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Small Urban Green Infrastructure (UGI; green areas < 2 ha) represents the best opportunity to mitigate Urban
Heat Island (UHI) and directly promote microclimate regulation. However, few studies investigate the cooling
capacity (CC) of small UGI and how their spatial organization influences its provision. Here, we used an urban
cooling model and landscape metrics to understand how UGI in public and private domains influences micro-
climate regulation in a dense urban region of Rio de Janeiro. Our findings highlight the significant correlation
between private UGI and CC, explaining over 80 % of its variation. We found an interaction between UGI
composition (i.e. the amount of UGI) and configuration (i.e. spatial distribution of UGI). Nevertheless, UGI
configuration exerted the greatest influence with edge density being the most significant landscape metric,
suggesting that, with an equivalent green area, patchwork or numerous smaller green areas enhance CC
compared to fewer larger ones. This study underscores the pivotal role of private UGI organization in tropical and
dense urban context, where public UGI is neglected. We conclude that UGI awareness initiatives must system-
atically pay attention to spatial configuration of the small UGI, aligning interventions with urban dwellers’ needs
in order to guarantee microclimate regulation provision.

1. Introduction Wang and Akbari et al. 2016). One of the most common suggestions to

mitigate UHI is encouraging the creation of urban green infrastructures

Urbanization, with the consequent loss of vegetation cover and cre-
ation of built and impermeable spaces, can alter the amount of evapo-
transpiration, radiative balance and air flow, resulting in increased
temperature in urban areas (Oke et al. 2017). This process, known as
Urban Heat Islands (UHI), are one of the most well known consequences
of the urbanization process and is defined by the presence of higher
temperatures in cities compared to rural or vegetated areas (Oke et al.
2017). Sources of anthropogenic heat (e.g. heat release by industry, the
burning of fuels by cars and air conditioning) can also reinforce UHI
(Alberti 2008; Oke et al. 2017). UHI has a direct impact on the func-
tioning of cities, being associated with increased vector-borne diseases,
such as dengue, decreased thermal comfort, increased energy con-
sumption and exposure of vulnerable populations to heat (Duarte et al.
2015; De Azevedo et al. 2018; Kim et al. 2022; Santamouris et al. 2015;
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(UG, i.e., street trees, parks, private gardens; Akbari et al. 2015; Deilami
et al. 2018; Grilo et al. 2020; Ziter et al. 2019). This has gained mo-
mentum from efforts within institutional spaces, especially with the
Nature-based Solution debate concerning climate and biodiversity. UGI
can be defined as a strategically planned network of natural and
semi-natural areas in cities (see Cohen-Shacham et al. 2016) and can
contribute to the microclimate regulation service, in which vegetation
can lower the temperature of their surroundings mostly through shading
and evapotranspiration (Dobbs et al. 2011; Oke et al. 2017). UGI can
also promote other multiple ecosystem services and reduce the envi-
ronmental and population vulnerability to climate change and urban
environmental problems, such as air pollution and flooding (Akbari
et al. 2001; Bolund and Hunhammar 1999; Luederitz et al. 2015; Locke
and McPhearson 2018).
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Many works focus their analysis on large parks, using coarse spatial
scales (Aram et al. 2019; Cao et al. 2010; Derkzen et al. 2015), while few
consider and discuss the contribution of different types of UGI for
microclimate regulation (Aram et al. 2019; Bowler et al. 2010; Vaz
Monteiro et al. 2016). Recent works have highlighted the role of small
UGI, such as private gardens, suggesting their effectiveness for micro-
climate regulation (Shashua-Bar and Hoffman, 2000;Du et al. 2016; Kim
et al. 2022; Lee et al., 2023; Ossola et al. 2021;Park et al. 2017; Ziter and
Turner 2018), as well as for other ecosystem services (Cameron et al.
2012). Increased attention has been paid to the relationship of landscape
patterns and cooling capacity of UGI (Chen et al. 2014, Du et al. 2016; Li
et al. 2011; Li et al. 2012; 2013; Zhou et al. 2011). In this regard,
composition (i.e., the variety and abundance of a given type of landscape
element) and configuration (i.e., the spatial arrangement, position and
orientation of landscape elements) have been used to assess the rela-
tionship between temperature and spatial heterogeneity of UGI. Both
composition and configuration have combined contribution to micro-
climate regulation, but their relative importance remains controversial,
as the cooling capacity (CC) of the UGI is likely to vary among cities
subjected to different urbanization processes, ecological context, scale of
analysis and how all of these factors interact (Du et al. 2016; Kim et al.
2022; Rajagopal et al. 2023; Zhang et al. 2022; Zhou et al 2017).

