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Abstract: We present a novel and efficient approach that enables the evaluation of environmental
quality in cities worldwide using high-resolution satellite imagery, based on a new green index (GI)
through multivariate analysis, to compare the proportion of urban green spaces (UGSs) with built
and impervious surfaces. High-resolution images were used to perform a supervised classification of
25 districts in the city of São Paulo, Brazil. Only 11 districts showed higher urban forests, green spaces,
green index, and green vs. built values, and impervious surface proportions with lower impervious
and built spaces. On the other hand, the remaining districts had higher population densities and
unfavorable conditions for urban ecosystem development. In some cases, urban green spaces were
three-times smaller than the built and impervious surfaces, and none of the districts attained a high
green quality index (0.75 to 1). Artificial intelligence techniques improved the precise identification
of land cover, particularly vegetation, such as trees, shrubs, and grasses. The development of a novel
green index, using multivariate statistical analysis, enhanced positive interactions among soil cover
classes, emphasizing priority areas for enhancing environmental quality. Most of them should be
prioritized by decision makers due to the low environmental quality, as identified by the low green
index and worse ecosystem services, well-being, and health outcomes. The method can be employed
in many other cities to enhance urban ecosystem quality, well-being, and health. The green index
and supervised classification can characterize pastures, degraded forest fragments, and guide forest
restoration techniques in diverse landscapes.

Keywords: green quality; urban planning; environmental pollution; remote sensing

1. Introduction

The patterns of space use in urban areas are dynamic and marked by extensive land
use, mainly due to demographic evolution. Within cities, natural spaces are constantly
replaced with artificial structures, such as buildings, roads, and impervious surfaces [1,2].
Human actions cause several negative impacts when sustainability is not considered
in urban development, affecting biodiversity and ecological processes. Another aspect
greatly affected is the quality of human life itself. Several studies have reported the
vulnerability of urban residents, who are more exposed to thermal, cardiovascular, auditory,
and psychological stresses [3–5].

To minimize these problems, the creation of urban green spaces (UGSs) is an important
tool used by public managers to ensure ecosystem services and improve the quality of
life. UGSs are natural or artificial areas, public or private, with biological activity and
regenerative mechanisms in urban settings [6]. The benefits provided by UGSs are directly
linked to well-being and the mitigation of possible environmental disturbances. The green
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management of urban areas is essential for global sustainability, especially involving the
adaptation to climate change and social innovation and development [7,8].

Solutions to mitigate the negative impacts caused by unplanned land use have re-
ceived considerable attention around the world. The expansion of UGSs has attracted
attention to enable the conversion of anthropized areas using vegetation, mainly arboreal
species, through afforestation along roads, in public squares and protected areas, such
as watercourses and slopes, which can help to reduce atmospheric pollution, increase
biodiversity, improve soil and water conservation outcomes, and promote the positive
regulation of the urban microclimate [2,9,10].

UGSs are composed of urban forests (UFs), which consist of sets of trees and shrubs
located in very complex and altered urban ecosystems, as well as areas with grass and
herbaceous surfaces, albeit with a lower local cooling efficiency [11]. Interactions between
UGSs and other intra-urban elements, with special attention being paid to urban forests,
have been widely assessed on the global and local scales [12–14]. The information gener-
ated has been used in landscape and urban planning by decision makers to enhance the
environmental quality and indicate priority areas for interventions [15].

At present, the negative effects of heat islands in cities are attracting the attention of
urban planners [16,17]. Mitigation by greener structures has been globally applied [11,18].
Ref. [19] indicated that the presence of greenery along streets and in public squares de-
creased local temperature, and this effect varied according to the green community structure.
Ref. [20] developed a rational plan and design for urban green spaces with other intra-
urban elements that could enhance the local climate in cities. The use of geoprocessing,
specifically remote sensing, is also an option to rank priority areas to establish UGSs in
sparsely wooded regions to improve the climate in large cities.

