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Abstract: Extreme climatic conditions cause a decrease in ecosystem services, the disruption of the
ecological balance, and damage to human populations, especially in areas with socially vulnerable
groups. Nature-based solutions applying blue-green infrastructure (BGI) against these negative
impacts of climate change have an important role in planning sustainable cities. This study aims to
identify priority areas and develop scenarios and strategies for spatial planning to understand the
tradeoffs in approaches and to maximize the benefits of ecosystem services provided by BGI in cities
with arid and semi-arid climates, using Phoenix, Arizona, a swiftly urbanizing city in the Sonoran
Desert, as the study area. Using GIS-based multi-criteria decision-making techniques and the Green
Infrastructure Spatial Planning model integrated with the city’s existing water structures, this study
is conducted at the US census scale. The hotspots for BGI are mapped from the combined GIS-based
multi-criteria evaluation and expert stakeholder-driven weighting. In the hotspots where priority
areas for BGI in Phoenix are identified, the city center area with a high density of impervious surfaces
is identified as the highest priority area. It is revealed that social vulnerability and environmental
risks (flooding, heat) have a positive correlation in Phoenix, and stormwater management and the
urban heat island are the criteria that should be considered first in BGI planning.

Keywords: climate change; nature-based solutions; blue-green infrastructure; spatial planning;
scenario planning

1. Introduction

Ecosystems provide many benefits to human and non-human life. These benefits,
which occur for free as part of the natural processes within ecosystems, are collectively
termed ecosystem services [1,2]. Regulatory ecosystem services are crucial in reducing
the impacts of climate change on cities and increasing their ability to withstand these
impacts [3,4], such as mitigating climate change-induced flooding hazards [5]. Among the
regulating services, key services include managing waste, enhancing the air and soil quality,
mitigating natural disasters like floods and landslides, regulating the climate, controlling
diseases, facilitating pollination, purifying water, and controlling harmful species [6]. How-
ever, the worldwide population growth and the consequent expansion of urban settlements
are causing great damage to ecosystems [7]. This makes cities vulnerable to the impacts of
climate change [8] and contributes to the climate justicescape, where vulnerable commu-
nities with a lack of green infrastructure investment are facing inequitable consequences
from climate change impacts [9,10].

Cities are the areas where climate change is felt the most intensely [11]. Therefore,
many social [9], economic [12–14], and environmental problems [15] arise in cities due to
climate change. An increased urban heat island (UHI) effect [16], an increase in the number
of hot days [17], increased air pollution [18], water shortages [19], changes in precipitation
regimes [20], coastal floods, and floods caused by rainwater are among these problems [21].
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Nowadays, about 30% of the world’s population is exposed to these adverse climatic
conditions for at least 20 days per year [22]. For instance, in just two years, 2021 and 2022,
the devastating flooding disasters in Australia, China, India, Malaysia, Nigeria, Pakistan,
and Western Europe, as well as the forest fires in Algeria, Argentina, Canada, Greece,
Turkey, and the USA, resulted in the loss of thousands of lives and the destruction of homes
as a result of the negative effects of climate change [23,24].

To prevent these problems in cities, researchers, decision-makers, and planners have
put forward green infrastructure (GI) systems that provide nature-based solutions (NbS)
as an alternative urban planning approach [25,26] to traditional command-and-control
gray infrastructure approaches (e.g., concrete dams and channelized drainage for flood
control) [27]. Cohen-Shacham et al. [28] define NbS as societal activities to safeguard,
steward, and repair urban ecosystems, which, at the same time, both effectively and
adaptively make progress toward other societal challenges (e.g., social justice). In this
way, nature-based solutions, of which GI is an example, align human well-being with
biodiversity benefits simultaneously. Accordingly, countries in the United States [5,29],
the United Kingdom [30], Europe [31], China [32], and other countries in Asia [8] have
developed strategies and policies for the planning and implementation of GI systems.
Towards the end of the initial decade of the twenty-first century, the BGI planning paradigm
emerged, which, unlike prevailing planning methodologies, aims to plan open green
spaces, natural and semi-natural areas (cultural landscapes), rivers and valleys, and natural
corridors within urban environments as a cohesive system, combining GI with water
management and aiming for a nature-based water cycle, as well as the benefits of green
spaces [33]. BGI systems are a holistic combination of sustainable ecological functions and
cultural values. Scientific studies have shown that when BGI is integrated into the urban
structure at different levels (micro, medium, and macro levels), it increases the resilience
of cities in dealing with the negative impacts of climate change and provides significant
environmental, social, and economic advantages compared to gray infrastructure [12,33].

The geographical structure of regions is important in developing different planning
scenarios and strategies [34]. For this reason, BGI systems are planned for various ecosystem
services in different regions [35]. For example, BGI planning strategies have been developed
to improve the local climatic conditions in Stuttgart (Germany) and Melbourne (Australia);
reduce runoff in Seattle (USA), Portland (USA), and Rotterdam (the Netherlands); and
protect the existing water resources in Durban (South Africa) [36,37]. Generally, research
on the planning and design of BGI systems has been carried out in areas with heavy
rainfall. Studies to control excess rainwater [38], reduce runoff, reduce the burden of
gray infrastructure [20], and provide ecological connectivity [39] between existing green
spaces in these regions are seen in the literature and practice [40,41]. However, very few
studies have demonstrated the planning and implementation of BGI systems in arid and
semi-arid regions. These studies in the literature especially focus on the use of green
spaces to reduce temperatures and mitigate the urban heat island effect [6,15,42]. However,
we have not encountered a BGI study in the literature that evaluates various criteria in
a holistic approach through GIS-based multi-criteria evaluation and expert stakeholder-
driven weighting in desert cities with high drought levels.

