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Abstract: Urban Green Infrastructures (UGIs) have gained increasing relevance in the field of climate
adaptive design because of their capacity to provide regulating ecosystem services apt to respond
to the impacts of global warming with short-term strategies. The effectiveness of UGIs in reducing
climate risks depends on both the state of natural resources and the understanding of urban ecosystem
processes over time. The implementation of analytic methods to better understand urban ecosystem
dynamics, as well as the local effective potential of ESs, is crucial for addressing climate impacts in
cities. The advances in remote sensing methodologies for mapping and monitoring urban ecosystems
represent a key opportunity to deepen the ecological features of existing urban green areas as
a potential planning asset to respond to climate impacts. Indeed, remote sensing technologies
implement a new data-driven planning approach that enables models and simulations of different
project scenarios by supporting planning decisions and reducing the risk of failures. According
to these assumptions, this paper discusses the results of a literature review aimed at providing
the current state of the art in applying remote sensing technologies for mapping and monitoring
ecosystem services, focusing on operational opportunities in urban environments. It examines how
remote sensing can depict ESs and ensure data quality and reliability for UGI design. The emphasis
is on the potential of ESs to mitigate and adapt to heat wave risks which will be more frequent in
the next decade, particularly in cities, as highlighted by the IPCC Report 2023. Therefore, UGIs are
strategic tools for addressing heat wave impacts, necessitating a shift from empirical approaches to
analytical, data-driven planning methods.

Keywords: urban green infrastructure; remote sensing; climate adaptation design; climate risk
reduction; ecosystem mapping; heat wave

1. Introduction

The European Commission defines Green Infrastructure (GI) as a “strategically planned
network of natural and semi-natural areas with other environmental features strategically
designed and managed to deliver a wide range of ecosystem services (ESs)” [1]. They
sustain human life and biodiversity, support material and immaterial cycles, and enhance
the values and services of both natural and urbanized systems [2,3].

Initially theorized as “ecological networks” for landscape protection and management [4],
GIs are now achieving increasing importance in the field of climate adaptive design thanks
to their ability to cope with the impacts of climate change, notably, those connected to
climate regulation [5-7]. According to these definitions, Urban Green Infrastructures
(UGlIs) correspond to a human-generated ecosystem, focused on the request for hybrid
performances that respond to biological needs—necessary to guarantee the ecosystem
robustness—and anthropic requests for a reduction in climate impacts on urban areas.

The effectiveness of UGIs in responding to climate change depends on the capacity
of urban green areas to provide ESs, making UGIs a priority in urban planning and envi-
ronmental design disciplines [8,9]. Recent studies have highlighted the need to go beyond
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empirical approaches to UGI design to ensure that the allocation of economic resources
for greening projects and programs produces tangible benefits for the urban environment.
Data-driven tools have been developed to quantify and compare the performances of UGISs,
using methodologies for mapping and monitoring ESs to guide design and implementation
decisions [10]. These tools utilize knowledge as both a cognitive and operational tool to
minimize uncertainty and error in decision-making processes [11,12].

Remote sensed data have become a key component in this process [13]. Over the past
two decades, advancements in multispectral and hyperspectral optical sensors for Earth
Observation (EO) have significantly enhanced the analysis of urban green areas. These
sensors capture image data at different wavelengths across the electromagnetic spectrum,
enabling detailed examination of various surface characteristics [14]. EO applications allow
for the measurement and monitoring of critical parameters, such as the quantity and quality
of vegetation, surface and air temperatures, and changes in land cover. These parameters
are essential for studying climate impacts in urban areas as they significantly influence the
capacity of urban green areas to mitigate the effects of climate change [6,15].

Moreover, integrating remote sensing data with Geographic Information Systems
(GISs) enables spatial analysis and design strategy modeling, facilitated by digital tool
interoperability [16]. This integration helps identify suitable areas for prioritizing greening
strategies through the measurement of specific achievable performances [8].

Despite these advancements, there remains a critical gap in the comprehensive inte-
gration of these methodologies into the urban planning and environmental design fields.
The existing reviews on mapping Gls or ESs often focus on single-discipline methods and
typically address environmental issues at a single spatial scale. This highlights the need for
a more holistic approach.

By conducting a comprehensive scoping review, this study addresses this signifi-
cant gap by identifying remote sensing methodologies that evaluate the comprehensive
functionality of GI across multiple scales. Our goal is to provide clear insights into the
performance required from a UGI for climate adaptation and mitigation, particularly in
response to the phenomenon of heat waves. The focus on heat wave hazards emphasizes
the importance of developing UGI design strategies at the urban scale to mitigate and adapt
to rising temperatures.

Additionally, we strive to understand how the scientific community adopts remote
sensing methodologies for UGI projects and identify which indicators have been stan-
dardized by the literature as key references in the design process. The aim is to seek a
reasonably reduced panel of indicators that allow for functional mapping of ESs through
remote sensing, defining the set of environmental performance metrics that different urban
green areas can provide.

Through this approach, we endeavor to contribute to the broader academic discourse
on integrating advanced technologies into the climate-adaptive design processes.

Apart from the Introduction, this document consists of four sections. In the Section 1,
we outline the main definitions and assumptions utilized in the scoping review process,
which help us define the research objectives and the theoretical framework. The Section 2
details our methodology, where we employ a scoping review process with a funnel ap-
proach to address our research objectives systematically. The Section 3 presents the results
obtained with the funnel approach of the methodology. Finally, the Section 4 discusses
these results and proposes future research directions.