Remote sensing is a commonly applied technique for collecting information and
tracking UGS dynamics in urban centers. Ref. [21] used remote sensing to assess the
processes of development and urbanization in the city of Shenzhen, China. They observed
that between 1978 and 2018, there was a change from UGSs to non-UGSs, directly affecting
the region’s climate. Ref. [22] applied remote sensing data to compute a vegetation index in
poor and rich areas in Johannesburg, South Africa. Ref. [23] also stated that remote sensing
was a valuable technique that facilitated the research involving UGSs and minimized the
need for field data collection.

The integration of remote sensing as a tool for urban planning has gained prominence,
particularly through the utilization of techniques, such as the normal difference vegetation
index (NDVI). In general, the assessment of green indices is crucial for understanding
environmental health, climate impact, and ecosystem services. However, the use of the
NDVI does not address the vertical dimension and density of urban buildings, making
it insufficient for evaluating the quality of urban green spaces (UGSs) [24]. Given the
constant changes in urban spaces, the development of indices that allow for the detailed
classification of urban infrastructure becomes an advancement in this scientific field and
facilitates decision making for public managers regarding UGS management.

Considering the importance of wooded areas in major metropolises for enhancing
ecological and social aspects, we evaluated the interactions of UGSs with infrastructure
and environmental quality across 25 districts (regional administrations) in the largest city
in Latin America. Based on these interactions, we developed an index with the aim of
prioritizing regions for urban planners and decision makers in the investigated areas.
The framework presented in this study encompasses the development and processing of
high-resolution images, including the supervised classification and organization of land-
cover classes. Additionally, using the developed index, we assess the interactions within
intra-urban spaces, analyze the provision of ecosystem services, and propose strategies to
improve environmental quality in a Brazilian megacity.
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2. Materials and Methods
2.1. Study Area

We chose São Paulo, one of the largest cities in the world, known as the “stone jungle”,
to conduct this study. São Paulo is located at a latitude of 23◦37′ N and longitude of
46◦39′ W, 802 m above sea level, has a 1521 km2 of land area, and an estimated population
of 12,038,175 in 2016 (Figure 1). Urbanization and afforestation occur along 50.3% and
74.8% of public roads, respectively [25]. The local climate is classified as either Cfb (wet
subtropical with temperate summer) or Cfa (wet subtropical with hot summer), with an
average yearly temperature of 18.4 ◦C and precipitation level of 1697 mm [26].
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2.2. High-Resolution Multispectral Images

High-resolution multispectral images containing 25 districts of São Paulo were donated
in 2017 by the Digital Globe Foundation of Google Earth, and were used to perform the
supervised classification to quantify the intra-urban elements of the region. The high-
resolution multispectral images were procured on 29 June 2016, employing the WorldView-
2 Satellite Imagery platform during the winter season. The spatial resolution exhibited a
value of 50 cm, the panchromatic image 46 cm, and 1.84 cm for the multispectral image.
The merging of the panchromatic with the multispectral bands was performed through the
application of the “Pansharpening” technique, resulting in the generation of a single high-
resolution colored image. No clouds were detected in the high-resolution multispectral
images, signifying that there was no impact or necessity for any treatments.

2.3. Supervised Classification

The high-resolution multispectral images underwent supervised classification using
Quantum GIS software version 3.28. This classification process employed the random forest
algorithm, which was accessible through the Dzetsaka complement [27]. The hyperparame-
ters used to perform the supervised classification in the Dzetsaka (random forest) plugin
were n estimators = 2; np range = 10; max features = 20; min samples split = range 6, and
percentage of pixels for the validation = 50%. The outcome of this procedure was an error
matrix table and a kappa coefficient (Table S1, Supplementary Material). Kappa coefficient
values higher than 80% (Table 1) were considered to represent high accuracy regarding the
intra-urban elements’ quantifications [28,29].
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Table 1. Rating criteria of kappa statistics.

