with the average UHII in the ML reaching 4.5 ◦C and an absolute maximum of 10 ◦C during the heatwave period in some 
locations of HIR and IC areas (not shown). Regarding the modeled wind speed and direction, the fields of Fig. 13 show an average 
daytime wind speed of approximately 2 m s− 1, predominantly from southeast direction, which contributes to the decrease of the UHII 
through advective cooling and turbulent heat fluxes. During nighttime, the wind speed decreases and the UHII increases, with the wind 
being mostly from the northeast direction. 

Fig. 14 shows the differences between the UHI fields of Fig. 13, allowing for the assessment of the relative impact of the different 
changes introduced in the ML’s UHI due to anthropogenic heat, urban green spaces’ irrigation, and urban areas to consolidate by 2050 
and 2100. The columns of the figure represent, respectively, the changes in daytime and nighttime T2m due to the combination of 
anthropogenic heat and urban green spaces’ irrigation (UHI2_HIST – UHI_HIST), urban areas to consolidate by 2050 (UHI3_HIST – 
UHI2_HIST), and urban areas to consolidate by 2100 (UHI4_HIST – UHI2_HIST). The change in ML’s average T2m during the diurnal 

Table 4 
Daytime and nighttime mean statistics of the decomposition of the different UHIs from the HIST heatwave into the LIR, HIR, IC, and ALL urban LULC 
classes. Units: ◦C.   

Daytime mean Nighttime mean 

UHI name ALL LIR HIR IC ALL LIR HIR IC 

UHI1_HIST 0.54 0.54 0.68 0.49 1.41 0.47 2.64 2.53 
UHI2_HIST 0.58 0.58 0.72 0.54 1.27 0.35 2.47 2.38 
UHI3_HIST 0.48 0.46 0.60 0.47 1.35 0.27 2.49 2.48 
UHI4_HIST 0.60 0.58 0.71 0.56 1.75 0.49 3.00 2.89  

Fig. 13. Heatwave averaged daytime and nighttime UHI1_HIST, UHI2_HIST, UHI3_HIST, and UHI4_HIST fields. Vectors indicate heatwave averaged 
daytime and nighttime 10-m wind speed and direction (m s− 1). 
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(ΔTD) and nighttime (ΔTN) periods is indicated below each column of the figure as absolute and percentage values. The combined 
effect of anthropogenic heat and irrigation of urban green spaces leads to a reduction of 0.14 ◦C (− 9.9%) in the nighttime UHII and to 
the increase of the daytime values by 0.04 ◦C (7.4%). The introduction of the urban areas to consolidate by 2050 leads to a decrease of 
0.1 ◦C (− 17.2%) in the daytime UHII and to an increase of 0.08 ◦C (6.3%) in the nighttime UHII. The decrease by 17.2% in the daytime 
UHI may be owed to the increase by 30.8% in HIR areas, and consequent increase in the shadowing effect and near-surface turbulent 
fluxes. Lastly, the urban areas to consolidate by 2100 led to an increase of 0.02 ◦C (3.4%) in the daytime UHII and 0.48 ◦C (37.8%) 
during nighttime compared with the values for the UHI2_HIST. Hence, the inclusion of the urban areas to consolidate by 2100 in model 
LULC contributes the most to the increase in the UHII during nighttime. Despite this, it should be noted that the introduction of the 
areas to consolidate by 2050 (i.e., UHI3_HIST – UHI2_HIST) and 2100 (i.e., UHI4_HIST – UHI2_HIST) may have a small impact in the 
contribution of anthropogenic heat and irrigation effects to the UHII, owed to the fact that the urban fraction marginally changes in the 
ML through the inclusion of the new urban LULC areas. 

As changes in the physical and dynamical properties of the underlying urban LULC modulate the surface and near-surface UHII and 
distribution, Table 5 displays the daytime and nighttime mean statistics of the surface fluxes of SH, LH, GRD, and their balance (BAL) 
averaged over ML’s urban grid points, for all the simulation experiments of the HIST heatwave. Daytime upward SH and absolute 
downward GRD fluxes increase from NURB_HIST to URB2100_HIST, with the exception of URB2050_HIST where these fluxes suffer a 
slight reduction when compared with URB_HIST2 simulation. This is reflected through a reduction in daytime UHI of 0.1 ◦C shown in 
Table 4, and it is mainly caused by the decrease in LIR and IC urban classes areal coverage (see Table 2 and Table 3). In contrast, the 
daytime LH fluxes decrease, except for URB_HIST2 relative to URB_HIST1 simulation. The slight increase in URB_HIST2 LH fluxes is 
possibly owed to the inclusion of urban green spaces’ irrigation that contributes for a slight increase in these fluxes during early 

Fig. 14. Heatwave averaged daytime and nighttime differences between UHI2_HIST and UHI1_HIST (first column), UHI3_HIST and UHI2_HIST 
(second column), and UHI4_HIST and UHI2_HIST (third column). The ML average temperature difference for diurnal (ΔTD) and nighttime (ΔTN) 
periods is indicated below each column as absolute and percentual values. 

