Distributional Justice of New York’s Urban
Environmental Quality:
Analyzing the Mismatches in Ecosystem Services’ Supply and
Demand

Pablo Herreros Cantis | 930510-330-100
MSc thesis in Urban Environmental Management | Environmental Systems Analysis
Supervised by Prof. Dr. Dolf de Groot and Prof. Dr. Timon Mcphearson

Distributional Justice of New York’s Urban
Environmental Quality: Analyzing the Mismatches in
Ecosystem Services’ Supply and demand

Pablo Herreros Cantis
MSc Thesis in Urban Environmental Management

No part of this thesis may be reproduced without contacting the
Environmental Systems Analysis Group

Supervisors:

Examiners:

Dr. Rudolf De Groot

1st: Dr. Rudolf De Groot

Environmental Systems Analysis Group
Wageningen University & Research
Email: dolf.degroot@wur.nl

2nd: Dr. Rik Leemans

Dr. Timon Mcphearson
Urban Systems Lab
The New School University, New York, USA
Email: timon.mcphearson@newschool.edu

Frontpage photograph:
Patrick Gruban | CC BY-SA 2.0 |https://commons.wikimedia.org/wiki/File:Central_Park_jogging.jpg

Acknowledgements
For 7 months, This MSc thesis has been my top priority, and one of my biggest challenges ever
faced. From the selection of the topic to the moment in which I am typing these words right
now, there are several people that require being mentioned in the first page of my report.
Hence, I enormously thank:
Dr. Rudolf De Groot for patiently helping me navigate the uncertainties of selecting my topic
from the very beginning, and for taking the time to supervise my work with the most
professional and attentive attitude.
Dr. Timon McPhearson for his immense support and generosity when accepting to cosupervise an unknown student that introduced himself via e-mail, being always willing to help
and provide a portion of his time.
PhD student Ilse Voskamp for contributing to this thesis in the very early stages of the topic
definition through brainstorming sessions and enthusiastic conversations on urban ecosystem
services.
PhD student Dainius Masiliunas for his quick advice on how to solve a coding issue that would
have seriously hampered the completion of this thesis.
My Family, the people that have always worked towards keeping every single door open for
me and never stopped encouraging me to walk through those that appealed me without
remorse.
Simone Gonzalez Nagy for being my immovable support and admirer, and my source of love,
freedom and stillness, every time I needed it.
My geek friend Álvaro Arredondo, who was always there to remind me that computer
programming would not be fun if it was not about solving problems I had never faced.
All my friends, flatmates and colleagues that were there at any moment of the process to
debate about environmental sciences and ecosystem services, or just listen and share the
struggles and perks of writing a MSc thesis in the bizarre lands of the Gelderland.

i

Summary
New York City (NYC) faces important climate-change challenges, such as stronger urban heatislands, more frequent flooding and poorer air quality. These challenges, which affect urban
livability, can be solved by increasing adaptability developing urban green infrastructure (UGI).
UGI is generally defined as a strategically planned network of natural and semi-natural areas
with other environmental features that are designed and managed to deliver many ecosystem
services. UGI is certainly present in NYC’s planning priorities. This is illustrated in the city’s
urban planning strategies, such as PlaNYC and OneNYC.
UGI’s benefits can be understood by identifying ecosystem services (ESs), which are the
contributions of ecosystems to human well-being. In fact, interest is growing to combine the
UGI concept with the ESs approach. This combination considers the ecosystem benefits of UGI
in its planning and it has already been applied in several other cities’ planning strategies.
Furthermore, this combination captures and manages the complexity of urban socio-ecological
systems. Considering urban ESs for UGI planning, three regulating ESs are key (kESs) for NYC.
These are ‘urban temperature regulation’, ‘runoff mitigation’ and ‘air purification’.
When planning UGI using the ESs approach, considering the spatially explicit attributes that
explain the flow of ESs from producer to receiver, is essential. Major attributes are supply and
demand. Supply is defined as ‘the actual or potential yield of selected ESs provided by a given
ecosystem’. Demand is defined as ‘the amount of a selected ES required or desired by specific
users or society’, since this definition best adapts to the considered kESs. Supply and demand
of ESs are heterogeneously distributed across space, and assessing them is indispensable, since
it likely guides UGI planning by locating underserved areas. Such areas could be prioritized in
UGI development. Combining supply and demand of given ESs can map the NYC’s supply and
demand mismatches. Supply and demand mismatches occur in areas where demand is higher
than supply.
Some ESs, such as the regulating kESs at stake, cannot be transported. Aeas with a high supplydemand mismatch for these ESs are likely deprived from these ESs. When ESs are unequally
distributed among a city’s population and/or groups with different socioeconomic status,
distributional justice issues arise. This geographic property of distributional justice can
assessed through the spatially explicit attributes of ESs: supply, demand, and mismatch.
I am interested in the relationship between UGI planning, ESs and distributional justice. My
research thus aims to explore methodological opportunities to combine them in a NYC
mapping.
The spatial attributes of the three kESs have never been consistently mapped and analyzed. To
fill this gap, a process-based modeling approach, which is based on recent literature and
supported by a Geographic Information System, helped to map the supply, demand and
mismatch of these kESs.
After the kESs were mapped, distributional justice was assessed. Data generated on the
distribution of supply-demand mismatches was compared with the distribution of different
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socioeconomic groups per census block in the United States Census Bureau database.
Unfortunately, data availability limited socioeconomic status to income and race criteria.
The supply, demand and mismatch maps on each attribute were generated for each kES. ‘Air
purification’ was disaggregated in two services due to the differences in the behavior of the
two pollutants assessed (i.e. NO2 and O3). Hotspots and coldspots, which refer to census blocks
with respectively high and low values, were mapped for each kES’s supply, demand and
mismatch. Results showed that the three kESs were distributed evenly. Areas with highest
supply-demand mismatch were Manhattan, Central and Northern Queens, and Central Bronx.
Advantaged areas, where supply is higher than demand, were mainly located in Staten Island,
East and South Queens, South Brooklyn, and the outer edges of Bronx.
The analysis of the socioeconomic status of mismatch hotspots and coldspots confirmed that
mismatch hotspots tend to be inhabited by a higher number of non-White residents. Among
the different non-White groups, ‘Hispanic’ and ‘African American’ explained most explicitly the
observed trend. In addition, income tends to be lower in these areas. Finally, results suggest
that income probably more strongly relates with mismatch values than the presence of White
or non-White inhabitants.
As NYC struggles to adapt to climate change, delivering kESs through UGI provides important
advantages. The mapping of ESs’ supply and demand informs urban planners about which
areas to prioritize when creating more UGI. In addition, identifying the inhabitant’s
socioeconomic profiles in areas with different supply-demand mismatches shows the
distributional environmental justice of kESs in the area. Acknowledging the state of
distributional justice can also guide the development of UGI in order to assure the equal
distribution of kESs not only in spatial terms, but also socioeconomic ones.
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Introduction
New York City: seeking urban resilience and livability

Distributional Justice of New York’s Urban Environmental
Quality: Analyzing the Mismatches in Ecosystem Services’
Supply and Demand
1. Introduction
1.1.

New York City: seeking urban resilience and livability

New York City (NYC), a delta city located in the East Coast of the United States, faces important
environmental challenges that affect urban livability, such as poor air quality, urban heat island
effect and flooding by extreme weather events (McPhearson et al., 2013b; Hansen et al.,
2015). These challenges are expected to become more serious due to climate change by
increasing their intensity and/or frequency (Wilby, 2008; Trenberth, 2011). Due to the city’s
high population density and built intensity, the urgency to develop solutions against these
environmental challenges is high (McPhearson et al., 2013b).
A way of increasing adaptability towards climate change is through the development of urban
green infrastructure (UGI) (Gill et al., 2007). UGI is defined by the European Commission as “a
strategically planned network of natural and semi-natural areas with other environmental
features designed and managed to deliver a wide range of ecosystem services” (European
Commission, 20131). Additionally, Benedict and McMahon (2002) defined green infrastructure
as “an interconnected network of green space that conserves natural ecosystem values and
functions and provides associated benefits to human populations” (p. 12). Several cities
around the world have incorporated the use UGI to increase climate change adaptability and
improve urban livability (Nilon et al., 2017). An example of such initiatives is the ENABLE
project, which aims to “advance knowledge of how to design and implement Green and Blue
Infrastructure (GBI) in a way that maximizes its potential to deliver numerous social and
environmental benefits, such as social inclusion, health and human wellbeing, storm water
retention and habitat functions” (ENABLE, n.d.2).
In the case of NYC, UGI has gained important presence in its planning priorities. In 2007, an
urban planning strategy named PlaNYC was released (PlaNYC, 2007). In this new plan, the
greening of the city as a way to increase climate change adaptability and sustainability was
stated as a major objective (PlaNYC, 2007, McPhearson et al., 2013b). To achieve this goal,
projects such an initiative to plant one million trees along NYC were executed (PlaNYC, 2007,

1

European Commision. (2013). “Green Infrastructure (GI) — Enhancing Europe’s Natural Capital.”
Communication from the Commission to the European Parliament, the European Economic Council, The
European Economic and Social Committee and the Committee of the Regions (COM(2013) 249 final): 13.
Retrieved
February
2,
2018,
from
http://ec.europa.eu/environment/nature/ecosystems/docs/green_infrastructures/1_EN_ACT_part1_v5.
pdf.
2
ENABLE. (n.d.). Retrieved February 02, 2018, from http://projectenable.eu/
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MillionTreesNYC, n.d.3). Another example of an initiative embedded in the PlaNYC strategy was
a project focused on using UGI for increasing its resilience against excessive rainfall runoff and
reducing the combined sewer overflow that leads to the discharge of untreated water to the
environment is under development (Kremer et al., 2016; NYC Environmental Protection, n.d.4).
More recently, a new plan named OneNYC builds upon the progress made by PlaNYC to
develop a growing, sustainable, just and resilient city5 (OneNYC, 2015).
NYC is also a pioneer in the use of the ecosystem services (ESs) approach in its urban planning
processes (Hansen et al., 2015). ESs are defined as “the direct and indirect contributions of
ecosystems to human well-being” (De Groot et al., 2010b), and can be assessed and managed
through different frameworks such as the ones developed by TEEB, CICES and MEA (MA, 2003;
TEEB, 2008; Haines-Young & Potschin, 2010). There is interest in combining the concept of UGI
with ESs to consider the benefits provided by the natural components of UGI in its planning
(Gill et al., 2007; Gómez-Baggethun & Barton, 2013; Demuzere et al., 2014), and it has been
applied in several cities’ planning strategies (Nilon et al., 2017). Furthermore, the combination
of UGI and ESs allows capturing and managing the complexity of urban social-ecological
systems (Hansen & Pauleit, 2014).
Regarding climate change adaptability, three key regulating ecosystem services (kESs) are of
special importance and should hence be taken into account in UGI planning: ‘urban
temperature regulation’, ‘runoff mitigation’ and ‘air purification’ (Gómez-Baggethun & Barton,
2013; Gómez-Baggethun et al., 2013). These services have previously been considered as some
of the most relevant ESs in the urban context and to have been of especial importance in the
planning of NYC (Kremer et al., 2016). ‘Urban temperature regulation’ is linked to the capacity
of ecosystems to reduce local temperature via shading, photosynthesis and evapotranspiration
of plants and water. The definition of the service ‘Runoff mitigation’ is linked to the
percolation and infiltration of water in ecosystems that leads to reducing the volume and
speed of water runoff, which would otherwise increase in paved surfaces. ‘Air purification’ is
linked to the capacity of vegetation to filter and capture gases and particulate matter via
respiration.
UGI and ESs differ spatially and their spatial variations must thus be considered in their
assessment and planning. UGI is spatially distributed along urban and peri-urban areas. This
entails the challenge of evenly distributing UGI across the city (Rigolon, 2016) while competing
with other land uses (Haaland & Bosch, 2015). In the case of ESs, society benefits from nature
in different ways depending on their location in relation to the service providing ecosystems
(Fisher et al., 2009). This implies the need to differentiate supply6 and demand of ES. Supply
3