This study is part of the Horizon Europe KNOWING project (2022-2026), which aims
to develop knowledge, solutions, and tools to help identify decarbonization pathways that
combine sustainability and resilience adapted to local contexts.

2. Materials and Methods
2.1. Preliminaries and Assumption

UGIs support climate adaptation by integrating different spatial and functional com-
ponents of urban green areas across different scales [1,17,18]. Each spatial element of UGI
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requires specific datasets and approaches and yields distinct benefits to meet specific needs
and purposes [16]. Ecosystem mapping, based on the availability and resolution of satellite
data, is a key step in identifying UGI components that should be prioritized to enhance
ecosystem services and the overall effectiveness of the network.

An effective UGI ensures that individual elements of the network are designed to
adapt to both the existing natural system and the overall anthropized infrastructure system.
This provides a robust response to climate impacts, contributing, at the same time, to the
effectiveness of the green network. These elements are classified by numerous studies in
the field of Landscape Design and Ecology as core areas, hubs, corridors, and stepping
stones [2,4,16,19].

The use of remote sensing methodologies for GI planning often focuses on the applica-
tion of core areas, as these intact habitat zones are essential for supporting focal species and
are therefore frequently subject to protection regimes for their ecological importance [16,19]
(Figure 1). Core habitats connect hubs and patches through green corridors at a metropoli-
tan or even regional scale, where remote sensing technologies support the analysis of
biodiversity, habitat types, land patterns, and transformation dynamics [20]. This approach
enables mapping and monitoring the impacts of natural and anthropogenic processes like
vegetation fragmentation and the loss of ecological connectivity. Alongside core areas,
corridors are also key components for the overall functioning of the network and are
mapped through remote sensing for the same purposes. Conversely, stepping stones are
smaller habitat patches crucial within urban systems, such as backyards, green roofs, pocket
parks, and ponds. For these areas, remote sensing applications require a higher spatial and
temporal resolution to map ecosystem services and prioritize green strategies [21].

Restoration area
* Green belt

Large natural area (hub) : g]:s_:r;i‘::;ea

Buffer zone CORRIDORs | foot/bikepath
CORE AREAS ||

4

STEPPING STONES

* Backyard '
* Green Roof

¢ Poket Park

e Pond

Figure 1. The spatial components of Green Infrastructure.

Although hubs and stepping stones are key elements for implementing UGI as climate
adaptation systems, the urban-scale application of remote sensing technologies remains
underexplored. To address this, in the final stage of our analysis, we focused our literature
review on urban-scale methodologies and indicators, particularly considering the impacts
of heat wave hazards and the urban heat island (UHI) phenomenon, which reduce the
efficiency of UGISs in terms of ESs (Figure 2).

We emphasize the application of remote sensing in UGI projects with a specific focus
on heat wave hazards as they represent a critical emerging urban issue that necessitates
intelligent, systemic, and rapid adaptation strategies, as highlighted in numerous climate
studies and reports, including those by the IPCC. Heat waves increase energy consump-
tion, elevate greenhouse gas emissions and air pollution, exacerbate the UHI effect, pose
threats to natural ecosystems, cause discomfort and health risks for humans, and impact
biodiversity. Furthermore, numerous studies highlight the potential of remote sensing
methodologies to offer invaluable data on key variables such as surface temperature, land
cover, and albedo. These data are crucial for accurately mapping and understanding the
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spatial distribution and intensity of heat wave hazards. By integrating remote sensing
data, we can better assess and mitigate these impacts at different spatial scales—regional,
urban, and district. This allows us to optimize UGI’s role in regulating ecosystem services,
including air quality and climate regulation, water flow management, erosion prevention,
and biodiversity conservation, as well as providing cultural and recreational benefits. Thus,
remote sensing becomes a pivotal tool in enhancing the environmental performance and
effectiveness of UGIs.
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Figure 2. Ecosystem services framework for heat waves in the multiscale approach.

2.2. Steps in Method

This literature review employs a scoping review methodology, guided by the frame-
work established by Arksey and O'Malley [22], to address the research objectives concerning
UGI and remote sensing technologies systematically. Using this approach, we adopt a
funnel methodology to consider various aspects of UGI planning and design in both spatial
and functional terms.

According to Arksey and O’Malley’s framework, the methodological approach for
this scoping review is structured into four distinct stages as follows:

1.  Identification of research objectives for search string construction.

2. Identification of relevant studies to define inclusion/exclusion criteria.

3. Data monitoring and sorting of information according to key questions and assumptions.
4. Collection, synthesis, and reporting of results according to the research objectives.

To support this comprehensive analysis, we selected the Scopus search engine because
of its extensive and reliable database, which encompasses a wide range of peer-reviewed
literature across various disciplines. Scopus offers robust search functionalities and com-
prehensive coverage, ensuring the inclusion of high-quality sources. After conducting the
initial search, we utilized VOSviewer to perform a detailed bibliometric analysis. This
analysis provided insights into keyword occurrences and helped identify relevant authors,
with a threshold set for keyword occurrences greater than five. The use of VOSviewer
enabled the visualization of bibliometric networks, elucidating key relationships within the
research field.

2.3. Step 1: Identification of Research Objectives for Search String Construction

In the first step of the method, the research objectives were identified considering three
main aspects of remote sensing applications for UGI plans and projects. This involved a
methodological framework consisting of a three-phase scoping process, following a funnel
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approach that begins with a broad overview and narrows down to specific objectives. The
following process was instrumental in constructing the search strings (Figure 3):

The first phase covered the general concept and application of remote sensing method-
ologies for GI planning, reflecting large-scale projects at metropolitan or regional levels.
In terms of approach, this phase considered various hazards, including heat waves,
but is not limited to them.