Table 5 
Summary of the daytime and nighttime mean statistics of the surface fluxes of sensible heat (SH), latent heat (LH), ground heat (GRD), and the surface 
energy balance (BAL), averaged over urban grid points. Units: W m− 2.   

Daytime mean Nighttime mean 

Simulation experiment SH LH GRD BAL SH LH GRD BAL 

NURB_HIST 84.5 251.3 − 91.5 427.3 − 16.7 19.5 46.0 − 43.2 
URB_HIST1 138.1 131.9 − 118.4 388.4 5.1 5.1 77.2 − 67.0 
URB_HIST2 143.6 132.3 − 121.1 397.0 6.7 4.9 79.0 − 67.4 
URB2050_HIST 143.3 123.7 − 120.3 387.3 7.3 4.8 78.7 − 66.6 
URB2100_HIST 147.9 120.6 − 122.6 391.1 6.7 4.5 79.6 − 68.4  
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morning in HIR classes, as we will see in Fig. 16. As expected, nighttime upward SH and LH fluxes are much lower in magnitude than 
the daytime ones, with upward GRD fluxes representing the larger fraction of the total nighttime energy fluxes. Upward GRD fluxes are 
positive during nighttime and increase as changes are introduced in the different simulations, excluding the URB2050_HIST simula
tion, that shows a decrease in the upward GRD flux in comparison with URB_HIST2 simulation. Again, this is mostly owed to the 
reduction in LIR and IC urban classes’ areal coverage, and a consequence of the decrease in the daytime downward GRD fluxes of 
URB2050_HIST relative to URB_HIST2. 

To help with the interpretation of the previous results, Fig. 15 shows the heatwave averaged diurnal cycle of the differences be
tween the surface heat fluxes of URB_HIST2 relative to URB_HIST1, URB2050_HIST relative to URB_HIST2, and URB2100_HIST relative 
to URB_HIST2 simulations. As in Table 5, the fluxes represent averages over ML’s urban grid points. All SH fluxes differences have 
positive sign during most of the daytime and nighttime, with the exception of the difference between URB2050_HIST and URB_HIST2 
in the early morning, when differences have negative sign. Nevertheless, the inclusion of the urban areas to consolidate in ML by 2050 
led to an increase in the upward SH fluxes during the nighttime. Regarding the LH fluxes, there is a slight daytime increase of 0.4 W 
m− 2 due to the effect of urban green spaces’ irrigation. However, significant reductions in the daytime LH release are obtained by 
including the urban areas to consolidate by 2050 (− 8.6 W m− 2) and 2100 (− 11.7 W m− 2) in the LULC, compared with URB_HIST2 
simulation. This is mostly owed to the increase in HIR and to the reduction of LIR areal coverage within the ML, that results in the loss 
of urban green spaces. Changes in downward GRD fluxes are less obvious, but there is an overall daytime increase in URB_HIST and 
URB2100_HIST simulations. Similar results are found for the nighttime upward GRD fluxes. Lastly, nighttime upward BAL fluxes 
slightly increase by accounting for anthropogenic heat and urban green spaces’ irrigation when compared to the simulation without 
anthropogenic heating and irrigation, slightly decrease when considering the urban areas to consolidate by 2050, and increase with the 
introduction of the urban areas to consolidate by 2100. 

The effects of the changes introduced in the different simulation experiments become clearer when looking at the decomposition of 
the total fluxes into the different urban LULC classes (i.e., LIR, HIR, and IC), as shown in Fig. 16. It is noteworthy that the different 
profiles in Fig. 16 are weighted by the number of grid points of each urban class, relative to the total number of urban grid points in 
each simulation. 