Kappa Statistics Strength of Agreement

<0.00 Poor
0.00–0.20 Slight
0.21–0.40 Fair
0.41–0.60 Moderate
0.61–0.80 Substantial
0.81–1.00 Almost perfect

The supervised classification of satellite images involved the utilization of the random
forest classifier algorithm. This algorithm was composed of a collection of classifiers built
using decision trees. Each classifier within a random forest assigned a weight to a particular
class with respect to the input vectors [30–34]. In the classification tool, a total of 100 polygon
samples were created for each cover class, namely, tree/shrub, grass/herbaceous, bare soil,
roads, impervious surface, shadow, river/lake, swimming pool, light tiles, dark tiles, gray
tiles, and ceramic tiles. Following the collection of the samples for each class, the Dzetsaka
complement was employed, incorporating both the image (mosaic) in .tif format with
RGB+IR spectral bands and a shapefile containing the polygonal samples. The samples
were identified by the ID field within the attributed table of the shapefile. Figure 2 shows the
land-cover classes and composition of the intra-urban elements measured in percentages,
and the built areas are the sum of swimming pools and different roof-tile types (dark, light,
gray, and ceramic). The classification adopted and the high resolution of the images used
in this study allowed us to distinguish the different land-cover classes between tree and
herbaceous covers [35].

2.4. Interaction of Urban Green Spaces and Intra-Urban Elements

A new concept was developed based on the method described by [1]. Proportions
between intra-urban elements were used to assess the green spaces’ quality, distribution,
interactions, and the potential ecosystem services involved. Using the land-cover per-
centage for each district, it was possible to calculate the proportion between natural and
anthropized areas (Equations (1)–(3)), ranging from 0 to 1.

Green vs. impervious surface proportion (GIP):

GIP =
green spaces (%)

green spaces (%) + impervious surface (%)
(1)

Green vs. built spaces proportion (GBP):

GBP =
green spaces (%)

green spaces (%) + built spaces (%)
(2)

Green index (GSI):

GSI =
GIP + GBP

2
(3)

Population density and contaminated sites per district in 2016 were used as indepen-
dent variables [25]. Urban environmental quality was evaluated using the green index
range for each district, as shown in Table 2.

Table 2. Green index range values.

Green Index Range of Values

Low green quality <0.25
Moderate green quality 0.25–0.5

High green quality 0.5–0.75
Very high green quality 0.75–1
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The principal component analysis (PCA) was used to assess the interactions in each
district between urban forests, grass/herbaceous areas, green spaces, permeable spaces,
water, built spaces, roads, concrete pavements, other impervious surfaces, shaded area,
green vs. impervious surface proportion, green vs. built space proportion, green index,
population density, and contaminated sites. Contaminated sites were defined as envi-
ronments composed of organic and inorganic elements with concentrations above the
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limits established by legislation, which could cause damage to human health and the
environment.

To assess districts with higher and lower environmental quality levels (priority), the
cluster analysis was employed to the variables of urban forests, grass/herbaceous areas,
green spaces, permeable spaces, built spaces, impervious surfaces, green vs. impervious
surface proportion, green vs. built space proportion, and green index. The SAS 9.4 package
(SAS™ Institute Inc., Cary, NC, USA) was used to perform the statistical analysis.

3. Results and Discussion
3.1. Supervised Classification

The kappa index achieved high-accuracy results, with values above 96% for all land-
cover classes regarding the intra-urban element quantification from the high-resolution
multispectral images. Table 3 shows the supervised classification, intra-urban elements
measured in percentage, green vs. built and impervious surface proportion, green index,
population density, and contaminated sites in the 25 districts (Supplementary Table S1). The
districts were ranked according to the presence of urban forested areas, and only four dis-
tricts had tree cover values above 30%, considered to reflect good environmental ecosystem
quality [36]. These results are important to improve decision-making processes to enhance
biodiversity conservation and sustainable urban ecosystem management [37]. However,
regarding the interactions of the intra-urban elements, the first 11 districts had a green
index above 0.5, meaning higher green-space coverage than built and impervious surfaces.

Table 3. Supervised classification of the 25 districts in São Paulo City.

