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Abstract

The urban heat island (UHI) is a well-known consequence of urbanization on local climate. This study investigates the
UHI in the Metropolitan Area of Sdo Paulo (MASP), focusing on urban morphology and meteorological conditions.
We utilized the Weather Research and Forecasting (WRF) model, incorporating the Local Climate Zones (LCZ) classi-
fication, to analyze simulations for September from 2014 to 2023. Results reveal a distinct southeast-to-northwest tem-
perature gradient, where locations in the same LCZ class showed different temperatures based on their position.
Proximity to the coast on the southeastern side provided cooling effects from the sea and valley-mountain breezes. UHI
intensity was greater at night under clear skies and calm winds, peaking around 18:00 LT. The choice of rural reference
point had a significant impact on the measured UHI magnitude. Furthermore, densely built-up areas (LCZ 1-3) retained
more heat overnight compared to more open zones (LCZ 6, 9). These findings underscore the importance of compre-
hensive UHI assessments, which must consider urban morphology, meteorological conditions, regional circulation pat-
terns, and the careful selection of rural reference points.
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Simulacdo numérica com Zonas Climaticas Locais da Ilha de Calor Urbana

na Regido Metropolitana de Sao Paulo

Resumo

A ilha de calor urbana (ICU) € uma das consequéncias mais conhecidas da urbanizagdo no clima local. Este estudo
investiga a ICU na Regido Metropolitana de Sdo Paulo (RMSP), com foco na morfologia urbana e nas condi¢des
meteoroldgicas. Para tanto, utilizou-se o modelo Weather Research and Forecasting (WRF) com a metodologia de
Zonas Climéticas Locais (ZCL) para executar simula¢des nos meses de setembro de 2014 a 2023. Os resultados apon-
tam para um gradiente de temperatura de sudeste para noroeste na RMSP, de modo que locais na mesma categoria de
ZCL apresentaram temperaturas diferentes segundo a localizagdo. A proximidade com a costa gerou efeitos de resfria-
mento pelas brisas maritima e de vale-montanha. A intensidade da ICU foi maior & noite sob condi¢des de céu claro e
ventos calmos, com pico predominantemente as 18:00 HL. A escolha do ponto de referéncia rural impactou sig-
nificativamente a magnitude e o comportamento da ICU. Além disso, dreas densamente construidas (ZCL 1-3) reti-
veram mais calor durante a noite em compara¢io com zonas mais abertas (ZCL 6, 9). Estes resultados destacam que
investigagdes de ICU devem considerar a morfologia urbana, as condi¢des meteorolégicas, os padrdes de circulagido
regional e a sele¢do dos pontos de referéncia rurais.
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1. Introduction

Urban land cover transformation is a global phe-
nomenon that has intensified in recent decades. Estimates
suggest that by the year 2050, approximately 68% of the
world's population will be concentrated in urban areas
(UN-Habitat, 2022). Rapid and unplanned urbanization
causes various environmental impacts and increases risks
to urban populations. Climate change further exacerbates
these risks by intensifying extreme weather events and
natural disasters (IPCC, 2021). The lack of mitigation and
adaptation strategies also exacerbates human vulnerability
(Dodman et al., 2022).

One of the most recognized consequences of urbani-
zation is the urban heat island (UHI) (Souch and Grim-
mond, 2006), characterized by higher air temperatures in
urban areas compared to surrounding rural regions (Oke,
1987). This phenomenon stems primarily from differences
in land cover that alter the energy and radiation balance.
Key contributing factors include greater absorption of
solar radiation, heat retention within urban canyons,
delayed heat release from buildings, and anthropogenic
heat emissions (Oke, 1982).

In this regard, urban form and function have a signi-
ficant influence on the local climate. Characteristics such
as building density and height, street width, construction
materials, vegetation cover, and the emission of heat and
gases shape urban weather and climate patterns. Under-
standing these interactions is essential for redesigning
cities and planning sustainable urban development (De-
muzere et al., 2022a).

To classify urban spaces, the Local Climate Zones
(LCZ) framework, developed by Stewart and Oke (2012),
groups areas based on surface cover characteristics at the
horizontal scale. This classification incorporates para-
meters like sky view factor, building height, built-up per-
centage, surface permeability, terrain roughness, and
albedo.

Beyond morphology, UHI development is also
affected by synoptic meteorological conditions. The most
favorable scenarios for the development of the UHI typi-
cally occur during clear skies and calm winds (Oke et al.,
2017; WMO, 2023). Thus, UHI is influenced not only by
local features but also by broader-scale atmospheric phe-
nomena, background climate, topography, water bodies,
and human activities.

In Brazil, particularly in Sdo Paulo and the Metro-
politan Area of Sdo Paulo (MASP), previous studies have
documented a wide variability in the temporal and spatial
characteristics of the UHI, highlighting the complexity of
the phenomenon in coastal and highly heterogeneous
urban environments. One recurring point of divergence in
the literature concerns the timing of maximum UHI inten-
sity (UHII). While some observational and modeling stu-
dies reported predominantly daytime peaks, typically

occurring between mid and late afternoon (Ferreira et al.,
2012; Ferreira et al., 2013; Lima and Rueda, 2018;
Ribeiro et al., 2018), others identified stronger nighttime
UHI, often attributed to anthropogenic heat release, urban
heat storage, and reduced nocturnal cooling (Freitas et al.,
2007; Umezaki, 2020). These contrasting findings suggest
a strong sensitivity of UHI temporal behavior to local
meteorological conditions, model configuration, and
methodological choices.