This study was prompted by the following research question: How can we identify
strategic hotspots to maximize the multifunctionality of BGI in cities in arid or semi-arid
regions at a regional scale and where are the priority areas for BGI? Accordingly, the
aim of this study is to identify priority areas and develop scenarios and strategies for
spatial planning to understand the tradeoffs in approaches and to maximize the benefits
of ecosystem services provided by BGI in cities that have arid and semi-arid climates.
In particular, evaluating different scenarios can provide decision-makers with a better
understanding of how to anticipate governance and plan for uncertainty [43]. In this
context, it is necessary to focus on more benefits in line with the requirements of the region,
rather than focusing on only one benefit of BGI. For this reason, a GIS-based model that can
analyze many criteria and combine these multiple criteria is useful for decision-making [44].
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In this study, we adopt the Green Infrastructure Spatial Planning (GISP) model, developed by
Meerow and Newell [29] for this purpose and applied to the city of Detroit, Michigan and in
follow-up research by Meerow [25,45] to the assessment of the GI of Manila (Philippines), Los
Angeles (USA), and New York City (USA). In addition, Chang et al. [46] used GISP to assess
the GI of the Yanshuei River Basin (Taiwan). In some studies, GI planning frameworks have
been created by integrating various spatial factors with the GISP model [47,48].

The City of Phoenix, Arizona, USA was selected as the study area, where the negative
impacts of climate change, such as extreme heat and drought conditions, are occurring more
frequently and intensely [49], as well as increasing summertime temperatures combined
with urban-induced heat [50], water availability issues [51], and monsoon flash floods [52].
Thus, officials are increasingly concerned about green space [53] and equitable access to
high-quality green space to cope with climate change impacts. In addition, microbursts
accompanying thunderstorms in the city and small-scale destructive winds damaging trees
and other green infrastructure are also influential factors for the study area [54,55].

2. Materials and Methods
2.1. Study Area

The City of Phoenix, the capital of Arizona, USA, is located in the northeastern part of
the Sonoran Desert. It is the fifth-largest city in the United States by population [50] and
the country’s most populous state capital, with a population of 1,608,139 and a population
density of approximately 8039.3 people per square kilometer [56] (Figure 1). Agricultural
activities were intensively developed from the city’s foundation in the late 1800s until
the second half of the twentieth century. The city had a relatively low population growth
rate since its establishment for many years [57]. However, with the development of air
conditioning, along with advancements in technology, it has experienced rapid population
growth and urbanization in recent decades. Today, it is one of the largest and fastest-
growing metropolitan areas in the United States [52].
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Phoenix is one of the hottest cities in the United States due to its location in an arid
and semi-arid region with mild winters and hot summers [49]. The 30-year average daily
maximum temperature is above 38 ◦C for about 110 days of the year [53]. The average
highest temperature is 41.3 ◦C in July, but the climate is rapidly shifting to a hotter regime.
The 1991–2020 average summertime temperature (June–August) for Sky Harbor Airport,
the official reporting station for Phoenix, was 27.9 ◦C. However, the summer of 2020 had
an average temperature of 35.9 ◦C, shattering the previous hottest summer on record for
2015 with an average temperature of 35.1 ◦C [58]. By 2023, Phoenix broke the 2020 record
with an average temperature of 36 ◦C (June–August). The winter months bring relief from
the heat and the climate is mild, where the average daily high temperature is above 17.6 ◦C
and the average daily low temperature is below 3.9 ◦C. Most of the rainfall occurs during
the winter season and the monsoon season (15 June to 30 September). The average annual
precipitation for the last two decades (2003–2023) is 163.3 mm (6.43 in) for Phoenix [58].
Approximately half of the average annual precipitation falls during the monsoon period [59]
(Suchy et al., 2020). Flash floods during the monsoon period cause damage to people and
property [52,58,60]. At the same time, increasing impervious surfaces due to urbanization
have increased the urban heat island effect in Phoenix, causing the average daily air
temperature to rise by 3.1 ◦C and the night-time minimum temperature to rise by 5 ◦C over
the last 52 years [50,61].

2.2. Methods

This study employed the GISP model to analyze spatial data (i.e., social, topography,
land cover–land use, zoning plan, weather, air pollution, and drainage) and identify
“hotspots” where multiple BGI benefits are required based on ecosystem services. In
addition, the BGI scenarios’ tradeoffs and synergies between planning priorities were
evaluated using the US census tract as a unit of analysis. The GISP model utilizes GIS-based
multi-criteria decision-making techniques with six planning criteria identified: managing
stormwater, reducing social vulnerability, increasing access to park areas, reducing the
urban heat island effect, improving the air quality, and increasing the landscape connectivity
(Table 1).

Table 1. The criteria and data sources utilized for the GISP model. Modified from Meerow and
Newell [29].

GISP Model Criterion Abbreviation Criterion Database Description

1. Managing Stormwater MS

Flood susceptibility mapping using
GIS-AHP multi-criteria analysis
- Topographic wetness index
- Elevation
- Slope
- Precipitation
- Global man-made impervious
surface dataset
- Normalized difference vegetation
index (NDVI)
- Distance from river
- Distance from road

The analytic hierarchy process (AHP)
method is used to assign weights to all

data. The resulting data are then
overlaid, and the values for each census

tract are averaged.

2. Reducing Social
Vulnerability SoVI Heat vulnerability index (HVI)

Social vulnerability index (SoVI)

The SoVI with 27 social variables and
the HVI with 10 social variables created
by Wright et al. [62] from the 2012–2016

American Community Survey.