MillionTreesNYC. (n.d.). About MillionTrees NYC.
http://www.milliontreesnyc.org/html/about/about.shtml

Retrieved

February

22,

2018,

from

4

NYC Environmental Protection. (n.d.). NYC Green Infrastructure Program. Retrieved February 12, 2018,
from
http://www.nyc.gov/html/dep/html/stormwater/using_green_infra_to_manage_stormwater.shtml
5
A reference to increasing urban resilience was already made in the updates of PlaNYC as a response to
the damages caused by hurricane Sandy (Hansen et al., 2015).
6
For a definition of supply and demand, see 2.1. Conceptual framework.
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and demand of ESs are heterogeneously distributed across space (Burkhard et al., 2012, Syrbe
& Walz, 2012), and tend to be neglected in ESs mapping research (Burkhard et al., 2012).
However, assessing both attributes is highly valuable, since it can guide UGI planning by
locating underserved areas (Burkhard et al., 2012).
The mismatches between supply and demand might have an effect on the accessibility to ESs
by certain societal groups. Accessibility to ESs is considered an essential factor in UGI planning,
besides supply and demand (Hansen & Pauleit, 2014). If negative supply-demand mismatches,
in which demand is higher than supply, are spatially related with groups of specific
socioeconomic status (SES), then these SES groups are likely to be neglected from receiving ESs
by lacking accessibility to them. Understanding whether an unbalanced distribution of UGI and
ESs affects urban communities differently is important, given the effect on local livability and
resilience of neglected communities. Plus, this raises an issue of distributional environmental
justice (Ernstson, 2013; Heynen et al., 2006; Jennings et al., 2012). Distributional
environmental justice can be understood as “the spatial distribution of environmental goods
and ills amongst people, including the fairness in the distribution of environmental well-being”
(Ernstson, 2013:8). If the distributional justice of ESs and UGI is analyzed, future UGI
development will be able to address service insufficiencies in impoverished neighborhoods
(Reckien et al., 2017) and do it in a way that acknowledges the SES of their inhabitants.
The previously cited PlaNYC included tackling distributional environmental justice in its
objectives (PlaNYC, 2007; Rosan, 2012). To achieve this goal, the strategy aimed to ensure that
every inhabitant of NYC lives at a walkable distance of a park (PlaNYC, 2007). In the OneNYC
plan developed later, environmental justice is addressed more explicitly and stronger
connections with UGI and ESs are made by proposing the use of UGI for reducing the damage
caused by floods (OneNYC, 2015, p.164). For ESs such as recreation and public health,
extensive research on their accessibility by urban communities has been carried out. Results of
such studies tended to point out that the uneven distribution of (public) green spaces tends to
overlap with SES and demographic traits (Weiss et al., 2011; Kabisch & Haase, 2014; Haaland &
Bosch 2015; Rigolon, 2016; Reckien et al., 2017). Important consequences have been identified
from such uneven distribution of recreational services. For example, direct relations have been
confirmed between the physical accessibility to green space and lower body mass indexes (Bell
et al., 2008). However, an integrating approach that looks at the differences in accessibility to
other ESs across different SES groups7 has not been carried out to date.

1.2.

Problem statement

NYC has become an exemplary leader in the development of UGI while relying on ESs thinking
for the enhancement of its urban livability and climate change adaptability. As stated in the
previous section, even environmental justice is explicitly addressed in its recent urban planning
strategies PlaNYC and OneNYC. However, 2 relevant knowledge gaps have been identified
regarding the spatially explicit nature of UGI and ES.

7

SES groups refers to population aggregations with different socioeconomic status. For example, SES
groups can be classified in terms of income and ethnicity.
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First, supply and demand of ESs have never been mapped and assessed simultaneously.
Kremer et al. (2016) got close to this in a study that assessed and mapped the supply of
ecosystem services and analyzed it on a community district level. However, no systematic
assessment of the demand was performed in this study, and the administrative scale used is
too coarse to capture the nuances in the spatial variations of supply and demand. The fact that
supply and demand have not been mutually assessed together means that there is a lack of
knowledge in the spatial relationship between the ecology of the city (supply) and its social
component (demand). A better understanding of the socio-ecological system of NYC would
allow policy makers to make evidence-based planning and management decisions that
consider the link between nature’s benefits and its beneficiaries rather than only considering
nature as an isolated variable.
Second, the differences in access to kESs across different socioeconomic groups have not yet
been assessed to date in NYC. Only the access to recreational services has been analyzed in
studies such as Miyake et al., (2010). It is important to assess the accessibility to the 3 kESs of
NYC in such way that it informs about the capacity of different SES groups to benefit from the
climate change adaption strategies of the city. Since the delivery of ecosystem services is
spatially explicit, the uneven distribution of green infrastructure has an effect on people’s
accessibility to their benefits. This makes it an issue of distributional justice (Ernstson, 2013).
To analyze the distributional justice of kESs in NYC, studying the way in which the distribution
of supply-demand mismatches varies according to the distribution of different SES groups is
necessary.
The focus on NYC is supported by important issues described throughout the introduction.
First, the city is exposed to serious environmental threats that hamper livability already faces
the burdens caused by climate change, such as increased damages by recent hurricanes like
Irene (2011) and Sandy (2012). Second, these negative effects on urban livability and resilience
to extreme events have the potential to impact the enormous population based in the city.
Third, the high built intensity of the city implies a higher degree of anthropization of the
environment, calling for a shift in the management of urban natural areas and green
infrastructure. Finally, regardless of these issues, the city has recent experience in the
implementation of the two concepts ESs and UGI by increasingly considering them in its
planning policies and strategies.

1.3.

Objectives and research questions

This thesis is aims to analyze the spatially explicit components (supply and demand) of three
key ecosystem services ‘urban temperature regulation’, ‘runoff mitigation’ and ‘air purification’
in New York City, to assess their distributional justice. With the final goal of generating relevant
information for future UGI planning in NYC, the demand and supply of the three kESs need to
be mapped and assessed. Subsequently, supply-demand mismatches will be quantified. The
mapping of the supply-demand mismatches is crucial to evaluate the spatial distribution of
underserved areas. Consequently, supply-demand mismatches are useful for tackling the
second knowledge gap identified and referred to as distributional justice of ESs. The relation
between the spatial distribution of their demand-supply mismatches and of socioeconomic
9
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groups will be studied to find out how evenly ESs benefits are distributed across different
social groups.
Research questions (RQs) are set, breaking down my research objective into traceable goals:
RQ – 1. Which areas of New York City have significant supply/demand mismatches for the
key ecosystem services urban temperature regulation, runoff mitigation and air purification?
RQ – 1.1. How does the supply of each of the key ecosystem services vary across the city?
RQ – 1.2. How does the demand of each of the key ecosystem services vary across the city?
RQ – 1.3. What is the difference between the supply and the demand for the key ecosystem
services across the city?
RQ – 2. What is the difference in accessibility of different socioeconomic groups to the key
ecosystem services urban temperature regulation, runoff mitigation and air purification?
RQ – 2.1. How are different socioeconomic groups distributed across the city?
RQ – 2.2. What is the relation between the spatial variations of supply and demand and the
distribution of different socioeconomic status groups?
This thesis presents the procedures undertaken to answer to these research questions and the
consequent results. This is done through 7 sections. Section 2 briefly presents the study area.
Section 3 explains the methodology used to answer to each research question. To do this, a
conceptual framework is first presented to then detail the methods followed to collect and
analyze data. Section 4 presents the results of the methods followed to answer RQ – 1, which
are based on an ESs modeling approach. Section 5 answers to RQ – 2.1. and serves as an
introduction to the socioeconomic context of NYC, addressing the SES indicators retrieved.
Section 6 combines the results of Sections 4 and 5 to address RQ – 2.2, in which the
distribution of ESs and SES groups is compared. Section 7 discusses the results and the
methodological constraints encountered during this research. Finally, conclusions are drawn in
Section 8 regarding the distribution of the spatially explicit components of the kESs assessed
and the distributional justice patterns identified.
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2. Study Area

Figure 1: Area of study: New York City, with its 5 boroughs identified.

The area of study is the territory occupied by New York City (Figure 1). NYC is composed by 5
different boroughs (Manhattan, Queens, Bronx, Brooklyn and Staten Island) that are then
divided in Community Districts (59 in total). Community Districts are useful to be kept in mind
for future discussions, since local decision-making is usually carried out at such administrative
scale (Kremer et al., 2016).
With over eight million residents and a population density that reaches over 10.000
people/km2, NYC is the largest city in the United States of America. The city has 5 boroughs,
which present a rich diversity of both built landscapes (from high rise buildings to dispersed
residential neighborhoods) and natural areas or green infrastructure (Kremer et al., 2016).
As pointed previously, recreational access to parks is unevenly distributed in NYC (Miyake et
al., 2010). Vast areas of the city are empty of recreational green space. As an example, large
parts of Brooklyn remain distant to the main big parks of this borough such as Prospect Park,
and lack the presence of smaller green areas. Beyond the recreational areas, a look at the land
cover of the city reveals that the distribution of natural cover (vegetation, bare earth and
water) is also uneven, with patches of lower green density. A map of the parks and green
spaces of NYC, plus a natural land cover map are available in Appendix I.
11
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3. Methodology
This chapter explains the procedures and techniques carried out throughout the entire
research. A first section develops the conceptual foundations on which the reasoning of this
thesis is based (2.1.). Second, the methods and tools used are explained and justified (2.2.), to
then detail the specific procedures carried out in the collection and processing of data through
them (2.3.). Finally, a fourth section explains the analytical techniques used once the collection
and preparation of data was completed (2.4.).

3.1.

Conceptual framework

Figure 4 serves as a graphic example of the general conceptual framework. In the following
chapters, the theoretical foundations of this framework are explained in detail and supported
by literature. First, the spatially explicit components of the ESs framework are explained
(3.1.1.), to then link them to the concept of environmental justice (3.1.2.).
3.1.1. Ecosystem Services: a spatially explicit conceptual framework
The conceptual framework of this research relies mainly on the ecosystem services approach.
Even though literature on ESs began around the 70s, it was later that this framework became
popular thanks to the Millennium Ecosystem Assessment (MEA) (MA, 2003). MEA’s ESs
classification was questioned by part of the scientific community, and as a result several
follow-up projects came up with alternative classifications. For example, the project named
TEEB (The Economics of Ecosystems and Biodiversity) elaborated an alternative classification in
which the category “supporting services” was replaced by another named “habitat services”.
This alternative classification gained wide acceptance (De Groot et al., 2010; TEEB, 2008).
Regarding the urban context, efforts were made to reclassify ESs categories into urban
ecosystem services (UES) of special importance (Gómez-Baggethun & Barton, 2013; GómezBaggethun et al., 2013). The ESs classification developed by TEEB and its adapted version for
the urban context is available in appendix II. Other examples of ESs classifications and
frameworks are the Common International Classification of Ecosystem Services (CICES) by the
European Environment Agency (EEA, n.d.8) and the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES), by the United Nations (UN, n.d.9).

8

EEA. (n.d.). Retrieved July 2, 2018, from https://cices.eu/
UN. (n.d.). IPBES | Science and policy for people and nature. Retrieved July 2, 2018, from
https://www.ipbes.net/
9
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Figure 2: Ecosystem services cascade. Retrieved from De Groot et al. (2010) and Haines-Young & Potchin (2010).