Another important factor highlighted in previous
studies is the influence of mesoscale circulations, particu-
larly the sea breeze, on UHI development in the MASP.
Lima and Rueda (2018) and Ribeiro et al. (2018) demons-
trated that sea breeze penetration can modulate both the
magnitude and timing of UHI, depending on its inland
propagation and interaction with urban morphology. In
addition, several studies emphasized that UHI intensity is
highly sensitive to the choice of rural reference point, with
different rural locations leading to substantially different
estimates of UHI magnitude and diurnal cycle (Ribeiro et
al., 2018; Umezaki, 2020). At the intra-urban scale, recent
research adopting the LCZ framework has shown that
urban thermal responses vary significantly according to
urban form, building density, sky view factor, and vegeta-
tion cover, with more compact zones generally exhibiting
stronger UHI (Cardoso and Amorim, 2018; Anjos et al.,
2020; Hoppe et al., 2022; Ferreira, 2019; Almeida and Ri-
beiro, 2024).

Taken together, these studies indicate that UHI
characteristics in the MASP depend on a combination of
atmospheric conditions, rural reference selection, and
urban surface representation. However, a comprehensive
assessment that integrates these factors using long-term
simulations, consistent model validation, and a detailed
LCZ-based urban description remains limited. This moti-
vates the present study, which seeks to systematically
investigate how urban morphology and meteorological
conditions contribute to the spatio-temporal patterns of
UHI intensity in the MASP, using the Weather Research
and Forecasting (WRF) numerical model.

2. Methodology

2.1. Study area and Local Climate Zones

MASP comprises a conurbation of 39 municipali-
ties, including the city of Sdo Paulo (Fig. 1a). Located on
the Atlantic Plateau, the area lies at an average altitude of
700 meters. It is approximately 50 km from the Atlantic
Ocean. The region's climate is characteristic of Brazilian
subtropical zones, with two well-defined seasons: a rainy
summer from December to March and a dry winter from
June to August (Oliveira et al., 2002).

Due to its proximity to the coast, the MASP is fre-
quently influenced by the penetration of sea breezes,
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Figure 1 - Maps of the MASP from a) satellite and b) extracted from Ferreira (2019).

which reach the Atlantic Plateau more than 50% of the
day throughout the year (Oliveira et al., 2003). Under
these conditions, winds predominantly blow from the
southeast, transporting cooler and more humid air toward
the region. On average, the sea breeze reaches the south-
ern part of the MASP between 12:00 LT and 14:00 LT
and penetrates its interior between 16:00 LT and 21:00 LT
(Oliveira et al., 2003; Lima and Rueda, 2018), as the pro-
pagation speed tends to be higher over rural areas com-
pared to urbanized zones (Ribeiro et al., 2018).

Mesoscale circulation in the MASP is also influ-
enced by both valley-mountain flows, driven by tempera-
ture gradients along slopes, and UHI-induced circulation,
marked by surface convergence over the city, upward
motion, and subsidence in surrounding areas (Hidalgo et
al., 2010). These three patterns may interact, increasing
flow complexity.

Local Climate Zone data for the MASP were
obtained from the classification map developed by Fer-
reira (2019), which is representative of 2017 and has a
spatial resolution of 100 meters (Fig. 1b). However, since
the modeling domain encompasses a broader area than the
MASEP itself, the global LCZ map by Demuzere et al.
(2022a) was employed to cover the rest of the domain.
This global dataset also has 100-meter spatial resolution
and is representative of 2018.

2.2. The WRF model

The WRF model is an open-source numerical atmo-
spheric model that simulates atmospheric dynamics, ther-

modynamics, and physical processes, including radiation,
precipitation, and convection. It can also incorporate
interactions with the ocean, land surface, vegetation, and
urban areas (Powers et al., 2017; Skamarock et al., 2021).
This study used the Advanced Research WRF (ARW)
core, which solves the non-hydrostatic Euler equations for
a compressible atmosphere.

2.2.1. Configuration

The study covers the month of September from each
year between 2014 and 2023, with each year September
simulated as an independent model run. This period is
typically associated with higher UHI intensity (Ferreira et
al., 2012), especially during dry periods in tropical cities
(Roth, 2000). Two global datasets were used as initial and
boundary conditions to conduct independent experiments:
GFS/FNL (6-hourly) and ERAS (hourly), both with
0.25° x 0.25° resolution.

Two different databases were adopted to describe
the land surface: (1) MODIS land cover (~1 km), with a
single urban class; and (2) LCZ data for urban areas, dis-
tinguishing ten urban types while retaining MODIS for
vegetated regions. LCZ was integrated into WRF via the
WUDAPT-to-WRF (W2W) Python tool (Demuzere et al.,
2022b), which replaces the default urban land cover and
updates morphological, radiative, and thermal properties.
Each database was coupled with a different urban canopy
scheme in the simulations.