Despite the promotion of numerous benefits, UGI cover is declining
in some cities (Kabisch and Haase 2013), or is expected to decrease, like
private gardens in England (Gaston et al. 2005). In Latin America and
the Caribbean, this process will be striking if we consider its high social
inequality, informal settlements and lack of maintenance of green areas
and poor planning in cities development (Dobbs et al., 2019). Even
though it is a challenge to reconcile urbanization with the UGI main-
tenance and promotion, residential land use already comprises most of
the green areas in many cities and possibly represents the best oppor-
tunity to increase green infrastructure and promote ecosystem services
(Gaston et al. 2005; Lin et al. 2015). Small UGI then might be an
important feature of urban landscape as a strategy contributing with
social-ecological functions and ecosystem services in dense urban set-
tings (Cameron et al. 2012; Gaston et al. 2005; Ossola et al. 2019b;
Ruffato-Ferreira 2016).

Considering the current scenario of accentuation of UHI, climate
extreme events (Dereczynski et al. 2013) and loss of UGI cover, it is of
great importance to understand how the cover of small UGI, as well as its
organization in space, can enhance the mitigation of the UHL In this
study, we investigated the relative contribution of the private and public
small UGI to the microclimate regulation, as well as the influence of
their composition and spatial configuration of UGI to CC. We used the
suburbs of Rio de Janeiro as a model system, one of the hottest regions of
the city with private gardens accounting for ~40 % of the total green
areas and with the lowest forest cover in the city (Mendonca et al. 2019;
Ruffato-Ferreira 2016). In this sense, UGI can stand out as a UHI miti-
gation strategy, but for that, we need a better understanding of the role
of different types of small UGI in providing microclimate regulation to
an area with high urbanization and social vulnerability. This makes this
area an interesting study case for generating new knowledge about
design and urban planning with a social-ecological basis, helping to
forge a new urban development framework.

2. Methods
2.1. Study Area

The study was carried out in the urban extent of Rio de Janeiro
suburbs. According to the IBGE, the estimated population of Rio in 2021
was ~6.75 million people, making it the second most populous city and
the 18th city with the highest population density in Brazil (~5200 in-
habitants/km?; IBGE, 2010). The choice of Rio de Janeiro suburbs as the
study area is related to the process of heterogeneous urbanization of Rio
de Janeiro and the differentiated political attention to the territorial
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management of the city, which commonly results in an overvaluation of
the wealthier neighborhoods as compared to poorer suburban neigh-
borhoods (Barandier 2016). Rio de Janeiro suburbs, for example, is the
most degraded area of the city, having one of the lowest coverage of
forest areas, in addition to having the highest coverage of anthropic
areas among all the planning areas of the municipality of Rio (Ruffa-
to-Ferreira 2016). The North Zone is also one of the hottest regions of the
city. This is driven by geographic factors, such as the presence of the
Tijuca massif, blocking the sea breeze to circulate in the region, but also
by anthropic factors, as it is an already consolidated urban center with a
high proportion of impervious surface (Dereczynski et al. 2013; Lucena
et al. 2018).

Importantly, unlike other cities in the world, the concept of suburbs
in Rio de Janeiro does not adhere to the common concept of American
suburbs (Moreira 2012; Perfeito 2020), where they generally represent
areas farther from the urban centers associated with middle-class pop-
ulation. When referring to the suburb of Rio, a specific region of the city
is delimited, with specific features, composed mostly of low-income
neighborhoods associated with symbolic cultural values linked to the
territory and the working-class population (Perfeito 2020; Souza 2010;
Santos 2011). In this context, the suburb of Rio is generally understood
as the region crossed by the railway lines of the former Central do Brasil,
Leopoldina and the extinct auxiliary line Rio D*Ouro (Souza 2010).
Considering the current administrative division of the city, the munici-
pality of Rio is divided into 5 planning areas (AP), 33 Administrative
Regions (RA) and 160 neighborhoods. In this work, following the
theoretical conceptualization of Souza (2010), the suburban region
corresponds to the third planning area (AP3) of the administrative di-
vision of the city, comprising 80 neighborhoods.

It is also important to define here one of the objects under analysis in
this study, the private gardens (hereafter private UGI). In general, they
are green spaces present in the private areas of single-family residences
and comprise different vegetation types. Cameron et al. (2012) defined
private UGI as “areas adjacent to a residential building, whether private
or leased”. Ruffato-Ferreira (2016) says that private UGI in Rio de
Janeiro have a social function restricted to the family due to their pri-
vate dimension; however, their contribution may have a more general-
ized effect in the city. This is the case of their contribution to the
provision ecosystem services, especially on Rio de Janeiro suburbs
which, unlike the central regions, present an “absolute predominance of
residences [...] with large private or collective areas, thus forming a
network” (Ruffato-Ferreira 2016) and where most of the green areas are
in private areas (Mendonca et al. 2019).

