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Introducao Geral

A populagdo mundial cresce em ritmo acelerado, principalmente nos paises em
desenvolvimento, levando a expansao das areas urbanas (Cohen, 2006). Atualmente, as
cidades constituem a principal forma de organizacao social humana (McKinney, 2006),
o que implica em mudangas demograficas, econdmicas e do uso e cobertura da terra que
comprometem o funcionamento de ecossistemas naturais € causam impactos negativos
sobre as populacdes e biotas locais (Zhang & Seto, 2011). O aquecimento urbano constitui
um dos impactos mais notaveis nas cidades (Grimmond, 2007; Tsoka et al., 2020),
ocorrendo devido a liberagdo de calor por multiplas atividades, como a queima de
combustiveis fosseis e a impermeabilizagdo do solo (Jin et al., 2020). Muitos dos
materiais utilizados nas cidades, como o concreto e o asfalto, ainda absorvem uma alta
porcentagem da radiacdo solar incidente, o que leva ao aumento da temperatura do ar a
partir da troca de calor com a atmosfera (Gago et al., 2013; Jamei et al., 2019). Se ndo
remediada, a retengdo excessiva de calor nas cidades pode gerar um desconforto térmico
grave, que diminui a qualidade de vida dos cidadaos e, portanto, representa um problema

ambiental importante a ser resolvido nas cidades em expansao.

O processo de aquecimento térmico mais conhecido sdo as ilhas de calor: um fenomeno
em que areas urbanas apresentam temperaturas mais elevadas do que areas rurais em seus
arredores por perderem calor mais vagarosamente devido a forma com que as cidades sdo
estruturadas (Kong et al., 2017; Oke, 1973, 1982). Em particular, as ilhas de calor de
superficie envolvem diferencas de temperatura irradiadas pelas superficies dos objetos,
que podem ser detectadas através de sensores térmicos de satélites (Li et al., 2013; Zhang
et al., 2009). A temperatura de superficie terrestre (LST, do inglés Land Surface
Temperature) influencia a temperatura do ar nas camadas atmosféricas mais baixas,
afetando o balanco de energia da superficie e a temperatura no interior das construgdes,
tendo implicagdes para o conforto térmico e satide da humana (Voogt & Oke, 2003;

Kovats & Hajat, 2007).

O aumento da temperatura média global intensifica a necessidade de mitigar os impactos
negativos dos fendmenos de aquecimento urbano sobre a populagdo (Giridharan &
Emmanuel, 2018; Wu et al., 2020). Neste contexto, solugdes baseadas na natureza
(inspiradas ou apoiadas no funcionamento de ecossistemas naturais) vém ganhando

destaque por apresentarem melhor custo-beneficio a longo prazo (Bowler et al., 2010;



Morecroft et al., 2019; Yu et al., 2017; Costanza et al., 2017). Entre outras estratégias,
aumentar a area de vegetacdo urbana pode ser uma resposta eficiente e de baixo custo
para amenizar a temperatura de superficie (Salmond et al., 2016; Willis & Petrokofsky,
2017). A partir do sombreamento, a vegetacdo impede que raios solares incidam
diretamente sobre o solo, reduzindo o aquecimento (Ng et al., 2012; Speak et al., 2020).
Junto a isso, as plantas ainda sdo capazes de resfriar o ambiente a partir do processo de
evapotranspiragdo, em que as folhas liberam agua para o ar na forma de vapor (Vieira et
al., 2018). O efeito de resfriamento pela evapotranspiracao ainda estende-se além do local
no qual a planta est4, contribuindo para a melhora do conforto térmico das proximidades

(Moss et al., 2019; Spangenberg et al., 2019; Vaz Monteiro et al., 2016).

Diversos fatores modulam a intensidade das func¢des ecossistémicas da vegetagao urbana
sobre a amenizacdo da temperatura: (1) o porte da vegetacao (ex: altura e dimensdo de
copa das arvores; Abreu-Harbich et al., 2015; Rahman et al., 2019, 2020; Helletsgruber
et al., 2020; Lehmann et al., 2014; Sun et al., 2017); (2) a quantidade de areas verdes na
cidade (Howe et al., 2017; Ouyang et al., 2020); (3) a geometria das areas verdes (como
formato, area e perimetro; Feyisa et al., 2014; Srivanit & lamtrakul, 2019); ¢ (4) a
proximidade espacial das arvores (Qiu & Jia, 2020; Zhou et al., 2017). Além da
vegetacdo, as caracteristicas das areas construidas e a interagdo espacial destes com a
vegetacdo modulam a intensidade do aquecimento urbano (Masoudi et al., 2019; Nguyen,
2020). A quantidade (Song et al., 2014), configuragdo (Connors et al., 2013) e a altura de
edificacoes sdo fatores que influenciam a temperatura da superficie. Por exemplo, em
locais de alta quantidade de construgdes ocorre o maior sombreamento por prédios altos
e modificacdes no fluxo de correntes de ar de acordo com o arranjo espacial das
construgdes (Ferreira & Duarte, 2019; Wu et al., 2019). Desta forma, a configuragdao
espacial da cidade como um todo afeta o servico de regulacao do clima local, incluindo a

distribuicdo espacial de areas impermeaveis (Estoque et al., 2017).

Considerando os desafios que envolvem a mitigagdo das temperaturas nas cidades,
investigamos o papel da paisagem, tanto em sua composi¢do, quanto em sua
configuragdo, e a interagcdo entre composicao e configuragdo tanto das areas verdes quanto
das areas construidas na regulacdo da temperatura local. Usamos um recorte de uma
megacidade como modelo de estudo — o municipio de Sao Paulo (Brasil), a maior cidade
do Hemisfério Sul. Além disso, buscamos ndo apenas compreender os fatores da

paisagem que afetam o servico ecossistémico de regulacao climatica local, como também
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a distribui¢do espacial da provisao do mesmo pela cidade ao aplicar o framework da
cadeia de provisdo de servicos ecossistémicos (Metzger et al. 2021) para entender a
ligacdo entre a oferta, a demanda e o fluxo do servico de regulagdo térmica local,
permitindo identificar onde ha um desbalanco entre oferta e demanda pelo servico de
amenizacao do calor. A partir da identificagdo de areas prioritarias, esperamos que 0s
nossos resultados auxiliem nas tomadas de deciséo para um melhor planejamento urbano,
principalmente em relagdo a alocacdo de novas areas verdes para aumentar a resiliéncia

climatica das cidades.



11

MANUSCRITO:

Assessing the local climate regulation ecosystem service
and the landscape structure effects on its provision

TARGET JOURNAL: Sciece of the Total Environment
IF: 10.7



12

Assessing the local climate regulation ecosystem service and the landscape
structure effects on its provision

Artur Lupinetti-Cunha?, Simone Rodrigues de Freitas®, Jean Paul Metzger?

2 Department of Ecology, Biosciences Institute, University of Sdo Paulo, Rua Do Matéo,
Tv. 14, Sdo Paulo, Sdo Paulo 05508-090, Brazil

b Center for Natural and Human Sciences, Federal University of ABC, Av. dos Estados,
5001, Santo André, Sdo Paulo 09210-580, Brazil

Abstract

One prominent consequence of the intensification of urbanization is the occurrence of
urban heat islands. Surface urban heat islands, affecting lower layers of the atmosphere,
potentially increase energy consumption, and have implications for thermal comfort and
human health. Regarding the mitigation or prevention of extreme thermal events and the
alleviation of surface urban heat island effects, urban vegetation holds great potential, but
in the urban landscape it is also important to take into account the effects of other
elements, such as buildings, and their interactions with vegetation. Through a landscape
ecology approach and by applying linear mixed models, we assess the provision of the
local climate regulation ecosystem service in the city of Sdo Paulo, Brazil, identifying
areas with a mismatch between the service supply (landscape capacity of lowering the
land surface temperature) and demand (population), and how its supply is affected by
landscape structure, focusing on both vegetated and built areas, and on their interaction.
Despite composition metrics, especially total vegetation cover, being the ones that better
explain the supply of local climate regulation service, configuration metrics also exerts a
significant effect on this service. Vegetation edge density showed a positive effect on the
service supply, while the opposite happened for buildings edge density. We also found
that arboreal volume and the contact between vegetated and built areas helps reduce land
surface temperatures and that both those surface types interact with each other. Finally,
regions of the city with a mismatch between the supply and demand, which could
represent a health risk in a scenario of climate crisis, were identified. Those results can
help decision makers and urban planners to think about the city configuration and propose
public policy aiming to alleviate the local temperatures, benefiting the population.