In September 2023, four experiments (GFS MODIS,
GFS LCZ, ERA5 MODIS, ERAS5 LCZ) assessed the sen-
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sitivity to input datasets. The best-performing setups were
used for simulations from 2014 to 2022. WRF v4.3.3 was
run from August 27 to September 30 in each year with a
5-day spin-up, using three nested domains (9 km, 3 km, 1
km) and eight physical parameterizations (Fig. 2,
Table 1).

Particular attention was given to the urban surface
parameterization, as the representation of urban morpho-
logy in the model is closely linked to the level of detail
provided by the surface input data (Freitas, 2023). In this
study, different urban schemes were employed in accor-
dance with the characteristics of the surface datasets used.

The BEP + BEM multilayer scheme was adopted in
the LCZ-based simulations because its three-dimensional
representation of buildings and inclusion of indoor energy

do1

use provide a more detailed description of heat storage,
anthropogenic heat release, and building-atmosphere
exchanges (Martilli et al., 2002; Salamanca and Martilli,
2009). This approach is commonly used in LCZ-based
studies, where the greater morphological complexity of
urban classes warrants a more physically detailed para-
metrization (Mancheno et al., 2024; Franco et al., 2019;
Ribeiro et al., 2021).

In contrast, simulations based on MODIS land-use
data employed the SLUCM, a simpler and computation-
ally efficient 2D canyon scheme that is well suited to
coarser urban classifications and has been extensively
used in mesoscale urban climate studies (Chen et al.,
2011). In this configuration, the mean building height is
defined in the URBPARM.TBL file, with fixed values
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Figure 2 - Study region and the three nested grids used in the simulations.
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Table 1 - Physical parameterizations used in simulations with the WRF model.

Physics options MODIS

LCZ Reference

Microphysics

Morrison 2-moment

Morrison et al., 2009

Longwave radiation

Rapid Radiative Transfer Model for General circulation models (RRTMG)

Tacono et al., 2008

Shortwave radiation

Rapid Radiative Transfer Model for General circulation models (RRTMG)

Tacono et al., 2008

Planetary boundary layer

Yonsei University Scheme (YSU)

Hong et al., 2006

Surface layer

Revised MM5 Monin-Obukhov

Jiménez et al., 2012

Land surface

Unified Noah

Tewari et al., 2004

Urban canopy model

Single layer Urban Canopy Model (SLUCM)

Chen et al., 2011; Martilli et al., 2002;
Salamanca and Martinelli, 2009;
Demuzere et al., 2022b

Building Environment
Parameterization
(BEP) + Building

Energy Model (BEM)
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assigned to MODIS urban class. As a result, building
height does not vary spatially within a given category,
representing a simplified characterization of urban mor-
phology. Despite this simplification, both schemes
(SLUCM and BEP+BEM) have demonstrated success in
simulating mesoscale phenomena in urban environments
(Franco et al., 2019; Ribeiro et al., 2021).

Adopting different urban parameterizations intro-
duces additional degrees of freedom, which admittedly
complicates the task of isolating the effects of surface
classification from the urban canopy scheme. Never-
theless, this approach seeks a balance between physical
realism and the level of detail provided by the input data,
aligning with standard practices in the literature. As such,
the results should be interpreted as the integrated impact
of both surface representation and urban parameterization.

2.2.2. Model validation

To evaluate the four experiments in September
2023, a Taylor diagram (Taylor, 2001) was used for 2-
meter air temperature (T2), 2-meter relative humidity
(RH2), and 10-meter wind speed (WS), combining the
correlation coefficient, the centered root-mean-square dif-
ference (RMSD), and the standard deviation (SD).

For the remaining years, model performance was
assessed using the mean absolute error (MAE), the root-
mean-square difference (RMSE), and the Dpjcje index
(Hallak and Pereira Filho, 2011; Pielke, 2002; Wilks,
2006). Simulations were considered satisfactory when
DPielke < 2, with 0 indicating a perfect match.

Observational data were obtained from eight Cetesb
stations - Capao Redondo (LCZ 3), Guarulhos Paco (LCZ
3), Guarulhos Pimentas (LCZ 3), Marginal Tieté Ponte
Remédios (LCZ 3), Parque Dom Pedro II (LCZ 8), Pin-
heiros (LCZ 6), Sao Bernardo do Campo Centro (LCZ 2),
and Sdo Caetano do Sul (LCZ 3) - and from two stations
operated by the National Institute of Meteorology
(INMET): Interlagos (LCZ 6) and Mirante de Santana
(LCZ 3). Two rural stations were also included: Itutinga
(representing the southeastern rural point in the following
analyses) and Morro Grande (representing the south-
western rural point). Observational data were included
based on availability for each year.

2.3. Analysis of meteorological conditions

To identify days favorable for UHI occurrence - i.e.,
conditions with clear skies and light winds (Oke et al.,
2017; WMO, 2023) - a meteorological analysis was con-
ducted for all days in September from 2014 to 2023. This
included GOES satellite imagery, synoptic charts from the
Brazilian Navy, and data from the automatic INMET sta-
tion Mirante de Santana.