In the second phase, the keywords of search strings were more closely aligned with
the concept of remote sensing for GI design at the urban scale. This phase emphasized
the key role of interoperable analytical tools for ecosystem service modeling and
scenario-based simulations.

In the final phase, we applied an additional filter to focus our results specifically on
heat wave studies. This targeted approach aimed to refine the scope of the investigation
and analyze and compare remote sensing methodologies for climate adaptation of GI
in urban areas.

Based on this methodological framework, the research objectives were established

as follows:

@
@
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Examine the breadth, scope, and nature of research activities in the application of
remote sensing technologies for GI planning.

Provide a clear overview of data-driven methodologies and ecosystem-based ap-
proaches that employ urban-scale satellite data for UGI design.

Describe a research framework for the climate-adaptive design of UGI aimed at miti-
gating heat waves through a data-driven process using remote sensing technologies.
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Figure 3. The three phases of the methodological scoping process.
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2.4. Step 2: Identification of Relevant Studies and Inclusion/Exclusion Criteria

In the second step of the method, relevant studies were identified to structure the
literature analysis process. This step allowed us to determine the reference period for
this study and define the inclusion and exclusion criteria (Table 1). Given the extensive
consolidation of the GI topic in the scientific literature and international policy documents, it
was crucial to establish a solid scientific basis to connect with remote sensing methodologies.

Table 1. Inclusion and exclusion criteria.

Criteria Description

Disciplinary criteria Excluded specific thematic areas to focus this study more effectively.

Focused on studies from 2005 onwards to align with the consolidation of

Temporal criteria .
the ecosystem service concept.

Utilized progressively refined keywords and search strings to identify

Conceptual criteria . S
P studies relevant to the research objectives.

Relational criteria Ensured accurate selection based on preliminary analysis hierarchies.

A preliminary analysis compared the notion of “Green Infrastructure” with “Urban
Green Infrastructure,” revealing that the former is more widely discussed in the scientific
literature across various disciplines and geographical areas. Consequently, “Green Infras-
tructure” was adopted as the main search term, with the requirement that this term must
appear in the title of the selected studies to ensure relevance to our research objectives.

The scientific interest in UGI has undergone a significant evolution in the consolidation
of the concept of ecosystem services, favored by the solid scientific basis laid by the Millen-
nium Ecosystem Assessment [5] and the emerging theories of Urban Ecology [22,23]. After
identifying relevant studies [1,2,4,6,24,25], we paid particular attention to the development
of the inclusion and exclusion criteria.

2.5. Step 3: Data Monitoring and Sorting of Information According to Key Questions
and Assumptions

In the third step of the method, data tracking and information organization followed
the three-phase scoping process framework we utilized to set the research objectives
(Section 2.3). This systematic approach ensured that search strings, initially formulated
based on previous studies and existing knowledge, were progressively refined to focus on
and address each research objective in each phase (Figure 3).

Initially, search strings were formulated based on insights from previous studies on
Green Infrastructure, ecosystem services, and remote sensing techniques for mapping and
monitoring urban ecosystems. These search strings were iteratively refined by selecting
relevant keywords based on their occurrence in search results, which helped to define a
precise research framework aligned with the objectives.

Next, data structuring involved refining terms related to GI in urban areas and their
relationship with the environmental design field. Recurring keywords at the urban project
scale, as well as those related to data-driven methodologies such as modeling and simula-
tion, were integrated to provide a comprehensive view of remote sensing applications in
UGI studies.

Finally, the state of knowledge on remote sensing technologies for UGI was evaluated,
particularly in the context of adaptive climate design for heat wave hazards. Keywords most
relevant to describing strategies for coping with heat waves were used to ensure the research
objectives were met effectively. This process allowed us to obtain several relevant results
aligned with the set objectives, comparable in terms of applications and methodologies.
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2.6. Step 4: Collection, Synthesis, and Reporting of Results

In the fourth step of the method, the results were systematically collected and com-
pared for each of the 12 search strings, adhering to the three-phase scoping process outlined
in Section 2.3.

Initially, a comprehensive collection of all relevant results was undertaken. A broad
analysis was then conducted to compare key metrics, including the year of publication,
number of publications, principal authors, significant keywords, and their occurrence more
than five times in the results. Specifically, publication years were analyzed to trace the
evolution of GI research, highlighting trends and shifts in focus, particularly concerning
ecosystem service mapping and remote sensing methodologies.

According to our research objectives, the results were more carefully collected by
applying filters to ensure significant outcomes for the subsequent phase. For example,
we identified the top ten keywords for each string based on their occurrence, prioritized
authors by publication frequency and citation impact, and identified the most prolific
research centers.

After each of the three main phases, the most relevant results were extracted and
compared to yield detailed insights into the methodologies and indicators utilized within
the studies, as well as specific information on the ecosystem services mapped. This process
allowed us to obtain several relevant results aligned with the set objectives, comparable in
terms of applications and methodologies. This systematic process ensured a thorough un-
derstanding of how remote sensing technologies are applied in UGI planning, particularly
in the context of mitigating heat wave hazards. Although specifically mentioned for heat
waves, this approach is repeatable for all types of hazards.