2.2. Data

The microclimatic regulation provided by the UGI was estimated
using the urban cooling model of the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) software. InVEST is a set of spatially
explicit models capable of estimating and evaluating the provision of
ecosystem services and their impacts on people. The urban cooling
model aims to simulate the spatial distribution of the Urban Heat Island
considering the land cover and land use of a given location (See Sharp
et al. 2020). The model calculates a heat island mitigation index, here-
inafter called Cooling Capacity (CC), considering shading, evapotrans-
piration and albedo, mechanisms by which vegetation reduce the
temperature of its surroundings and regulate the radiative balance of the
urban spaces (Phelan et al. 2015; Sharp et al. 2020; Zardo et al. 2017).
The model utilizes spatialized temperature, land use/land cover (LULC)
data and their biophysical characteristics to estimate the effect of land
use and land cover on air temperature. InVEST Urban Cooling Model
version 3.9.0 was used to carry out the simulations and all the data inputs
are listed in Table 1. The names of data sets and parameters follow the
nomenclature provided by the InVEST Urban Cooling Model (see Sharp
et al. 2020).

The LULC map (Fig. 1) was produced from the composition and
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Table 1

Summary of the data used to run the InVEST Urban Cooling Model with their
respective references from which data was retrieved. The names of data sets and
parameters follow the nomenclature provided by the InVEST Urban Cooling
Model (see Sharp et al. 2020).

Data name Description Retrieved from

LULC Raster map of AP3 Land Use/Land Cover Amaral et al. 2022; IPP,
classes for 2016 2016

ETO Raster map of mean reference Muniz Jtnior et al.
evapotranspiration values for 2015 (2020)

Tref Average air temperature in 2015, in a Muniz Jtnior et al.
non-urban reference area where urban (2020)
heat island effect is not observed

UHImax Magnitude of the heat island. It was Muniz Jtnior et al.
obtained from the difference between (2020)
highest average temperature from
climatological station record and Tref

Kc* Crop coefficient; indicates the Allen et al. (1998);
evapotranspiration rate for plant Grimmond and Oke
organisms (1999)

Green Indicates whether or not a LULC class is -

Area* considered a green area (1 or 0)

Shade* Proportion of tree vegetation cover (at -
least 2 meters high)

Albedo* Proportion of solar radiation that is Stewart and Oke (2012)
reflected by a surface.

dcool Cooling Distance. Distance in meters Calibration™*
where IVU greater than 2ha has a cooling
effect

r Air mixing radius in meters Calibration™*

Relative Shade, evapotranspiration and albedo Calibration**

Weight parameters relative weight values applied

while calculating the cooling capacity
index.

" Values presented in the biophysical table and corresponding to each LULC

class.

™ For calibration procedure, see Bosch et al. (2021).

™ Private UGI

I Public UGI

Residential blocks (Private areas)
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modification of thematic information plans, namely: Original land use
map for the municipality of Rio de Janeiro, in ESRI Shapefile format (.
shp), from Instituto Pereira Passos (IPP); Limits of the fiscal blocks for
the municipality of Rio de Janeiro, in ESRI format, Shapefile (.shp), from
Instituto Pereira Passos (IPP); AP3 Intraurban Vegetation Map in ESRI
Shapefile (.shp) format, from Amaral et al. (2022); and Territorial
boundaries of the municipality of Rio de Janeiro, in ESRI Shapefile (.
shp) format, from Instituto Pereira Passos (IPP). A comprehensive and
schematic methodology workflow of the study can be found in Fig. 2.

2.3. Methodology

To map and classify the UGI of interest, initially, the classes of in-
terest were identified in the shapefile of the original land use map of Rio
de Janeiro. At this stage, the classes of residential, leisure, commercial
and industrial use were initially selected. The output layer from this
selection was then intersected with the boundary of fiscal blocks in order
to define blocks within residential use as private areas. Later, we did the
same process to define features outside of these blocks as public areas.
Private blocks belonging to commercial and industrial uses were dis-
regarded in the mapping since we are interested in private UGI on res-
idential land. Other types of land use and land cover, such as service
areas, military and slums, were outside the scope of this study and were
also disregarded from the mapping.

Subsequently, corrections were made to the delimitation of the pri-
vate area, removing blocks with the wrong classification and correcting
the positioning of the limits of residential blocks, which often included
sidewalks or part of the street. It is important to note that the common
areas of condominiums and housing complexes were also considered as
residential blocks, following the understanding of Ruffato-Ferreira
(2016) that green areas of these spaces present similar dynamics to the
gardens of single-family homes.

The last step was to select the intraurban vegetation and classifica-
tion as a public UGI or private UGL For this, the vector layer of land
cover and land use of the selected classes was crossed with the vector

M Sidewalks, streets and squares (Public areas)
[J Neighborhoods extent

5%

S

0,

X G,
SRR
Ve %,
SELRR
So e

Rio de

2 5km Janeiro
2 M
5

Fig. 1. Land use/land cover map (LULC) showing the delimitation of the neighborhoods in the study area. A) Final LULC used in the model B) Detail of the land use
classes. Blank areas are LULC classes out of interest in this work, in this case, representing two schools and one hospital. Green areas represent private Urban Green
Infrastructures (UGI) and blue areas represent public UGI. Orange polygons represent residential blocks and dark green lines represent streets, sidewalks and squares.
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Fig. 2. Methodological workflow to assess the relative influence of configuration and composition metrics of public and private UGI on the cooling capacity in Rio de

Janeiro neighborhoods.

map of intraurban vegetation. The map of intra-urban vegetation defines
two classes of vegetation: arboreal and shrub-herbaceous, however, the
shrub-herbaceous cover corresponds to about 2 % of the total area of
AP3, and due to this very low representation, only the arboreal vege-
tation was considered in the model. After composing and processing the
vector masks, the final LULC map was rasterized with a resolution of 5
m. All steps were done using QGIS version 3.16.15.