Changes in surface fluxes due to anthropogenic heat and irrigation are small (blue dashed lines) in all urban classes, except during 
early morning. Larger changes are found in the SH and GRD fluxes of HIR class, mainly due to the introduction of the areas to 
consolidate by 2050 and 2100 (red and black solid lines, respectively). For the HIR class, there is an increase in SH fluxes (up to 20 W 
m− 2) and an increase by the same amount in the downward GRD fluxes during daytime. LH fluxes also suffer a small increase in HIR 
areas, but this is at the expense of the loss in LIR areal coverage due to the changes introduced by the urban areas to consolidate by 
2050 and 2100. During nighttime, there is an increase in the upward GRD flux (up to 10 W m− 2) due to the increase in the areal 
coverage of HIR areas that contributes to the increase in nighttime UHII. As a consequence of the reduction in LIR areal coverage, there 
is a decrease in SH and LH fluxes in LIR class during daytime. Changes due to the IC class are much smaller, as these classes have 
smaller changes relatively to the contemporary land use. The surface fluxes in LIR class contrast with the ones from HIR but are most 
evident in the LH and SH fluxes due to the reduction in the representation of urban green spaces in the ML. 

3.2. UHI during long-term future heatwave and comparison with other heatwaves 

Fig. 17 shows the heatwave averaged diurnal cycle of the T2m averaged over urban grid points’ locations for the URB2100_LONG 
and NURB_LONG simulations described in Table 1. As said before, the LONG heatwave refers to the heatwave with the highest average 
maximum temperature of the long-term future climatic simulations. For the ML’s area, and by considering the presence of urban LULC 
classes, the average maximum temperature during the heatwaves reaches 37.89 ◦C and 37.74 ◦C at 16 UTC in the URB2100_LONG and 
NURB_LONG simulations, respectively, with small differences between the modeled daytime T2m between both simulations. During 
nighttime, URB2100_LONG minimum T2m is 28.15 ◦C, while in NURB_LONG is 26.87 ◦C, both at 06 UTC. 

The UHI_LONG diurnal profile is shown in Fig. 18, together with the diurnal profiles of the UHI4_HIST and the August 2003 
heatwave event UHI (i.e., UHI_2003) studied by Silva et al. (2021), all over the ML. Notice that the comparison between the UHI_2003 
with the UHI_LONG and UHI4_HIST is limited by the fact that UHI_2003 does not consider the effects of anthropogenic heat, urban 
green spaces’ irrigation, or urban LULC future consolidation. Although these effects could lead to a significant increase in the UHI_2003 
intensity, as can be seen by comparing the UHI1_HIST and UHI4_HIST diurnal profiles in Fig. 12, they do not affect the comparative 
analysis between the UHIs of Fig. 18, especially during daytime. Complementarily to Fig. 18, a summary of the daytime and nighttime 
mean statistics of these UHIs is shown in Table 6. The UHI_LONG nighttime intensity is 1.07 ◦C but can reach on average 2.3 ◦C in HIR 
and IC areas, while daytime values reach a maximum 0.37 ◦C in HIR areas. Despite the higher heatwave intensity (39.22 ◦C) and 
associated heatwave duration (10 days), the UHI_LONG has weaker daytime and nighttime intensity than the UHI4_HIST. In fact, as the 
UHI_2003, an urban cold island of − 0.28 ◦C is obtained in LIR areas in UHI_LONG during nighttime. As can be seen, the UHI_2003 is the 
only one with negative signal during the daytime in all urban classes (see Table 6), even though its mean maximum temperature is the 
second highest from the three heatwaves shown in Fig. 18 (38.86 ◦C). From all the UHIs, the UHI4_HIST, associated with the heatwave 
with the weakest intensity (36.9 ◦C), is the one with highest daytime and nighttime intensity. Therefore a direct connection between 
heatwave intensity and UHII cannot be established without considering other influencing factors such as wind intensity and direction, 
since urban canopy effects are the same between the UHIs, excluding the UHI_2003. 

The heatwave averaged nighttime and daytime UHI fields of the UHI_LONG, UHI4_HIST and UHI_2003 are shown in Fig. 19, 
together with the associated 10-m wind speed and direction vectors. Clearly, the UHII is controlled by the wind speed and direction, 
with UHIs under predominant northern wind conditions having much weaker and sometimes negative signal, while UHIs under 
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predominant southeasterly/southwesterly wind have stronger positive signal during nighttime and daytime periods. Additionally, LIR 
areas (with lower building heights and smaller urban fraction) with south-north orientation act as urban corridors, favoring urban 
canopy ventilation under northern wind conditions, as it is apparent in the UHI_LONG during nighttime, and UHI_2003 during daytime 
and nighttime periods. 

4. Conclusions 

In this study, the impacts that anthropogenic heat, urban green spaces’ irrigation, and consolidation of urban LULC areas (up to 
2050 and 2100) have on the ML’s UHI were investigated using a coupled WRF-SLUCM modelling framework. These effects were 
assessed for a typical heatwave of the HIST period (1986–2005) and for the heatwave with highest average maximum temperature of 
the LONG period (2081–2100), both identified in climatic simulations forced by the GCM MPI-ESM (LR) output regarding the his
torical and RCP8.5 future climate scenario simulations. Therefore, synergies between UHII and heatwave intensity were also explored. 