3. Results
3.1. Overview of Research Activities

According to the research objectives highlighted in step one, the results were systemati-
cally organized and analyzed to address the scope of this research, transitioning from a gen-
eral overview of the findings to a more specific focus on methodologies (Figures 3 and 4).
In the first part of the collection of the results, we considered all three phases to examine
the breadth, scope, and nature of research activities in the field of applying remote sensing
technologies for UGI planning, providing a temporal and thematic overview across all
relevant research studies. This analysis aimed to address the first research objective (1).

Number of results for each search string by phase
Il Phase 1
e e Gr)
TITLE("GI") AND ALL("ESS' )-
TITLE("GI") AND ALL("ESs") AND ALL("REMOTE SENSING OR SATELLITE DATA") Ez==7

TITLE("GI") AND ALL("ESs") AND ALL("REMOTE SENSING OR SATELLITE DATA") OR ALL("MAPPING" OR "MONITORING")

..AND ALL("URBAN AREAS" OR "URBAN ECOSYSTEM" AND "GREEN AREAS") OR ALL("UGI")

AND ALL("URBAN AREAS" OR "URBAN ECOSYSTEM" AND "GREEN AREAS") OR ALL("UGI") OR ALL("URBAN ESs")

..AND ALL("URBAN AREAS" OR "URBAN ECOSYSTEM" AND "GREEN AREAS") OR ALL("UGI") OR ALL("URBAN ESs") AND ALL("DESIGN" OR "PROJECT")
..AND ALL("URBAN AREAS" OR "URBAN ECOSYSTEM" AND "GREEN AREAS") OR ALL("UGI") OR ALL("URBAN ESs") AND ALL("DESIGN" OR "PROJECT") OR ALL("MODELING" OR "SIMULATION")
..AND ALL("CLIMATE" AND "ADAPTATION" OR "CLIMATE ADAPTIVE DESIGN" OR "CLIMATE PROOF") |

AND ALL("CLIMATE" AND "ADAPTATION" OR "CLIMATE ADAPTIVE DESIGN" OR "CLIMATE PROOF") AND ALL("VULNERABILITY" 0R "RisK") [N
) I-
)

Search Strings

AND ALL("CLIMATE" AND "ADAPTATION" OR "CLIMATE ADAPTIVE DESIGN" OR "CLIMATE PROOF") AND ALL("VULNERABILITY" OR "RISK") OR ALL("REGULATING ESs" OR "CLIMATE REGULATION" OR "COOLING"
..AND ALL("HEAT WAVE"

ccccccc
ooooooo

Figure 4. Results of the scoping review process across three phases.

In the first phase of analysis (Figure 3), the scoping process identified 481 relevant
articles. By applying more stringent inclusion criteria in the second phase, this selection
was refined to 410 articles. The final phase further narrowed the results to 325 articles,
focusing on those that most closely matched this study’s objectives. From these, only those
with the most relevant key metrics were selected for detailed analysis, resulting in 24 highly



Sustainability 2024, 16, 6220

8 of 24

relevant articles being thoroughly examined in terms of methodologies and application
cases (Appendices B-D).

The first phase of the scoping process examined the general concept and application of
remote sensing methodologies in GI planning, reflecting large-scale projects at metropoli-
tan and regional levels (Appendix A). The results are well-aligned with the concept of
ecosystem services. However, significant interest in remote sensing only grew in 2010,
showing an increasing use for mapping and monitoring UGI through spatial analyses in
GIS (Figures 4 and 5).

. Fhase 1
BN Phase 2
8G N FPhase 3

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Figure 5. Temporal evolution of the results for each string by phase.

The analysis showed a generally increasing trend in research activities, with noticeable
peaks in 2012, 2014, 2016, and 2019, but a decline in 2021 (Figure 5).

In the second phase, the keywords of search strings were more closely aligned with the
concept of remote sensing for GI design at the urban scale. This phase emphasized the key
role of interoperable analytical tools for ecosystem service modeling and scenario-based
simulation. Furthermore, since 2013, there has been a greater correspondence in results
related to climate change adaptation studies, as well as those addressing urban heat island
effects (Figures 6 and 7).

Top keywords occurrences across three phases

Urban Green Infrastructure = Phase 1
mm Phase 2

ecosystem services = Phase 3

Green Infrastructure| ]

climate change

biodiversity

stormwater management

Keywords

sustainability

urban planning

multifunctionality

sustainable development

nature-based solutions

spatial planning

0 200 400 600 800 1000
Occurrences

Figure 6. Top keyword occurrences across the three phases.
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Heatmap of frequent and relevant keywords over years
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Figure 7. Heatmap of top keywords occurrences over time.

In the final phase of the keyword research process, it emerged that focusing on the
keyword “heat wave” led to highly relevant results for remote sensing methodologies
applied to UGI, including the occurrence of some multispectral indices widely used in the
literature to analyze the response of UGI to heat wave effects, such as NDVI (Normalized
Difference Vegetation Index) and LST (Land Surface Temperature). Moreover, since 2018,
the results have significantly increased, indicating a high responsiveness of remote sensing
technologies for climate adaptation during heat wave phenomena (Figure 7).

3.2. Applications and Methodologies

At the end of the three phases, the 24 articles most aligned with the research objectives
were selected based on key metrics for a detailed analysis of the proposed methodologies
and specific approaches used to map ecosystem services (Appendices B-D). These results
were further analyzed to address the second and third objectives including the following:

(2) Provide a clear overview of the data-driven methodologies and ecosystem-based
approaches that employ urban-scale satellite data for UGI design.