A temperature raster map was produced from the monthly air tem-
perature averages for the year 2015 using 17 monitoring stations present
in AP3 and its surroundings (Table S1). The data used to build the raster
were provided by Muniz Jtnior et al. (2020) and interpolated following
the Inverse Distance Weighted method in QGIS version 3.16.15. The
magnitude of the urban heat island (UHImax) was obtained from the
difference between the highest and lowest temperature present in the
temperature raster map, defined as 3.16 °C. This value is in line with the
value between 3 C and 4 C estimated by studies on UHI already devel-
oped for the metropolitan region of Rio de Janeiro (Marques-Filho et al.
2009, Meireles et al. 2014). To define the reference temperature (Tref),
which consists of the air temperature without the action of the heat is-
land, the lowest air temperature value present in the temperature raster
was used, which in this work was 26.41 °C, detected in the vegetation
region of the Tijuca massif (Tijuca rainforest).

Regarding the data from the biophysical table (See Table S2), it was
necessary to define the values of crop coefficient, shade, albedo and
which classes should be considered as green areas. The crop coefficient

(Kc) is an index that indicates the actual evapotranspiration rate for
plant organisms, based on the reference evapotranspiration (Et0) of the
study area. In this work, the coefficients were defined based on the Kc
calculated by Allen et al. (1998) and Grimmond and Oke (1999). The
albedo and shading values were obtained based on the work of Stewart
and Oke (2012).

Potential evapotranspiration (ETO) raster was produced from cal-
culations of the Climatological Water Balance, considering the model
proposed by Thornthwaite-Mather. as described in the equations (1), (2)
e (3) in Muniz Junior et al. (2020):

a
ETO = FCx 16 x (10 X %) (@)

a =675x108xP—-771x10—-6 xI*>+0.01791 x [ +0.492 (2)

Where ETO = potential evapotranspiration (mm.month-1); T = average
air temperature (°C); FC = correction factor in function of the latitude
and month, and I = annual thermal index, given by:

12

I— Z _ (Ti/5)1.51 3)
i=1
The ETO data used in the formulation of the map were derived from
the monthly air temperature averages of 17 monitoring stations located
in the AP3 and nearby. Muniz Junior et al. (2020) provided the
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temperature values for the year 2015, the basis for calculating the ETO,
as well as the calculation methodology. Once calculated, the evapo-
transpiration values were interpolated by the Inverse Distance Weighted
(IDW) method using QGIS version 3.16.15. The model, however, in-
corporates the evapotranspiration data as an Evapotranspiration Index
(ETi), which is a normalized value of potential evapotranspiration from
vegetation calculated for each pixel, as described in equation (4) (See
InVEST Urban Cooling Guide):

_ Kc xETO

ETi
' T TETOpm

@

The last step was to calibrate the model, by obtaining the weights for
shade, evapotranspiration, albedo, cooling distance (dcool), air mixing
radius (r) parameters. We followed the calibration process developed by
Bosch et al. (2021), in which air temperature simulations are made from
iterations of the urban cooling model with different values for each one
of these listed parameters. The result of these air temperature simula-
tions is compared to the air temperature data from monitoring stations.
The value of the simulation parameters, with results closest to the
observed temperatures from the monitoring stations is chosen (See
Bosch et al. 2021). To carry out the calibration, LULC, ETO, the bio-
physical table and the raster map of air temperature from the monitoring
stations, described above were used. Calibration was performed using
the invest-ucm-calibration package in Python 3.0 (Bosch et al. 2021).

To evaluate the spatial organization and describe the structure of the
landscape, several landscape metrics can be used. In general, these
metrics can be classified into two groups: composition metrics, which
measure the variety and abundance of a given type of landscape
element, and configuration metrics, which measure the arrangement,
position and orientation of landscape elements (McGarigal 2014). In this
work, 6 landscape metrics were used to evaluate the spatial organization
of the public and private UGI in the suburbs (Table 2), 5 of which are
configuration metrics: Mean Area (AREA_MN), patch density (PD),
Mean Euclidean distance (ENN_MN), Clumpiness (CLUMP), edge density
(ED); and one is a composition metric: tree cover (PLAND). These
metrics were chosen because they represent the size, distribution,
fragmentation and proportion of UGI coverage. They were also chosen
for their common use in the literature, ease of interpretation and the
small redundancy between the metrics (Zhou et al. 2011; 2017). To
calculate them, the landscapemetrics package (Hesselbarth et al. 2019) in
R, version 4.0.1 was used.