Regional
Prefecture Reg. Map

Legend 1
Urban
Forest

Green
Spaces

Built
Spaces

Imper.
Surfaces

Pop.
Density GIP 2 GBP 3 Green

Index
Green
Quality

Pirituba North 1 37.7 42.5 20.2 16.7 8407.2 0.72 0.68 0.70 High
Butantã West 3 33.2 38.6 21.8 15.3 8072.8 0.72 0.64 0.68 High
Freguesia North 2 34.6 36.9 20.4 21.4 12,926.9 0.63 0.64 0.64 High
Santana North 4 31.2 35.1 20.7 19.3 9111.0 0.65 0.63 0.64 High
Cidade
Tiradentes East 8 24.1 37.2 23.9 19.2 14,658.0 0.66 0.61 0.63 High

São Mateus East 7 24.1 34.9 25.4 19.7 9773.5 0.64 0.58 0.61 High
Itaquera East 6 26.9 34.1 24.6 23.0 9827.2 0.60 0.58 0.59 High
Casa Verde North 5 27.2 29.5 23.0 24.4 11,235.5 0.55 0.56 0.55 High
Santo Amaro South 9 23.4 27.6 23.7 21.6 6540.9 0.56 0.54 0.55 High
Pinheiros West 11 20.8 24.0 20.1 20.7 9274.2 0.54 0.54 0.54 High
Campo
Limpo South 10 22.1 26.4 28.9 21.8 18,296.2 0.55 0.48 0.51 High

Ipiranga South 12 18.7 21.8 26.4 28.1 12,656.5 0.44 0.45 0.45 Moderate
Vila Maria North 13 15.0 17.6 23.3 25.3 10,888.5 0.41 0.43 0.42 Moderate
Lapa West 14 14.6 18.3 25.6 28.3 8049.0 0.39 0.42 0.41 Moderate
Penha East 16 11.3 19.7 28.0 30.9 10,821.5 0.39 0.41 0.40 Moderate
Guaianases East 18 10.7 19.6 31.3 29.6 15,151.9 0.40 0.38 0.39 Moderate
Jabaquara South 15 13.6 16.1 28.7 26.9 15,920.2 0.37 0.36 0.37 Moderate
São Miguel East 20 8.5 15.2 31.8 33.8 14,645.5 0.31 0.32 0.32 Moderate
Ermelino
Matarazzo East 17 11.0 15.3 32.4 34.2 13,542.1 0.31 0.32 0.31 Moderate

Sé Central 19 8.9 10.9 22.5 33.8 17,537.3 0.24 0.33 0.29 Moderate
Aricanduva East 21 8.2 11.8 29.7 33.0 12,199.9 0.26 0.29 0.27 Moderate
Vila Mariana South 22 8.1 11.3 28.6 36.6 13,468.4 0.24 0.28 0.26 Moderate
Vila
Prudente East 23 7.9 10.6 29.4 34.6 12,320.5 0.23 0.27 0.25 Moderate

Mooca East 24 7.3 9.8 27.0 35.2 10,222.8 0.22 0.27 0.24 Low
Itaim
Paulista East 25 6.2 10.6 34.3 36.3 17,186.0 0.23 0.24 0.23 Low

1 Map legend by urban forest cover rank; 2 GIP: green vs. impervious surface proportion; 3 GBP: green vs. built
spaces proportion.

Figure 3A shows the coverage classes estimated using the supervised classification
in the 25 districts in São Paulo. The districts located on the map border had higher urban
forest coverage and green index values (Figure 3B). However, the central and eastern
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regions had higher built and impervious surfaces because they were dominated mainly
by corporate buildings and commercial areas. In addition to the low concentration of
UGSs, these regions had a higher concentration of contaminated areas, mainly due to the
presence of service stations and industries. Groundwater was the factor most affected by
contaminated soils, which can negatively affect the public water supply in the city [38]. São
Paulo is the fourth most-polluted city in Brazil. It is estimated that 17,964 t of CO2 was
emitted in 2018 alone, and the energy sector was the greatest culprit.
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Areas with lower green spaces represent a high risk to the residents, since the air-
quality index indicates that aerosol particulate pollution reduces the global life expectancy
by nearly two years [39]. However, urban forests can mitigate, or even reverse, this
damage. Trees improve air quality by intercepting particles on their leaf surfaces and
absorbing pollutant gases. In a simulation conducted considering some cities in Canada,
trees were found to remove 16,500 tons of air pollution [40]. Water quality can also be
improved through nutrient uptake and the retention of rainfall runoff. By understanding
how environmental variables affect air quality, urban forests can be better designed for an
efficient performance [40].
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3.2. Interaction of Urban Green Spaces and Intra-Urban Elements