3. Increasing Access to
Park Areas PA

The existing public parks (open street
map, zoning plan)
Census data

Population-weighted distance to the
nearest park [25,63].
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Table 1. Cont.

GISP Model Criterion Abbreviation Criterion Database Description

4. Reducing the Urban
Heat Island Effect UHI Land surface temperature (LST)

and UHI

Estimates of average LST and UHI for
each census tract obtained from

Landsat for the last 10 years (years
2013, 2018, and 2023).

5. Improving Air
Quality AQ Air quality index (O3, PM2.5, PM10,

CO, SO2, NO2)
Air quality index between 2013 and

2022 is used [64].

6. Increasing Landscape
Connectivity LC The physical continuity of

vegetated areas

The high-resolution (1 m) Lidar image
created by Zhang and Turner II [65]

and the “Patch Cohesion Index” metric
in the Fragstats 4.2 software [66].

2.2.1. Managing Stormwater

The determination of flood areas in stormwater management is important in the
preparation of strategic urban plans. In this context, the “Flood Susceptibility Mapping
using GIS-AHP Multi-Criteria Analysis” method was used to determine flood areas. A
database for the management of stormwater was created by using ten different data
belonging to the study area (Table 1). Alos Palsar’s Digital Elevation Model (DEM) data with
a 12.5 m spatial resolution were used to create the data infrastructure for the topographic
structure of the land, such as the slope, elevation, aspect, and surface flow direction
“https://asf.alaska.edu (accessed on 12 September 2023)”. Road information for the study
area was obtained from the United States government’s open data website “https://
data.gov/ (accessed on 21 October 2023)”. Data on water structures were obtained from
the AZGeo Data Hub developed by the Arizona Geographic Information Council and
Arizona State Land Department “https://azgeo-data-hub-agic.hub.arcgis.com/ (accessed
on 17 September 2023)”. The monthly average precipitation data of the study area for the
last 10 years (2014–2023) were obtained from measurements at 7 different stations (Phoenix
Airport, Litchfield Park, Youngtown, Phoenix Deer Valley Municipal Airport, Carefree,
Scottsdale Municipal Airport, Tempe ASU) located in and around the study area [58]. Using
the precipitation data obtained, the precipitation map of the study area was created with
the inverse distance weighted (IDW) technique, which is frequently used in the creation
of precipitation maps. The equations and analysis steps used to generate the TWI, GMIS,
NDVI, and drainage density are shown in Supplementary File S1. In the last stage, after the
database was created, each piece of data was weighted in the database with the analytic
hierarchy process, one of the multi-criteria decision-making methods. Then, flood areas
were determined by overlaying the data according to the weight values with the ArcGIS
10.5 software.

2.2.2. Reducing Social Vulnerability

The most widely used method for this is the social vulnerability index (SoVI). In
this study, the SoVI with 27 social variables and the heat vulnerability index (HVI) with
10 social variables (see Supplementary File S1), created by Wright et al. [62] from the
2012–2016 American Community Survey (ACS), were used to identify the areas with a
high concentration of socially disadvantaged and vulnerable groups within the study area.
Then, the correlation between these two indices was analyzed, and the social vulnerability
value was calculated for each census tract.

2.2.3. Increasing Access to Park Areas

A population-weighted approach was used to calculate the service areas of park areas.
Census tract data produced by the US Census Bureau for 2020 were used to determine the
population data. First of all, the population density in the study area was evaluated with
the kernel density method. The population data of the census tract were distributed equally

https://asf.alaska.edu
https://data.gov/
https://data.gov/
https://azgeo-data-hub-agic.hub.arcgis.com/
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to the existing buildings within the tract in the zoning plan. To calculate the walking
distances of the users, the roads that provided access to green areas were determined. In
this context, highways that did not allow walking were removed from the database, and
streets and roads that were under 35 miles per hour (mph) were used. To calculate more
accurate accessibility values, the entry points of all park areas were identified and entered
into the road database. The accessibility/service areas of park areas were determined
in the ArcGIS 10.5 software using the GIS-based network analysis modules. Finally, the
population within the total service areas of the parks and the percentage of the population
within the service areas of the parks were calculated. The equations used to generate the
census tract park total service area population and percentage of population covered by
the park service are shown in Supplementary File S1.

2.2.4. Reducing the Urban Heat Island Effect

BGI systems are important in cooling the region and reducing the UHI effect. Therefore,
determining areas with high land surface temperature and UHI values in the planning of
BGI ensures the success of the plans. In determining the UHI effect, firstly, the land surface
temperature (LST) needs to be determined. An LST analysis was performed to determine
the change in the LST over 10 years and to determine the current situation. For the analysis,
Landsat 8 (18 June 2013 and 2 July 2018) and Landsat 9 (8 July 2023) satellite images were
downloaded from the USGS. While downloading the satellite images, it was ensured that
the cloudiness of the data was less than 10% and that the data belonged to the period when
the temperature was high. After the pre-processing of the satellite images, the LST analysis
was performed. In the last stage, the relationship between the LST and NDVI was analyzed
by correlation analysis, and the stack profile of the UHI was derived (of which details are
shown in Supplementary File S1).

2.2.5. Improving Air Quality

The 10-year air quality index (2013–2022) data from six stations, produced by the
United States Environmental Protection Agency (EPA), were used to evaluate the air quality
in the study area [64]. Since the air quality index (AQI) takes into account six different air
pollutants measured within the geographical area, it is a general indicator of the air quality
of the region. Air pollutants considered in the calculation of the AQI are ozone (ppm),
PM2.5 (µg/m3), PM10 (µg/m3), CO (ppm), SO2 (ppb), NO2 (ppb) (Supplementary File S1).
An air quality map of the study area was created with the IDW interpolation technique,
which used a linearly weighted combination of data from these measurement stations.