2.4. Statistical analysis

To test the effect of tree cover and spatial distribution of UGI in the
CC, the 80 neighborhoods comprising AP3 were considered as sample
units. Initially, a simple correlation between landscape metrics and CC
was performed, but a high correlation between tree cover and some of

Table 2
Description of landscape metrics (Hesselbarth et al. 2019) used to assess the
effect of UGI spatial distribution on the cooling capacity.

Type Landscape Metrics Description
Composition Tree cover (PLAND) Proportion of tree cover per sampling unit
(%)
Configuration =~ Mean area Average area of UGI per sampling unit
(AREA_MN) (m?)

Patch density (PD) Average number of UGI per hectare per
sampling unit (UGI/ha)

Measure of organization of the UGI in
relation to the aggregation of fragments.
Ranges from -1 (disaggregated) to +1
(aggregated)

Distance to the nearest neighboring UGI of
the same type (m)

Total perimeter (m) of UGI per hectare per
sampling unit (m/ha)

Clumpiness (CLUMP)

Mean euclidean
distance (ENN_MN)
Edge density (ED)

Sustainable Cities and Society 112 (2024) 105589

the landscape configuration metrics was attested. Because of this, the
relationship between landscape metrics and neighborhood CC was
evaluated through a Spearman partial correlation where the effect of
tree cover on configuration metrics and the effect of configuration
metrics on tree cover was controlled (Zhou et al. 2017).

Subsequently, the Boosted Regression Trees method (BRT; Elith et al.
2008; Friedman et al. 2000) was used to assess the relative influence of
public and private UGI in providing the microclimate regulation service,
as well as the relative influence of the configuration and composition on
CC. As it is a combination of regression tree methods with a boosting
technique for improving predictive capacity, the BRT approach brings
advantages such as identification of relevant variables, automatically
accounting for nonlinearities and and interactions, dealing with
different types of explanatory variables, without the need for data
transformation or elimination of outliers (Elith et al. 2008).

We fit a BRT model using CC as a response variable and the private
and public UGI composition and configuration metrics as explanatory
variables. BRT approaches provide multiple benefits, including the
ability to include interactions based on the size of the trees employed.
They do this by combining a large number of regression trees that are
summed in sequence (Elith et al. 2008). It is also possible to generate
hypotheses regarding the effects of different combinations of landscape
structure metrics because the BRTs account for all potential combina-
tions of explanatory factors. We set the tree complexity (tc) at 10 and
calibrated the model to determine the best fit value for the learning rate
(Ir), bag fraction (bf), and step size parameters. The model’s trees’
respective contributions, the amount of data to be added at each stage of
the regression tree’s construction, the number of trees to be added to
each step, and the number of nodes in each tree are determined by the
parameters Ir, bf, step size, and tc (Elith et al. 2008). The model with the
biggest explained deviation and at least 1000 regression trees yields the
best calibration result for the Ir, bf, and step size parameters. After that,
the tc value was calibrated using an iterative BRT method with tc values
between 1 and 10. Each tc value was the subject of 100 simulations in
order to give confidence intervals for the modeling. The R? of each of
these models and the relative influence of each explanatory variable on
the response variable were used to measure the predictive power of the
model. The mean and variability of R? as well as the relative influence of
the factors were then estimated by averaging the 100 values (Piston
et al. 2019). Finally, an ANOVA was used to select the optimal tc value.
The R? was used as the response variable, and the tc values were used as
the explanatory variables. The optimal tc value was defined to be the
first tc that is not significantly different from the next one. This indicates
that model performance has reached a plateau (Piston et al., 2019). Tc
optimal value and gbm.interactions function were used to evaluate if the
interaction between the explanatory variables was observed and
modeled. A systematic protocol on the BRT method can be found in
Piston et al. (2019, in Supplementary Material S2). BRT analyzes were
performed using the dismo package (Hijmans et al. 2017) and multicomp
(Hothorn et al. 2022) in R, version 4.0.1.

3. Results
3.1. Urban cooling model calibration

Calibration results indicated that the most appropriate values for the
characteristics of the study area were 748.98 m and 184.72 m, respec-
tively, for air mixture (r) and cooling distance (dcool) and 0.738, 0.155
and 0.106 as weight for shading, albedo and ETi. These values were used
to perform the final air temperature simulation based on the InVEST
urban cooling model.

3.2. Landscape metrics variation

All the metrics varied widely, with a different distribution among
neighborhoods when considering the two types of UGI (Fig S2, Table
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S6). Nevertheless, the overall proportion of tree cover (PLAND) of pri-
vate UGI are on average 10.8 %, while the PLAND of public UGI cor-
responds to only 4.98 % (Table 3). This means that private UGI coverage
is approximately 2 times greater than public UGI coverage in the sub-
urbs of Rio. In addition to lower coverage, the public UGI presents a
larger average distance between UGI units (26 +/- 4,52 m) as compared
to private UGI (20 +/- 4,76 m).