Principal component analysis accounted for 89.93% of the total data variation (Figure 4).
Component 1 included the districts with a higher green vs. built space proportion, green
index, green vs. impervious space proportion, urban forest area, and green space coverage,
and lower impervious spaces, roads, and built space percentages. Component 2 contained
the districts with higher grass/herbaceous areas, concrete pavements, and permeable
spaces, along with less shade, rivers/lakes, and contaminated sites. The highest positive
pairwise correlations were observed among the urban forests, green index, green vs. built
spaces, green spaces vs. impervious surfaces, and green spaces. Pirituba, Freguesia, Bu-
tantã, Santana, Casa Verde, Itaquera, São Mateus, Cidade Tiradentes, Santo Amaro, and
Pinheiros had the most urban forests, green spaces, green index, green spaces vs. built,
and impervious surfaces proportion, and the least impervious and built space among all
the districts investigated. Larger green spaces produce a stronger cooling effect, which is
intensified when associated with water [11]. Therefore, they have better environmental
quality, since a balanced intra-urban space proportion increases the available ecosystem
services [14]. In China, urban forests are associated with enhanced air quality, the removal
of air pollutants, decrease in carbon levels, and improved recreation and cultural activ-
ities in several cities [41]. In Stockholm, Sweden, green spaces were found to enhance
human health and urban ecosystem quality [42]. Urban forests play important roles in
local climate regulation, reducing the negative effects of heat islands and enhancing air
quality [43]. When land use is properly planned and organized in line with environmental
considerations, urban structures can enhance microclimate quality; reduce potential toxic
elements in the atmosphere, water, and soil; and control surface runoff, especially during
the rainy season.
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The city of São Paulo frequently suffers from localized flooding, causing economic
losses and reducing the residents’ well-being, a problem affecting many other Brazilian
cities. It is estimated that the impact of flooding in 2008 caused aggregate monetary
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damage of BRL 218.19 million in Brazil as whole [44]. Another chronic problem faced
by São Paulo is landslides, which mainly occur in the summer. According to the Civil
Defense Department, the city has more than 400 areas with high and very-high landslide
susceptibility. Achieving the equilibrium of green and urbanized spaces is a key step to
achieve sustainable development with the enhancement of urban ecosystem resilience [7].
Urban forests can minimize these events and contribute to increased carbon sequestration
and storage in urban environments with multiple emission sources.

A cluster of districts with vertical buildings (represented by shadows) had several
contaminated sites near rivers and lakes. Population growth and industrialization processes
compromise the quality of urban rivers, potentially making them reservoirs of disease.
The effects of sewage systems on urban river pollution are still not well-understood, and
this hampers restoration projects [45]. The results obtained in that study demonstrated
the potential of creating riparian UGSs to rehabilitate polluted rivers. A study conducted
on ecosystem services in a riparian protected area (RPA) in São Paulo estimated that
5917.5 ha of the reforested RPA could reduce the cost of water treatment by USD 181,774
per 1000 m3 [46].

Additionally, Figure 5 shows a cluster of districts with higher population densities
and larger impervious areas (roads and concrete pavements) and built spaces. Intra-urban
elements with a higher reflective capacity produce a hot and dry microclimate, increasing
the thermal discomfort of the population through the change in energy balance, forming
heat islands, increasing the predisposition to inundation, and causing soil compaction [1].
Those problems reduce the social–ecological resilience potential of these districts and
decrease the ecosystem services provided by urban forests [7]. In turn, some districts had
larger permeable spaces, which could be converted into green spaces, improving the green
index and environmental quality.