2.2.6. Increasing Landscape Connectivity

In addition to the social and technical benefits of GI, ecological benefits are also
important for urban areas. Urban green areas provide habitats for many species. However,
with increasing urbanization, these areas become fragmented and decrease. The high-
resolution (1 m) Lidar image prepared by Zhang and Turner II [65] was used to identify
and classify the land cover in the study area. After pre-processing the Lidar image in the
ArcGIS 10.5 software, the study area was classified into 8 land classes. The map contained
eight land cover classes, including (1) buildings, (2) asphalt, (3) bare soil and concrete,
(4) trees and shrubs, (5) grass, (6) water, (7) active cropland, and (8) fallow (these classes are
defined in Supplementary File S1).

Different software programs measure both the structural and functional connectivity
in a region. In this research, the Fragstats 4.2 software, which has been used in many
scientific studies, and the validity of the data that it produces is scientifically accepted, is
preferred. With the “Patch Cohesion Index” metric in the Fragstats 4.2 software, the physical
connectivity of habitat patches in the research area was evaluated at the landscape scale.

To be able to compare the maps (for the six criteria) obtained as a result of the anal-
ysis of the GISP criteria, a linear scale transformation (“score range”) was applied to the
measurement scales [29,47,67]. Thus, all criteria scores ranged from zero to ten.
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2.3. GIS-Based Multi-Criteria Decision-Making Analysis

A survey form was prepared to obtain the opinions of experts working on GI and
BGI systems around the world on the prioritization of the GISP model criteria (Supple-
mentary File S3). After ethics committee approval (approval date 28 November 2023), the
online survey form was sent to approximately 81 experts, and 39 experts, who were city
planners, professional planners, and landscape architects, responded. In the survey form,
they were asked to perform a pairwise comparison and weight the relative importance
of the 6 criteria of the GISP model using three different methods (rating, ranking, and
pairwise comparison).

The data from the pairwise comparison survey were analyzed with an Excel-based
AHP calculator [68] and the Expert Choice V11 software. Therefore, the weight value of
each criterion in the model was determined. Then, a hotspot map for the planning of GI
was developed using the weighted linear combination technique and the weights of the
criteria produced by the experts.

Quantifying the correlations between the GISP model criteria is important in deter-
mining the criteria’ potential relationships. In this context, Pearson’s bivariate correla-
tion was used to reveal the spatial tradeoffs and synergies between the model criteria
for all census tracts in Phoenix. The IBM SPSS 23 Statistics and JMP Statistics software
(https://www.jmp.com/en_us/software/data-analysis-software.html) were used to ana-
lyze and create the graphs.

3. Results

This section summarizes the results of the GISP model criteria analysis of Phoenix.
Maps and tables for each criterion obtained from the analysis results are shown in Supple-
mentary File S2.

3.1. Managing Stormwater

To determine the flood risk areas of Phoenix and its flood susceptibility, the identified
criteria were analyzed. The Camelback East, Paradise Valley, and North Mountain planning
villages of Phoenix have a higher vegetation density compared to other planning villages.
At the same time, due to the agricultural areas in the west of the Laveen and the Estrella
planning villages, the density of green areas is also high in these villages. However, it is
seen that the percentage of impervious (PI) surfaces is high in densely populated areas. In
the Escanto and Central City planning villages, where industry, trade, and Phoenix Sky
Harbor International Airport are located, the drainage density is high due to the high PI
values. The TWI values are also high in these areas, with low slopes and dense settlements.
Phoenix’s land elevation increases from south to north. However, South Mountain Park and
Preserve in the south of the city has the highest elevation in the south. It is also observed
that the average annual precipitation increases as one moves northward depending on the
elevation. Phoenix does not have a very sloping land structure. Most of the area is in the
0–5% slope range. Phoenix has an extensive road network that provides connectivity in and
around the city. Within the scope of the study, heavily used roads in the city’s extensive
road network were evaluated. In this context, the city center and the area where the airport
is located are under the influence of roads. Phoenix has rivers and water channels of
different widths and lengths, with various flow rates, both continuous and seasonal. In this
regard, most of the city is located within a four-kilometer radius of rivers and canals. The
soil structure of the study area is in the HSG-C group. The areas north of the Ahwatukee
Foothills, east of Desert View, southwest of the North Gateway, and northwest of Deer
Valley have soil structures in the HSG-B group. There is a group of soils with high surface
runoff if drainage is not provided, especially in the area around the Salt River that runs
through the Central City, South Mountain, Laveen, and Estrella planning villages.

The flood susceptibility of Phoenix is analyzed using GIS-based multi-criteria decision
analysis. At this stage of the analysis, the flood susceptibility criteria and sub-criteria are
weighted according to the information obtained from the literature. Then, all criteria are

https://www.jmp.com/en_us/software/data-analysis-software.html
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overlaid according to these weight values (which are shown in Supplementary File S2).
According to the results of the analysis, the flood risk is high in areas with densely populated
areas. The high PI values, low vegetation density, and high topographic wetness values
increase the risk of flooding in these areas (Figure 2).
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3.2. Reducing Social Vulnerability

Census tracts with high values of social vulnerability are present on both sides of the
east–west (l-10) and north–south (l-17) interstate highways crossing through Phoenix. The
North Mountain and Alhambra planning villages in the study area have high SoVI values.
There is also a high density of socially vulnerable populations in the South Mountain region.
In the Central City planning village, there are census tracts with high SoVI values around
Phoenix Sky Harbor International Airport.