Based on these observations, the climatological
mean for September 2014 to 2023 was calculated for solar

radiation, precipitation, air temperature, dew point, rela-
tive humidity, wind direction, and wind speed. In this
study, “climatological mean” refers to the 10-year average
for September rather than the conventional 30-year clima-
tological period. The meteorological variables were then
analyzed to classify the days as favorable or unfavorable
for UHI formation. Thus, the term “favorable days” refers
to those that presented atmospheric conditions conducive
to the development of the phenomenon, whereas “unfa-
vorable days” correspond to days in which the meteor-
ological pattern does not support the establishment of the
urban heat island.

Daily assessments considered the mean and standard
deviation of wind speed, solar radiation, precipitation, and
cloud cover. Final classifications were based on a compre-
hensive analysis integrating all variables and the temporal
evolution of weather conditions.

2.4. Urban heat island

To assess UHI behavior, four rural points surround-
ing the MASP and 23 urban points across various LCZ
were selected (Fig. 3). For LCZ present in multiple loca-
tions, points were spatially distributed to capture intra-
class variability, acknowledging that each LCZ type is not
entirely homogeneous.

Urban points with similar patterns were grouped
using K-means clustering, an unsupervised algorithm that
identifies data structure based on Euclidean distances
(MacQueen, 1967). The optimal number of clusters was
determined using the elbow method (Kodinariya and
Makwana, 2013), which identifies the point at which iner-
tia significantly decreases, allowing for an optimal K to be
found, thereby balancing cluster cohesion and genera-
lization. The application of clustering methods to meteo-
rological data has been effectively demonstrated by Silva
et al., (2017) and Almeida and Ribeiro (2024).

UHI intensity (or magnitude) was calculated as the
synchronous simulated air temperature difference between
urban points and each rural reference point, using hourly
means for the whole 2014-2023 period. Intensities were
classified following Garcia (1995): 0-2 °C (weak UHII),
2-4 °C (moderate UHII), 4-6 °C (strong UHII), and > 6 °C
(very strong UHII). Negative intensity values indicate the
presence of an urban cool island.

3. Results and discussions

3.1. Days favorable to urban heat island formation

Days favorable to UHI formation were identified
based on solar radiation, precipitation, and wind speed. A
minimum solar radiation threshold of 2600 kJ m™ was set,
corresponding to the September mean maximum (2014-
2023) minus one standard deviation. This value also indi-
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Figure 3 - Location of urban and rural points for analysis of the urban heat island, and urban stations for case study.
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cates that, in our dataset, days exceeding this threshold
correspond to clear-sky conditions.

Precipitation's diurnal behavior was found to be clo-
sely associated with solar radiation data, which reflects the
presence or absence of cloud cover. Thus, days with high
daily accumulated precipitation were excluded due to the
corresponding low solar radiation. A maximum threshold
of 3.0mmday' was defined on days considered con-
ducive that presented precipitation, corresponding to low-
intensity events which, when evaluated jointly with other
meteorological variables, did not compromise the pre-
dominantly clear-sky conditions and surface heating
essential for UHI development.

For wind speed, a daily mean threshold of 2.2 ms™
(mean + 1 SD) was applied. However, days exceeding this
threshold were still considered conducive if peak wind
speeds occurred between 12:00 LT and 17:00 LT and did
not surpass 2.5 ms".
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Based on this analysis, among all days in the study
period (September 2014-2023), 157 favorable days were
identified, representing 52% of the total.

3.2. Model performance

The use of four experiments (GFS MODIS, GFS
LCZ, ERA5 MODIS, and ERAS5 LCZ) in the WRF model
aimed to evaluate the best combination of forcing and
urban representation for the UHI in the MASP. Based on
this, it was possible to simulate the entire study period
using the configuration with the best statistical results,
thereby proceeding with the temporal and spatial analysis
of the heat island.

The Taylor diagram shown in Fig. 4 compares the
observed and simulated air temperature, relative humidity,
and wind speed at five urban stations and one rural station
for September 2023, across the four experiments. More-
over, Table 2 shows the statistical results evaluated in the
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Figure 4 - Taylor diagram for air temperature, relative humidity, and wind speed in the simulation experiments.
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Table 2 - Summary of Taylor diagram statistics for the Mirante de Santana station.

Variable Experiment Correlation RMSDI1 SD2 (simulated) SD (observed)
T2 GFS MODIS 0.91 2.39 5.89 5.35
GFS LCZ 0.93 2.14 5.88 5.35
ERAS5 MODIS 0.93 2.09 5.44 5.35
ERA5LCZ 0.94 1.83 5.45 5.35
RH2 GFS MODIS 0.81 13.19 22.48 19.98
GFS LCZ 0.81 13.07 22.14 19.98
ERA5 MODIS 0.85 11.40 21.09 19.98
ERA5LCZ 0.85 11.30 20.78 19.98
WS GFS MODIS 0.38 1,65 1.71 1.09
GFS LCZ 0.55 0.91 0.68 1.09
ERAS5 MODIS 0.47 1.55 1.73 1.09
ERA5LCZ 0.56 0.92 0.72 1.09

'RMSE denotes the root-mean-square difference.
2SD denotes the standard deviation.