Keywords: Urban Heat; Land Surface Temperature; Urban Planning; Urban Ecology;
Landscape Ecology.
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1. Introduction

The intensification of the urbanization process has profound implications for natural
ecosystems and the services they provide to humanity (Mcdonald et al., 2008). One
prominent consequence of urbanization is the occurrence of urban heat islands, where
cities tend to experience higher temperatures compared to surrounding rural areas
(Grimmond, 2007; Tsoka et al., 2020). This is primarily due to the release of
anthropogenic heat from human activities and the low albedo of urban materials, which
absorb a significant amount of solar radiation (Voogt & Oke, 1998; K. Wang et al., 2018;
Jin et al 2020). Depending on the atmospheric layer where the temperature difference is
measured, urban heat islands can be classified into three categories: boundary, canopy
and surface (Oke, 1976; Voogt & Oke, 2003). While boundary and canopy urban heat
islands deal with air temperature differences at higher layers (usually above 1.5 m),
surface urban heat islands are characterized by temperature differences between urban
and rural surfaces, and can be detected using thermal sensors on satellites (Li et al., 2013;
Zhang et al., 2009). The land surface temperature (LST) affects the energy balance of
urban areas, potentially increasing energy consumption, and has implications for thermal
comfort and human health, elevating the risks of heat strokes and heat exhaustion,
especially on children and elderly people (Voogt & Oke, 2003; Kovats & Hajat, 2007;
Sagris & Sepp, 2017). Those issues are particularly more harmful in the tropics, where
urban heat islands are enhanced by the typically warm weather (Giridharan & Emmanuel,
2018).

In the current scenario of climate change, the concern for mitigating negative impacts of
increasing global average temperature is growing (Giridharan & Emmanuel, 2018; Wu et
al., 2020). Regarding the mitigation or prevention of extreme thermal events and the
alleviation of surface urban heat island effects, urban vegetation holds great potential
(Cohen-Shacham et al., 2019). Several factors modulate the intensity of this local climate
regulation service (i.e., the service through which urban vegetation alleviates land surface
temperature). The effects of the quantity of green areas in the city (i.e. landscape
composition) is widely-known to reduce LST (Zhou & Wang, 2011; Alavipanah et al.,
2015; Howe et al., 2017; Ouyang et al., 2020). Vegetation configuration also influences
LST: aggregated vegetation patches were shown to be more efficient in reducing LST, by
facilitating the energy flows and exchange between vegetated and built areas (Zhibin et
al., 2015) and by larger and more aggregated patches providing a larger and more intense
cooling island effect through evapotranspiration (Gkatsopoulos, 2017; Moss et al., 2019).
The cooling potential of green areas is also dependent on their shape, with parks that have
more irregular shape having higher cooling distance and more compact parks presenting
higher cooling intensities (Feyisa et al., 2014). Fragmentation and edge effects on LST
reduction is more complex, exhibiting positive or negative effects on the local climate
regulation service depending on the study location, scale, and green coverage, that may
be caused by differences in the contributions of shading and evapotranspiration cooling:
while more edge can potentially increase the shade provided by trees, it also represents
more fragmented patches with reduced evapotranspiration cooling efficiency (Srivanit &
lamtrakul, 2019; Qiu & Jia, 2020; Yao et al., 2020; Zhou et al., 2017). Also, vegetation
height and volume reduce LST by providing more shade and expanding the cooling effect
range (Helletsgruber et al., 2020).

However, the provision of this ecosystem service is not only influenced by vegetation
cover and configuration, but also by the structure of built areas and their spatial interaction
with vegetation (Masoudi et al., 2019; Nguyen, 2020). Thus, the overall spatial
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configuration of the city (i.e. buildings aggregation and proximity to vegetated areas)
affects temperature, even in densely built areas (Estoque et al., 2017; Heinl et al., 2015;
Howe et al., 2017; Liang et al., 2020). Building positioning and characteristics, such as
height and surface area, can lead to increased shading and modifications in airflow
patterns (Ferreira & Duarte, 2019; Li et al., 2020; Wu et al., 2019). Considering that both
natural and build characteristics influence LST, it is essential to quantify their interactions
to better plan resilient cities (Fu et al., 2022). Moreover, few studies on this topic were
carried out in developing cities in the global south, where urban growth is intense and
less planned, and where green availability to residents is highly unequal between
neighborhoods, creating urban landscapes quite distinct from those of the global north
(Rigolon et al. 2018). Understanding how the modulation of the climate regulation service
takes place in these cities is thus not only functionally important, but also relevant to
better plan strategies for adapting to the problems linked to climate warming in cities of
the global south (Masoudi et al., 2019).

In light of the growing urbanization and the associated challenges of increasing
temperatures in cities, this study aims to deep the understanding on how landscape affects
local climate regulation service, with a particular focus on the configuration effects,
which are still controversial between different study areas (Zhou et al., 2017; Fu et al.,
2022; Liu et al. 2022). We expand the usual studies that look only at vegetation, by
focusing on both vegetated and built areas, and on their interaction. It is expected that
despite composition being the main factor affecting local climate regulation,
configuration of both green and built areas affects the provision of this ecosystem service,
with aggregated and less fragmented vegetation having a positive effect, while the inverse
is expected of buildings configuration. Moreover, the interplay between both natural and
built areas will modulate the intensity of the ecosystem service supply and the effects of
each other over it, with vegetation reducing the negative effects of buildings, as well as
the other way around, with buildings reducing the positive effects of vegetation.
Furthermore, by applying the ecosystem provision chain (Metzger et al., 2021), our
objective is to pinpoint areas characterized by a disparity between the supply of local
climate regulation service (expectedly by urban green and built areas) and the demand
arising from higher population densities. By doing so, the research intends to provide
policymakers and city planners with valuable insights to facilitate informed decision-
making in relation to the strategic allocation of green spaces and nature-based solutions,
thinking about planning urban spaces for greater climate resilience.

2. Methods
2.1. Study area

Sé&o Paulo is the most populous metropolis in the South Hemisphere, home to an estimated
population of 11,451,245 as of 2022, spanning an area of 1,521 km? (Brazilian Institute
of Geography and Statistics - IBGE, 2023). Despite its predominantly urban landscape,
the municipality surprisingly retains 48% of vegetation cover, with 21% classified as
natural vegetation (SVMA, 2020). The city has a wet subtropical climate (Cfa according
to Koppen classification), characterized by warm humid summers and the cool drier
winters, with an annual average of 1356 mm of rain per year. It can be further divided by
distinct natural mesoclimatic regions, influenced by factors such as proximity to the ocean
and topography, which play a role in shaping its climate (Fig. S5 - Tarifa & Armani,
2000). The temperature of the city typically ranges from 11 to 31°C yearly, but the events
of intense cold and heat have increased lately in the region (Alves et al., 2016; Valverde
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& Rosa, 2023). The highest temperatures for the city have been registered are now
reaching 38°C (10°C degrees above the mean maximum temperature for the hot season).

The city's complex mix of natural and built environments, coupled with its diverse land
use patterns, presents a rich opportunity to explore the intricate interplay between
vegetation cover, built structures, and surface temperatures (Ribeiro et al., 2021).
Moreover, being a megacity in a developing country, the city also exhibits high levels of
air pollution, impervious surface cover and, consequently, urban heat islands, all of which
have been associated with negative health outcomes to the population (Sharovsky et al.,
2004; Ikefuti et al., 2018), making it a critical place to explore measures to mitigate
climate threats.

Vegetation coverage
M Forests

Open Vegetation
M Urban arboreal vegetation
(J S&o Paulo Municipality

5 0 5 10 km

Fig. 1. Location and vegetation cover of the Sdo Paulo municipality. On the left, the
location of the city in relation to Sdo Paulo state and South America. On the right the
vegetation coverage, divided in three categories.

2.2. Local climate regulation ecosystem service assessment

The assessment of an ecosystem service depends on the understanding of three
components of its provision chain: the service supply, demand and flow (Villamagna et
al. 2013). The supply represents the potential of ecosystems (here, urban landscapes) to
generate specific services, such as local climate regulation. The demand represents the
societal need or desire for a particular ecosystem service, while the flow encompasses the
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biotic or abiotic processes that connect areas of supply and demand, effectively providing
the benefits associated with the ecosystem service (Villamagna et al., 2013).