The HVI has higher values in the center of Phoenix, in areas with industrial and
commercial centers. At the same time, the HVI is higher in areas with high percentages
of ethnic minorities and elderly residents, low incomes, low vegetation density, and high
surface temperatures. The HVI values are particularly high north of South Mountain,
southwest of Central City, east of the Estrella and Laveen planning villages, and east of the
Alhambra and North Mountain planning villages.

The relationship between the SoVI and HVI was evaluated by correlation analysis.
According to the results of the analysis, a weakly positive (r = 0.359) and significant
(p < 0.05) relationship was found between the SoVI and HVI. An increasing SoVI value
increases the HVI value. Similarly, an increasing HVI value leads to an increasing SoVI
value. Accordingly, the SoVI and HVI values of the census tracts were combined with the
same impact ratio to determine the social vulnerability of the study area (see Supplementary
File S2).

3.3. Increasing Access to Park Areas

It is observed that the population density (persons per km2) is high in the Maryvale
planning village. This planning village is followed by Alhambra, Central City, and the
southern region of North Mountain. When the distribution of park areas is evaluated, the
public park areas in Phoenix are not planned and implemented in an equal and fair manner
throughout the city. Park areas are unevenly distributed across the city. This situation
shows that individuals living in the city do not benefit from park areas equally. Not all of
the population in the study area has access to park areas within a 10 min (800 m) walking
distance. However, the Central City planning village has few residential areas due to the
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presence of industrial areas, commercial centers, and the airport. Therefore, approximately
92% of the existing residential areas in this region have access to park areas.

3.4. Reducing the Urban Heat Island Effect

The results of the analysis show that the LST of the study area varies between regions
according to the vegetation structure/density of the city and the presence of impervious
surfaces. Especially in areas with a dense urban texture, the surface temperature is quite
high. It is seen that, due to the increase in urbanization and the expansion of settlement
areas over time, the impervious surfaces have increased, and the land surface temperature
values have also increased. Due to the ecological characteristics of Phoenix, which does not
have dense natural vegetation cover (it has extensive bare soil), the surface temperature
has high values in the regions outside the settlements. In addition, when the study area is
evaluated in terms of the UHI effect, it is seen that the UHI is high in the city center.

In this context, the relationship between the land surface temperature and vegetation
presence/density of Phoenix (years 2023, 2018, 2013) is evaluated by correlation analysis.
According to the results of the analysis, it is concluded that there is a negative correlation
(r: −0.466, p < 0.001 for 2023; r: −0.582, p < 0.001 for 2018; r: −0.523, p < 0.001 for
2013) between the vegetation structure and land surface temperature. In this case, as the
presence/density of green areas increases, the land surface temperature decreases. When
the LST and NDVI maps are evaluated together, the cooling effect of green areas on the
land surface is realized not only at the location but also in its immediate surroundings (see
Supplementary File S2).

3.5. Improving Air Quality

Phoenix’s topography impacts the region’s air pollution [69]. The region has a valley
structure surrounded by mountains from the north and south. This situation prevents the
polluted air from moving away from the region with the wind effect [70]. At the same time,
the fact that the region has dry air with low humidity and little rainfall causes particles in
the air to accumulate. Another cause of air pollution in Phoenix is temperature changes [42].
The reason for the high levels of air pollution, especially in the region around the Salt River,
is that when the temperatures drop, cold air flows southward from the mountains to the
lower reaches of the valley [71,72]. This moving air causes pollutants to accumulate in the
Salt River zone in the south of the study area.

3.6. Increasing Landscape Connectivity

The patch cohesion index for vegetated land cover is calculated for each tract in the
study area and it is assumed that these areas would provide habitats for a wide range
of urban-dwelling species. In Phoenix, the ecological vulnerability is high in areas of
dense urbanization, especially near the interstate highways and the airport. The patches
in this region are smaller and poorly connected. These fragmented landscape patches are
isolated and more vulnerable. Due to the Natural Park and Mountain Preserve areas to the
north, south, and east of the research area, the habitat areas/ecosystem patches in these
areas have a more holistic structure. The connectivity between the patches in this region
is stronger than in residential areas. However, the areas of high ecological vulnerability
around the rivers and canals in Phoenix contain flat, wide, and bare soils [67]. At the same
time, these areas are located close to the toxic release inventory areas, which increases this
sensitivity. In this context, wetlands, around rivers and canals, do not contribute much in
terms of altering the pattern of ecological vulnerability [67] and do not provide any benefit
in reducing the ecological fragility.

In the last stage, a linear scale transformation (“score range”) was applied to the
measurement scales to be able to compare the maps (for six indicators) obtained as a result
of the analysis of the GISP criteria. In this way, all criteria scores ranged from 0 to 10.
The six different criteria maps for each criterion are shown in Figure 2. Each map shows
the relative prioritization of census tracts in Phoenix according to the criteria set for BGI
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planning. Darker-shaded tracts on the maps represent areas with higher priority for BGI
development based on the model. According to the maps, the priority areas for each of the
BGI planning criteria differ.

4. Discussion
4.1. Synergies and Tradeoffs between Planning Criteria

Assessing the correlations between the GISP model criteria is important in identifying
spatial tradeoffs and synergies for such efforts as scenario planning. The findings of the
correlation analysis are shown in Figure 3. The colors represent whether the correlation
between the criteria is positive (blue) or negative (brown), while the saturation of the
colors shows the strength of the association. The Pearson correlation coefficients are
written above the dots. The presence of an X in a box indicates that there is no statistically
significant relationship between the criteria. The figure also includes kurtosis–skewness
values, statistical significance values, and criterion distributions.