Taylor diagram, using the Mirante de Santana station as
an example.

For air temperature, similar performance was obser-
ved across all setups, with ERA5-driven simulations yiel-
ding higher correlations, lower RMSD, and standard
deviations closer to observations.

Relative humidity followed a similar pattern, with
ERAS and LCZ-based experiments performing the best.
The lowest accuracy was at Interlagos, likely due to its
proximity to the Billings Reservoir, which increases local
humidity that the model does not fully capture.

For wind speed, simulations using LCZ outperfor-
med those using MODIS, likely due to the more detailed
representation of urban morphology and its effects on sur-
face roughness, as captured by the combined use of LCZ
data and the BEP-BEM urban parameterization. While the
present analysis focuses primarily on morphological con-
trasts represented through the LCZ framework and its
associated urban parameterization, we acknowledge that
other land-atmosphere interactions - such as vegetation
cover and foliage density, soil moisture availability, and
the partitioning of latent and sensible heat fluxes - also
play an important role in shaping local wind patterns
(Stull, 2009; Ferreira et al., 2012; Tabassum et al., 2024).

ERAS LCZ and GFS LCZ showed the best results,
indicating improved performance when detailed surface
classification is coupled with a multilayer urban canopy
scheme, with ERAS5 offering overall superior perfor-
mance. Similar findings were reported by Franco et al.
(2019), who emphasized improvements in wind speed
simulations for Sdo Paulo when the LCZ was included.
Nevertheless, the difficulty of accurately simulating wind
with the WRF model was also evident in this study and
Espinosa (2017), which attributes this challenge to com-
plex surface heterogeneity and boundary layer dynamics.

Overall, incorporating LCZ together with a more
physically detailed urban parameterization improved
model accuracy, and ERAS provided the most consistent

results, as indicated by the statistical metrics summarized
in the Taylor diagram (Fig. 4, Table 2). Supplementary
Fig. S1 presents a figure showing the air temperature
behavior in the four experiments conducted in September
2023 for some stations. Therefore, the improvements dis-
cussed here should be interpreted as the combined effect
of enhanced surface representation and urban canopy phy-
sics, rather than the influence of LCZ data alone. Based on
this, ERAS5 LCZ was selected for simulations from 2014
to 2022. Previous studies, such as those by Dee et al.
(2011) and Ribeiro et al. (2018), have also highlighted the
superior performance of ERAS.

Supplementary Table S1 details statistical compa-
risons across some stations for the entire period. The per-
formance of the WRF meteorological simulations was
consistent both temporally and spatially. In summary, the
model adequately represented the variables of air tem-
perature (with MAE ranging from 1.4 to 1.7 °C), relative
humidity (with MAE ranging from 8 to 16%), and wind
speed (with MAE ranging from 0.6 to 2.6 m s™).

Figure 5 shows observed and simulated fields from
the model configuration using LCZ and ERAS, includ-
ing air temperature, relative humidity, and wind speed
at the Mirante de Santana station over selected years.
The plots illustrate the model's satisfactory performance
for temperature and relative humidity, whereas a general
tendency toward underestimation was observed for wind
speed.

Despite this, the model exhibits some limitations in
reproducing the full diurnal amplitude of temperature and
relative humidity, as well as in capturing the observed
variability of wind speed. These differences are partly
associated with representativeness issues between station
measurements and the model grid, particularly in a hete-
rogeneous urban environment such as the MASP.

Additionally, Section 3.5 presents a comparison
between observed and simulated UHI patterns, providing
further support for the validation of the model configura-
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tion and contributing to the overall understanding of the
study.

3.3. Simulated temperature variation

The MASP includes LCZ 1, 2, 3, 4, 5, 6, 8, and 9,
with 39% of the area classified as urban. LCZ 3 dominates
the urban landscape (39%), followed by LCZ 6 (25%),
LCZ 9 21%), and LCZ 8 (11%). LCZ 1, 2, 4, and 5 toge-
ther represent less than 4%. This distribution reflects a
predominance of low-rise buildings, highlighting socio-
economic contrasts across the region. The two most wide-
spread LCZ - LCZ 3 (compact low-rise with sparse
vegetation) and LCZ 6 (open low-rise with vegetation) -
exhibit strong contrasts despite both being dominant.

WREF simulations were used to analyze air tempera-
ture within each LCZ under three scenarios: all September
days (2014-2023), only the days with meteorological con-
ditions conducive to the development of the urban heat
island (favorable days), and only the days whose meteo-
rological conditions do not favor the development of the
phenomenon (unfavorable days).