To characterize the supply of the local climate regulation service, we used Landsat 8
satellite images (30 m of spatial resolution), provided by the United States Geological
Survey (www.usgs.gov). Using the Google Earth Engine platform, LST was retrieved
using the script developed by Ermida et al. (2020). This script employs a sequence of
equations utilizing the spectral bands red (B4), near infra-red (B5), the thermal band
(B10), and atmospheric parameters to convert satellite-captured radiation into LST. We
selected three images (September 23, 2015, November 15, 2017 and January 21, 2019)
based on low cloud cover, absence of rain, and season (spring or summer, since in these
periods differences in LST between different surfaces are accentuated) for the supply
characterization analysis, in order to check its temporal consistency and avoid using only
one period that could be affected by a climatic anomaly (Figure S1-S3 for the LST maps
and information on the weather on the date each image was captured). All images were
captured at 10 A.M. (BRT).

A grid system with a resolution of 100 m x 100 m (1 ha) was employed as the sampling
unit, dividing the city into 137,604 cells, which were considered as different landscapes
for the subsequent analysis. The choice of this spatial extent is due to the expected limited
range of influence of vegetation and building configuration metrics on local climate
(Chen et al., 2022). Each cell was further categorized based on its mesoclimatic region
(Tarifa & Armani, 2000). Then, the mean LST value of the Landsat pixels inside each
sampling unit was extracted (LSTi) and the LST difference (ALSTi) between each cell
“i" and the cell with the highest temperature (LSTmax) within the same mesoclimatic
region was calculated (Equation 1). Given that cells within the same mesoclimatic region
experience similar effects from natural variables operating at larger scales (such as the
influence of the ocean, altitude, topography, and the two largest forest continuums in Sdo
Paulo), differences in LST within these cells primarily arise from variations in landscape
structure and anthropic activities, as well as from the direction and orientation of the
relief, albeit with a slightly lesser intensity. Consequently, ALST serves as a proxy for
quantifying the supply of the local climate regulation ecosystem service provided by the
urban landscape in each cell.

ALSTi=LSTmax — LSTi (1)

The estimation of the demand for local climate regulation service was based on the
population within each cell, considering the number of individuals who would benefit
from lower surface temperatures (Norton et al., 2015). To obtain this information, data
from the most recent available Demographic Census conducted in 2010 (IBGE, 2010)
was projected to the year 2017 to align with the year of the vegetation and building maps.
The population of each sample unit was calculated by summing the populations of the
sectors (tracts) that overlap with the grid cell. To achieve this, we first computed the
population density of each sector and determined the area of each tract that intersected
with each respective sample unit. Next, for each sample unit, we multiplied the area of
each sector within it by the population density of that sector. This calculation was
performed for all sectors overlapping with the sample unit. Finally, we summed these
products to obtain the population estimate for each sample unit (Ribeiro et al, 2019).
Finally, due to the nature of the LST (Zhang et al., 2017), this ecosystem service has a
local flow (within each cell), considering thus that people only benefit from this service
when they share space or are immediately near the supply.



17

Subsequently, the balance between supply and demand was calculated to obtain a variable
indicating areas where there is a service mismatch, or inversely, an equilibrium, following
Equation 2 (Xue et al., 2022). Since the demand (population) and supply (ALST) variables
were measured on different scales, normalization was performed using the z-score
transformation (Patro & Sahu, 2015), resulting in values ranging from 0 to 1. Cells
composed mostly of water were also removed from this analysis.

Supply—Demand (2)

Balance =
Supply+Demand

Values range from -1 to 1, where negative values represent more demand in relation to
supply, while positive values indicate the opposite. Values closer to zero indicate a more
balanced provision of service. Furthermore, a bivariate map was made in order to pinpoint
areas with different combinations of supply and demand levels, classified into low,
medium and high using the Jenks optimization method (using the R package “biscale” —
Prener et al., 2022).

2.3. Influence of landscape structure on the local climate regulation ecosystem
service supply

To analyze how different landscape parameters influence the supply of local climate
regulation, we measured both compositional and configurational variables. Landscape
composition was obtained from manually classified orthophotos of S&o Paulo
municipality from 2017, with a resolution of 0.12 m (SVMA, 2020), available in the
GeoSampa portal (www.geosampa.prefeitura.sp.gov.br). We considered three land use
and land cover classes: vegetation, buildings and water. VVegetation was divided into four
classes: (1) forests, representing native arboreal phytophysiognomies with native
understory vegetation, (2) open vegetation, representing grasslands, shrubs, and
herbaceous vegetation, (3) arboreal vegetation, which includes street afforestation and
trees within gardens, squares, and parks, mostly without understory vegetation, and (4)
all vegetation, encompassing the aforementioned classes as well as non-natural vegetation
(e.g., agricultural areas).

Landscape configuration was measured based on four metrics, calculated using the
software FRAGSTAT 4.2 (McGarigal & Marks, 1995; McGarigal, 2015) for the arboreal
vegetation and buildings classes: (1) edge density, (2) mean proximity index, (3)
normalized landscape shape index and (4) edge contact between trees and buildings,
calculated separately for the combination of the classes forest and arboreal vegetation
(representing areas mainly covered by trees) and buildings (Table 1). Each sample unit
was treated as a distinct landscape for the analysis. Additionally, to incorporate 3D
information about the landscape structure, building and vegetation heights of Séo Paulo
city were included. These heights were derived from LiDAR data collected in 2017, with
a precision of 10 cm and a mean point density of 10 points per m2. Gomes (2022) provided
raster-format models of building and vegetation heights at a resolution of 50 cm, where
each pixel represented the height relative to the maximum value within the intersecting
LiDAR dataset. Mean arboreal vegetation height and mean building height were extracted
for each sample unit, and the total volume of buildings and arboreal vegetation was
calculated by intersecting the height and area layers. All geospatial processing was
performed using QuantumGIS 3.28.3.

Table 1. Landscape composition and configuration metrics, their range and description.
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Landscape metric Range Description

Composition

Forest cover (FC) 0L<FC<1 Percentage of the landscape belonging to
class “forest”.

Open vegetation |0 < OC =1 Percentage of the landscape belonging to

cover (OC) class “open vegetation”.

Arboral vegetation | 0 < AC <1 Percentage of the landscape belonging to

cover (AC) class “arboreal vegetation”.

Total vegetation |0 < VC £1 Percentage of the landscape belonging to

cover (VC) class “all vegetation”.

Water cover (WC) |0 < WC<=1 Percentage of the landscape belonging to
class “water”.

Buildings cover 0 £BC<1 Percentage of the landscape belonging to

(BC) class “buildings”.

Configuration

Edge density (ED) | ED 2 0, | Sum of all edges of the forest and arboreal

without limit | vegetation or building classes in relation to

the landscape area.

Mean proximity | PROX_MN = 0 Average proximity index (sum of patch

index (MPI) area (m?) divided by the nearest edge-to-
edge distance squared (m2) between each
forest and arboreal vegetation or building
class patch and all patches of the same class
whose edges are within the landscape).

Normalized 0<NLSI =1 The ratio of the actual edge length of

landscape shape patches of the forest and arboreal

index (NLSI) vegetation or building classes in relation to
the hypothetical range of possible edge
lengths of the class. It is a measure of how
aggregated patches are in the landscape.
The closer to 1 this metric is, more
disaggregated and randomly are the patches
of the focal class distributed on the
landscape.

Edge contact | TBED = 0, | Sum of all edges involving patches of forest

between trees and
buildings (TBED)

without limit

or arboreal vegetation and building classes
in relation to the landscape area.

Height/Volume




19

Mean height | HEIGHT_MN = | Average height of forest and arboreal
(HEIGHT_MN) 0, without | vegetation or building features in the
1imit landscape
Volume (VOL) VOL 2 0, | Total volume of forest and arboreal
without limit | vegetation or building features in the
landscape

2.4. Statistical analysis

To evaluate the influence of landscape structure, in terms of composition and
configuration of built and vegetated areas, as well as the interplay of both factors on the
supply of local climate regulation ecosystem service, we constructed linear mixed models
(LMM) using the R environment and the following packages: (1) bbmle (Bolker, 2022),
(2) numDeriv (Gilbert & Varadhan, 2019), (3) foreign (R Core Team, 2022), and (4) Ime4
(Bates et al., 2015). The response variable in all models was ALST (i.e. the service
supply), the predictor variables were landscape metrics (17 in total), and the cell's
mesoclimatic region was incorporated as a random intercept. Additionally, models were
generated by combining pairs and trios of landscape variables that exhibited less than
60% of correlation (Fig. S4). In these cases, we considered the interaction between two
variables to investigate how one predictor variable influences the effect of another on the
response variable. All variables were scaled before being input in the models (see Table
S2 for the complete list of generated models).