In order to understand the value of incorporating ESs thinking in UGI planning, it is important
to explain how this framework links natural processes with human well-being. This can be
explained through the ESs cascade presented in Haines & Young (2010) and De Groot et al.
(2010) (Figure 2). The presence of certain components and processes in the ecosystem,
arranged in a given structure, build the ecosystem’s capacity to develop ecological functions,
defined as the capacity of providing a good or service that society can benefit from. If such
benefit takes place, then the ecological function is generating a service. The distinction
between function and service is of importance for the planning of green infrastructure
planning (Hansen & Pauleit, 2014), since functions developed within an ecosystem will not
generate any service unless there is a benefit being produced for society (Fisher et al., 2009),
meaning that UGI will have to be planned with the generation of such benefit in mind. The
benefit delivered by the ecosystem belongs to the socio-cultural side of the cascade, and its
proper understanding is crucial, since the acknowledgement and recognition of the benefits
provided by an ecosystem service allow for the valuation of them in monetary and nonmonetary ways that will influence decision-making processes for ecosystem management.
Consequently, management of ecosystems taking into account the value of their services will
lead to changes in the ecosystem’s components, structures, and functions.
Having deepened the ESs framework, its potential for supporting UGI planning is evident.
Demuzere et al. (2014, p113) refers to the benefits of incorporating ESs thinking in UGI
planning by defining to levels: an individual and a political level:
“First, on the individual level, indicating the specific benefits of green urban infrastructure
for climate change adaptation and mitigation will reduce the uncertainty of climate
change and the global nature of its potential effects that are recognized as the universal
barriers to effective behavioral responses. Evidence on the spatially defined benefits of
green urban infrastructure measures for climate change adaptation can motivate citizens
to undertake often costly or difficult changes in behavior.
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Second, on the level of political and administrative decision making, a better
understanding of the spatial scales of green urban infrastructure benefits lies in the
improved ability to set policy objectives and responsibilities at appropriate administrative
levels. A more systematic understanding of the bio-physical and social processes defining
the various services from green urban infrastructure enables to target the stressors
hampering the provision and quality of these services. Understanding the benefits of
greenery allows employing specific competences of regional and local level authorities, e.g.
in urban greening initiatives.”

The spatially explicit aspects considered in this research are the supply- demand components
of ES. ESs delivered by UGI are arranged in a geographically heterogeneous way (Fisher et al.,
2009) that depends on 2 key concepts: supply and demand. Regarding the ecosystem services
cascade, supply relates to the ecological context, while demand relates to the socio-cultural
one (Figure 3).

Figure 3: Ecosystem services cascade as adapted from De Groot et al. (2010) and Haines-Young & Potchin (2010),
showing the relevance of spatially explicit components in each of it sections.

The mapping of these two concepts is important for quantifying the flows of ecosystem
services across time and space, and this issue has been approached in many different ways
(Crossman et al., 2013). However, studies tend to focus on the supply side while taking the
demand for granted (Burkhard et al., 2012; 2014). A very interesting way to define, map and
assess supply and demand is through the work by Burkhard et al. (2009; 2012; 2013; 2014).
This framework is useful because it is flexible regarding the scales considered in the
assessment and the resolution of the data employed. Key terms are consistently defined in this
framework (Box 1).
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Box 1: Definitions used in the approach explained in Burkhard et al. (2014, p.5).

- Ecosystem service potential (potential supply): the hypothetical maximum yield of selected
ecosystem services (Burkhard et al., 2012).
- Ecosystem service flows (supply): de facto used set (bundles) of ecosystem services and other
outputs from natural systems in a particular area within a given time period.
- Demand for ecosystem services: ecosystem goods and services currently consumed or used in a
particular area over a given time period, not considering where ecosystem services actually are
provided (Burkhard et al., 2012).
- Ecosystem service providing units (SPU) or area (SPA): spatial units that are the source of an
ecosystem service (Syrbe & Walz 2012). Include the total collection of organisms and their traits
required to deliver a given ecosystem service (Vandewalle et al., 2009) as well as abiotic
ecosystem components (Syrbe & Walz 2012). Commensurate with ecosystem service supply
(Crossman et al. 2013). Hotspots are areas that provide large components of particular services in
a comparably small area/spot (García-Nieto et al., 2013; Egoh et al., 2008; Gimona & van der
Horst 2007).
- Ecosystem service benefiting areas (SBA): the complement to ecosystem service providing units.
SBAs may be far distant from relevant SPUs (see next point spatial relations). The structural
characteristics of a benefiting area must be such that the area can take advantage of an
ecosystem service (Syrbe & Walz 2012). Commensurate with ecosystem service demand
(Crossman et al., 2013) but several intermediate steps related to complex production and trade
schemes may be included (Burkhard et al., 2012).
- SPU - SBA spatial relations: spatial characteristics describing the relationships between the place
of service production and where the benefits are realized (Fisher et al., 2009; Syrbe & Walz 2012).

Regarding the concepts of supply and demand, it is important to remark that its application to
regulating services entails important complications compared to provisioning services. While
provisioning services are easy to quantify and track along their flow, regulating services are
harder to track down, and distinguishing potential and actual supplies is harder because the
use of ecosystem services is not as direct and explicit (Burkhard et al., 2014). In addition,
assessing the demand for regulating services is also complicated in the context of Burkhard’s
methodology. For regulating ESs, the definition given by Burkhard et al. (2012) in Box 1 is
hardtop apply, given the direct link of regulating ESs with ecosystem’s functions and their
immaterial nature. Because of this, the definition of ESs demand in this research needs to be
adapted so that it can be consistently applied on regulating ecosystem services. In response to
the complications caused by the tricky conceptualization of demand, and its assessment, Wolff
et al. (2015) provides useful insight. In his paper, a conceptualization of demand in a way that
is consistent with the processes that govern regulating ecosystem services is provided. First, it
cites a definition by Villamagna et al. (2013) for ESs demand that is more suitable for regulating
ESs given its broader sense, and its emphasis on the need of a service rather than the actual
use of it. This definition is:
“The amount of a service required or desired by society” (Wolff et al., 2013, p.161).
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Secondly, Wolff et al. (2015) defines different ways of assessing ecosystem services demand.
One of these methods is defined as ‘risk reduction’, which is considered appropriate for
regulating services.
In the same paper, Wolff provides an example of such method for the service referred to as
“flood regulation”, which can be used to understand the approach taken to define the criteria
for regulating ESs demand indicators. Main indicators to be considered are population density,
presence of important assets, and topographic circumstances:
For flood regulation, benefits include the contribution to safety and reduction of risk. These
benefits are gained by protecting assets, property, infrastructure, farmlands and human
life. Consequently, the highest demand for protection can be found in areas with a high
population density, the existence of important economic and cultural assets or with
unfavourable topographic circumstances. Stürck et al. (2014) quantified demand by using
the potential flood hazard, exposure and vulnerability of assets as indicators. Exposure was
here quantified as the potential monetary risk of an area, determined by population, goods
and assets exposed to potential flooding and the climatic and ecological conditions.
Benefits were quantified by the water storage capacity of land cover to regulate floods and
its relative potential to prevent damage to assets” (Wolff et al., 2013, p.163).

The definition of demand and the assessment method provided by Wolff et al. (2013) are good
starting points to develop a consistent methodology that will deal with the nature of regulating
services reliably. It is considered that these definitions can easily be included in the supplydemand assessment that Bukhard has developed, since they will mainly influence the criteria
used to assess demand. In fact, Baró et al. (2016) performed a supply-demand study in which
Burkhard’s methodology was used while incorporating the additions by Wolff and Villamagna
in the assessment of demand.
Regarding their spatially explicit character, it is important to be aware of the different possible
spatial relations between the service providing areas (SPA, where supply takes place) and the
service benefitting areas (SBA, where demand for ESs occurs). Burkhard et al. (2014) refer to
the work by Syrbe & Walz (2012) and Fisher et al. (2009) to define the following spatial
relations: in situ, omni-direcitonal, directional and decoupled (Box 2).
Taking into account the spatial relations between SPAs and SBAs is crucial for the planning of
UGI. In the case of some ES, the relation cannot be decoupled. That is, the location of the UGI
as an SPA must be determined in consideration to the location of SBAs (the areas in which
demand is high enough to require the provision of the ESs at stake), meeting the demand for
ESs on a local or regional level (Burkhard et al., 2014). This is the case for the 3 kESs analyzed in
this research. Table 1 explains the 3kESs analyzed in this research by defining the functions
that drive them.
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Box 2: Spatial relationships between SPAs and SBAs (supplying and demanding areas) according to Burkhard et al.
(2014, p.7), based on Syrbe & Walz (2012) and Fisher et al. (2009).

- In situ: “where the services are provided and the benefits are realized in the same location”.
- Omni-directional: “where the services are provided in one location, but benefit the
surrounding landscape without directional bias”.
- Directional: “where the service provision benefits a specific location due to the flow
direction”.
- Decoupled: “where the ecosystem service can be traded over long distances”.
Table 1: Key ecosystem services assessed in this research, and their justification, according to Gómez-Baggethun &
Barton (2013) and Gómez-Baggethun et al. (2013).

Key ecosystem service

Functions and components
influencing the service.

Justification of service

Urban/local temperature
regulation

Photosynthesis, shading, and
evapotranspiration by vegetation
and evaporation of water by blue
infrastructure.

Can alleviate the “urban heat island
effect”, an urban environmental
issue caused by the accumulation of

Water flow regulation

Percolation and regulation of
runoff and river discharge in nonimpervious surfaces.

Reduces the volume of surface water
runoff and hence the vulnerability to
water flooding. Plus, it reduces the
pressure on urban drainage systems.

Air purification

Filtering and fixation of gases and
particulate matter by vegetation.

Anthropogenic air pollution can
cause and/or worsen respiratory and
cardiovascular diseases.

heat in the city due to human
activity (transport, heating and
ventilation units, etc.) and the
thermic radiative behavior of
buildings and pavement.

3.1.2. Environmental justice: accessibility to ESs benefits provided by UGI
The second component to analyze in this research is the distributional justice linked to the
accessibility to the benefits provided by the 3 kESs studied. Distributional environmental
justice is defined as “the spatial distribution of environmental goods and ills amongst people,
including the ‘fairness in the distribution of environmental well-being’ (Gleeson & Low, 1998:
102)” (Ernstson, 2013:8). The connection between distributive environmental justice and
ecosystem services has been explored already by Ernstson, (2013). There are other types of
justice that are key in the planning and management of ESs, both in urban and non-urban
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contexts. Such types are procedural justice and contextual justice (McDermott et al., 2013).
However, the spatial focus of this research means that covering these topics is far beyond the
scope and capacity of this research. Nonetheless, an integrated environmental justice
assessment of NYC’s ESs will require these types to be included.
Considering the focus of this research, then, accessibility is conceptualized as a direct
consequence of distributional justice. Accessibility is defined here as “the capacity of society to
make use of an ecosystem service, being able to take advantage of its benefits”. To assess this
capacity, other research studies have carried out the following procedures.
First, most research focuses on the accessibility to green spaces considering their recreational
and physical health services (Rigolon et al., 2016). In these terms, assessments are usually
done by assessing differences in distance to green areas, green surface proportion, or
recreational quality of the parks (Rigolon et. al., 2016). These studies usually take into account
the mobility of people by considering a buffer around green areas. This buffer represents a
maximum walkable distance. In the case of NYC, Miyake et al. (2010) found no difference in
the distance to parks among different SES groups, while the factors of recreational quality and
park acreage did show a significant relationship.
Second, in a more ESs based approach, Fisher et al. (2009) refer to accessibility to ESs by
defining the concepts of rivalry (the use of one ESs by somebody might stop others from using
it) and exclusivity (one individual or a group might be able to block other users intentionally).
The 3 kESs analyzed are not subject to rivalry (there is no risk that the stock of the service will
be depleted due to the use of society). Plus, there is no sense of exclusivity, since even
privately owned green spaces will deliver these 3kESs to the community around them. This
gives the 3kESs the condition of “pure-public goods” (Fisher et al., 2009). However, different
SES groups might be more or less able to invest in developing and maintaining their own
private green spaces (Reckien et al., 2017). This must be considered, since it implies that
certain SES groups are more dependent on public investments and initiatives, such as people
with lower income or education levels.
Finally, it can be understood that the concept of accessibility to benefits from ESs relies on the
spatial relationship between SPAs and SBAs. If it cannot be decoupled, the mere absence of
the SPA near a SBA implies the impossibility to access ESs benefits. Comparing the supplydemand mismatches10 suffered by different SES groups can then be useful as an approach to
assess accessibility and hence distributional environmental justice.