Figure 6 presents annual summaries of air tempera-
ture for the most frequent LCZ classes (3 and 6) and rural
reference points, using a boxplot-style representation (No-
te: The boxplot-style representation summarizes mini-
mum, mean, and maximum values and does not depict the
underlyting statistical distribution). In this figure, the cen-
tral line denotes the mean temperature, while the lower
and upper limits represent the minimum and maximum
values, respectively. This visualization provides a com-
pact and clearer comparison of thermal contrasts among
locations. Despite sharing the same morphological classi-
fication, LCZs exhibit substantial thermal variability.
Overall, higher temperatures were observed on UHI-
favorable days, whereas lower values prevailed on unfa-
vorable days.

In LCZ 3 (Fig. 6a), site-level temperature variation
was evident, with Santana recording the highest tempera-
tures and Sao Bernardo do Campo the lowest. In LCZ 6,
temperature behavior also varied across locations
(Fig. 6b). Morumbi showed the highest averages, while
Ribeirdo Pires had the lowest, being cooler than all other
sites within LCZ.

Regarding the rural reference points (Fig. 6¢), the
northwest was warmest, followed by the northeast, south-
west, and southeast. The coolest sites - Sdao Bernardo
(LCZ 3), Ribeirdao Pires (LCZ 6), and the southeastern
rural point - are likely influenced by coastal proximity and
breezy effects, coupled with the valley-mountain breeze.

These findings suggest that factors beyond urban
morphology, such as location and local circulation, affect
temperature variability within the same LCZ. To explore
this, K-means clustering was applied to full-period tem-
perature data (2014-2023), yielding four urban groups

(Fig. 7). The spatial distribution of clusters indicates a
strong locational influence, with coastal-proximal sites
cooler than inland ones. This pattern aligns with previous
studies that have identified a southeast-to-northwest tem-
perature gradient across Sdo Paulo (Abreu et al., 2022;
Ribeiro et al., 2018; Lima and Rueda, 2018). Campelo
(2024) also observed this gradient in surface temperature.
Figure 7 also maps temperature differences between
UHI-favorable and unfavorable days. The southeastern,
southern, and southwestern sectors consistently exhibited
lower temperatures, while the central, northern, and
northwestern areas were warmer. Rural site variability
further underscores the importance of selecting a suitable
reference point in UHI analysis, as it influences both the
intensity and spatial expression of the phenomenon.

3.4. Simulation of the diurnal evolution of urban heat
island intensity

The UHI, characterized by higher urban tempera-
tures than rural temperatures, was identified in the MASP
using WRF simulations for the period from September
2014 to 2023. The analysis considered spatial clustering,
cluster-averaged values, and hourly means.

Compared to the northeastern rural reference
(Fig. 8), UHI formation was most pronounced during
nighttime (18:00-06:00 LT), especially on days with
favorable meteorological conditions, consistent with the
description by Oke et al. (2017). After sunset, rural areas
cooled more rapidly due to higher sky view factors and
lower thermal admittance. In contrast, urban areas
retained heat due to the presence of built structures and
anthropogenic emissions. The sharpest urban-rural con-
trast occurred around 18:00 LT, when the rural cooling
rate exceeded that of urban areas. A similar dynamic
occurred at sunrise, with faster rural warming between
06:00 and 07:00 LT, which reduced UHI intensity by
07:00 LT.

Anomalous relative peaks occur at 00:00 LT in the
favorable/unfavorable scenarios, but not in the complete
scenario. This behavior is attributed to discontinuities in
the time series caused by non-consecutive day selections.
At the daily transition, the end of one selected day and the
beginning of the following selected day in the time series
may be separated by one or more discarded days. These
outliers were excluded from the plots to preserve con-
sistency.

Among clusters, D consistently recorded the highest
temperatures and A the lowest. Clusters C and D showed
similar nighttime intensities (23:00-07:00 LT). Tempera-
ture differences among clusters narrowed around 06:00
LT, likely due to shading effects that delayed urban
warming.

At 18:00LT on favorable days, UHI magnitude
reached 2.1 = 1.0 °Cincluster A, 4.7 +1.0°Cin B, 5.9 +
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Figure 7 - Maps of average air temperature for the complete scenario (left), favorable days scenario (center), and unfavorable days scenario (right) with

the points grouped into clusters.

1.0 °Cin C, and 6.5 + 0.8 °C in D. Only cluster A showed
weak UHI intensity at night; the others experienced mo-
derate to very strong UHI. A daytime cooling island in
cluster A (12:00-17:00 LT) is likely linked to earlier sea
breeze arrival in that coastal-influenced sector.

Using the southeastern rural reference (Fig. 9), UHI
intensity was more pronounced than with the northeastern
reference for both favorable and unfavorable days. On
favorable days, the peak occurred at 18:00 LT, reaching
4.5+ 0.8 °Cin cluster A, 7.1 £ 1.0°Cin B, 8.3 £ 1.0 °C
in C, and 8.9 + 1.0 °C in D. Under unfavorable conditions,
UHI intensity decreased, with peaks between 13:00 and
15:00 LT. Even then, clusters B, C, and D still showed
moderate to strong intensities.

Using the southwestern rural reference (Fig. 10),
UHI intensity was highest at night. On favorable days,
cluster A peaked at 21:00LT (3.7 £0.6 °C), remaining
stable until 06:00 LT. In clusters B, C, and D, the peak
occurred at 19:00 LT, reaching 5.6 £ 0.7 °C, 6.8 = 0.9 °C,
and 7.3 = 0.8 °C, respectively.