The selection of the best models was based on the Akaike Information Criteria (AIC),
which balances model complexity and goodness of fit (Burnham & Anderson, 2002). The
model with the lowest AIC value was considered the best-fitting model among the
alternatives. However, models with a difference of less than 2 AIC units compared to the
lowest AIC (AAIC) were considered equally plausible (Burnham & Anderson, 2002).
AIC weights (WAIC) were also examined to provide a relative measure of the evidence
strength for each model in the comparison set. Furthermore, a null model (~1) was
included to ensure the consistency of the selected models.

With a model selection procedure, we tested two sets of models: 1) considering all the
variables, including composition ones - which are known to have stronger effect on LST,;
and 2) excluding the composition variables and keeping only configuration and
height/volume metrics, in order to better understand their effects on the local climate
regulation ES. Also, to assess the consistency of the selected models, all analyses were
repeated using the ALST values from the three images. This approach aimed to evaluate
if the landscape variables included in the selected models exhibited consistent
relationships across different time periods. As the landscape data was available only for
2017, it was assumed that significant landscape modifications did not occur between 2015
and 2019. In that way, a total of six model selection rounds were run in the end.

3. Results

The mean ALST values for Sao Paulo were (7.17 &+ 3.20) °C for 2015, (8.13 + 3.88) °C
for 2017, and (7.35 + 3.34) °C for 2019. ALST also varied between different mesoclimatic
regions, implying greater amplitudes depending on the location (Fig. S5). The regions
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with higher landscape heterogeneity - with more mixed-use patterns, such as areas with
both dense building occupation and parks or urban green in the landscape - tend to have
higher amplitudes. On the other hand, regions mostly covered by vegetation (e.g. dense
forests in north and south of Sdo Paulo) showed lower amplitudes (Fig. S5). This
heterogeneity of land use and land cover not only between, but also inside the different
mesoclimatic regions of S&o Paulo, allowed us to test our hypotheses and identify patterns
relating landscape structure and the local climate regulation service supply.

The best models to explain ALST variation in the three analyzed years were similar, with
exactly the same predictive variables selected by AIC in all best models (Table 2).
Considering all landscape variables, including composition metrics - that are known to
have a greater effect on LST -, a consistent positive effect of the percentage of vegetation
cover on ALST was observed. Increasing 10% of the total vegetation cover represents
decreasing the local surface temperature by an average of 0.58 °C in 2015, 0.83 °C in
2017 and 0.76 °C in 2019 (Table 2). The best model for the 2015 image included a non-
significant positive effect of buildings normalized landscape shape index (NLSI —
representing how aggregated or randomly distributed on the landscape the buildings are),
as well as a positive additive effect and positive interaction between total vegetation cover
and vegetation edge density (ED). Both the 2017 and 2019 images shared the same best
model, which featured the aforementioned positive effect of total vegetation cover, a
positive effect of edge contact between vegetation and buildings, a positive effect of
buildings’ NLSI, and a negative interaction between the latter two variables. The
observed relationships between ALST and landscape composition and configuration for
the 2015, 2017 and 2019 images are illustrated in Fig. 2-4, respectively.

Excluding composition variables, the best models for all images included a positive effect
of vegetation edge density and of total vegetation volume, and a negative effect of
buildings edge density (Table 2). The exact same model was selected for 2015 and 2017,
which also included a negative interaction between buildings' edge density and vegetation
volume (Fig. 2-4). In contrast, for 2019, the best model included the interaction between
vegetation edge density and vegetation volume, also with a negative effect. According to
the 2017 model data, a 1000 m/ha increase in vegetation edge density was associated with
a 1.3 °C decrease in the local surface temperature (1.1 °C in 2015 and 1.3 °C in 2019).
For building’s edge density, a 1000 m/ha increase leads to an average increase of 0.1 °C
on the local climate in 2015 and 2017 and of 1.0 °C in 2019.
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Fig. 2. Plots of the main relationships observed between the supply of local climate
regulation service (ALST) and landscape structural parameters (composition and
configuration) for the 2015 image. The plots on top represent the best model
considering composition and configuration variables: the effects of building NLSI (with
lower values representing more aggregated buildings and higher values more randomly
distributed on the landscape) and percentage of total vegetation cover (interacting with
vegetation edge density) over local climate regulation supply, respectively. Bottom
plots represent the best model without composition variables: the effects of vegetation
edge density and buildings edge density (interacting with arboreal vegetation volume,
with higher volumes decreasing the negative effect of buildings’ edge density over the
ecosystem service supply) over local climate regulation supply, respectively. NLSI =
normalized landscape shape index; ED = edge density.
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Fig. 3. Plots of the main relationships observed between the supply of local climate
regulation service (ALST) and landscape structural parameters (composition and
configuration) for the 2017 image. The plots on top represent the best model
considering composition and configuration variables: the effects of percentage of total
vegetation cover and edge contact between vegetation and buildings (interacting with
building NLSI, with lower values representing more aggregated buildings and higher
values more randomly distributed on the landscape) over local climate regulation
supply, respectively. Bottom plots represent the best model without composition
variables: the effects of vegetation edge density and buildings edge density (interacting
with arboreal vegetation volume, with higher volumes decreasing the negative effect of
buildings’ edge density over the ecosystem service supply) over local climate regulation
supply, respectively. NLSI = normalized landscape shape index.
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Fig. 4. Plots of the main relationships observed between the supply of local climate
regulation service (ALST) and landscape structural parameters (composition and
configuration) for the 2019 image. The plots on top represent the best model
considering composition and configuration variables: the effects of percentage of total
vegetation cover and edge contact between vegetation and buildings (interacting with
building NLSI, with lower values representing more aggregated buildings and higher
values more randomly distributed on the landscape) over local climate regulation
supply, respectively. Bottom plots represent the best model without composition
variables: the effects of buildings’ edge density and vegetation edge density (interacting
with arboreal vegetation volume, with higher volumes increasing the positive effect of
arboreal vegetation edge density over the ecosystem service supply) over local climate
regulation supply, respectively. NLSI = normalized landscape shape index.

Table 2. Best models selected for each year, considering or not composition landscape
variables. AIC is the Akaike information criteria. Coefficient is the estimated value for
the effect size for each variable included in the model, along with its standard error
(SDT) and p-value. Since only one model was selected by set, the AAIC of all shown
models is 0 and wAIC is 1. “:” denotes an interaction between two variables.

Year Model (Variables) AIC Coefficient SDT p-value

Considering all variables, including composition variables

Total vegetation cover 2.4500 0.0103  <0.001
2015 266.427
Vegetation edge density 0.1677 0.0059 < 0.001
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Buildings dissagregation (NLSI) 0.0006 0.0050 0.907
Total Veggtatlon cover: Vegetation 0.0839 00078 <0001
edge density
Total vegetation cover 3.3350 0.0095 <0.001
Ed.ge.contact between trees and 0.0055 0.0050  <0.001
buildings
2017 277.831
Buildings disaggregation (NLSI) - 0.0003 0.0054 0.580
Edge contact between trees and
buildings: Buildings disaggregation - 0.1571 0.0057" <0.001
Total vegetation cover 3.0510 0.0089 < 0.001
Ed’ge.contact between trees and 0.0228 0.0047 <0.001
buildings
2019 267.377
Buildings disaggregation (NLSI) 0.0373 0.0050 <0.001
Edge contact between trees and <0.001
buildings: Buildings disaggregation -0.1229 0.0053
Without composition variables
Vegetation edge density 0.2976 0.0060 < 0.001
Buildings edge density -0.7333 0.0137  <0.001
2015 \eoetation volume 271369 14680  0.0282  <0.001
Buildings edge density : Vegetation - 0.1921 00179  <0.001
volume
Vegetation edge density 0.3738 0.0068 < 0.001
Buildings edge density - 0.9229 0.0154  <0.001
2017 Vegetation volume 289.676 1.8480 0.0317 <0.001
Buildings edge density : Vegetation - 0.2750 00201 <0001
volume
Vegetation edge density 0.2603 0.0070 < 0.001
Buildings edge density - 0.7291 0.0065 <0.001
2019 Vegetation volume 283.724 1.8840 0.0142  <0.001
Vegetation edge density : Vegetation - 0.1149 00105 <0.001

volume
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Intersecting the supply and demand of local climate regulation ecosystem service
revealed a substantial mismatch between these two parameters (Fig. 5 a-d). Areas inside
Séo Paulo urban area lack climate regulation supply, while areas outside have surplus
supply but little to no demand. The balance between supply and demand for Sdo Paulo
reveals that some sample units exhibit more supply than demand, while there are others
with more demand than supply. In general, regions depicted in yellow in Fig. 5-c and
in dark purple in Fig. 5-d represent the main localities where the aforementioned
supply-demand mismatch can lead to adverse outcomes for residents, while areas in
dark green in Fig. 5-d represents areas with high supply and low demand, where the
service is not benefiting people.
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Fig. 5. Spatial representation of the local climate regulation supply (a), demand, where
areas in white represent cells without residents (b), balance (c), and the relation between
different levels of supply and demand (d) in the city of Sdo Paulo.
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4. Discussion