Although the CLUMP values for private and public UGI are similar,
public UGI has a CLUMP value closer to zero and therefore has a dis-
tribution closer to random. A greater private CLUMP value is in line with
private UGI organization expectations due to the common positioning of
UGI at the back of the lot (i.e backyards), thus allowing greater aggre-
gation of the private UGI. Patch density (PD) and edge density (ED) are
measurements related to UGI fragmentation. Our results suggest that
private UGI has higher PD and ED than the public UGL These higher
values potentially occur not only because the private UGI has a higher
fragmentation, but also because it has a larger AREA_MN and PLAND.

3.3. Cooling capacity throughout neighborhoods in Rio suburbs

InVEST’s urban cooling model results in a map of CC values, showing
the intensity and spatial variation of CC in the study area (Fig. 3). The
neighborhoods in the northeast region stand out for presenting the
highest CC values of the suburb, being represented as the only region in
blue on the map. The neighborhoods in the south and southwest region
of the map also stand out for their intermediate CC, represented in
yellow and green, while the rest of the neighborhoods have low and very
low CC values. The magnitude effect of CC on temperature variation is in
line with what is found both in experimental work and in other com-
puter simulations carried out in different cities for small UGI (see Aram
et al. 2019). In this work, the average CC ranged from 0,09 to 0,35, and
the effect of CC on decreasing temperature ranged from 0.3 °C to 1.1 °C,
with an average of 0.6 °C.

3.4. The relative influence of UGI and the effects of landscape metrics on
cooling capacity

For both public and private UGL, AREA_MN, ENN_MN and CLUMP
showed a negative correlation with CC (Table 4), while PLAND, PD and
ED showed a positive relationship with CC. Private UGI metrics, with the
exception of CLUMP, had stronger correlation coefficients with CC than
public UGI metrics and all correlation were significant. These results are
our first indication that the private UGI are more important to the CC
variation of the neighborhoods than the public UGI

For running our BRT models, we selected the values of the parame-
ters that presented the greatest explained deviation and reached the
minimum of 1000 trees (See Table S3). Thus, the values that we used for

Table 3

Descriptive statistics referring to landscape metrics analysis of the Urban Green
Infrastructure. Mean Area (AREA_MN), Patch Density (PD), Mean Euclidean
Distance (ENN_MN), Clumpiness (CLUMP), Edge Density (ED); Tree Cover
(PLAND).

LANDSCAPE PRIVATE UGI PUBLIC UGI

METRICS Mean +SD 95 % CI Mean +SD 95 % CI

AREA_ MN 34.4 0.012 [31.18, 22.23 0.007 [20.68,
36.87] 23.84]

PLAND 10.82 4.96 [9.72, 4.98 2.12 [4.51,
11.9] 5.45]

PD 311.34  86.58 [292.07, 22272 58.95 [209.60,
330.61] 235.84]

ENN_MN 20.52 4.76 [19.5, 26.04 4.52 [25.04,
21.6] 27.05]

CLUMP 0.629 0.049 [0.619, 0.58 0.047 [0.57,
0.640] 0.60]

ED 276.38  103.10 [253.43, 148.58  50.11 [137.42,
299.32] 159.73]
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the calibrated BRT were: Ir = 0.01, bf = 0.75 and step size = 0.50. The tc
= 2 was chosen based on the statistical comparison of the R? of the
simulations. This result indicates that there is an interaction between
landscape metrics considered in our analysis. In this manner, the tree
complexity of the final model was set to 2 (tc=2; See Fig. S1)

BRT analysis was performed in order to assess the relative influence
of private and public UGI on CC, as well as understand the relationships
and interactions between landscape features. The BRT results (Fig. 4),
similarly to the correlation analyses, demonstrate that the relative in-
fluence of private UGI on CC is much greater than the relative influence
of public UGI. For all analyzed metrics, private UGI has a greater in-
fluence on CC than the same metrics when compared to public UGI.

Edge density (ED) was the most influential landscape metric, fol-
lowed by tree cover (PLAND). About 54 % of the CC variation is
explained only by edge density. PLAND, a landscape composition
metric, was the second factor with the greatest relative influence,
explaining about 28 % of the CC variation. These two metrics are
extremely important and combined they have a relative influence of 82
% on the CC. When considering the private UGI typology, ED and
PLAND have the highest values of relative influence on CC, contributing
approximately 45 % and 26 %, respectively, while the influence of the
other metrics is extremely low.

These results indicate that ED and PLAND are the most important
landscape metrics for microclimate regulation in the suburbs. In addi-
tion to being the two most important metrics, through the BRT analysis,
it was possible to determine that there is an interaction between them,
indicating a combined effect of ED and PLAND for microclimate regu-
lation in the private UGI (Fig. 5A, see also Table S5) but not for public
UGI (Fig. 5B and Table S5). We can see a positive interaction between
these variables, demonstrating that the higher the ED and PLAND
values, the greater the CC. The highest values were reached when the
neighborhoods have around 16 % coverage and around 400 m/ha of
edge density.