(3) Describe a research framework for the climate-adaptive design of UGI aimed at
mitigating heat waves through a data-driven process using remote sensing technologies.

The aim was to provide an overview and compare the methodologies in terms of
the use of indicators related to the specific hazard (Figure 8). Notably, from the general
overview process, none of the identified studies span multiple scales; rather, all studies
focus on individual scales of application. The scales considered include regional, urban,



Sustainability 2024, 16, 6220

10 of 24

and local (district). We focus on analyzing the results for each scale independently, as none
of the studies employed multi-scale approaches.

Wind speed

Walking distance to existing urban gardens
Vegetation health index (VHI)

Tree canopy density

Surface albedo

Soil moisture 0.8

Social Vulnerability Index (SoVi)

Slope

Runoff coefficient] .

Precipitation rate

Population density

Percentage increase in Urban Green Infrastructure (UGI) 06
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Figure 8. Bubble chart of key indicators recorded in the third phase of analysis.

3.2.1. Regional Scale Applications

In the first phase, which focused on applications at the regional and metropolitan
scale, the results indicate that remote sensed technologies are predominantly used for
spatial planning and ecosystem protection and management (Appendix B). The mapping
objects at this scale include the supply of regulating and maintaining ecosystem services,
biodiversity, and the relationships between UGIs and the health and well-being of the
population [26-31]. Specifically, methodologies are employed to map phenomena such as
habitat fragmentation, soil erosion, air pollution, ad coastal vulnerability. At this scale, open-
source satellite data with global coverage are used to map the state of natural resources
and specific land transformation phenomena. The most common analytical methodologies
at this level are those that integrate land cover and land use data with local data for the
application of ecosystem-based dynamic models. A recurring approach in the results is the
use of INVEST (Integrated Valuation of Ecosystem Services and Tradeoffs), a tool developed
by the Natural Capital Project [26]. INVEST is used to assess how different management
choices affect ecosystem services, such as carbon sequestration, water purification, and
coastal protection. Among the most important indicators identified in these studies are the
rate of deposition of air pollutants on vegetation, erosion control, water infiltration into the
soil, coastal protection capabilities, and carbon content in above-ground biomass. Land
cover and land use, habitat type, plant and invertebrate diversity, and Shannon’s Index
(SHDI) are frequently used to assess biodiversity and landscape health. Indicators such as
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slope, sediment composition, sea level changes, and storm flood potential are critical for
understanding ecosystem vulnerability and resilience.

3.2.2. Urban Scale Applications

The results from the second phase pertain to the application of remote sensing method-
ologies at an urban scale for UGI design (Appendix C). The primary hazards include
air pollution, flooding, and heat waves. The mapping objects at this scale are focused
on co-benefit provision, climate regulating services, and opportunities for nature-based
recreation [32-36]. These results show that mapping and monitoring methodologies based
on remote sensing data at this scale are often integrated with modeling and simulation
activities, especially to quantify and compare benefits and co-benefits in different design
scenarios. Specific studies on air pollution demonstrate how UGI can sequester pollutants
and cool urban areas, thereby improving overall urban climate regulation. Tools such as
ENVI-met for three-dimensional and thermodynamic microclimate modeling, and I-Tree
Eco for evaluating urban regulatory ecosystem services, have been widely used. The most
used methodologies include spatial analysis based on green area and population data,
on-field surveys with GPS, and air quality monitoring over extended periods. The results
also indicate the use of detailed satellite data overlapped with social, demographic, and
economic data to ensure a benefit-based approach. For example, studies have calculated
recreational potential using the ESTIMAP-recreation model, which considers factors such
as the presence of water, protected natural areas, and the degree of naturalness of the envi-
ronment. The model combines recreational potential (RP) with proximity information, such
as distance from roads and urban areas, to provide a comprehensive assessment. Among
the most important indicators identified in these studies are carbon sequestration, daily
mean temperature, and the number of pollutants captured by vegetation. These indicators
are crucial for understanding the environmental benefits of UGI. Social indicators such
as accessibility to public green spaces and the number of people being physically active
highlight the human benefits provided by urban green areas. Additionally, indicators like
the Green Area Ratio (GAR) and total green area per inhabitant help measure the extent
and accessibility of green spaces in urban environments.

3.2.3. Application for Heat Wave Adaptation at the District Level

The results of the last phase, which focuses on remote sensing technologies for the
climate-adaptive design of UGI, are centered on mapping the response to heat wave
hazards (Appendix D). The mapping objects in this phase are more specific and include
the assessment of heat exposure areas, vulnerability of different demographic groups,
behavioral patterns influencing heat exposure, cooling benefits of vegetation, urban heat
island intensity, social vulnerability, and access to green spaces [37-51]. Additionally, the
mapping objects extend to microclimatic regulation by urban vegetation, the impacts of
UGI on nighttime temperature variations, and overall well-being related to green areas.
For instance, the studies examine flood control and urban cooling benefits provided by
green roofs and other UGI components. The methodologies most used involve high-
resolution satellite data to capture detailed site-specific information. Public and open
datasets such as Sentinel-2 from Copernicus and Landsat are typically used, but for more
specific applications addressing heat wave hotspots, additional commercial data and
environmental sensors, including those on drones, are integrated. These sensors capture
detailed environmental variations and provide precise measurements of parameters such
as air temperature and humidity.