As expected, composition metrics are the ones that better explain the supply of local
climate regulation service. However, our analysis revealed that configuration metrics
also exerts a significant effect on this service. This service supply was positively
affected by total vegetation cover, by arboreal vegetation volume and edge density, the
latter representing the extension of edges on the landscape, in other words, the amount
of arboreal vegetation in contact with other land uses, and also being a proxy of
vegetation fragmentation, and by the amount of contact between trees and buildings.
On the other hand, it was negatively affected by buildings’ edge density, which means
that a fragmented arrangement of built-up areas reduces the supply of local climate
regulation service. Interactions between vegetation and buildings were also found to
modulate the effects of each of those landscape features over the service supply.
Overall, similar models and variables were selected as best predictors of local climate
regulation ecosystem service supply across different years, indicating consistency on
the effects of landscape structure on service over time.

Total vegetation cover consistently appeared in all models considering composition,
suggesting that the presence of all vegetation classes - not only arboreal or natural
vegetation — contributes to local climate regulation. This result expands the possibilities
of urban green spaces that could be implemented to enhance thermal comfort, by
pointing out that urban agriculture and grasslands can also play an important role in
climate mitigation (Gal et al., 2021). However, it's worth noting that while a variety of
vegetation types contribute to local climate regulation, trees have been consistently
found to be more effective in this regard (Onishi et al. 2010; Schwaab et al. 2021).
Nevertheless, it is important to consider that vegetation volume was also a
complementary factor, and that local climatic conditions may affect vegetation effects
on climate regulation. For example, in drier climates the expansion of herbaceous
vegetation may provide fewer substantial benefits in terms of temperature alleviation,
since its efficacy depends on high soil humidity (Hopkins & Del Prado 2007; Gomez-
Casanovas et al. 2018).

Disregarding the effect of composition variables, arboreal vegetation edge density was
consistently included in all selected models. Increased edge density implies fragmented
patches of vegetation, and larger surface areas directly exposed to solar radiation (edge
areas of vegetation). More vegetation edge indicates less aggregation of trees in the
landscape and more shading on other surface types, especially impervious ones, which
could be benefiting from the shading, which shields the areas adjacent to tree canopies
from direct sunlight, thus reducing LST (Ng et al., 2012; Speak et al., 2020; Yu et al.,
2020). Buildings’ edge density was also included in the models along with arboreal
vegetation edge density. Buildings usually have low albedo and absorb heat, leading to
temperature increases, negatively affecting the service supply - and more edge density
indicates more building surface exposed to the sun rays (Connors et al., 2013, Gago et
al., 2013; Jamei et al., 2019). Apart from elevating LST, increased surface temperatures
of buildings can negatively impact the thermal comfort of occupants and raise energy
consumption for interior cooling (Simpson 2002; Voogt & Oke, 2003).

The selected models also bring forth interactions between vegetation and buildings
affecting their respective impacts on local climate regulation supply. In the model
considering all landscape variables, including composition, the positive effect of the
edge contact between trees and buildings on the supply of local climate regulation
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service is modulated by buildings’ disaggregation in 2017 and 2019. When buildings
are more aggregated, the supply of climate regulation service is higher during daytime,
probably because the aggregation also means less impervious areas directly exposed to
sunlight (Berry et al., 2013). There could also be an effect caused by one building shade
over another — contrary to the effect of trees, where fragmentation was positively
associated with the supply, when buildings are aggregated there is a higher possibility
of they shading each other — given that the shading of impervious surface is what
matters mostly for LST reduction, fragmented buildings shading other types of
surfaces, like vegetation or water, should not significantly affect the supply.

The other interaction found was between buildings’ edge density and vegetation
volume, where increased vegetation volume reduces the negative effect of buildings'
edge density on climate regulation. As higher building edge density means more
building surface exposed to solar radiation, the negative interaction could be due to
enhanced shading on building walls by those trees, particularly when considering
higher vegetation volume as a proxy of taller trees (Fig. 6), emphasizing the importance
of including tridimensional metrics in LST analysis (Lyu et al., 2023).

' L2
2 5 ¥

Land surface temperature

Fig. 6. Diagram showing how the negative effect of building’ edge density could be
modulated by the volume of tree vegetation. Even when building edge is the same when
observed in 2D (upper view), different arboreal vegetation volume and height exert
different shade amounts on the impervious surfaces, which can only be observed when
considering a 3D landscape, reducing land surface temperature in different intensities.

The evaluation of supply-demand reveals important mismatches between locations of
supply and demand of local climate regulation service, which follows specific patterns.
For instance, areas with insufficient supply often coincide with high-density localities
and low-income regions (Arantes et al., 2021), such as city borders (peripheries) and
slums (Fig. 7). Those places have a very low vegetation cover and are mostly composed
of low-rise buildings (limited shading), suffering from a severe lack of climate
regulation service supply. Interestingly, this scarcity of green areas in certain city
regions aligns with a land sparing pattern (Linn & Fuller, 2013): regions with high
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population density, mostly composed of impervious surfaces, which are adjacent to
large green areas. In the context of local climate regulation supply, the land sparing
approach appears to have limited benefits due to a spatial decoupling of supply and
demand, differing from previous studies (Stott et al., 2015). These inconsistent results
may be related to the fact that we are considering a local flow (within the cell) for this
service. However, for S&o Paulo, these land sparing regions are also areas with higher
risk of hospitalization due to cardiovascular causes (Cirino et al., 2022), which could
be potentially linked to higher temperatures and lower climate regulation (Michelozzi
et al., 2009). These findings underscore the direct connection between the landscape,
the provision of ecosystem services, and human health and well-being.
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Fig. 7. Examples of areas in Sdo Paulo that exhibit a supply-demand mismatch in the
local climate regulation ecosystem service. a) Jardins district, characterized by its
wealth and abundant street afforestation, represents an area with high levels of supply
and low demand. b) Paraisopolis, a slum marked by its lack of green spaces, represents
an area where the demand significantly surpasses the available supply.

The identification of areas with a supply-demand mismatch and the presence of
contrasting patterns in different regions further emphasize the need for targeted policy
interventions (Weber et al., 2015). In general, places with high building densities,
especially with low-rise buildings, with no vegetation between them, often present high
socio-economic vulnerabilities (air-conditioning is unaffordable, houses are built using
non-energy-efficient materials) and a lack of local climate regulation service (Ferreira
& Duarte, 2019). To reduce city inequalities in local climate regulation provision,
decision-makers should prioritize the development of public policies aimed at
mitigating the consequences of urban heating in these areas, such as the implementation
of nature-based solutions (such as tree planting, green roofs), which are supported by
the functioning of natural ecosystems (Bowler et al., 2010; Liu et al., 2021; Morecroft
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etal., 2019; Yuetal., 2017). By strategically implementing green spaces and promoting
the growth of trees and plants, while involving the residents in those process, cities can
enhance their resilience to rising temperatures and create more comfortable urban
environments (Arghavani et al., 2020; Feyisa et al., 2014; Salmond et al., 2016; Willis
& Petrokofsky, 2017). Moreover, it is crucial to involve residents from these
underserved areas actively in afforestation projects, since community engagement not
only fosters a sense of ownership but also enhances the efficiency of these initiatives
(Pincetl, 2013). On the other hand, places with low population density or with high
population density but highly verticalized buildings with vegetation in between them,
in a land sharing configuration, present the highest levels of the local climate regulation
supply through vegetation and edge-to-edge contact between buildings and green.
However, there are only a few regions like that, where both supply and demand are high
(colored in black in Fig. 5-d), which could inspire further densification of the city
without losing the provision of the climate regulation service.