Land 2024, 13, x FOR PEER REVIEW 11 of 21 
 

 
Figure 3. Statistical relationship between the planning criteria in the study. 

Stormwater and the SoVI, UHI, and air quality have positive correlations (synergy) 
when the results of the correlation analysis between the criteria are considered. Consider-
ing that the problem of stormwater is experienced in regions with more residential areas 
and impervious surfaces, it is expected that the UHI value, air pollution, and SoVI value 
will be higher in these areas in Phoenix. There is a positive correlation between the SoVI, 
park area accessibility, and UHI. These three synergistic criteria show similarities within 
the urban structure. Areas with insufficient park area availability and limited park area 
accessibility have high UHI values and are socially vulnerable areas. 

Decreasing the distance between park areas increases the connectivity between land-
scape patches. Thus, there is a positive correlation between the accessibility (or “availabil-
ity”) of park areas and landscape connectivity. The increase in landscape connectivity due 
to the availability of park areas mitigates the impact of air pollution. Therefore, there is a 
tradeoff between air pollution and landscape connectivity. 

According to the survey results, there is no statistically significant relationship be-
tween the SoVI and air pollution. However, when the current structure is evaluated, there 
is a high population density of individuals with lower socioeconomic status and ethnic/ra-
cial minorities in the southern and western regions of Phoenix. Additionally, since the 
airport and industrial zone are located in this area, air pollution is higher in these areas 
than in the rest of the city. Grineski et al. [73], deBuys [54], and Kaus [74] emphasize that 
individuals living in these areas have a high rate of illness caused by exposure to air pol-
lution. This fact shows that there is a synergy between air pollution and the SoVI. 

4.2. Prioritization for BGI Planning 
The expert stakeholders who participated in the survey rated the importance of the 

GISP criteria on a five-point scale from least to most important and ranked them in order 
of importance. Accordingly, in the rating of the planning criteria, stormwater manage-
ment is seen as the most important criterion for BGI planning in cities. When the ranking 

Figure 3. Statistical relationship between the planning criteria in the study.

Stormwater and the SoVI, UHI, and air quality have positive correlations (synergy)
when the results of the correlation analysis between the criteria are considered. Considering
that the problem of stormwater is experienced in regions with more residential areas and
impervious surfaces, it is expected that the UHI value, air pollution, and SoVI value will be
higher in these areas in Phoenix. There is a positive correlation between the SoVI, park area
accessibility, and UHI. These three synergistic criteria show similarities within the urban
structure. Areas with insufficient park area availability and limited park area accessibility
have high UHI values and are socially vulnerable areas.

Decreasing the distance between park areas increases the connectivity between land-
scape patches. Thus, there is a positive correlation between the accessibility (or “availabil-
ity”) of park areas and landscape connectivity. The increase in landscape connectivity due
to the availability of park areas mitigates the impact of air pollution. Therefore, there is a
tradeoff between air pollution and landscape connectivity.
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According to the survey results, there is no statistically significant relationship between
the SoVI and air pollution. However, when the current structure is evaluated, there is a
high population density of individuals with lower socioeconomic status and ethnic/racial
minorities in the southern and western regions of Phoenix. Additionally, since the airport
and industrial zone are located in this area, air pollution is higher in these areas than in the
rest of the city. Grineski et al. [73], deBuys [54], and Kaus [74] emphasize that individuals
living in these areas have a high rate of illness caused by exposure to air pollution. This
fact shows that there is a synergy between air pollution and the SoVI.

4.2. Prioritization for BGI Planning

The expert stakeholders who participated in the survey rated the importance of the
GISP criteria on a five-point scale from least to most important and ranked them in order
of importance. Accordingly, in the rating of the planning criteria, stormwater management
is seen as the most important criterion for BGI planning in cities. When the ranking of the
planning criteria is evaluated, reducing the urban heat island effect is ranked first (Table 2).

Table 2. Results of the expert survey (N:39).

Criterion

Rating Ranking Pairwise Comparison
Weights

Rank Order Mean Std.
Deviation Rank Order Mean Std.

Deviation Rank Order Weight

MS 1 4.67 0.529 2 2.54 2.539 1 0.325

SoVI 3 4.43 0.552 3 3.31 1.217 4 0.112

PA 5 3.97 0.706 4 3.64 1.112 5 0.071

UHI 2 4.46 0.554 1 1.87 1.301 2 0.270

AQ 4 4.05 0.647 5 4.62 1.184 3 0.170

LC 6 3.71 0.825 6 4.79 1.852 6 0.052

MS: managing stormwater, SoVI: reducing social vulnerability, PA: increasing access to park areas, UHI: reducing
the urban heat island effect, AQ: improving air quality, LC: increasing landscape connectivity.

In the survey, the experts performed pairwise comparisons of the planning criteria
using the AHP technique. According to the results of the analysis of the pairwise com-
parison data, the criteria were weighted within themselves. In this context, stormwater
management had the highest weight value, followed by UHI, AQ, SoVI, PA, and LC. Based
on these weight values, the census tracts for each criterion were overlaid in the ArcGIS
10.5 software, resulting in the creation of a map identifying hotspots for BGI planning
(Figure 4).

Being in a hot and arid climate and poor-draining soil conditions, Phoenix receives
low annual precipitation, yet the amount of precipitation is not uniformly distributed at
certain intervals, which contributes to the instantaneously high rainfall intensity, resulting
in flash floods in urbanized areas. Therefore, nature-based structures (bioretention systems,
bioswales, etc.) that will reduce stormwater runoff, harvest rainwater, and facilitate ground-
water recharge should be planned in areas with high flood risks, especially in urban centers
where the number of impervious surfaces is high. This will both reduce the flooding risk
and provide a precaution against water scarcity [75], which will occur in the coming years
due to climate change and increased urbanization and water consumption.