According to the northwestern rural reference
(Fig. 11), UHI exhibited a distinct pattern. As the warmest
rural site - likely due to local circulation - UHI emerged
mainly at night, while daytime conditions favored a cool-
ing island across clusters. On favorable days, cluster A
peaked at 06:00 LT (2.0 = 0.3 °C), while clusters B, C,
and D peaked at 19:00 LT with intensities of 2.7 + 0.9 °C,
3.8+ 1.1 °C,and 4.4 £ 0.9 °C, respectively.

These results confirm that the choice of rural refe-
rence point has a significant impact on UHI outcomes.
Temperature differences vary by location, underscoring
the role of local circulation and the representativeness of
each rural site. Ribeiro et al. (2018) also reported diffe-
rences in UHII timing depending on rural location, high-

lighting the sea breeze's influence at the southern site.
Similarly, Umezaki (2020) found varying UHI magni-
tudes across rural points.

The predominantly nighttime UHI pattern observed
in this study (September 2014-2023) contrasts with find-
ings by Ferreira et al. (2012), Ferreira et al. (2013), and
Ribeiro et al. (2018), who identified maximum UHII
between 14:00 LT and 16:00 LT. However, under unfa-
vorable conditions and using the southeastern rural point,
our results showed peaks between 13:00 LT and 15:00
LT, which is consistent with those of the aforementioned
studies. In those works, the rural reference points were in
the non-urbanized region of Sdo Bernardo do Campo, the
same area as the southeastern rural point used in this
study. Notably, this rural site (Itutinga station) is the same
one used by Ribeiro et al. (2018).

These differences suggest that meteorological con-
ditions and seasonal variability shape UHI behavior.
While Ferreira et al. (2012) analyzed September 2004, the
other studies focused on different months, reinforcing the
potential for seasonal shifts. As shown here, UHI dynam-
ics are influenced by multiple interacting factors, requir-
ing caution in methodological comparisons.

The study by Lima and Rueda (2018), using 2007-
2010 data, observed UHI peaks at 17:00 LT with elevated
intensities persisting overnight, which is consistent with
the general pattern found in our study Similarly, Umezaki
(2020), analyzing January data (2004-2014), reported
peak intensities at 18:00 LT and sustained nighttime UHI.
These findings highlight how long-term studies can reveal
characteristic temporal patterns in UHI behavior.

To evaluate UHI behavior by LCZ within each clus-
ter, Fig. 12 shows UHI intensity on favorable days, using
the southeastern rural point. Across the clusters, UHI gen-
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Cluster B
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—— Vila Olimpia (LCZ 1)

Figure 12 - Hourly UHI intensity formed using the southeast rural point on favorable days.

erally peaked at 18:00 LT, with the magnitude varying
according to LCZ characteristics and to geographic posi-
tion.

Cluster A shows evening peaks between 3.6 +
2.1 °C (LCZ 6 - Open lowrise) and 5.2 + 2.4 °C (LCZ 3 -
Compact lowrise). The higher values in LCZ 3 point are
consistent with its greater building density, which favors
heat storage and limits radiative cooling. In contrast, LCZ
6 cools more efficiently due to its more open urban form,
characterized by a higher sky view factor and lower struc-
tural density. Additionally, in this cluster, LCZ 6 point is
the closest to the coast and, therefore, more susceptible to
the influence of sea breezes.

Cluster B presents a maximum of 8.3 = 2.5 °C in
LCZ 9 (Sparsely built) and around 6.6 + 2.6 °C in more
built-up LCZ. Despite the high evening peak, LCZ 9 point
cools more efficiently toward the end of the night, con-
sistent with its lower surface roughness and higher sky
view factor.

Cluster C exhibits peaks between 7.5 + 2.8 °C and
9.5 £ 2.9 °C at 18:00LT across LCZ 3 and 8, respec-
tively. By 06:00LT, values range from 2.8 + 1.8 °C
(LCZ 8 - Large lowrise) to 3.7 + 1.7 °C (LCZ 4 - Open
highrise). Taller buildings and reduced sky view in LCZ
4 point support greater nighttime heat retention. Further-
more, differences within LCZ 8 points suggest additional
influences from broader urban context (central vs. peri-
pheral).

Cluster D shows intensities of 8.4 + 2.6 °C to
9.7 £2.6 °C, primarily actress LCZ 6 and LCZ 1, respec-
tively. By 06:00 LT, UHII ranges from 2.8 + 1.7 °C (LCZ
6)to 4.5 + 1.7 °C (LCZ 1 - Compact highrise). Stronger
cooling in LCZ 6 point is consistent with its higher sky
view factor and greater vegetation cover, while LCZ 1
maintains higher nighttime temperatures due to its taller
buildings, low sky view factor, and greater radiative trap-
ping - patterns consistent with Hope et al. (2022) and
Rech et al. (2024).
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3.5. Comparison of simulated and observed urban heat
island patterns

To support the simulation findings, an analysis was
conducted using observed meteorological data. The south-
eastern rural reference was the Itutinga station (data avail-
able for September 2015), and the southwestern rural
point was Morro Grande (September 2023). For compa-
rison, one urban station from each cluster with data for
those years was selected: Sdo Bernardo do Campo (Clus-
ter A, 2015 and 2023), Guarulhos Pimentas (Cluster B,
2015), Guarulhos Pago (Cluster C, 2015 and 2023), and
Mirante de Santana (Cluster D, 2015 and 2023). Due to
data limitations, Cluster B could not be evaluated for the
2023 period.