These findings reinforce the importance of considering landscape configuration when
addressing the complex dynamics of local climate regulation ecosystem service.
Increasing the vegetation amount should be coupled with the planning of the
distribution of new green areas and street afforestation in the cityscape, focusing
especially on their fragmentation and promoting their contact with buildings, given the
interaction between vegetated and built areas. In other words, fragmented buildings
without nearby vegetated areas represent the worst scenarios for controlling urban
heating. Also, knowing the positive effect of arboreal vegetation volume on the local
climate regulation supply contributes to the planning of the species used on urban
afforestation and their spatial positioning to more efficiently provide the service. By
using configuration effects on ecosystem service provision, as presented above, urban
planners could improve the service provision in already densely built regions of the
city, where it is hard to greatly increase the quantity of green areas.

5. Conclusion

By analyzing landscape configuration, vegetation and building interactions, and
supply-demand distribution, we unveiled the intricate dynamics of local climate
regulation in urban areas. The implementation of green areas, as means of increasing
vegetation coverage, should be coupled with the planning of trees and buildings
configuration, aiming to promote the contact between both, spreading the green area
throughout the city in a more fragmented configuration, expanding the area of shading
they provide, and reducing impervious surfaces exposed to direct sunlight. The
tridimensional configuration of the landscape, mainly in terms of vegetation volume,
was also important for increasing the supply of local climate regulation service.
Moreover, the identification of supply-demand mismatch in certain regions revealed
the need for targeted interventions in areas characterized by high demand and low
supply. These areas would gain from the implementation of nature-based solutions
(such as linear parks and rain gardens) between the buildings. Urban planning based on
these landscape composition and configuration effects should result in more efficient
urban landscapes to deal with the challenges of urban heat waves, which are becoming
more frequent and intense with global climate change. Our result should thus contribute
to planning more resilient cities that effectively address the challenges of urban heating
and promote equitable access to ecosystem services, and the overall well-being of urban
residents.
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Discussao Geral e Conclusoes

O presente trabalho investigou o papel da estrutura da paisagem na oferta do
servico ecossistémico de regulacdo da temperatura local. Conforme esperado, as
métricas de composi¢do foram as que melhor explicaram a oferta do servigo,
com destaque para o efeito positivo quantidade de vegetacdo total sobre a
amenizacdo da temperatura. No entanto, nossa analise revelou que a
configuracdo da paisagem também exerce influéncia sobre a temperatura local.
A oferta da amenizagdo térmica esteve positivamente relacionada com a
cobertura vegetal total, o volume de vegetacao arbdrea e a densidade de bordas
da vegetacao, sendo esta ultima uma medida da fragmentacgdo da vegetagdo, bem
como pela quantidade de contato entre arvores e edificios. Por outro lado, a
densidade de bordas dos edificios teve um efeito negativo na oferta do servigo,
o que significa que um arranjo fragmentado das areas construidas reduz a oferta
do servico de regulagdo climatica local. Também foram encontradas interagdes
entre a vegetacdo e os edificios que modulam os efeitos de cada um destes
elementos da paisagem na oferta do servigo, mostrando a complexidade na
compreensdo da dindmica por trds da provisao da regulagdo climatica local em

areas urbanas.

Com base nos resultados, a implementacdo de areas verdes como meio de
aumentar a cobertura vegetal, deve ser combinada com o planejamento da
disposi¢do de arvores e edificios, visando promover o contato entre ambos,
distribuindo as dreas verdes por toda a cidade em uma configuragdo mais
fragmentada e compartilhada, ampliando a 4rea de sombreamento que eles
proporcionam e reduzindo as superficies impermeaveis expostas a luz solar
direta. Além disso, o conhecimento do efeito positivo do volume de vegetagao
arborea no fornecimento da regulagdo climdtica local contribui para o
planejamento das espécies utilizadas na arborizacdo urbana e sua posicdo

espacial para fornecer o servigo de forma mais eficiente.
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A identificacdo de areas com desequilibrio entre oferta e demanda e a presenca
de padrdes contrastantes em diferentes regides ressaltam ainda mais a
necessidade de intervengdes politicas direcionadas. Em geral, locais com alta
densidade de edificios, especialmente com construgdes de baixo porte e sem
vegetacao entre as habitacoes, frequentemente apresentam altas vulnerabilidades
socioeconOmicas e falta de servico de regulacdo climatica local. Para reduzir as
desigualdades na provisao de regulagdo climatica local na cidade, os tomadores
de decisdo devem priorizar o desenvolvimento de politicas publicas voltadas
para mitigar as consequéncias do aquecimento urbano nessas areas, como a
implementacdo de solugdes baseadas na natureza e vegetacdo entre as

edificagodes.

O planejamento urbano com base nos efeitos da composi¢do e configuragdao da
paisagem devera resultar em paisagens urbanas mais eficientes para lidar com os
desafios das ondas de calor urbano, que estdo se tornando mais frequentes e
intensas com as mudancas climaticas globais. Nossos resultados devem
contribuir, assim, para o planejamento de cidades mais resilientes que enfrentem
efetivamente os desafios do aquecimento urbano e promovam o acesso
equitativo aos servicos ecossistémicos € o bem-estar geral dos residentes

urbanos.
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Resumo

Uma consequéncia proeminente da intensificacdo da urbanizacdo é a ocorréncia das
ilhas de calor. As ilhas de calor de superficie, que sdo aquelas que afetam as camadas
inferiores da atmosfera, afetam a populagcdo ao aumentar o consumo de energia e tém
implicacBes para o conforto térmico e a salde humana. Em relagdo a mitigacdo ou
prevencdo de eventos térmicos extremos e a reducdo dos efeitos das ilhas de calor de
superficie, a vegetacdo urbana possui grande potencial, mas no contexto das areas
urbanas também é importante levar em conta os efeitos de outros elementos da
paisagem, como edificios, e suas interagdes com a vegetacdo. Por meio de uma
abordagem de ecologia da paisagem e aplicando modelos lineares generalizados,
avaliamos a prestacdo do servico ecossistémico de regulacdo climatica local na cidade
de Séo Paulo, Brasil, identificando areas com desequilibrio entre a oferta e a demanda
desse servigo, e como a oferta do servico é afetada pela estrutura da paisagem, focando
tanto em areas vegetadas quanto construidas, e em sua interacdo. Apesar das métricas
de composicdo, especialmente a cobertura total de vegetacdo, serem as que melhor
explicam a oferta do servico de regulacdo climatica local, as métricas de configuracao
também exercem um efeito significativo sobre esse servigo. A densidade de bordas de
vegetacdo mostrou um efeito positivo na oferta do servico, enquanto o0 oposto ocorreu
para a densidade de bordas de edificios. O volume arbdreo e o contato entre areas
vegetadas e construidas também se mostraram parametros que ajudam a reduzir as
temperaturas da superficie, e que os efeitos da vegetacdo e das edificacbes interagem
entre si, modulando um ao outro. Por fim, foram identificadas regides da cidade com
desequilibrio entre a oferta e a demanda desse servigo, 0 que poderia representar um
risco a saude em um cenario de crise climatica. Esses resultados podem ajudar
tomadores de decisdo e urbanistas a pensar na configuracéo da cidade e propor politicas

publicas com o objetivo de amenizar as temperaturas locais, beneficiando a populacéo.
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Abstract

One prominent consequence of the intensification of urbanization is the occurrence of
urban heat islands. Surface urban heat islands, affecting lower layers of the atmosphere,
increase energy consumption, and have implications for thermal comfort and human
health. Regarding the mitigation or prevention of extreme thermal events and the
alleviation of surface urban heat island effects, urban vegetation holds great potential,
but in the urban landscape it is also important to take into account the effects of other
elements, such as buildings, and their interactions with vegetation. Through a landscape
ecology approach and by applying generalized linear models, we assess the provision
of the local climate regulation ecosystem service in the city of Sdo Paulo, Brazil,
identifying areas with a mismatch between the service supply and demand, and how its
supply is affected by landscape structure, focusing on both vegetated and built areas,
and on their interaction. Despite composition metrics, especially total vegetation cover,
being the ones that better explain the supply of local climate regulation service,
configuration metrics also exerts a significant effect on this service. Vegetation edge
density showed a positive effect on the service supply, while the opposite happened for
buildings edge density. We also found that arboreal volume and the contact between
vegetated and built areas helps reduce land surface temperatures and that both those
surface types interact with each other, changing their effects. Finally, regions of the city
with a mismatch between the supply and demand, which could represent a health risk
in a scenario of climate crisis, were identified. Those results can help decision makers
and urban planners to think about the city configuration and propose public policy

aiming to alleviate the local temperatures, benefiting the population.