The rivers (Salt, Gila, and Verde) and canals in and around Phoenix, which have
limited water resources, are important for the sustainability of the riparian ecosystems
and ecological structure in the region. The wetlands and habitats around these rivers have
shrunk and disappeared over time due to the impact of urbanization [76]. However, the
Tres Rios wetland on the banks of the Salt River southwest of Phoenix provides ecosystem
services, flood control, habitat restoration, recreation, and environmental education [77–79].



Land 2024, 13, 1464 12 of 20Land 2024, 13, x FOR PEER REVIEW 13 of 21 
 

 
Figure 4. Map of hotspots for BGI planning in Phoenix, AZ. 

Being in a hot and arid climate and poor-draining soil conditions, Phoenix receives 
low annual precipitation, yet the amount of precipitation is not uniformly distributed at 
certain intervals, which contributes to the instantaneously high rainfall intensity, resulting 
in flash floods in urbanized areas. Therefore, nature-based structures (bioretention sys-
tems, bioswales, etc.) that will reduce stormwater runoff, harvest rainwater, and facilitate 
groundwater recharge should be planned in areas with high flood risks, especially in ur-
ban centers where the number of impervious surfaces is high. This will both reduce the 

Note: Darker-shaded tracts on the 
maps represent areas with higher 
priority for BGI development 

Figure 4. Map of hotspots for BGI planning in Phoenix, AZ.

Implementing urban infrastructure [80] and nature-based solutions needed to combat
climate change for the entire city requires a holistic analysis of the geomorphology of
the city and an understanding of the social needs and political will. For this reason,
planning the infrastructure required to combat climate change in a way that ensures
social and environmental justice in the most vulnerable parts of the city will reduce the
impacts of climate change in these regions. Nonetheless, in Phoenix, there are fewer
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projects implemented to mitigate climate change problems in regions inhabited by socially
vulnerable people [54,81]. As a result, air pollution and the UHI impact are high in these
regions, the amount of green space is low, and water management is ineffective.

As seen in the hotspot map of the study area, the priority areas for BGI planning are
the areas with a high urban density. The implementation of BGI in these areas will increase
the resilience of the city against the effects of climate change and contribute to social and
environmental justice.

4.3. NbS for Just and Healthy Urban Planning Implications

The United Nations World Urbanization Prospects estimate that, by 2050, approxi-
mately 68% of the world’s population will live in urban areas [82]. Most of the projected
urbanization due to population growth is foreseen to take place in arid areas, which cover
41% of the global land surface and have 35% of the world’s largest cities [83]. In this context,
the city of Phoenix, within the Phoenix Metropolitan Area, which has been called “the
least sustainable city in the world” by Ross [84], is an important example of dryland urban-
ization. The transformation of Phoenix from an agricultural region to a metropolis with
intense urban activity has led to extensive changes in land cover and land use. As a result
of these land cover and land use changes, several interrelated environmental problems
have emerged, such as deteriorating air quality [85], regional biodiversity loss [86], water
scarcity [87], and an urban heat island [75]. This situation threatens the sustainability of
the city.

The rapid increase and spread of urbanization in Phoenix has led to increased devel-
opment in floodplains and increased volumes of impervious surfaces. This increases the
risk of flash flooding in the city and the negative effects of the urban heat island [50,61].
Although the city of Phoenix does not receive heavy rainfall throughout the year, the area
experiences flash floods, especially during the monsoon season. Therefore, reducing the im-
pervious surfaces, increasing the vegetation density, and constructing stormwater retention
facilities will contribute to the reduction of stormwater runoff and groundwater recharge.

The ecosystems of arid cities are different from those of cities with intense precipitation
due to factors such as inadequate water resources, a low density of green areas, a high land
surface temperature and urban heat island effect, irregular rainfall, and a diverse vegetation
structure. Therefore, Phoenix has the potential to offer different BGI recommendations
compared to wetter cities (Baltimore, Portland, Seattle, etc.).

The water demand for green infrastructure raises water management concerns, espe-
cially for cities in arid or semi-arid regions [75,88], because the water use in cities located
in these regions could exceed local water availability [89]. The Phoenix region, which is
arid and developing in terms of urbanization, is supplied by local rivers in the Salt–Verde
basins, water from the Colorado River, groundwater, and wastewater [90]. However, with
intense urbanization and population growth, the excessive water consumption in various
areas (industrial productions, parks, nurseries, golf courses, lawns, etc.) leads to significant
reductions in surface water and groundwater withdrawals in Phoenix [91]. Therefore,
it is important to establish a relationship between urban green infrastructure and water
resource management in Phoenix for the sustainability of the city.

Studies have shown that the preference for the arid landscape (xeriscape) design
approach rather than traditional and common landscape designs in the planning and imple-
mentation of green spaces in arid regions contributes significantly to water saving [92,93].
However, two different studies in Phoenix have noted that xeriscape application increased
the air temperatures and thermal discomfort. At the same time, this leads to excessive
energy consumption for cooling systems and the risk of increased rates of heat-related
morbidity and mortality [75,94]. For this reason, landscape areas should include trees
that will provide spatial cooling through both shading and evapotranspiration, reduce the
urban UHI effect, and increase the thermal comfort. In this context, xeriscape application in
the landscapes of Phoenix with arid-tolerant tree species (low-water-use trees) will provide
a cooling effect, reduce the UHI effect, and contribute significantly to water savings.
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Increasing impervious surfaces due to urbanization increase the surface runoff and
UHI. The study carried out by Flower et al. [95] in Salt Lake City (USA) revealed that the
surface temperature of pervious concrete under the sun was equal to that of conventional
concrete in the shade. It was also found to be, on average, 10 ◦C cooler than asphalt under
the sun [96]. Therefore, the use of pervious surfaces in structural applications in Phoenix
will contribute to reducing the surface runoff and temperature effects.