The data collected from these remote sensing technologies are often integrated with
detailed demographic and census information, including population density, age distribu-
tion, health status, and hospital admissions. This integration allows for the establishment of
statistically significant correlations between heat wave phenomena and the most vulnerable
demographic groups.
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In the context of heat wave adaptation, the most relevant indicators and indices
identified in the studies include air temperature, which provides a direct measure of the
thermal environment, and Land Surface Temperature (LST), which gives insights into
surface heat variations. The Normalized Differential Vegetation Index (NDVI) is used
to measure vegetation reflectance, distinguishing between vegetated and non-vegetated
surfaces and highlighting the cooling effects of green areas. Social vulnerability indices,
such as the Social Vulnerability Index (SoVi) and the Index of Relative Socio-Economic
Disadvantage (IRSD), help identify populations most at risk. Additional indicators like
mean and maximum air temperatures, relative humidity at 2 m, and cloud cover are
essential for understanding microclimatic conditions. Urban design elements, including
street width, the height-to-width ratio, and green roof area, are also considered for their
impact on urban heat island (UHI) effects and overall cooling. Furthermore, social and
economic factors such as the elderly population density, building energy performance,
and neighborhood walkability are important for evaluating the broader implications of
heat wave mitigation strategies. These indicators provide a comprehensive framework for
assessing urban heat stress and the effectiveness of UGI in mitigating high temperatures,
enhancing the resilience of urban environments to heat wave hazards.

4. Discussion

This scoping literature review provides critical insights into the application of remote
sensing technologies for UGI planning and design, highlighting the necessity of a multiscale,
integrative approach for developing proper and effective strategies. The findings align with
the initial objectives and assumptions, offering a comprehensive perspective on the evolving
studies. The discussion is structured to address the research questions progressively, based
on the following funnel approach:

e A temporal analysis of the evolution in the field of research in relation to major guiding
documents and technological advancements.

Methodological overview at the regional scale.

Methodological overview at the urban scale.

Methodological overview of heat wave applications.

Focus on emerging indicators of heat waves.

4.1. Temporal Analysis

We analyzed the trends in the three phases by comparing the most recurring keywords
and then specifically examined the occurrence of keywords over the years across all re-
sults to identify the research fields that are most consolidated in the scientific literature
(Figures 5 and 6). The results show that the set temporal range, along with the inclusion
and exclusion criteria and the field of analysis, is appropriate. The temporal analysis
(Figures 9 and 10) reveals distinct peaks in research activity that align with the release of
significant policy documents, agreements, and advancements in remote sensing technology.
This suggests a growing recognition of the importance of UGI mapping and monitoring for
climate change mitigation and adaptation efforts, reflecting the strategic role of these ana-
lytical methodologies. Following the 2008 UNFCCC (Compendium on Methods and Tools
to Evaluate Impacts of, and Vulnerability and Adaptation to, Climate Change) [52] and the
Copenhagen Accord of 2009, there was an initial rise in interest, reflecting an increased
interest in analytical methodologies for climate adaptation strategies. The 2010 TEEB (The
Economics of Ecosystems and Biodiversity) [53] report further amplified this trend by high-
lighting the economic value of ecosystems. A marked surge in research activity post-2013
aligns with the EU’s MAES (Mapping and Assessment of Ecosystems and their Services)
strategy [54], which emphasizes the integration of ecosystem services into urban planning
through comprehensive ecosystem mapping and assessment. The Paris Agreement in 2015,
the launch of the Sustainable Development Goals, and the deployment of Sentinel 2A /2B
satellites led to another significant peak, underscoring global commitments to climate adap-
tation and the enhanced capabilities of new remote sensing tools. Further intensification in
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2018, driven by the IPCC’s report on Global Warming of 1.5 °C and the release of Landsat
8 data, underscores the urgent need for effective and suitable adaptive measures. The
European Green Deal in 2019 [54] and the EU Biodiversity Strategy in 2020 [55] sustained
high research interest, reinforcing a strategic focus on sustainable urban development and
ecosystem restoration.