44

Referéncias Bibliograficas

Abreu-Harbich, L. V., Labaki, L. C., & Matzarakis, A. (2015). Effect of tree planting
design and tree species on human thermal comfort in the tropics. Landscape and Urban
Planning, 138, 99-109. https://doi.org/10.1016/j.landurbplan.2015.02.008

Bowler, D. E., Buyung-Ali, L., Knight, T. M., & Pullin, A. S. (2010). Urban greening
to cool towns and cities: A systematic review of the empirical evidence. In Landscape
and Urban Planning (Vol. 97, Issue 3, pp. 147-155). Elsevier.
https://doi.org/10.1016/j.landurbplan.2010.05.006

Cohen, B. (2006). Urbanization in developing countries: Current trends, future
projections, and key challenges for sustainability. Technology in Society, 28(1-2), 63—
80. https://doi.org/10.1016/j.techsoc.2005.10.005

Connors, J. P., Galletti, C. S., & Chow, W. T. L. (2013). Landscape configuration and
urban heat island effects: Assessing the relationship between landscape characteristics
and land surface temperature in Phoenix, Arizona. Landscape Ecology, 28(2), 271-283.
https://doi.org/10.1007/s10980-012-9833-1

Costanza, R., de Groot, R., Braat, L., Kubiszewski, I., Fioramonti, L., Sutton, P., Farber,
S., & Grasso, M. (2017). Twenty years of ecosystem services: How far have we come
and how far do we still need to go? In Ecosystem Services (Vol. 28, pp. 1-16). Elsevier
B.V. https://doi.org/10.1016/j.ecoser.2017.09.008

Estoque, R. C., Murayama, Y., & Myint, S. W. (2017). Effects of landscape
composition and pattern on land surface temperature: An urban heat island study in the
megacities of Southeast Asia. Science of the Total Environment, 577, 349-359.
https://doi.org/10.1016/j.scitotenv.2016.10.195

Ferreira, L. S., & Duarte, D. H. S. (2019). Exploring the relationship between urban
form, land surface temperature and vegetation indices in a subtropical megacity. Urban
Climate, 27, 105-123. https://doi.org/10.1016/j.uclim.2018.11.002



45

Feyisa, G. L., Dons, K., & Meilby, H. (2014). Efficiency of parks in mitigating urban
heat island effect: An example from Addis Ababa. Landscape and Urban Planning, 123,
87-95. https://doi.org/10.1016/j.landurbplan.2013.12.008

Gago, E. J.,, Roldan, J., Pacheco-Torres, R., & Ordofiez, J. (2013). The city and urban
heat islands: A review of strategies to mitigate adverse effects. In Renewable and
Sustainable  Energy  Reviews (Vol. 25, pp. 749-758). Pergamon.
https://doi.org/10.1016/j.rser.2013.05.057

Giridharan, R., & Emmanuel, R. (2018). The impact of urban compactness, comfort
strategies and energy consumption on tropical urban heat island intensity: A review. In
Sustainable Cities and Society (Vol. 40, pp. 677-687). Elsevier Ltd.
https://doi.org/10.1016/j.scs.2018.01.024

Grimmond, S. (2007). Urbanization and global environmental change: Local effects of
urban warming. Geographical Journal, 173(1), 83-88. https://doi.org/10.1111/].1475-
4959.2007.232_3.x

Helletsgruber, C., Gillner, S., Gulyas, A., Junker, R. R., Tanacs, E., & Hof, A. (2020).
Identifying Tree Traits for Cooling Urban Heat Islands—A Cross-City Empirical
Analysis. Forests, 11(10), 1064. https://doi.org/10.3390/f11101064

Howe, D. A., Hathaway, J. M., Ellis, K. N., & Mason, L. R. (2017). Spatial and
temporal variability of air temperature across urban neighborhoods with varying
amounts of tree canopy. Urban Forestry and Urban Greening, 27, 109-116.
https://doi.org/10.1016/j.ufug.2017.07.001

Jamel, Y., Rajagopalan, P., & Sun, Q. (Chayn). (2019). Spatial structure of surface
urban heat island and its relationship with vegetation and built-up areas in Melbourne,
Australia.  Science of the Total Environment, 659,  1335-1351.
https://doi.org/10.1016/j.scitotenv.2018.12.308

Jin, K., Wang, F., & Wang, S. (2020). Assessing the spatiotemporal variation in
anthropogenic heat and its impact on the surface thermal environment over global land
areas. Sustainable Cities and Society, 63, 102488.
https://doi.org/10.1016/j.scs.2020.102488



46

Kong, L., Lau, K. K. L., Yuan, C., Chen, Y., Xu, Y., Ren, C., & Ng, E. (2017).
Regulation of outdoor thermal comfort by trees in Hong Kong. Sustainable Cities and
Society, 31, 12-25. https://doi.org/10.1016/j.scs.2017.01.018

Kovats, R. S., & Hajat, S. (2008). Heat Stress and Public Health: A Critical Review.
Annual Review of Public Health, 29(1), 41-55.
https://doi.org/10.1146/annurev.publhealth.29.020907.090843.

Lehmann, 1., Mathey, J., RoBler, S., Brauer, A., & Goldberg, V. (2014). Urban
vegetation structure types as a methodological approach for identifying ecosystem
services - Application to the analysis of micro-climatic effects. Ecological Indicators,
42, 58-72. https://doi.org/10.1016/j.ecolind.2014.02.036

Li, Z.-L., Tang, B. H., Wu, H., Ren, H., Yan, G., Wan, Z., Trigo, I. F., & Sobrino, J. A.
(2013). Satellite-derived land surface temperature: Current status and perspectives. In
Remote Sensing of Environment (Vol. 131, pp. 14-37). Elsevier.
https://doi.org/10.1016/j.rse.2012.12.008

Masoudi, M., Tan, P. Y., & Liew, S. C. (2019). Multi-city comparison of the
relationships between spatial pattern and cooling effect of urban green spaces in four
major Asian cities. Ecological Indicators, 98, 200-213.
https://doi.org/10.1016/j.ecolind.2018.09.058

McKinney, M. L. (2006). Urbanization as a major cause of biotic homogenization.
Biological Conservation, 127(3), 247-260.
https://doi.org/10.1016/j.biocon.2005.09.005

Metzger, J. P., Villarreal-Rosas, J., Suarez-Castro, A. F., Lopez-Cubillos, S., Gonzalez-
Chaves, A., Runting, R. K., Hohlenwerger, C., & Rhodes, J. R. (2021). Considering
landscape-level processes in ecosystem service assessments. Science of The Total
Environment, 796, 149028. https://doi.org/10.1016/j.scitotenv.2021.149028

Morecroft, M. D., Duffield, S., Harley, M., Pearce-Higgins, J. W., Stevens, N., Watts,
0., & Whitaker, J. (2019). Measuring the success of climate change adaptation and
mitigation in terrestrial ecosystems. In Science (Vol. 366, Issue 6471). American

Association for the Advancement of Science. https://doi.org/10.1126/science.aaw9256



47

Moss, J. L., Doick, K. J., Smith, S., & Shahrestani, M. (2019). Influence of evaporative
cooling by urban forests on cooling demand in cities. Urban Forestry and Urban
Greening, 37, 65-73. https://doi.org/10.1016/j.ufug.2018.07.023

Ng, E., Chen, L., Wang, Y., & Yuan, C. (2012). A study on the cooling effects of
greening in a high-density city: An experience from Hong Kong. Building and
Environment, 47(1), 256-271. https://doi.org/10.1016/j.buildenv.2011.07.014

Nguyen, T. T. (2020). Landsat time-series images-based urban heat island analysis: The
effects of changes in vegetation and built-up land on land surface temperature in
summer in the hanoi metropolitan area, Vietnam. Environment and Natural Resources
Journal, 18(2), 177-190. https://doi.org/10.32526/ennrj.18.2.2020.17

Oke, T. R. (1973). City size and the urban heat island. Atmospheric Environment
(1967), 7(8). https://doi.org/10.1016/0004-6981(73)90140-6