10

The concept of mismatch can be negative or positive depending on the relation between demand and
supply. If supply is higher than demand, then it would be positive. In this research, mismatch is
considered as a quality of negative connotation. A higher mismatch means that demand is further higher
than the supply. Hence, in the context of this research, mismatch refers to “negative mismatch”.
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3.1.3. Summary

Figure 4: Summary of the theoretical concepts used. Different socioeconomic status (SES) groups (in the drawing
represented by different colors) have a higher or lower accessibility based on their physical distance to the source
of the ecosystem service (ES). Differences in accessibility are represented in the different transparency of the
arrows linking ESs and different SES groups. Given the discrimination by SES groups, accessibility in this case
becomes a matter of distributional environmental justice. Environmental justice would not be an issue if the groups
with different accessibility were heterogeneously formed by different SES. The facts that different areas of the city
have unequal accessibility to ESs, and that this inequality is related to different SES groups, conforms essential
information for future UGI planning.

This research relies on the idea that ESs have two essential geographic attributes, supply and
demand, that vary across space. The concepts of supply and demand influence the accessibility
to ESs, which is dependent on the geographic distance between the source of the service (in
this case, UGI and other natural cover), and its beneficiaries. Thus, areas located further away
from UGI or natural cover would be considered to have lower accessibility. Even though the
idea of distance-dependent accessibility to ESs applies to the kESs analyzed in this research, it
does not necessarily apply to every other ES. For example, provisioning services can easily be
transported from the supplying area to the demand area. Since it is the relation between
supply and demand what influences accessibility, estimating the supply-demand mismatch is
the most appropriate way to carry out this study.
Distributional justice depends on whether those areas that have lower access to supplied ESs
tend to be populated by specific SES (socioeconomic status) groups. In such case, systemic
inequalities might be present and perpetuated, and future UGI planning should be informed of
such situation in order to attempt tackling them in different ways such as increasing UGI
density in underserved areas, or shifting policy making processes so that they are culturally
and socially competent.

3.2.

Research methods

3.2.1. A GIS approach
The objective of this research is to assess the spatially explicit components (supply and
demand) of the 3 key ecosystem services “urban temperature regulation”, “runoff mitigation”
and “air purification” in New York City, in order to assess their distributional justice. Given this
geographic approach, the use of Geographical Information Systems (GIS) is considered
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essential. GIS approaches have been used for the mapping and assessment of both ecosystem
service flows (Haase et al., 2014) and accessibility to ESs and their benefits (Cutts et al., 2000;
Sister et al., 2010; Zhou & Kim, 2013). GIS are able to deal with the spatial dimensions of data
(Grêt-Regamey et al., 2008). In addition, working with geographic data can be automatized via
scripting codes in programming environments such as R or Python.
In addition to these advantages, the methodology developed by Burkhard et al. (2009; 2012;
2013; 2014), taken as a model for this study, indicates other specific advantages (Burkhard et
al., 2014):
-

It allows the integration of different kinds of data, like expert-scores, interviews,
model outcomes and statistical data.
Besides the data type, it accepts data with several degrees of detail or abstraction.
Its data flexibility makes it feasible in data-poor situations and allows for future
additions to a given assessment.
It is explicitly used for assessing supply and demand of ES.
It has been progressively enriched through several participatory exchanges within the
scientific community, in international events such as the Ecosystem Services
Partnership or the Ecosystem Services working group of the International Association
for Landscape Ecology.

It is important to note that even though Burkhard’s methodology was originally developed for
land use cartography-based assessments, the use of land cover cartography also does fit into
the framework.
A GIS mapping research project like this implies the assessment of the variation of a series of
variables and indicators that will be used to draw conclusions on the regularities of the city
researched. To do this, indicators are to be used as inputs for a process-based model that aims
to assess the complexities of ecosystems through proxies linked to their functions (Wolff et al.,
2015).

3.2.2. Spatial and temporal considerations
In a geographically oriented analysis, it is necessary to consider the scale and resolution of the
study. As stated before, the study area of this research corresponds to the territory of the 5
boroughs that form NYC (Manhattan, Bronx, Brooklyn, Queens and Staten Island).
Considering the different context of the concepts of supply and demand (ecological vs. social),
it is expected that the analysis of each of them will have to start at different points. On one
hand, the analysis of the supply of the 3 kESs will be based on a land cover map in a raster
format (a grid of square cells in which each cell holds one value), with a resolution of 3 feet (~1
square meter). Hence, each kESs will be mapped and assessed in such a resolution. Such an
approach is an advantage because it allows a precise mapping of ESs based on land cover, a
useful indicator in ESs assessments (Burkhard et al., 2012) rather than on artificial boundaries
such as parks or districts. On the other hand, the assessment of the demand will rely on
administrative boundaries, since demographic attributes such as population density are used.
It is for this reason that both supply and demand will be ultimately quantified on a census
20

Methodology
Research methods

block level. This spatial aggregation resolution allows a great balance between the size of
sample (there are 38768 census blocks in NYC), the ability to handle such datasets given its
size, and the nuances that such high resolution can offer. In addition, this is the highest
resolution in which socioeconomic and demographic data is available in the official platforms
of the census of the United States. Consequently, the quantified supply of each kESs will
require to be averaged within the boundaries of the census blocks of the study area.
Regarding the temporal component of ES, supply and demand vary with time (e.g. seasonally).
However, an assessment that considers seasonal variations for each kESs requires an amount
of time and data resources that goes beyond the scope and capacity of this research project. It
is because of this that this research is limited to identifying mismatches between supply and
demand by focusing on assessing each kESs at a specific point in time. Since ESs thrive in the
vegetative period in which vegetation is most active, this thesis research is focused in the
supply and demand of a typical summer day.
3.2.3. Aggregating data
As explained above, the outcome of assessing the supply of ESs through a land cover-based
approach will result in a series of raster maps that represent a normalized quantification of the
supply of each of the 3 kESs, ranging from 0 to 1 (see 2.2.1. Mapping the supply of kESs in NYC
for details). However, the need to assess the spatial distribution of the supply and compare it
with the distribution of the demand requires the raster data to be aggregated within defined
spatial boundaries. Initially, 2 scales are considered interesting to aggregate the mapped
supply:
-

Community districts level: This scale is useful because the study by Kremer et al. (2016)
used it to summarize its results. Hence, such aggregation can be used to compare the
results of this research with the article taken as a model.

-

Census blocks level: The scale at which the demand is assessed. In order to analyze the
mismatches between supply and demand, supply needs to be aggregated at the same
scale. Hence, the mean value of the normalized supply for each census block is
required.

When aggregating supply on a census blocks level, an important nuance is considered. The
current urban planning strategy OneNYC aims to guarantee that every inhabitant of NYC lives
within a walking distance to a park (OneNYC, 2015). Considering this, the area of influence that
each census block has in terms of walking distance should be taken into account, in order to
include the consideration of accessibility to supplied kESs by NYC’s inhabitants. That is, the
supply of kESs is not limited to the boundaries of each census block, but also the distance that
can be walked from it. To capture the areas reachable within a walking distance from each
census block, a service-area approach is used.
Service area is a kind of network analysis used to determine the area that can be reached from
a given point by following a given network (e.g. streets) within a given set of constraints, such
as distance or time. In its article Not Just a Walk in the Park: Methodological Improvements for
Determining Environmental Justice Implications of Park Access in New York City for the
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Promotion of Physical Activity, Miyake et al. (2010) present important arguments in favour of a
network analysis approach in a distributional justice study:
“The spatial method used in this study to measure access to parks and physical activity
sites in New York City is street network analysis. It is similar to buffer analysis in that it
considers access based on park service areas, defined as the maximum distance people are
willing to travel to access a park. But rather than using buffers that extend along straightline (Euclidean) distances from parks, the GIS-based Network Analyst tool in ArcGIS is used
to identify parks having an entrance (discussed in the Data section below) located within
reasonable walking distance from individual residential units along pedestrian-accessible
street networks. The analysis excludes non-walkable features such as highways and
railroads to maintain a more realistic representation of walkable routes.” (Miyake et al.,
2010, pp. 3-4).

3.3.

Data collection methods

This section of the methodology explains how secondary data was processed to map the
different spatially explicit variables assessed. Such variables are the supply of kESs (2.3.1.),
which was then aggregated into census blocks (2.3.2.). Table 2 consists on a summary of the
kESs analyzed and the indicators used. In addition, the mapping of the demand of kESs per
census block (2.3.3.), and the supply-demand mismatches of each kESs (2.3.4.) are explained in
detail. Finally, a brief explanation about the collection and mapping of socioeconomic data
(2.3.5.) is provided.
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Table 2: Summary of the kESs analyzed and indicators used for analyzing supply and demand.

Urban
ecosystem
service

Supply indicator.

Urban
temperature
regulation

Population density * Mean
temperature in census block

Runoff
mitigation

Air purification
- NO2

Demand indicator

Water infiltration coefficient

Population density * % of census
block covered by impervious surface

grams/m2/year absorbed by
vegetation according to literature

Population density * Mean NO2
concentration in census block

grams/m2/year absorbed by
vegetation according to literature

Population density * Mean O3
concentration in census block

11

Air purification
- O3

3.3.1. Mapping the supply of kESs in NYC
This chapter deals with the data collection and processing required to answer to the research
question RQ - 1.1. “How does the supply of each of the key ecosystem services vary across the
city?”
The assessment of the supply of the kESs studied was based on the methodology developed by
Kremer et al. (2016). In this study, titled “The value of urban ecosystem services in New York
City: A spatially explicit multicriteria analysis of landscape scale valuation scenarios”, several
ESs were mapped and assessed for the city of NYC, including the kESs at stake. This procedure
consisted of a process-based model that uses a series of spatially explicit indicators as inputs to
estimate the relative abundance of each kESs across the urban fabric. This is done by relying
on a raster-based approach that begins with the identification and characterization of UGI in
the city through land cover cartography, fitting into the framework that Burkhard et al. (2014)
developed over time. Such land cover cartography was publicly available for the city of NYC as
a raster layer with a spatial resolution of 1m developed in 2010 (Figure 5) (MacFaden et al.,
2012). In the following sub-chapters, a detailed explanation on how the methodology of
Kremer et al. (2016) was applied and adapted when needed to model the supply of kESs.

11

Because of the different nature of different pollutants and available data, the service “air purification”
was broken down to 2 subservices – removal of NO2 and removal of O3.
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Figure 5: Distinction between satellite imagery and the land cover cartography used. land cover is divided in 7
different categories: trees (dark green), shrubs/grass (light green), bare earth (brown), water (blue), buildings (red),
pavement (black) and other impervious surfaces such as sidewalks (grey).

1) Local temperature regulation12
The article by Kremer et al. (2016) follows one of the two procedures for assessing the impact
of urban green areas on urban climate proposed by Schwarz et al. (2011). The procedure
consists of calculating a “local climate regulation indicator” (equation 1). This index expresses
the local climate regulation effect as the ratio between the local land surface temperature and
the mean surface temperature in a green area. * The indicator is inversed (1/indicator) in
order to show higher supply values in areas with lower temperature:
(
(

(
(

m is the mean surface temperature of pixels covered by tree canopy, grass\shrub,
water and bare earth.