Since the boundaries of the study area determined are very wide, it is not possible to
measure the surface temperature of each point at the same time. For this reason, satellite
images of three different periods (2013, 2018, 2023) obtained by the remote sensing method
were used in the study. The LST and UHI values of each period were calculated from these
satellite images. The reason for considering LST values is that studies have shown that
the LST is significantly correlated with the air temperature [53,97]. Phoenix is one of the
hottest cities in the USA [98], and, with global temperatures rising due to climate change,
extreme heat in the region is the most deadly threat [99]. In this city, characterized by a
desert ecosystem, a master plan has been prepared that aims to increase the amount of
green space to reduce the UHI [100]. This master plan aims to increase the tree canopy
from 10% to 25% to reduce the city’s heat. However, as emphasized by Zhang et al. [53], to
make the most of the potential cooling benefits of green spaces, not only the quantity and
spatial size of green spaces but also the density and distribution of green spaces need to be
considered in planning and implementation. Since more than 45% of the land in Phoenix
is used for residential areas and much of it is privately owned [101], this constrains the
planning and implementation of green infrastructure in certain areas [60].

The findings of the study show that social vulnerability and environmental risks
(flooding, heat) have a positive correlation in Phoenix, as in other cities [25,29,45]. In
Phoenix, low-income, high-percentage renters and low-percentage English speakers are the
variables that most increase the value of social vulnerability [67]. Zhang et al. [53] found
that when the presence of green spaces and the social structure are considered together,
neighborhoods with high social vulnerability have fewer green spaces. This conclusion
is also valid for Phoenix. Prioritizing green infrastructure planning in areas with high
social vulnerability will contribute to reducing the environmental risks in the region. In
addition, increasing the accessibility of socially vulnerable groups to park areas within the
green infrastructure will increase the level of utilization of the opportunities and benefits of
these areas.

In the 20-year air quality report prepared by the American Lung Association, it is
determined that 4 out of 10 Americans live in unhealthy air quality. In this report, Phoenix
ranks seventh in ozone pollution [102]. When the AQI values (last 10 years) of Phoenix
are examined, it is seen that air pollution is high, especially in the southern region of the
city. The intensive industrial and commercial areas, highways, and the airport in this
region [103] are thought to contribute to the high level of air pollution. Studies on reducing
air pollution show that GI is an effective planning approach to reduce particulate matter in
the air and improve the air quality [104,105]. For this reason, researchers propose street
afforestation, roof gardens, facade greening, vertical gardens, and green corridor systems in
the whole city as solutions to reduce air pollution in cities [106,107]. The City of Phoenix has
prepared long-term plans to reduce air pollution (especially reducing ozone and particulate
pollution) and improve the air quality. The City of Phoenix’s objective is to achieve healthy
air quality for people in Phoenix by 2050. This will be achieved by increasing the number
of excellent and good days for air quality to 90% annually [51]. Furthermore, the “City of
Phoenix Tree and Shade Master Plan”, prepared by the City of Phoenix in 2010, aims to
reduce the carbon footprint of the region, reduce stormwater runoff, increase bio-diversity,
improve the air quality, reduce the urban heat island effect, and reduce energy costs. With
the successful implementation of these plans, Phoenix expects to achieve many goals and
policies in terms of urban sustainability. In this context, planning water structures and green
areas in a holistic structure through natural and artificial corridors will contribute to the
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city’s effective utilization of ecosystem services and will be effective in the implementation
of nature-based solutions.

5. Conclusions

The empirical data provided by the GISP model criteria at the stage of determining
priority areas for BGI will provide a great advantage for planners and decision-makers
to develop planning scenarios and strategies that consider the urban ecosystem services
provided in the interconnected social–ecological–technological systems [108]. The model,
which has a flexible structure in creating the database [25,45], will support the development
of anticipatory, participatory, and multifunctional BGI policies and strategies in the field
of landscape architecture and planning. In addition, the fact that new criteria could be
included in the model depending on the social, economic, cultural, and ecological structures
of the cities will offer planning approaches according to the internal dynamics of the cities.

Climate change is causing the rapid warming of cities, where extreme heat and
droughts are likely to be major challenges in the next few decades [109,110]. Thus, using
BGI as NbS is an indispensable planning approach for arid and semi-arid regions. Being
located in a region characterized by arid climatic conditions, Phoenix is adversely affected
by extreme climatic conditions, which are rapidly changing due to climate change. This
negative impact particularly damages fragile populations (children, the elderly, and people
with disabilities) in areas where socially vulnerable groups are located. It also leads to a
decrease in ecosystem services and the disruption of the ecological balance.

Nature-based solutions, such as BGI, buffer against the negative impacts of climate
change, and they have an important role in planning and building sustainable and livable
cities. In this context, integrating BGI into Phoenix’s zoning planning processes and plans
will contribute to mitigating many of the negative impacts associated with climate change
and urbanization. Finally, our city-wide analysis precludes a higher level of detailed granu-
larity and the recommendation of site-specific NbS BGI strategies at the city block level;
however, we believe that subsequent studies will be able to focus on the identified hotspots.
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