Oke, T. R. (1982). The energetic basis of the urban heat island. Quarterly Journal of the
Royal Meteorological Society, 108(455). https://doi.org/10.1002/qj.49710845502

Ouyang, W., Morakinyo, T. E., Ren, C., & Ng, E. (2020). The cooling efficiency of
variable greenery coverage ratios in different urban densities: A study in a subtropical
climate. Building and Environment, 174.
https://doi.org/10.1016/j.buildenv.2020.106772

Qiu, K., & Jia, B. (2020). The roles of landscape both inside the park and the
surroundings in park cooling effect. Sustainable Cities and Society, 52, 101864.
https://doi.org/10.1016/j.s¢s.2019.101864

Rahman, M. A., Moser, A., Rotzer, T., & Pauleit, S. (2019). Comparing the
transpirational and shading effects of two contrasting urban tree species. Urban
Ecosystems, 22(4), 683-697. https://doi.org/10.1007/s11252-019-00853-x

Rahman, M. A, Stratopoulos, L. M. F., Moser-Reischl, A., Zélch, T., Haberle, K. H.,
Rotzer, T., Pretzsch, H., & Pauleit, S. (2020). Traits of trees for cooling urban heat
islands: A meta-analysis. In Building and Environment (Vol. 170). Elsevier Ltd.
https://doi.org/10.1016/j.buildenv.2019.106606



48

Salmond, J. A., Tadaki, M., Vardoulakis, S., Arbuthnott, K., Coutts, A., Demuzere, M.,
Dirks, K. N., Heaviside, C., Lim, S., Macintyre, H., Mclnnes, R. N., & Wheeler, B. W.
(2016). Health and climate related ecosystem services provided by street trees in the
urban environment. In Environmental Health: A Global Access Science Source (Vol.
15, Issue S1, p. S36). BioMed Central Ltd. https://doi.org/10.1186/s12940-016-0103-6

Spangenberg, J., Shinzato, P., Johansson, E., & Duarte, D. (2019). SIMULATION OF
THE INFLUENCE OF VEGETATION ON MICROCLIMATE AND THERMAL
COMFORT IN THE CITY OF SAO PAULO. Revista Da Sociedade Brasileira de
Arborizacdo Urbana, 3(2), 1. https://doi.org/10.5380/revsbhau.v3i2.66265

Speak, A., Montagnani, L., Wellstein, C., & Zerbe, S. (2020). The influence of tree
traits on urban ground surface shade cooling. Landscape and Urban Planning, 197.
https://doi.org/10.1016/j.landurbplan.2020.103748

Srivanit, M., & lamtrakul, P. (2019). Spatial patterns of greenspace cool islands and
their relationship to cooling effectiveness in the tropical city of Chiang Mai, Thailand.
Environmental Monitoring and Assessment, 191(9). https://doi.org/10.1007/s10661-
019-7749-9

Sun, S., Xu, X,, Lao, Z., Liu, W., Li, Z., Higueras Garcia, E., He, L., & Zhu, J. (2017).
Evaluating the impact of urban green space and landscape design parameters on thermal
comfort in hot summer by numerical simulation. Building and Environment, 123, 277—
288. https://doi.org/10.1016/j.buildenv.2017.07.010

Tsoka, S., Tsikaloudaki, K., Theodosiou, T., & Bikas, D. (2020). Urban warming and
cities’ microclimates: Investigation methods and mitigation strategies—A review.

Energies, 13(6), 1414. https://doi.org/10.3390/en13061414

Vaz Monteiro, M., Doick, K. J., Handley, P., & Peace, A. (2016). The impact of
greenspace size on the extent of local nocturnal air temperature cooling in London.
Urban Forestry and Urban Greening, 16, 160-169.
https://doi.org/10.1016/j.ufug.2016.02.008

Vieira, J., Matos, P., Mexia, T., Silva, P., Lopes, N., Freitas, C., Correia, O., Santos-
Reis, M., Branquinho, C., & Pinho, P. (2018). Green spaces are not all the same for the



49

provision of air purification and climate regulation services: The case of urban parks.
Environmental Research, 160, 306-313. https://doi.org/10.1016/j.envres.2017.10.006

Voogt, J. A., & Oke, T. R. (2003). Thermal remote sensing of urban climates. Remote
Sensing of Environment, 86(3). https://doi.org/10.1016/S0034-4257(03)00079-8

Willis, K. J., & Petrokofsky, G. (2017). The natural capital of city trees. Science,
356(6336). https://doi.org/10.1126/science.aam9724

Wu, Zhifeng, Dou, P., & Chen, L. (2019). Comparative and combinative cooling effects
of different spatial arrangements of buildings and trees on microclimate. Sustainable
Cities and Society, 51, 101711. https://doi.org/10.1016/j.s¢s.2019.101711

Wu, Zhifeng, Yao, L., & Ren, Y. (2020). Characterizing the spatial heterogeneity and
controlling factors of land surface temperature clusters: A case study in Beijing.
Building and Environment, 169, 106598.
https://doi.org/10.1016/j.buildenv.2019.106598

Yu, Z., Guo, X., Jgrgensen, G., & Vejre, H. (2017). How can urban green spaces be
planned for climate adaptation in subtropical cities? Ecological Indicators, 82, 152—
162. https://doi.org/10.1016/j.ecolind.2017.07.002

Zhang, Q., & Seto, K. C. (2011). Mapping urbanization dynamics at regional and global
scales using multi-temporal DMSP/OLS nighttime light data. Remote Sensing of
Environment, 115(9), 2320-2329. https://doi.org/10.1016/j.rse.2011.04.032

Zhang, X., Zhong, T., Feng, X., & Wang, K. (2009). Estimation of the relationship
between vegetation patches and urban land surface temperature with remote sensing.
International Journal of Remote Sensing, 30(8), 2105-2118.
https://doi.org/10.1080/01431160802549252

Zhou, W., Wang, J., & Cadenasso, M. L. (2017). Effects of the spatial configuration of
trees on urban heat mitigation: A comparative study. Remote Sensing of Environment,
195, 1-12. https://doi.org/10.1016/j.rse.2017.03.043



50

Anexos e Apéndices

LST (°C):
54.9

Date 23/09/2015
Tmean (°C) 26.0

Tmin (°C) 18.1

Tmax (°C) 36.6
Humidity (%) 323
Accumulated rain (mm)| 0.0

Fig. S1. Land surface temperature (LST) and weather condition in Sdo Paulo on
September 23, 2015.
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LST (°C):

54.9

21.9
0 5 10 km
[
Date 15/11/2017
Tmean (°C) 22.6
Tmin (°C) 14.8
Tmax (°C) 32.4
Humidity (%) 51.5
Accumulated rain (mm)| 0.0

Fig. S2. Land surface temperature (LST) and weather condition in S&o Paulo on
November 15, 2017.
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Date 21/01/2019
Tmean (°C) 27:1

Tmin (°C) 22.4

Tmax (°C) 38.7
Humidity (%) 60.8
Accumulated rain (mm)| 0.0
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Fig. S3. Land surface temperature (LST) and weather condition in Sdo Paulo on January

21, 2019.
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Fig. S4. Correlation plot between landscape variables considering. Darker shades
represent stronger correlation, with red representing negative correlation and blue
representing positive correlation. Values in each cell are the Spearman correlation
coefficient for the pair of variables. Cells with an “X” are values with no statistical
significance  (p-value > 0.05). PORC_VEG_FLOR = Forest cover;
PORC_VEG_ABERTA = Open vegetation cover; VEG_ARBOREA = Arboreal
vegetation cover; PORC_VEG_TOTAL = Total vegetation cover; PORC_AGUA =
Water cover; VEG_ED = Arboreal vegetation edge density; VEG_PROX_MN =
Arboreal vegetation mean proximity index; VEG_CWED = Edge contact between trees
and buildings ; VEG_NLSI = Arboreal vegetation normalized landscape shape index;
AREA EDIF = Buildings cover; EDIF_ED = Buildings edge density;
EDIF_PROX_MN = Buildings mean proximity index; EDIF_NLSI = Buildings
normalized landscape shape index; BHM_MEAN = Mean building height;
BHM_VOLUME = Building volume; VHM_MEAN = Mean arboreal vegetation
height; VHM_VOLUME = Arboreal vegetation volume.
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Fig. S5. Histograms of local climate regulation (ALST) for each mesoclimatic region of Sdo Paulo municipality (Tarifa & Armani, 2000).
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