To carry out this study, the data is retrieved from the 6th band of the Landsat 7 satellite.
Publicly available, this procedure was also used in Madureira & Andresen (2014) for a similar
study in the city of Porto.
In Kremer et al. (2016), a single scene from Landsat 7 band 6_1 (low gain thermal band,
sampled on a 60x60m resolution) was used to develop the local climate indicator. A second
scene was used for a gap filling method to overcome the gaps generated by the well-known
sensor failure present in Landsat 7 scenes taken after 2004. However, the sample obtained
from such procedure was considered as not representative. This is due to the fact that a single
satellite scene represents the temperature of one single day. Furthermore, the gap filling
method seemed inappropriate for the filling of thermal data rather than colors from the visual
spectrum, since the climatic conditions on both days are assumed to be different, leading to
different thermal values. Consequently, an alternative gathering method was proposed for
12

In this study, the service “Urban temperature regulation” is referred to interchangeably with “local
temperature regulation”.
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retrieving thermal data. Inspired by the study by Imhoff et al. (2010), a series of scenes were
compiled to generate an “average summer day” in NYC. The scenes were selected considering
the year (2008 to 2012, in order to be consistent with the land use cartography), month (June,
July and August) and cloud cover (only <10%). Thanks to counting with an important number
of scenes (n=13), gaps were filled by the averaged values of other scenes in each cell.
To generate the average summer day needed, Landsat scenes had to be converted from digital
numbers to temperature (ºC). This was done following the indications available in the
pertinent portal of the USGS (USGS, n.d.13). This portal provides the equations necessary to
process satellite imagery in order to obtain land surface temperature data14. First, the digital
numbers in which scenes are presented were converted to spectral radiance at the sensor’s
aperture (equation 2).
) (

(

is the spectral radiance at the sensor’s aperture in (Watts/(m²·sr·µm));
is the quantized calibrated pixel value in digital numbers;
7
is the spectral radiance scaled to
in (Watts/(m²·sr·µm)). Set as 0.0.
7
is the spectral radiance scaled to
in (Watts/(m² · sr · µm)). Set as
17.04.
is the minimum quantized calibrated pixel value (corresponding to LMINλ) in
7
digital numbers. Set as 1.
is the maximum quantized calibrated pixel value (corresponding to LMAXλ)
7
in digital numbers. Set as 255.

Followed by this, spectral radiance was converted to temperature by using the next equation
(equation 3).

(
is the effective at-satellite temperature in Kelvin.
15
is the calibration constant 2. Set as 1282.71.
8
is the calibration constant 1. Set as 666.09.
is the spectral radiance in (Watts/(m² · sr · µm)).

Table 3 shows the dates from which the different scenes used were captured, and their
minimum and maximum temperatures shown. As can be seen, there are 2 dates that present
an anormal minimum temperature recorded given its low value (15/07/2011 and 23/08/2012).
A visual check revealed that these values were not to be taken as relevant due to several
reasons. First, the number of cells with these anormal low temperature values was extremely
low, with only 1 cell presenting a below 0 value in the whole sample. Second, these values
were present in the edges of the areas in which the sensor error of Landsat 7 occurs. Third, the
errors took place in most cases in areas that had no natural cover, meaning that they would
13

USGS. (n.d.). Landsat 7 Data Users Handbook - Section 5. Retrieved from
https://landsat.usgs.gov/landsat-7-data-users-handbook-section-5
14
Descriptions and values of the different variables used in the equation are retrieved from the guide
available at https://landsat.usgs.gov/landsat-7-data-users-handbook-section-5.
15
Variables K2 and K1 are defined with specific values retrieved from the satellite image’s metadata.
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not affect the index calculation. Finally, the amount of overlapping scenes guaranteed that the
influence of these values would be reduced through the calculation of the mean for the whole
dataset, leading to an average summer day with a normal values distribution from 12.9 to
46.9ºC.
Table 3: description of the Landsat 7 scenes gathered.
Date of scene

Minimum temperature value in raster (ºC)

Maximum temperature value in raster (ºC)

29/07/2008
07/06/2009
25/07/2009
10/08/2009
26/08/2009
03/07/2010
20/08/2010
29/08/2010
15/07/2011
22/07/2011
23/08/2011
15/06/2012
01/07/2012

10.0
12.9
10.6
17.2
12.3
15.1
12.9
10.0
0.5
16.7
-0.2
13.4
17.2

46.7
47.6
43.7
40.6
42.4
55.0
43.7
52.2
50.5
41.9
48.4
48.4
45.9

Once each scene was converted to ºC (273ºK = 0ºC), the scenes were used to generate an
average summer day in the city by calculating an average temperature value for each pixel. At
this stage, the average summer day was resampled to match its cell size with the land cover
map (1x1m). This was done at this stage, and not earlier, in order to avoid the addition of error
throughout the calculations. A bilinear interpolation method was used. Thermal values of
areas covered by tree canopy, grass\shrub, water and bare earth were retrieved and used to
calculate a mean value. This mean value was then used to calculate the indicator for each cell
of the areas covered by natural land cover categories. Once the index had been calculated, it
was normalized in order to limit its values to the range from 0 to 1. Appendix III presents the
maps with the average surface temperature calculated, both for the entire city of NYC and for
natural areas.
2) Runoff mitigation
Kremer et al. (2016) used the methodology explained in technical release by USDA coded as
TR-55 and titled “Urban Hydrology for Small Watersheds” (NRCS, 1986). This methodology
uses curve numbers (CN) to estimate the runoff for a given rain event, allowing the calculation
of infiltrated water as well. The data needed to calculate the runoff equation of this
methodology only requires information related to the hydrologic soil groups (HSGs) and land
cover type to generate a curve number map. Data related to the HSGs was retrieved from the
NYC Reconnaissance Soil Survey Report (New York City Soil Survey Staff, 2005). Figure 6 shows
the soil map that this report generated, in which each shape refers to a different soil unit.
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Figure 6: Close-up of the NYC Reconnaissance Soil Survey.

Soil units are defined using several soil series, and each soil series counts with an HSG. Thus,
some soil units were defined with more than one soil series with differing HSGs values. In such
case, the first soil series was used to define the HSG, since this is pointed as the majoritarian
soil series in the soil unit in the report. Even following this procedure, there were 4 soil units in
which the HSG was not defined due to the special characteristic of them. However, these soil
units required to count with an HSG due to their important presence in the study area. The
descriptions of these soil units and the HSG assumed are explained in Table 4. In addition to
them, the soil unit described as sand beaches was excluded from the study given its location
on the edge of the study area and its cyclical flooding, implying a low relevance in the
avoidance of storm water driven flooding. Once the HSG was defined, the CN was retrieved by
crossing the HSG with the different land cover categories present in the land cover cartography
available. Based on the numbers available in the manual of the USDA TR-55 methodology
(NRCS, 1986), the following table was developed (Table 5).
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Table 4: Description of the assumptions taken to overcome the lack of specific information regarding the Hydrologic
Soil Group of soil units.
Soil unit name

Soil description in the survey’s report

HSG
assumed

Reasoning
assumption

Pavement &
buildings,
postglacial
substratum, 0
to 5 percent
slopes

Nearly level to gently sloping, highly urbanized
areas with more than 80 percent of the surface
covered by impervious pavement and buildings,
over dunes and dune sand; generally located in
urban centers.

A

Assumed high
permeability due to the
sandy characteristic of the
soil.

Pavement &
buildings, till
substratum, 0
to 5 percent
slopes

Nearly level to gently sloping, highly urbanized
areas with more than 80 percent of the surface

C

Pavement &
buildings,
outwash
substratum, 0
to 5 percent
slopes

Nearly level to gently sloping, highly urbanized
areas with more than 80 percent of the surface
covered by impervious pavement and buildings,
over glacial outwash; generally located in urban
centers.

C

Assumed lower
permeability due to the
high chance of the soil
being highly compacted
due to urban activity, and
for the sake of
underestimating the
service rather than
overestimating it.

Pavement &
buildings, wet
substratum, 0
to 5 percent
slopes

Nearly level to gently sloping, highly urbanized
areas with more than 80 percent of the surface

D

covered by impervious pavement and buildings,
over glacial till; generally located in urban centers.

covered by impervious pavement and buildings,
over filled swamp, tidal marsh, or water; generally
located in urban centers.

behind

Assumed low permeability
due to the soil being
highly saturated with
water.

Table 5: curve number values associated with each land cover category and per Hydrological Soil Group (A, B, C, D).

Land cover
category

Source (description used in TR-55)

A

B

C

D

Tree canopy

other agricultural areas - woods - fair conditions (trees are
managed, non-grazed, but litter is collected)

36

60

73

79

Grass/shrub

urban areas - open space - fair condition

49

69

79

84

Bare earth

urban areas - impervious areas - dirt

72

82

87

89

Water

won't infiltrate water

X

X

X

X

Buildings

urban areas - impervious areas - paved parking lots, roofs,
driveways

98

98

98

98

Roads

urban areas - impervious areas - paved; curbs and storm sewers

98

98

98

98

Other paved
surfaces

urban areas - impervious areas - paved; curbs and storm sewers

98

98

98

98
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Once CN were mapped (Appendix IV), the following equations, retrieved from the USDA TR-55
(NRCS, 1986) and used by Kremer et al. (2016) were followed to develop a normalized runoff
absorption coefficient (equation 4, 5 and 6) that was then normalized as the supply index for
this service.
(
(
Q is the estimated runoff (inches);
P is the rain event (inches). In this research, the value for P was set to 5 inches as in
Kremer et al. (2016);
S is the potential maximum runoff;

CN is the curve number;

X is the runoff absorption coefficient;

3) Air purification
For the ecosystem service “air purification”, Kremer et al. (2016) use an approximation based
on the results published by Nowak et al., 2002) and Yang et al. (2008). The different authors
were used for each vegetation structure (Nowak – Trees & Yang – Shrubs). However, the
reason for this decision was not clearly understood, since both authors established numbers
for both vegetation structures. In order to keep consistency, the numbers used in this research
were limited to those by Yang (2008). This process-based model inputs have been used
extensively in ESs research (Gómez-Baggethun et al., 2013; McPhearson et al., 2013). Even
though numbers were available for other pollutant removal performances, this study is limited
to the pollutants NO2 and O3 due to the information available for the demand assessment.
Table 6 shows the numbers retrieved from literature used in the ESs supply assessment.
Initially, information regarding the performance of trees removing PM2.5 was also to be
included (Nowak et al., 2013). However, referrals and responses on this article showed that
the results of this study might not be reliable (Whithlow et al.,2014; Whithlow et al, 2014b).
Finally, it is important to remark that each pollutant was assessed separately, considering that
each of them have different cycles, behaviors and air quality standards.
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Table 6: values for the removal of pollutants for different land
cover types in grams/m2/year.

Trees

Shrubs/grass

NO2

3.57 (g/m2/yr)

2.33 (g/m2/yr)

O3

7.17 (g/m2/yr)

4.49 (g/m2/yr)

3.3.2. Aggregating the supply of each kESs for each census block
Data was aggregated on two levels: community district and census block. First, the tool “Zonal
Statistics as Table”, available in ArcGIS 10.1, was used to calculate a mean supply value at the
community districts level.
In the case of the census blocks level, a network analysis (see 2.2.3. Aggregating data) was first
carried out to generate the service areas of each census block. A network was generated by
retrieving the dataset “NYC Street Centerline (CSCL)”, described as “a road-bed representation
of New York City streets containing address ranges and other information such as traffic
directions, road types, segment types” (Department of City Planning, 201416). In order to keep
a realistic approach, only those roadway types assumed as walkable were considered (Table 7;
Figure 7).
Table 7: road types included and excluded from the network analysis, ensuring walkability. The classification is
extracted from the metadata of the dataset used (Department of City Planning, 2014).

Road types included in the network analysis

Roadway types excluded

1 – Street
5 – Boardwalk
6 – Path/Trail
7 – StepStreet
8 – Driveway
10 – Alley

2 – Highway
3 – Bridge
4 – Tunnel
9 – Ramp
11 – Unknown
12 – Non-Physical Street Segment
13 – U turn
14 – Ferry Route

16

Department of City Planning. (2014, June 19). NYC Street Centerline (CSCL). Retrieved July 3, 2018,
from https://data.cityofnewyork.us/City-Government/NYC-Street-Centerline-CSCL-/exjm-f27b

30

Methodology
Data collection methods

Figure 7: Zoom-in of walkable streets selected in Manhattan.