4. Discussion

We simulated the spatial effect of UHI using the InVEST urban
cooling model to understand the relative contribution of public and
private UGI and the importance of landscape configuration and
composition for UHI mitigation. Our analysis indicated that private UGI
has a stronger influence on microclimate regulation than public UGL We
also found the importance of landscape characteristics to microclimate
regulation. Using a Boosted Regression Tree analysis, we quantified the
interaction between spatial configuration and composition, which
shows that both play a synergistic role in regulating the microclimate.
To our knowledge, this is the one of the first times that the spatial
configuration of UGI shows a prominent role in mitigating UHI when
compared to the total vegetation cover. This means that considering the
same total green area, more numerous small UGI promote stronger
cooling capacity as compared to fewer larger ones.

The private UGI played a prominent role in providing microclimate
regulation service compared to public UGI. The relevance of private UGI
was also found in cities in the USA and Australia (Cameron et al. 2012,
Ossola et al. 2021) and is commonly attributed to the high tree cover of
private UGI found in the model of western cities (Ossola et al. 2019a).
Here we advance on this understanding by showing that the relevance of
private UGI in decreasing temperature is not only related to the higher
tree cover compared to the public UGI, but also, and mainly, to its spatial
configuration, namely a greater edge density. The importance of the
spatial configuration of the private UGI was probably due to its small
size and the ecological context of the study area. The relevance of certain
UGI characteristics for temperature reduction will depend mainly on the
balance between evapotranspiration and shading. The edge of green
areas provide shade to the surrounding environment. In this way,
increased edge density results in more shading around the UGI with
positive effects on cooling capacity (Li et al. 2012; Zhou et al. 2011;
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Fig. 3. Average cooling capacity (CC) in the suburban area of Rio de Janeiro obtained from the InVEST urban cooling model. Areas with higher CC are represented in
blue and green colors, while areas with lower CC values are represented in orange and red colors.

Table 4

Spearman partial correlation between landscape metrics and cooling capacity (CC). Bold values correspond to significant values. The spearman partial correlation (s) of
the configuration metrics was done by controlling the effect of the PLAND, and for the PLAND, the configuration metrics were used as a control. Mean Area
(AREA_MN), patch density (PD), Mean Euclidean Distance (ENN_MN), Clumpiness (CLUMP), Edge Density (ED); Tree Cover (PLAND).

UGI TYPE AREA MN PLAND PD ENN_MN CLUMP ED
PRIVATE s -0,355 0,329 0,434 0,516 0,356 0,521
p-value 0,022 0,005 <0,001 <0,001 <0,001 <0,001
PUBLIC s -0,210 0,175 0,142 -0,353 0,372 0,265
p-value 0,062 0,150 0,211 0,001 <0,001 0,01
small UGI in mitigating the UHI, the weight of shading tends to stand out
Cooling Capacity (tc=2) in relation to evapotranspiration, which results in a larger relative
contribution of edge density to the vegetation cooling capacity.
ED 1 The results found here corroborate the evidence of private UGI’s
PLAND 1 benefit to a dense urban landscape, stressing that some of its services can
UGI Type also extend beyond the property’s boundaries. It also supports the
ENN_MN 1 . E— importance of considering private UGI as a variable in urban planning
and urban environmental studies (Ruffato-Ferreira 2016, Mendonca
RS B . PUBLIC et al. 2019). Although private UGI are important features for urban
PD 4 landscape and for people’s lives, their environmental impact is ambig-
uous and culturally dependent (Cameron et al. 2012). Intensive
CLUMP 1 resource-demanding garden management practices, for example, can

0 10 20 30 40 50 60 70 80 90 100

Relative Influence (%)
Fig. 4. The relative influence was calculated by averaging 100 simulations for
the optimal value of tree complexity (tc = 2) using Boosted Regression Trees
(BRT). Cooling Capacity (CC) was considered as the response variable and
landscape metrics as explanatory variables. The abbreviations correspond to

Mean Area (AREA_MN)), patch density (PD), Mean Euclidean Distance
(ENN_MN), Clumpiness (CLUMP), Edge Density (ED); Tree cover (PLAND).

2017). In tropical environments, shading is the most important factor for
cooling capacity, while the influence of evapotranspiration is reduced
(Hwang et al. 2015). This is because high energy exchanges with the
surrounding high-temperature environment can reduce plant transpi-
ration rates (Lambers et al. 2008). Thus, when we analyze the role of the

undermine garden contributions to sustaining biodiversity and soil
quality (Tresch et al. 2019). Additionally, spatial arrangements that
increase cooling capacity might not be the best for promoting other
services. For instance, larger green areas, as compared to several small
areas, are able to host a larger number of species due to improved
environmental conditions, greater availability and diversity of resources
and the possibility of establishing larger populations, which reduces the
risk of local extinction. This debate, which is known in conservation
biology as "single large or several small", often leads to the conclusion
that larger land areas should be better for biodiversity conservation
(Fahrig et al. 2022). Similarly, large UGIs may be more efficient at
reducing the volume and peak flow of storm runoffs (e.g. Liu et al.
2014). This can result in a tradeoff when planning UGIs, with different
designs maximizing different ecosystem services. Furthermore, later
dynamics after UGI implementation can lead to socioeconomic-spatial
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Fig. 5. Partial dependence plot for tree cover (PLAND; %) and edge density (ED; m/ha). A) For private UGI, where these metrics have the greatest relative influence
on the cooling capacity (CC). B) Partial dependence plot for the public UGI metrics. Lighter and darker tones represent high and low adjusted values for CC,
respectively. For private UGI, an interaction was quantified using the BRT model (Table S5) and it is possible to observe a positive interaction between PLAND and