2Q0o9 2¢10 3 2014 2015 2016 2017 2018 2019 20
Copenhagén < EU Green
Accord (200‘9) / Paris Accord Deal (2019)
1 N (2015)
i + IPCC Report 1.5° Biodiversity
H EU Strategy SDGs (2018) Strategy
UNFCC Compendium for GI + * (2020)
(2009) (2013) Sentinel 2A/2B Landsat 8
Figure 9. Temporal overview across the three phases of investigation.
Type Sensors Satellite Year Da.ta' . Institution Spah?I Tempo'ra | R bED f.or mapping and
accessibility resolution resolution monitoring
. Vegetation SPOT-4, .
Multispectral (VéT) SPOT.5 1998,2002  On project CNES (France) 1km Dayly
Multispectral  MERIS ENVISAT 2002 Onproject  ESA 300m, 12km, - payy
30 metri
Multispectral ~ Landsat TM  Landsat4-5 1982,1984  Free NASA/USGS ﬁ‘;g"‘:"e"l:‘a““’)' 16 days
(multispettrale)
30 metri
Multispectral  Landsat ETMi+  Landsat? 199  Free NAsafUsGs  (Pancromatico) 4 g
(multispettrale) Natural Capital Stock , Stock
15m Condition (woodybiomass, canophy
N Landsat (pancromatico), structure) Ecosystem Services (water
Multispectral OLLTirs Landsat 8 2013 Free NASA 30m 16 days cycle, Primap productivity, carbon
(multispettrale) storage, woody biomass, canopy
250 metri structure)
(bande visibili),
500 metri
Multispectral ~ MODIS Terra, Aqua 1999,2002  Free NASA (bande Dayly
infrarosse), 1
km (banda
termica)
MSI Da 10 metri a
Multispectral ~ (MultiSpectral ~ Sentinel-2 a/b 2015 Free ESA " 5days
In 60 metri
strument)
Multispectral  Planet Scope Planet Scope 2016 Commercial Planete LAB 3m Dayly
Multispectral ~ HRI Pleiades 2021 Commercial Airbus 0.5m On demand
Iperspectral Hyperion EO-1 2000 Commercial ~ NASA 30 m 16 days . .
. R Ecosystem services (nitrogen)
Iperspectral PRISMA PRISMA 2019 On project ASI 30 metri -5m 16 days
Synthetic
Aperture Radar RADARSAT-1/ :
Radar RADARSAT-1/ 2 2007 Commercial CSA 10x5m 24 days
2
Synthetic DLR (German
Radar Aperture Radar TerraSAR X 2008 Commercial Aerospace IxIm 11 days
(TerraSAR X) Center)
PALSAR . N
(Phased Array ALOS JAXA (Japan Ecosystem services (protection by
e L-band (Advanced Aerospace coastal wetlands and magroves)
Radar g’p ’ Land 2006 Commercial pac 10x10 m Dayly
ynthetic Observi Exploration
Aperture s sflr_vmg Agency)
Radar) atellite)
Synthetic Cosmo . .
Radar Aperture Radar Sky-med 2010,2014 ~ Commercial Asi IxI m 1-4-8 days
. Sentinel-1A,
Radar Sentinel-1 Sentinel-1B 2014, 2016 Free ESA 5x5 m 6-12 days
GLAS ICESat (Ice,
. (Geoscience Cloud, and 70 metri (bin 91 days . . .
Lidar Laser Altimeter land Elevation 2003 Free NASA size) (circular) Stock Condition (Vegetation Height)
System) Satellite)

Figure 10. Overview of remote sensing data types and purposes.
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These trends indicate that key international policies and technological advancements
have critically shaped the research framework, driving global efforts to integrate data-
driven methodologies into climate adaptation strategies.

The keyword occurrence temporal graph (Figure 7) reveals that widely established
concepts in the scientific literature, such as GI, ecosystem services, and spatial planning,
appear frequently, showing steep gradients. They represent umbrella concepts that en-
compass the entire body of work, acting as red threads running through the scientific
literature across all considered disciplines. In contrast, more specific keywords related to
methodologies like remote sensing appear less frequently, indicating emerging research
areas. This demonstrates the multisectoral nature and the ability to capture evolutionary
processes closely tied to technological advancements, highlighting their strong dependence.

4.2. Methodological Overview of Regional-Scale Applications

The breadth and depth of research activity in remote sensing methodologies for GI
planning reflect a substantial and growing body of work. The extensive use of remote
sensing for spatial planning and ecosystem mapping and monitoring at regional and
metropolitan scales demonstrates the versatility and scalability of these technologies. Most
of the studies emphasize the importance of integrating land cover and land use data with
local information to model ecosystem dynamics effectively, underscoring the potential of
remote sensing to capture large-scale environmental patterns and inform regional plan-
ning decisions. Applications at this scale often do not require highly detailed satellite
data and thus frequently utilize open-source products such as Sentinel-2 or Landsat 8.
Moreover, significant attention is given to GI as ecological networks, with a focus on
habitat restoration and conservation and phenomena such as landscape fragmentation
and other spatial modification. This reflects the inherently sectoral nature of these appli-
cations, which tend to analyze specific phenomena rather than adopting a holistic view
of environmental complexities, thus prioritizing specialized approaches over integrated
environmental assessment.

4.3. Methodological Overview of Urban-Scale Applications

At the urban scale, theoretical and experimental methodologies reveal a growing
trend toward tool interoperability. This includes tools for modeling design scenarios and
simulating alternatives to assess potential benefits. This multiscale and multidisciplinary
approach, reflecting the complexity of urban systems, goes beyond ecosystem mapping
and monitoring strategies and supports detailed design processes. For example, studies
where remotely sensed satellite data, particularly land cover, are used to feed ENVI-met
models for quantifying environmental performance and I-Tree for evaluating the ecosystem
services of urban greenery. This approach not only quantifies the benefits of UGIs in
terms of regulation ecosystem services, such as air quality regulation, climate regulation,
erosion regulation, and pollination, but also considers cultural ecosystem services, which
are fundamental to the effectiveness of projects in an urban complex environment.

Such integration provides comprehensive support to UGI design and decision-making
processes, addressing ecological and human factors to maximize ecological, social, and
cultural benefits. While this integrated approach offers a robust framework for UGI
assessment and the development of design strategies, several challenges and limitations
must be acknowledged. The accuracy and resolution of remote sensing data can vary
based on the technology and methodologies used, potentially impacting the reliability of
results. Additionally, integrating diverse data sources requires substantial expertise in data
management and analysis.

4.4. Methodological Overview for Heat Wave Adaptation

An original contribution of this study is the comparison of remote sensing methodolo-
gies for the climate-adaptive design of UGI, specifically aimed at mitigating heat waves
(Appendix D). This document details recurring indicators and their respective methodolo-
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gies for digitally modeling either the effects of heat waves on different population groups
or the benefits, in terms of ecosystem services, achievable through the implementation of
specific Green Infrastructure components, such as green roofs.

The results underscore the extensive use of high-resolution satellite data, which not
only provide continuous land cover information but also crucial air and surface temperature
data essential for mapping the urban heat island (UHI) phenomenon.