For each census block, a service area was to be generated. However, service areas develop
from a starting point that marks the start of a route. In the case of Miyake et al. (2010), the
starting point of each service area was the point corresponding to the entrance of a park.
However, this research focuses on comparing census blocks instead of parks, and census
blocks are not points but polygons without a defined entrance point. Hence, in order to
generate the service area of each census block, a point or series of points are needed as a
representation of each census block. A first idea was to use the centroid of each census block
to generate a service area from it. However, this would have been a limited approach because
some census blocks might have been bigger than the service area generated, and the centroid
of a census block might not have been close enough to a road from which to start the route. As
a solution, the points used to generate the service area of each census block were the vertices
of its boundary. A service area was generated for each vertex of the census block (Figure 8), to
then dissolve the areas occupied by the service areas and the census block itself (Figure 9).
This generates one single service area per census block that can then be used to capture the
average supply of each kESs. The distance used to generate the service area of each census
block was 400m, which is the minimum walkable distance considered in previous research
(Miyake et al., 2010). This short distance was selected to prevent the creation of oversized
service areas, considering that the distance between vertices of the same census block might
be too high to generate larger service areas while assuming that their edges can be walked to
from any point within their boundaries.
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Figure 8: Vertices of a census block in Manhattan. The red lines
represent the boundaries between census blocks.

Figure 9: Service area generated from the vertices of the census block
for a 400m walk. the geometry corresponds to the 4 overlapping
areas generated.

Service areas were generated using the tool “Generate Service Areas” available in ArcMAP
10.1’s Network Analysis extension. For those vertices not overlapping with roads within the
network, a snap tolerance of 20m was used. This snap tolerance allows to automatically
relocating the starting points (the vertices of the census blocks) at the closest road within a
20m range. In addition, a trim of 100m was added to the operation. This value was included in
order to consider an additional distance that a pedestrian would walk outside of the defined
street network to access a green area.
Once the services areas were generated for each vertex of each census block, this layer was
merged with the census blocks layer. Then, all the geometries were dissolved with the census
block identifier as criteria, in order to have one single area per census block’s service area.
With one service area per census block, the mean value of the supply of each kESs within their
boundaries was retrieved. For this, the “Zonal Statistics as Table” was to be used, but it
presented several technical issues that made its use non-viable. The main reason for this
malfunctioning was that this tool is not prepared to handle overlapping geometries, because it
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considers that each cell can only be assigned to one entity. To overcome this failure, a script
was developed in R and can be consulted in Appendix V.
Once the mean supply value was calculated for each kESs within the boundaries of each
service area, a join17 was performed between the attributes of the service areas and their
corresponding census blocks. By doing this, each census block counted with the supply values
of its respective service area.
3.3.3. Mapping the demand of kESs in NYC
This chapter deals with the data collection and processing required answering to the research
question RQ - 1.2. “How does the demand of each of the key ecosystem services vary across the
city?”
The methodology followed for the collection of data about the demand of kESs was developed
inspired by the one in Baró et al. (2016). As explained before (see 2.1.1. The ecosystem services
framework and its spatially explicit components), the assessment of the demand of ESs in this
study combines the framework developed by Burkhard while utilizing a definition of demand
based on the work by Wolff and Villamagna, which is more suitable for regulating ESs (“The
amount of a service required or desired by society” - Wolff et al., 2013, p.161).
In its research, Baró et al. (2016) generated a cross-tabulation matrix that combines two
indicators with an influence on the demand of an ES. First, an indicator must represent the
current environmental quality in relation to the service at stake. Second, the presence of the
social component is taken into account through a demographic indicator, with population
density as a simple and straightforward proxy. Figure 10 shows a cross-tabulation matrix
extracted from the study by Baró et al. (2016) as an example. In the following subchapters, the
development of similar cross-tabulation matrices for this case study is explained.

17

A join refers to a usual data management procedure in which two tables are merged based on a common field
that allows the rows of both tables to be consistently combined. In the case described above, the join was carried
out using the code of each census block, which was available both in the census block dataset and the layer with the
service areas and their mean supply value.
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Figure 10: Cross-tabulation matrix to assess the demand of the ecosystem service "air purification of NO2".
Retrieved from Baró et al. (2016).

1) Local temperature regulation
For local temperature regulation, land surface temperature was selected as the environmental
indicator. The land surface temperature map used was the one developed during the
assessment of supply by combining several Landsat 7 scenes. It is essential to remark that this
indicator was selected due to the absence of an accurate thermic model of NYC. Hence, the
inaccuracies caused by selecting surface temperature will have to be considered when
evaluating this assessment.
The break values that define a lower or higher demand index were defined considering the
thresholds for different levels of heat index. In the report NYC's Risk Landscape: A Guide to
Hazard Mitigation (NYC Emergency Management, 201418), attention is drawn to extreme heat.
A heat index is defined as apparent temperature and combines temperature with relative
humidity to come up with its value (Figure 10). Relative humidity was set as 70% after
calculating the average relative humidity for the months of June, July and August during the
years 1987-2017 (NOAA, n.d.19). Levels of heat index refer to the different colors in the matrix
that express higher risks for human well-being. Table 8 shows the cross-tabulation matrix
developed.

18

NYC Emergency Management. (2014). NYC's Risk Landscape: A Guide to Hazard Mitigation. Retrieved
from https://www1.nyc.gov/site/em/ready/hazard-mitigation.page
19
NOAA. (n.d.). National Centers for Environmental Information. Retrieved June 28, 2018, from
https://www.ncdc.noaa.gov/
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Table 8: Cross-tabulation matrix for assessing the demand of the kESs "local temperature regulation" per census
block.

Population
Density
(inhabitants
/ ha)

<5
5-50
50-100
100-200
200-400
>400

< 75

Temperature (Fahrenheit)
75 - 80
80 - 85
85 – 95

95 - 100

> 100

0
0
0
0
0
0

0
0.2
0.2
0.4
0.4
0.6

0
0.4
0.6
0.6
0.8
0.8

0
0.6
0.8
0.8
0.8
1

0
0.2
0.4
0.4
0.6
0.8

0
0.4
0.4
0.6
0.6
0.8

20

Figure 11: Matrix for assessing the heat index in NYC Emergency Management (2014 ). In the white box, the row
used to define the break values in the assessment of the demand of the kESs, corresponding to 70% relative
humidity.

2) Runoff Mitigation
Runoff mitigation demand was assessed considering the percentage of impervious surfaces per
census block. This indicator was chosen after running into several complications when trying to
20

NYC Emergency Management. (2014). NYC's Risk Landscape: A Guide to Hazard Mitigation. Retrieved
from https://www1.nyc.gov/site/em/ready/hazard-mitigation.page
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accurately model runoff of NYC using a Digital Elevations Model that didn’t consider the
presence of buildings nor sewage. Impervious surface spread has been considered to impact
the water cycle (Shuster, 2005) and it is understood that a higher proportion of impervious
surface entails a higher impact. However, no thresholds that define the proportion of the
impact have been defined in a general level. Hence, an equal interval approach is taken to
define the break values, setting maximum demand when impervious surface is >80% (Table 9).
The information on the proportion of impervious surface per census block was gathered by
using the land cover map used in the assessment of the supply. Impervious land cover
classifications were reclassified as a value of 1, while natural areas where reclassified as 0. An R
script was then executed to calculate the mean of all the values within each census block to
generate a percentage.
Table 9: Cross-tabulation matrix for assessing the demand of the kESs "Runoff mitigation" per census block.

Population
Density
(inhabitants
/ ha)

<5
5-50
50-100
100-200
200-400
>400

< 10

10 - 20

0
0
0
0
0
0

0
0.2
0.2
0.4
0.4
0.6

Impervious surface (%)
20 - 40
40 - 60
0
0.2
0.4
0.4
0.6
0.8

0
0.4
0.4
0.6
0.6
0.8

60 - 80

> 80

0
0.4
0.6
0.6
0.8
0.8

0
0.6
0.8
0.8
0.8
1

3) Air purification
The assessment of the demand of the two air pollutants considered (as two separate
ecosystem services) was carried out considering the National Ambient Air Quality Standards
(Department of Environmental Conservation, n.d.21). The quality standard referenced was set
as the break value for the highest demand index, to then equally subdivide this number to
define the lower demand breaking points (Table 10 & Table 11).
Table 10: Cross-tabulation matrix for assessing the demand of the kESs "Air purification – NO2" per census block.

<9
Population
Density
(inhabitants
/ ha)

<5
5-50
50-100
100-200
200-400
>400

0
0
0
0
0
0

NO2 concentration (ppb)
9 - 18
18 – 25
25 - 36
0
0.2
0.2
0.4
0.4
0.6

0
0.2
0.4
0.4
0.6
0.8

0
0.4
0.4
0.6
0.6
0.8

36 - 53

> 53

0
0.4
0.6
0.6
0.8
0.8

0
0.6
0.8
0.8
0.8
1

21

Department of Environmental Conservation. (n.d.). National Ambient Air Quality Standards. Retrieved
July 5, 2018, from https://www.dec.ny.gov/chemical/8542.html
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Table 11: Cross-tabulation matrix for assessing the demand of the kESs "Air purification – O3" per census block.

< 10
Population
Density
(inhabitants
/ ha)

<5
5-50
50-100
100-200
200-400
>400

0
0
0
0
0
0

O3 concentration (ppb)
10 - 20
20 - 30
30 - 40
0
0.2
0.2
0.4
0.4
0.6

0
0.2
0.4
0.4
0.6
0.8

0
0.4
0.4
0.6
0.6
0.8

40 – 70

> 70

0
0.4
0.6
0.6
0.8
0.8

0
0.6
0.8
0.8
0.8
1

3.3.4. Mapping the supply-demand mismatches of kESs
In order to respond to RQ – 1.3. “What is the difference between the supply and the demand
for the key ecosystem services across the city?”, The mismatch between supply and demand
was mapped on a census block level. Having mapped the supply and the demand of each
census block, the mismatch between both was calculated by subtracting the supply value from
the demand. This calculation was performed in the shapefile’s attribute table. Results ranged
from 1 to -1, with 1 indicating the highest (negative) mismatch. That is, higher values represent
areas in which the demand is being unsatisfied.
3.3.5. Mapping the demography and socioeconomic groups in NYC
Data on demography and socioeconomic groups of NYC was retrieved from two different
sources.
First, the shapefile containing the geometry of the census blocks of NYC and their total
population (also required in the mapping of the demand) was retrieved from the TIGER/Line
database of the United States Census Bureau (U.S. Census Bureau, n.d.22). From this portal, the
dataset named “Special Release - Census Blocks with Population and Housing Unit Counts” was
accessed to download the data corresponding to the state of New York (USCB, n.d.b23). This
special release corresponds to the census blocks that were utilized in the most recent census
of the United States, in 2010.
Second, the American Fact Finder was accessed to obtain the demographic information of
each census block broken down by race or ethnicity for individuals older than 18 years old. The
dataset accessed was “P9 - Hispanic or Latino, and not Hispanic or Latino by race” (U.S. Census
Bureau, 201124). This dataset provided numbers that were consistent with the total population
claimed in the TIGER/Line dataset. A join was executed between this table and the census
blocks shapefile via the census blocks codification present in both datasets.