When assessing the tree cover in Los Angeles, researchers concluded that the city had
the potential to plant 1 million trees [47]. Decision-makers can also increase urban afforesta-
tion along streets. In Lisbon, Portugal, for every USD 1 invested in a street tree, residents
received USD 4.48 in benefits through ecosystem services [48]. In the United States, planting
trees increased property values when the urban forest cover was between 30% and 38% in
private and public areas, respectively [49]. São Paulo can also mitigate these negative effects
by converting bare soil areas into urban forests by planting trees. Therefore, increasing
street afforestation increases the green index and environmental quality by increasing the
proportion between urban forest cover and impervious surfaces [2]. Moreover, ecosystem
services are frequently related to the qualitative and quantitative aspects of urban forests,
when composed of a healthy and well-distributed population [14]. In another study on
Fuzhou, China, the Cidade Tiradentes district had the largest grass/herbaceous cover
available for a possible conversion into an urban forest to enhance the cooling effect [11].

We found two distinct clusters regarding the interaction of the green index and intra-
urban elements that could help decision makers, as shown in Figure 4. Cluster I was
represented by the districts with higher values and the best green quality due to the green
index ranging between 0.75 and 0.5. However, districts with a very-high green index
(above 0.75) were not found. These districts also provide greater social cohesion, improving
the health benefits and well-being of the population, stimulating physical activity and
social engagement [50]. The regional prefecture of cluster I also showed more green spaces
than built and impervious surfaces (green index > 0.5), with a high environmental quality.
Therefore, it was essential to undertake a systematic spatial assessment of all urban green
spaces and their social, ecological, and economic functions, to preserve and enhance their
benefits to residents [51].

Finally, cluster II had districts with moderate and low green-quality values, as well
as more built and impervious surfaces than green spaces. Districts with moderate-level
green quality also had a higher population density, with smaller green spaces, and possibly
higher levels of health inequality due to low income [52]. Itaim Paulista, with the worst
scenario, has green spaces three-times smaller than built and impervious surfaces. Ecologi-
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cal functions must be improved by increasing the urban green infrastructure to enhance
the quality of life and social cohesion of communities [16]. Thus, districts with low- and
moderate-level green quality should be prioritized by the state and municipal governments
to mitigate the negative effects on the urban environment, as mentioned before.
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3.3. What Measures Should Be Taken to Improve Urban Spaces? A Warning for Public Managers

UGSs can be a powerful instrument to improve ecological balance and quality of
life, where urban planners, legislators, and managers can perform effective actions to
increase the green index in urban centers, and consequently increase ecosystem services
and benefits for the population [53,54]. In addition, UGS expansion can also help reduce
public spending on health, safety, and infrastructure in megacities, with the annual benefits
estimated at USD 505 million [55,56]. This need to create UGSs in large cities has been
increasing to minimize the impacts caused by anthropic actions, such as different types of
pollution and heat islands. In light of this need, in 2014, the São Paulo City government
established the Municipal Plan for Urban Afforestation (PMAU) as a priority action, in
article 288 of Municipal Law 16,050/2014 [57], based on the Sustainable Development Goals
(SDGs) established by the United Nations (UN), specifically: (i) SDG 11—sustainable cities
and communities; (ii) SDG 13—action against global climate change; and (iii) SDG 15—
terrestrial life [58]. All measures performed since then have aimed to reduce the impacts
generated by rapid population growth and urban sprawl through the expansion of green
areas. However, public managers need to keep in mind that all actions should be conducted
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considering the conditions of each district. Therefore, based on the results obtained through
the analyses performed in this study, we recommend the following initiatives for more
effective results:

(i) Definition of priority areas for creating UGSs—regions with a green index be-low
0.50 should receive priority attention from public managers, especially the districts of
Mooca and Itaim Paulista. The planting of individual trees, especially species endemic to
Brazil indicated for urban environments, in areas with grass and herbaceous vegetation is
an effective option for transforming these spaces into urban forests. Places with bare soil
are environments with a high potential for the expansion and implementation of UGSs,
through the creation of squares and parks that can improve the quality of life and social
interaction.