However, for several applications, the integration of commercial data from drone
sensors and on-site environmental sensors is essential to provide detailed insights into
microclimatic local conditions and heat wave hotspots. Our findings also show a signifi-
cant trend toward integrating demographic and social data, enabling the identification of
vulnerable groups and supporting more precise and equitable adaptation strategies. This
approach reflects the initial assumption that effective UGI must adapt to both natural and
anthropogenic systems, thereby enhancing urban resilience through tailored UGI strategies
while ensuring they meet stakeholders’ needs.

4.5. Emergent Indicator Categories

A critical component of this review is the investigation and categorization of indica-
tors, which are essential for understanding mapping objectives and methodologies. The
recorded set of indicators, representing the necessary information for the climate adaptation
project for heat waves, highlighted the increasingly recognized trend in the literature to
consider multiple specific hazards in project decisions (Figure 11). Therefore, we catego-
rized the indicators to obtain further specification and ensure a comprehensive analysis,
grouping them into several key categories including the following: land cover indicators,
environmental performance indicators, ecosystem structure indicators, ecosystem condi-
tion indicators, social and wellbeing indicators, and land use indicators. This structured
framework addresses the critical aspects of climate adaptation, ensuring a holistic and
effective approach to managing urban heat waves and enhancing urban resilience.

Top relevant indicators by category
Habitat type
Category

Carben seguestration Ecosystemn condition indicators
Habitat extent Ecosystem structure indicators
Environmental indicators
Erosien centrol Land cover indicatars [via remate sensing data)
Carbon storage Land use indicators (via remote sensino data)

Social and well-being indicators

Cancpy patch

Airtemperature

Land cover
NDVI
Tree cover
Slope
Imperviusness

Land use

0 2 4 G 8
Occurrence

Figure 11. Comparison and classification of key indicators recorded in the third phase of the analysis.
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Land cover indicators, such as NDVI, provide insights into vegetation health and
connectivity, which are crucial for managing urban heat waves and evaluating green areas’
effectiveness in cooling and temperature reduction. Ecosystem structure indicators, like
habitat connectivity and landscape fragmentation, help identify critical areas for ecological
interventions that promote biodiversity and resilience. Land use indicators inform strategic
planning by classifying urban land into residential, commercial, and industrial areas, facili-
tating targeted UGI benefits. Social and well-being indicators, including population density
and socio-economic distribution, can be integrated with environmental data to identify
heat wave-vulnerable areas, ensuring policies meet local community needs. Ecosystem
condition indicators, such as vegetation health and soil pollution, are used to monitor the
overall state of urban ecosystems, guiding restoration and management strategies. Lastly,
environmental indicators, including surface temperature and air quality, are used to assess
UGIs’ impacts on the urban microclimate, highlighting their role in reducing temperatures
and improving air quality for healthier urban environments.

5. Conclusions

Urban Green Infrastructures have emerged as critical components in climate-adaptive
urban planning and design, particularly for their role in mitigating the effects of global
warming in relatively short timeframes. The effectiveness of UGIs is based on a thorough
understanding of urban ecosystem dynamics, facilitated by the strategic mapping and
monitoring of ecosystem services across various scales.

The integration of remote sensing data, spanning from regional to local levels, en-
hances our comprehension of the interplay between urban and natural environments.
Advanced analytical tools play a pivotal role in this integration, enabling precise quantifica-
tion of environmental performance within urban settings. This, in turn, supports informed
decision-making in the development and implementation of UGIs. By combining the map-
ping and monitoring of ESs with modeling tools, these data-driven approaches optimize
the ecological and socio-economic benefits of UGIs, thereby bolstering urban and climate
resilience. Such evidence-based planning not only enhances ecological efficiency but also
fosters greater community acceptance, leading to improved management of ecosystem
services over time.

Despite their growing importance, the implementation of remote sensing method-
ologies for UGI planning and design is often complex, as it relies on non-open-source
data or software, making interoperability among mapping, monitoring, modeling, and
simulation tools difficult. Additionally, the availability and accessibility of data are not
uniform geographically, as not all countries have adopted the same data implementation
policies within dedicated platforms. Reliable and cyclically updated data are crucial for
making accurate predictions regarding the impacts of specific greening interventions in
urban areas. Furthermore, collaboration among public administrations and stakeholders is
essential for maintaining these datasets and fostering inclusive urban planning processes.
Such coordinated efforts ensure that UGIs address specific urban requirements effectively,
thereby enhancing the overall performance and resilience of urban green networks. Fu-
ture developments could involve the use of machine learning systems to optimize the
acquisition and utilization of satellite data. Projects like Al4Copernicus aim to connect
Artificial Intelligence (AI) with Earth Observation (EO), simplifying the acquisition of large
quantities of EO data and promoting access to educational materials and expertise.
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Figure A3. Research string used in phase 3.
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Figure A4. Results of applying of remote sensing technologies for mapping and monitoring GI. The bibliographic references are listed in the first column and can
also be found in the bibliography.
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Figure A5. Results of applying remote sensing technologies for mapping, modeling, and simulation of UGI at the urban scale. The bibliographic references are listed
in the first column and can also be found in the bibliography.
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Figure A6. Results of the application of remote sensing technologies for climate adaptation project
for the heat wave. The bibliographic references are listed in the first column and can also be found in
the bibliography.
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Figure A7. Results of applying remote sensing technologies for climate adaptation projects to address
heat waves. The bibliographic references are listed in the first column and can also be found in
the bibliography.
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