22

U.S. Census Bureau. (n.d.). TIGER/Line® Shapefiles and TIGER/Line® Files. Retrieved July 13, 2018, from
https://www.census.gov/geo/maps-data/data/tiger-line.html
23
U.S. Census Bureau. (n.d.b). Index of /geo/tiger. Retrieved July 13, 2018, from
https://www2.census.gov/geo/tiger/
24
U.S. Census Bureau. (2011). 2010 Census Summary File 1 [New York]. Retrieved July 13, 2018, from
https://factfinder.census.gov/faces/tableservices/jsf/pages/productview.xhtml?pid=DEC_10_SF1_P9&p
rodType=table

37

Methodology
Data analysis

Third, data on income was received from the staff of the Urban Systems Lab in New York City.
Data consisted on a disaggregated dataset with the median income calculated for each tax lot
of NYC. Income was in a normalized manner, ranging from 0 (minimum income in NYC) to 1
(maximum). This data was generated via Dasymetric mapping, a procedure that retrieves data
from a source layer to then disaggregate it into a target layer. (Maantay & Maroko, 2009).
Disaggregation is carried out by relying on auxiliary data that contributes to redistribute values
from coarse to fine resolutions25. This method was also used in the previously cited study on
environmental justice by Miyake et al. (2010). This dataset was resampled by calculating the
mean income of the lots within each census block, with the area occupied by each lot as a
weighting factor.

3.4.

Data analysis

This section of the methodology explains the techniques employed to analyze the spatial data
generated during the data collection phase. Specifically, supply-demand mismatch values for
each kESs are to be analyzed and compared with the distribution of socioeconomic data. To
begin with, the processing of spatial results in order to ease analysis is explained (section
2.4.1.). Consequently, details on how data was analyzed and the statistical approaches
employed are provided (section 2.4.2
3.4.1. Clustering spatial data for further analysis
Once the phase of data collection is completed, both ecological (supply, demand and supplydemand mismatch) and social (demographics and socioeconomic) data will be aggregated on a
census block level. This means that a GIS shapefile for the census blocks of NYC will be
available with all the socio-ecological data generated for each census block in its attribute
table.
To analyze the data in this table, it is of especial interest to maintain the spatial component of
census blocks rather than merely consider the quantitative data of its attribute table. That is, it
is important to analyze census blocks considering their relationship with their neighbors. In
addition, supply-demand mismatch values for each kESs should be classified in order to enable
a categorical comparison between areas with high mismatch and those with lower mismatch
values. To tackle both issues, a hotspots analysis is proposed.
To explain how a hotspots analysis works, the following excerpt from the manual of the ArcGIS
tool “Hot Spot Analysis (Getis-Ord Gi*)” is presented:
“The Hot Spot Analysis tool calculates the Getis-Ord Gi*
statistic (pronounced G-i-star) for each feature in a dataset.
The resultant z-scores and p-values tell you where features with
either high or low values cluster spatially. This tool works by
25

Traditional Dasymetric modelling used to rely in binary categories. A given area with a known population would
be subdivided in areas with A or B category to then distribute data (e.g. population) differently in both of them. An
example of such approach is Wright (1936).
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looking at each feature within the context of neighboring
features. A feature with a high value is interesting but may not
be a statistically significant hot spot. To be a statistically
significant hot spot, a feature will have a high value and be
surrounded by other features with high values as well. The local
sum for a feature and its neighbors is compared proportionally
to the sum of all features; when the local sum is very different
from the expected local sum, and when that difference is too
large to be the result of random chance, a statistically
significant z-score results. When the FDR correction is applied,
statistical significance is adjusted to account for multiple
testing and spatial dependency.” (ESRI, n.d.26).
The output of this tool consists on assigning a z-score and a p-value to each entity of the
dataset (in the case of this research, to each census block). These two variables express the
statistical significance of the test ran by the tool to determine whether each given entity
belongs to a hotspot or a coldspot. Higher z-scores imply a higher chance of belonging to a
hotspot, while lower z-scores imply a higher chance of belonging to a coldspot. The value of
the z-score is linked to different p-values, which determine the degree of confidence of the
test (Table 12).
Table 12: Relationship between z-scores and p-values.

z-score interval
z<-2.58
-2.58<z<-1.96
-1.96<z<-1.65
-1.65<z<1.65

p-value
0.01
0.05
0.10
Non-significant

1.65<z<1.96
1.96<z<2.58
2.58<z

0.10
0.05
0.01

Description
With different degrees of confidence, the entity is a
low outlier – belongs to a coldspot.
It cannot be said whether the entity is a low or high
outlier, and it does not belong to a hot/coldspot.
With different degrees of confidence, the entity is a
high outlier – belongs to a hotspot.

Acknowledging how the Hotspots analysis works, the tool “Hot Spot Analysis (Getis-Ord Gi*)”
from ArcGIS was used to carry out a spatially competent aggregation of data. A hotspots
analysis was performed for every ecological variable assessed (supply, demand and supplydemand mismatch) to generate a series of visually informative maps on the areas with highest
and lowest supply, demand and mismatch values. This approach was taken in previous analysis
of ecosystem services distribution across the city of NYC (McPhearson et al., 2013;
McPhearson et al., 2013b). Plus, this approach allowed for the distinction of categorical groups
by establishing break values in the z-score. This procedure is explained in the section below.
3.4.2. Comparing the distribution of socioeconomic groups to supply-demand mismatches.
26

ESRI. (n.d.). How Hot Spot Analysis (Getis-Ord Gi*) works. Retrieved July 25, 2018, from
http://desktop.arcgis.com/en/arcmap/10.3/tools/spatial-statistics-toolbox/h-how-hot-spot-analysisgetis-ord-gi-spatial-stati.htm
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The comparison of the distribution of socioeconomic factors and the mismatch of supply and
demand of the kESs assessed required the distinction of categorical groups that would then be
contrasted. Using the hotspot analysis procedure described in the previous section, mismatch
hotspots and coldspots were reclassified, and census blocks were subsampled according to a
set of z-scores break values (Table 13).
Table 13: Z-score break values for the subsampling of census blocks according to their
hotspot analysis outcome. Labels “High” and “Very high” refer to census blocks with
higher z-scores and hence high mismatch values. The terms high or low do not refer to
the value of the mismatch calculations, but to the values of z-scores. For a deeper
understanding of the subsampling process, refer to Figure 29 (p.59), which shows the
areas occupied by each category.

Z score interval

Group label

Z-score > 10
10 > z-score > 2.58
2.58 > z-score > -2.58
-2.58 > z-score > -10
-10 > z-score

Very high
High
Undefined
Low
Very low

Having grouped census blocks per z-score into the categories defined, the socioeconomic
factors of each sub-group were compared. Mean income, proportional White presence
(percentage of the block’s population being White) and proportional non-White presence were
compared for each sub-group of census blocks. To test whether the means of each indicator
were significantly different depending on the sub-group, a series of ANOVA27 tests were run
for each comparison, for each kESs. Figure 12 shows the flow of this analysis, detailing the
different socioeconomic factors assessed.

Figure 12: Flow of the analysis in which mean socioeconomic indicators were compared between different
subsamples of census blocks. First, census blocks were grouped according to their z-score obtained (blue). Then, the
mean values of each socioeconomic variable were compared between the different groups (green). In red, a
specification of how non-White residents were assessed first as a whole and then separately per race.

If the ANOVA test returned a significant result (p<0.001), then a deeper analysis was
performed in order to compare subgroups within each other. That is, an ANOVA test will
determine whether there is a significant difference between the groups in general, but it will

27

The formula aov() available in R was used for this ANOVA test.
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not compare groups one by one. To do this, a TukeyHSD28 (Tukey's Honest Significant
Difference test) was carried out. This test performs a group to group comparison, returning
one p-value per comparison.
A final step was taken in the analysis of socioeconomic factors and supply-demand mismatch.
To analyze the aggregated effect of race and income, census groups were re-sampled. This
time, census blocks were grouped using two hotspots analysis – one for income and one for
relative presence of White / non-White residents. Hence, census blocks could have a high
presence of White residents, but simultaneously belong to a cluster of high or low income, or
present few White residents and a high or low income. Table 14 shows the different categories
in which census blocks were divided. Having defined these groups, the mean mismatch value
of each kESs was compared between groups via ANOVA and TukeyHSD tests.
Table 14: Cross tabulation matrix showing the different possible categories resulting from the combination of two
hotspot analysis, one for race and one for income.

High
Relative presence
of race (White /
non-White)

28

High
Low

High & High
Low & High

Income
Low
High & Low
Low & Low

The formula TukeyHSD() available in R was used for this Tukey test.
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4. Supply, demand and mismatches across NYC
In this chapter, the results corresponding to the first part of this research are presented. This
first part links to the first main research question RQ – 1. “Which areas of New York City have
significant supply/demand mismatches for the key ecosystem services urban temperature
regulation, runoff mitigation and air purification?” This main research question was subdivided
in three sub-questions, which will be addressed in separate subchapters. Chapter 4.1. presents
the results that correspond to kESs supply variations (RQ – 1.1.). Chapter 4.2. presents the
results of the demand assessments (RQ – 1.2.), and Chapter 4.3. combines both assessments
to present the variations in supply-demand mismatches across the city (RQ – 1.3.).
Figures displayed in this chapter are grouped so that all kESs are shown simultaneously. Fullpage versions of maps can be consulted in Appendix VI

4.1.

Supply variations across NYC

The ecosystem services “local temperature regulation”, “runoff mitigation” and “air
purification”29 were mapped on a raster grid with a 1x1m spatial resolution, following the
methodology developed in Kremer et al. (2016). The supply of kESs was initially mapped as a
GIS raster layer. These layers can be consulted in Appendix VI, while Figure 13 shows the mean
supply values per census block, for each kESs. As it can be seen, the spatial distribution of kESs
is identical, since the assessment of every kESs was based on the spatial distribution of natural
areas, mainly formed by vegetation but also bare earth and water. Plus, this also implies that
the community districts with a higher proportion of their area being covered by urban green
will have higher mean supply values.

29

It is important to remind the reader that the service “air purification” was split into 2 different results due to the
fact that the two pollutants assessed were kept separated. Hence, results are available both for NO2 and for O3,
rather than just one general “air purification” service.
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Figure 13: Supply value per census block, for each kESs.

To compare the quantitative distribution of kESs across NYC, the average supply value was
calculated for each of the community districts in the city. This spatial resolution is useful
because this is the level at which most administrative decisions are taken within the
municipality of NYC. In addition, this is the resolution used in the analysis by Kremer et al.
(2016). Thus, a closer look at this spatial aggregation allows a comparison of the results
between both studies.
Regarding each kESs separately, Figure 14 shows the different mean supply values per
community district. Again, the quantitative shifts in the supply values of the kESs are clearly
correlated due to their common dependence on natural cover. Differences between their
values are caused mostly by the influence of the specific variables of each kESs, such as soil
characteristics for runoff mitigation, or land surface temperature for local temperature
mitigation. This is also shown in the map represented in Figure 15, which presents the average
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supply value of the 4 kESs combined. As both the graph and the map show, lowest mean
supply values are given in the Borough of Manhattan and Bronx, while highest supply values
are present in those community districts that represent large parks and green areas, with
Staten Island as the Borough with a highest mean supply value.

Figure 14: Mean supply value for each kESs in each community district.

Finally, Figure 16 presents the mean supply values of all the kESs for each community district.
In this graph, both the results in Kremer et al. (2016) and those obtained in this research are
presented. As it can be seen, the spatial variations of both datasets present similar trends, with
a clear overestimation in the case of this thesis’s results in relation to Kremer et al.’s study.
The reason for this slight difference in the results of both studies might be caused by several
reasons that are taken into account. First, the study by Kremer et al. (2016) included other 2
ecosystem services in the assessment (recreation and carbon storage). Second, adjustments
had to be carried out in this research in order to improve the methodology of the imitated
study, such as enriching the data related to urban temperature. Plus, other changes to the
original methodology were made to navigate the unavailability of data, such as a lower
number of pollutants being used or alternative assumptions used in the classification of NYC’s
Hydrologic Soil Groups.
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Figure 15: Mean supply value for the 4 kESs combined per community district.
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Figure 16: Comparison between the mean values of kESs supplied per community district calculated in the study by
Kremer et al. (2016) and those calculated in this research. Community districts’ code were adapted to be consistent
with Kremer’s classification, in which green areas managed on a federal level (e.g. Central Park) were compiled as
one single community district of each borough and coded with an X99 value.