(ii) Creation of UGSs close to contaminated areas to reduce impacts and improve
the quality of life—we recommend for these spaces the use of phytoremediation, a green
technology that seeks to mitigate the impacts of contaminated environments using plant
species. This efficient technique has been used to absorb greenhouse gases from industrial
emissions and to remove heavy metals, insecticides, and other organic and inorganic
chemical compounds. There are different types of phytoremediation (phytoextraction,
phytostabilization, phytodegradation, phytovolatilization, rhizodegradation); therefor, the
choice should be made according to the pollution level of the area in question [59].

(iii) Interconnection of UGSs through ecological corridors—the benefits provided
by UGSs go beyond the control of pollution and the enhancement of human well-being.
When well-planned, these environments can be an important ecological tool, serving
as connectors for fauna mobility, food sources, and shelter, enabling the gene flow and
conservation of plant species [60]. Connectivity between UGSs plays an important role in
ecological balance outcomes, and consequently the provision of ecosystem services that
benefit everyone. Thus, the creation of green corridors should be encouraged. Empty lots,
alleys, and small green spaces can be used to establish corridors, creating a connection
between squares, parks, and other types of UGSs [61].

(iv) Encouragement of socio-environmental actions linked to UGSs—policymakers
should encourage social and environmental actions tailored to each district or group of
districts, such as joint efforts to plant trees and maintain existing spaces. In addition
to promoting UGS improvement and expansion, these activities increase interpersonal
dynamics and the sense of a connection between people, which promote better physical
and mental health outcomes [50].

(v) Alternative sources of revenue and capital funding for UGSs—due to the eco-
nomic crisis experienced in Brazil, municipal budgets may be insufficient for project devel-
opments associated with the expansion of UGSs. The formation of public–private partner-
ships (PPPs) can be a strategy to guarantee funding. In the Paying for Parks Report [62],
eight financing models, including PPPs, were listed, which can be used as alter-native
sources of income for the implementation and maintenance of UGSs, namely, (i) financing
from local authorities—general income; (ii) multi-agency public sector funding—proceeds
from projects that meet cross-targets; (iii) income generation opportunities—maintenance of
UGSs through income from commercial spaces located inside them; (iv) issuance of bonds
and commercial financing; (v) donations; (vi) fiscal initiatives—such as reduced state value
added tax (ICMS) on the circulation of ecological goods and services; (vii) planning and
development initiatives; and (viii) voluntary and community sector involvement—such as
contributions from nonprofit organizations.

4. Conclusions

The method used fulfilled the purpose of identifying environmental quality via the
green index in the districts of São Paulo City. The integration of artificial intelligence
techniques, specifically the utilization of supervised classification algorithms, such as
Dzetsaka and the random forest plugin, on the satellite images within the study area
facilitated the accurate and efficient identification of land cover, with particular emphasis
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on vegetation, proved valuable in distinguishing various vegetation types, including
trees, shrubs, and grasses. The novel green index developed through the multivariate
statistical analysis amplified the positive interactions among soil cover classes, thereby
emphasizing priority areas for enhancing the environmental quality. This study and green
index represent a rare contribution to the field, as they are among the few developed
specifically for subtropical forests in developing countries. This method can be replicated
in other regions of the world for the identification of priority areas for the creation or
improvement of UGSs, serving as a tool to assist decisions made by public policymakers.
The developed green index and supervised classification can be utilized to characterize
various areas, such as pastures, degraded forest fragments in expansive landscapes, and
determine suitable techniques for forest restoration. The creation of UGSs provides an
ecosystem service that improves the quality of life of the urban population. With the
adoption of public policies that invest in these environments, São Paulo has the potential to
become a sustainable megacity, fulfilling the SDGs cited in its Municipal Plan for Urban
Afforestation. Through collaborative endeavors involving academic, public, and private
initiatives, considerable advancements can be achieved in enhancing environmental quality
for communities worldwide, in a timely and accessible manner, thereby promoting the
development of sustainable cities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14091705/s1, Table S1: error matrix table and the kappa coefficient
from the supervised classification and Table S2: supervised classification of the 25 districts in São
Paulo City.
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