The observed UHI in 2015, relative to Itutinga,
showed similar behavior to the simulations (Fig. 13), par-
ticularly at night. The model captured the peak hour and
general pattern, although it underestimated UHII between
06:00 LT and 12:00 LT, likely due to overestimated rural
temperatures. Overall, the clusters retained their thermal
behavior: Guarulhos Pago and Mirante de Santana regis-
tered the highest temperatures, while Sdo Bernardo do
Campo was cooler, especially from midday to evening,
possibly due to the stronger effects of the sea breeze.

UHII maximum occurred around 18:00 LT on favo-
rable days, with the highest intensities between 14:00 LT
and 00:00 LT. On unfavorable days, UHI was weaker,
peaking between 12:00LT and 16:00 LT. This pattern
aligns with previous studies that reported maximum UHI
intensity in the afternoon when using rural sites in the
southeast (Ferreira et al., 2012; Ferreira et al., 2013;
Ribeiro et al., 2018).

A similar agreement between observations and si-
mulations was found for September 2023 (Fig. 14). The
model reproduced the temporal pattern and peak hour but
slightly overestimated urban temperatures and rural
warmth. As in 2015, the main discrepancies occurred
between 06:00 LT and 12:00 LT, when observed UHII
values were stronger than simulated values.

The UHI defined using Morro Grande (southwestern
rural point) was consistent with the multi-year simulation
average. Temperature differences among clusters persis-
ted, with Sdo Bernardo do Campo (Cluster A) remaining
the coolest. UHI was present most of the day, with higher
intensities at night. In Cluster A, UHII dropped to near
zero from 12:00LT to 18:00 LT, matching the simula-
tions. Other clusters maintained UHI throughout the per-
iod. On unfavorable days, UHII decreased in all clusters,
aligning with simulation results.

Observed data on favorable days showed that Gua-
rulhos Pago, Mirante de Santana, and Guarulhos Pimentas
recorded UHII peaks around 18:00 LT, a pattern also cap-
tured by the simulations. UHI intensity declined over-
night, reaching its lowest point between 10:00LT and

12:00 LT. However, the simulations anticipated this mini-
mum around 07:00-08:00 LT, indicating a slight timing
mismatch and the need for further improvements in model
performance.

4. Conclusions

This study characterized the urban morphology of
the MASP using the LCZ classification. Eight LCZ types
were identified, with LCZ 3 (39%), LCZ 6 (25%), LCZ 9
(21%), and LCZ 8 (11%) being the most prevalent. Incor-
porating LCZ into WRF simulations improved model per-
formance, especially for wind speed.

Despite shared LCZ classifications, urban points
showed varied temperature behavior, indicating that local
factors beyond morphology influence temperature. Cluster
analysis revealed a spatial temperature gradient, with
cooler areas located near the coast (southeast, south, and
southwest MASP) and warmer areas in the central, north-
ern, and northwestern regions, resulting in the formation
of four urban clusters.

UHI intensity was stronger at night, with a maxi-
mum around 18:00 LT, and was more intense on days
with favorable meteorological conditions (clear skies,
calm winds), identified using 10-year climatological data
from the Mirante de Santana station. Conversely, unfavo-
rable conditions weakened the UHI.

The UHI intensity also varied depending on the
choice of the rural reference point, highlighting the influ-
ence of local circulation. Comparisons using the south-
eastern rural point produced higher intensities than those
using the northwestern point due to the MASP's southeast-
to-northwest temperature gradient. On unfavorable days,
the southeastern rural reference showed UHI peaks in the
afternoon (13:00-15:00 LT), consistent with previous stu-
dies in the same region, emphasizing the impact of sea-
sonality and meteorological variability on UHI behavior.

Urban morphology further influenced UHI evolu-
tion: denser LCZ with lower sky view factors (e.g., LCZ
1) retained more heat overnight, while less dense areas
(e.g., LCZ 6) cooled more effectively. Observational data
supported the simulation results, reinforcing the value of
atmospheric modeling for urban climate studies.

For future work, it is recommended to explore direct
correlations between UHI magnitude and influencing va-
riables to deepen understanding of its drivers. It is also
crucial to examine UHI under varying conditions - daily,
seasonal, synoptic, and spatial - to support the develop-
ment of effective mitigation and adaptation strategies for
urban climate resilience in the MASP. Additionally,
advancing this line of research requires a more detailed
investigation of surface processes - such as energy balan-
ce, radiation, soil-atmosphere moisture exchange, and
urban canopy physics - which play a fundamental role in
shaping urban temperature patterns.
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