The results reveal that the anthropogenic heat influence on the ML’s UHI is quite small, as these heat fluxes represent a slight 
change in the total urban SH fluxes compared with the amount of SH release due to urbanization. The combined effect of urban green 
spaces’ irrigation and anthropogenic heat leads to an increase in the daytime UHI of 0.04 ◦C and a reduction in nighttime UHI of 
0.14 ◦C, mostly due to the increase of soil moisture and consequent decrease in soil temperature. 

Nighttime UHII in HIR and IC classes can be more than five times stronger than in LIR class, while daytime UHI is mostly uniform 
regarding its distribution and intensity across all urban classes. The most evident changes in the UHII were found during nighttime in 
HIR and LIR, due to the consolidation of urban areas by 2050 and especially by 2100, although an increase in the daytime UHII was 
also found by including the urban areas to consolidate by 2100. The decomposition of the surface heat fluxes into the different urban 
LULC classes shows a significant increase in daytime SH fluxes and downward GRD fluxes in HIR areas, owing to the increase in areal 
coverage of this LULC class by 2050 and 2100. During nighttime, the consolidation of the urban areas up to 2100 led to an increase of 
37.8% in the UHII, mostly associated with the increase in nighttime upward GRD fluxes. By including the urban areas to consolidate by 
2100, the UHII can reach >10 ◦C over large urban areas. Given that the methodology for the identification of the UHI used here (i.e., 
local method) only accounts for urban canopy effects and, as demonstrated by a previous study (Silva et al., 2021), the ML’s geographic 
effects play an important role in its UHII and distribution, the UHII could be even greater if local geographic effects were considered. 

Fig. 15. Heatwave averaged diurnal cycle of the differences between URB_HIST2 and URB_HIST1, URB2050_HIST and URB_HIST2, and 
URB2100_HIST and URB_HIST2 surface fluxes of sensible heat (SH), latent heat (LH), ground (GRD), and the surface energy balance (BAL). Curves 
represent averaged values over urban grid points. 
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Fig. 16. Heatwave averaged diurnal cycle of the differences between URB_HIST2 and URB_HIST1, URB2050_HIST and URB_HIST2, and 
URB2100_HIST and URB_HIST2 surface fluxes of sensible heat (SH), latent heat (LH), ground (GRD), and the surface energy balance (BAL), for the 
different urban land use classes. The fluxes are weighted by the number of grid points of each urban class, relative to the total number of urban grid 
points in each simulation. 

Fig. 17. Heatwave averaged diurnal cycle of the T2m over ML’s urban grid points for the URB2100_LONG and NURB_LONG simulation 
experiments. 
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Lastly, the analysis of the UHII during the most intense heatwave of the long-term climatic period, and the comparison with other 
heatwaves with lower intensity, revealed that UHII is mainly modulated by the predominant local/regional wind conditions, such as 
wind intensity and direction, rather than heatwave intensity. In fact, the highest daytime and nighttime UHII was obtained for the 
heatwave with the lowest intensity considered in this study. Hence, UHI adaptation and mitigation measures should consider changes 
in local/regional wind conditions under future climate scenarios. 

Fig. 18. Heatwave averaged diurnal cycle of the UHI_LONG, UHI4_HIST, and UHI_2003 over ML’s area.  

Table 6 
Daytime and nighttime mean statistics of the decomposition of the UHI_LONG, UHI4_HIST, and UHI_2003 into the LIR, HIR, IC, and ALL urban LULC 
classes. Units: ◦C.   

Daytime mean Nighttime mean 

UHI name ALL LIR HIR IC ALL LIR HIR IC 

UHI_LONG 0.27 0.21 0.37 0.30 1.07 − 0.28 2.33 2.32 
UHI4_HIST 0.60 0.58 0.71 0.56 1.75 0.49 3.00 2.89 
UHI_2003* − 0.69 − 0.80 − 0.63 − 0.64 0.62 − 0.09 1.47 1.43  

* UHI values for the August 2003 heatwave event does not consider the effects of anthropogenic heat, urban green spaces irrigation, or urban LULC 
future consolidation. 

Fig. 19. Heatwave averaged daytime and nighttime UHI_LONG, UHI4_HIST, and UHI_2003 fields. Vectors indicate heatwave averaged daytime and 
nighttime 10-m wind speed and direction (m s− 1). 
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