ED, which was not observed for public UGIL

segregation and green gentrification (Pedlowski et al. 2002, Jenerette
et al. 2011, Anguelovski et al. 2018). Therefore, it is important to
highlight that all environmental policies and strategies need to be built
with public participation (Andersson et al. 2006, Ruffato-Ferreira 2016),
especially those policies that can strongly change the city landscape. We
therefore believe that a clear compromise is needed when planning the
UGI implementation for the provision of different urban ecosystem
services, considering possible trade-offs and the desired effects.

Our findings have direct application to urban management and
planning, shedding light on the opportunity to regenerate and transform
the quality of life of the inhabitants of an already consolidated urban
space, such as the suburbs of Rio de Janeiro, through the systematic
promotion of different types of Nature-based Solutions. The low pro-
portion of green cover on public spaces shows the necessity to increase
the public UGI and to requalify common urban spaces (Mendonca et al.
2019), even knowing that most of the political efforts for urban man-
agement are already directed to public areas (Ossola et al. 2018).
However, considering the important role that private UGI has for
microclimatic regulation and its direct impact on its beneficiaries (Ziter
et al. 2019), we also emphasize the importance of creating effective
instruments to encourage the promotion of ecosystem services beyond
the street, by adopting Nature-based Solutions throughout the
private-social-public domain (Ossola et al. 2018). Incentive measures,
like tax incentives and benefits, may be an effective short-term instru-
ment for maintaining and increasing small private UGI in cities, like tree
cover in backyards and green roofs (Ruffato-Ferreira 2016, Liberalesso
et al. 2020). The cooling capacity maps, as the one produced in this
work, could be used as an initial step to define priority neighborhoods or
regions for UGI implementation and requalification targeting UHI
mitigation.

It should be borne in mind that the simplicity of the air mixing
equation used by the urban cooling InVEST model, as well as the
simplification of “park effects” are a limiting factor. The model considers
only a linear relationship of temperature variation in relation to tree
cover (Sharp et al. 2020, Bosch et al. 2020), as opposed to the non-linear
relationship already seen in other works that explore the relationship
between temperature and tree cover empirically (Wu et al. 2019, Ziter
et al. 2019, Wang et al. 2020, Ossola et al. 2021). Another aspect to be
considered is the temporal and seasonal variation of the UHIL The
metropolitan region of Rio de Janeiro demonstrates a change in the
strength of the UHI throughout the year, as well as a daily variation.

Opposite to what was found for other cities, where the UHI is nocturnal,
in Rio de Janeiro the UHI is mainly diurnal (Marques-Filho et al. 2009,
Meireles et al. 2014). In this work, we only considered the average
annual temperature, which allows a first step on understanding the UGI
role on microclimate regulation. Future works should incorporate the
non-linear relationships of composition and configuration of the UGI
with temperature, either through using other models, remote sensing or
empirical studies, and assess seasonal variation of microclimatic regu-
lation, as the importance of private UGI can be even higher during the
summer or during heat waves. Lastly, it would be interesting that future
studies on small UGI evaluate the cooling capacity in the entire city of
Rio de Janeiro or even in the metropolitan region. For this, it is neces-
sary to carry out a complete and up-to-date mapping of the intra-urban
vegetation cover and a better spatial distribution of climatological sta-
tions for the region, which is still missing.

5. Conclusion

Using Rio de Janeiro’s suburbs as a model, we have assessed the
importance of UGI in the private and public realm and evaluate the
relative contribution of composition and configuration of UGI to
microclimate regulation. Results reveal that (1) private UGI cover is two
times higher than public UGI in the region; (2) private UGI has a greater
correlation and the greater relative contribution to the provision of
microclimate regulation; (3) both composition and configuration of
small UGI are important and have a combined effect, with tree cover and
edgy density being the most important metrics; (4) Although the com-
bined effect, configuration, specifically edge density, has the greater
relative importance to microclimate regulation. Our findings advance
the discussion on the importance of landscape patterns in providing
microclimate regulation, demonstrating that for small UGISs, their spatial
distribution may be more important for microclimate regulation than
their cover. These findings can help forge new policies for dense urban
areas where the role of the public and private domains can undergo a
requalification, using private UGI along with public UGI as a tool in
urban design to mitigate the UHI effects and systematically considering
UGI configuration to maximize temperature reduction.
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