In addition, Figure 17 shows the results of the cluster analysis performed for the mean supply
values across the census blocks. Once again, there is a high similarity between the distributions
of the hotspots and coldspots of each kESs, although they are not fully identical. For a biggersized version of each map, see Appendix VI.
In these maps, it can be noticed how almost the entire area of the Boroughs of Manhattan and
Brooklyn present the lowest supply values. In addition, Southern Bronx and Northern Queens
also present low supply values. These areas have been clustered with the lowest Z-scores in
the cluster analysis, meaning that these areas belong to a cluster of low supply values with a
99% confidence. On the other hand, 4 areas can be identified as hotspots with high supply
value: the Borough of Staten Island, Northern Bronx, Southern Brooklyn and the East and
South-East of Queens. In addition to these four big areas, the census blocks located between
Central Park and Riverside Park (Manhattan) and those that form and surround Prospect Park
(Brooklyn) have been included in the cluster of highly supplied blocks. This result applies to
every ecosystem service, except for “Runoff mitigation”, in which case the small areas were
not included in the hotspots cluster due to a lowly significant result.
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Figure 17: Result of the hotspot analysis carried out for the supply value per census block. Higher Z-scores (dark
green) correspond to areas with a high probability of spatially belong to a cluster of higher supply values. On the
other hand, lower values (light green) correspond to areas with higher probability of spatially belonging to a cluster
of lower values.

4.2.

Demand variations across NYC

Figure 18 shows the outcome of the matrixes used to assess the demand for each kESs per
census block. In these maps, the influence of population density as an indicator for demand is
clear: highest demand values correspond to areas with higher population density. In the case
of the service “Local temperature regulation”, for example, every block with the maximum
demand obtained (0.8) has more than 400 inhabitants/ha (see Figure 19 for a population
density map), while the temperature of these blocks ranged between 80 and 95ºF (not
reaching the second highest break values). Regarding the distribution of the demand hotspots
(Figure 20), it is interesting to remark the nuances between the hotspots for the demand of air
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purification of NO2 and O3, while the distribution of the demand hotspots for the kESs “Local
temperature regulation” and “Runoff mitigation” is more similar.

Figure 18: Demand value per census block, for each kESs.
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Figure 19: Population density in NYC.
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Figure 20: Result of the hotspot analysis carried out for the demand value per census block. Higher Z-scores (dark
red) correspond to areas with a high probability of spatially belong to a cluster of higher supply values. On the other
hand, lower values (light red) correspond to areas with higher probability of spatially belonging to a cluster of lower
values.

4.3.

Mismatch variations across NYC

Figure 21 shows the maps that resulted from the subtraction of the supply index to the
demand index per census block and kESs. Considering the color scale, it seems like the supplydemand mismatch of the service “Local temperature regulation” tends to be higher. This can
be noticed in Southern Queens and Northern Bronx, where the other maps show lighter
shades of red. However, looking at the outcome of the hotspot analysis for the mismatch of
supply and demand (Figure 22), it can be concluded that the distribution of high and low
mismatch values tends to be similar, with higher mismatch values concentrating in areas with
higher urbanization and population densities.
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Figure 21: Mismatch value per census block, for each kESs. Higher mismatch values ( dark red) imply a that the block
is more underserved. That is, the relative demand is higher than the relative supply.

51

Supply, demand and mismatches across NYC
Mismatch variations across NYC

Figure 22: Result of the hotspot analysis carried out for the mismatch value per census block. Higher Z-scores (dark
red) correspond to areas with a high probability of spatially belong to a cluster of higher mismatch values. On the
other hand, lower values (dark green) correspond to areas with higher probability of spatially belonging to a cluster
of lower values.
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5. Location of different socioeconomic groups across NYC
This chapter is a brief introduction of the socioeconomic data obtained from the database of
the United States Census Bureau (USCB) (see Section 2.3.5. Mapping the demography and the
socioeconomic groups of NYC). It aims to provide a general, graphic overview of the
distribution of the different socioeconomic groups compiled as a preparation for the next
chapter, in which they will be compared to the distribution of supply-demand mismatches.
Hence, the research question addressed here is RQ – 2.1. “How are different socioeconomic
groups distributed across the city?”
Full-page versions of maps can be consulted in Appendix VII.

5.1.

Distribution of race across NYC

When mapped, the data obtained from the USCB shows that the distribution of races across
the city studied is segregated. As Figure 23shows, the concentrations of White and nonWhite30 residents have opposite distributions. Through a dot density representation of the
different races assessed (Figure 24), it comes clear that these different origins are
concentrated in different parts of NYC. To begin with, White people are most present in the
Boroughs of Manhattan, Staten Island, North-West Bronx and South-West Brooklyn. In these
areas, the classification of White is so relatively abundant that it does not coexist with other
races in high proportions. According to the map, it could be said that the group classified as
Asian is the one that shares most space with the White group, as it is the case in South-West
Brooklyn and Northern Queens. Plus, the Asian group shows an important presence in
Southern Manhattan (where the area known as China-Town is located). Regarding the part of
the population classified as Black / African American, the map shows how this group
concentrates in highly defined and delimited areas, being North and Southern Bronx, Central
Brooklyn and South East Queens. In Staten Island, this group is only slightly represented in its
northern part. Such case is similar in Manhattan, in which northern area the representation of
people categorized as Black / African American in the census is higher. In areas like Northern
Manhattan, Southern Bronx and Northern Staten Island, the pattern of coexistence of the
groups classified as Black / African American and Hispanic / Latino comes as evident. In
Brooklyn and Queens, however, this situation is not as explicit.

30

Numbers on non-White residents aggregate the races classified as Black/African American, Hispanic/Latino, Asian,
Hawaiian (and other Pacific Islanders) and Native (Native American/Alaskan).
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Figure 23: Comparison between the relative presence of inhabitants categorized as White (left) and non-White
(right).

Figure 24: Dot density map of the different races in NYC that were taken into account in
this study. Each dot represents a 1% of one specific race inside a given census block.
Hence, if a block has is 30% a certain race, the block will then have 30 dots.
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5.2.

Distribution of income across NYC

As explained in the methodology of this research, data on income across NYC comes from a
dataset originally created in the Urban Systems Lab through Dasymetric Mapping. Since the
resolution of the dataset provided was too high (tax lot), the main processing carried out for
this research consisted in reducing its resolution. Figure 25 compares both the dataset
provided and the resulting map generated for the execution of this research. It is with the map
on the right that comparisons between income and the spatial components of the kESs
assessed were to be executed. In a general overview, the color scheme in the legend shows
how the distribution of values is similar in both datasets (maximum values appear in the same
areas in both maps, same as with minimums). However, a closer look shows how by calculating
the mean for each census block leads to the loss of the variability that the high resolution
dataset provided (Figure 26). This change in the dataset’s qualities will have to be taken into
account when discussing the final results.

Figure 25: Comparison between the dataset provided by the Urban Systems Lab (left) and the dataset with values
averaged per census block (right). As it can be noticed, both maps use the same legend, and the colors have a
similar distribution pattern. This allows the verification that values, in general, are similar in both datasets.
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Figure 26: A closer look at the comparison between the original income dataset and the dataset with values
averaged per census block. Even though the general view showed similar distribution of values, this close-up
denotes how the variability of the data has been reduced, and especially extreme values have been lost in the
process of extracting an area-weighted mean value.

At a first glance, the distribution of the areas with highest income seems to correlate with the
distribution of areas that are highly populated by inhabitants categorized as White. A box plot
in R (Figure 27) confirms this suspicion, showing that the higher the White population, the
higher median income, whereas the trend in the case of non-White groups is opposite.
Statistically, a one-way ANOVA test shows that there is a significant difference between the
income groups set and the proportion of residents categorized as White (n = 30113, p-value <
0.001). In a per-group vs. group comparison (Table 15), results show that this significant
difference takes places in every comparison, except for the last three groups. That is, there is
not a significant difference in the White presence of census with an averaged income superior
that 0.4. Results were similar in the comparison of income with the non-White proportion of
each census block.
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Figure 27: A comparison between the averaged median income per census block and the proportion of residents
categorized as White or non-White. Both the spatial and quantitative representations show that there is a clear
trend.
Table 15: Results of the comparison of White presence per income groups via a TukeyHSD test. To ease the
understanding of the table, groups were renamed to substitute numbers by words: an averaged median income
range of 0.0 to 0.2 was categorized as “Very low”, 0.2 to 0.4 as “Low”, 0.4 to 0.6 as “Intermediate”, 0.6 to 0.8 as
“High”, and 0.8 to 1.0 as “Very high”. Test was run for a 95% confidence interval. P adj corresponds to the adjusted
p-value, and the null hypothesis in rejected in those comparisons in which p adj < 0.05. Columns titles refer to: ‘diff’
= difference between the means of the two groups; ‘lwr’ = lower extreme of the confidence interval (95%
confidence interval); ‘upr’ = upper extreme; ‘p adj’ = adjusted p value.

Income groups
Low-Very low
Intermediate-Very low
High-Very low
Very high-Very low
Intermediate-Low
High-Low
Very high-Low
High-Intermediate
Very high-Intermediate
Very high-High

diff
0.22380529
0.46222687
0.55529799
0.57874475
0.23842158
0.33149270
0.35493946
0.09307112
0.11651788
0.02344676

lwr
0.21290105
0.42659383
0.46104717
0.33125328
0.20229461
0.23705404
0.10737639
-0.00727564
-0.13335865
-0.24122622

upr
0.2347095
0.4978599
0.6495488
0.8262362
0.2745485
0.4259314
0.6025025
0.1934179
0.3663944
0.2881197

p adj
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.7085180
0.9992482
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Finally, it is important to remark that, even though the presence of the White race in the areas
of high income is much higher than any other, the total number is rather small compared to
the total population. Only a total of 2870 individuals categorized as White live within the
blocks with an income classification of “Very high” (0.11% of all white people), while 1.4
million White residents live in areas of Very low income (54.22%) (Figure 28).

Figure 28: Total population of NYC grouped by race and income group. This graph is useful to gain perspective on
the absolute numbers behind the proportions assessed. Even though the presence of White residents in high
income areas is higher than all the non-White groups combined, the total amount of individuals is small. Also,
attention must be taken regarding the low total population of the races Native and Hawaiian.
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6. Environmental justice: patterns in the distribution of socioeconomic
groups and ecosystem services
In this chapter, results on comparing the spatial distribution of the key ecosystem services
(kESs) assessed and different socioeconomic groups are presented. The research question
addressed here is RQ – 2.2. “What is the relation between the spatial variations of supply and
demand and the distribution of different socioeconomic status groups?” This question is
responded by analyzing the differences between the census blocks that were grouped
according to the results of the Hotspot Analysis carried out (see 2.4. Data analysis). Figure 29
shows the areas defined by the classification of hotspots that was used to group census blocks
with different Z-Scores. Figures displayed in this chapter are grouped so that all kESs are
shown simultaneously. Full-page versions of maps can be consulted in Appendix VIII.

Figure 29: Areas defined by the classification of hotspots that was used to define groups of census blocks with
different Z-Scores, for each kESs. The 5 classes defined (very low, low, undefined, high and very high mismatch)

59

Environmental justice: patterns in the distribution of socioeconomic groups and ecosystem services
Distribution of income across NYC
were used as grouping variable. Hence, each census block belongs to one of the 5 classes, and each class counts
with a sample of census blocks.

Figures 33 to 36 show the result of comparing the socioeconomic factors of race and income
for each kESs. From them, it can be seen that the mean percentage of the population of census
blocks categorized as White decreases as mismatch increases from coldspot to hotspot,
meaning that the presence of White people in underserved areas is lower than in better
served areas. The trend of income values is similar. Finally, this trend is opposite in the case of
non-White people, in which presence increases with mismatch.
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Figure 30: Evolution of the mean relative presence of White residents, non-White residents and normalized income
across hotspots and coldspots of mismatch of the kESs "Local temperature regulation".
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Figure 31: Evolution of the mean relative presence of White residents, non-White residents and normalized income
across hotspots and coldspots of mismatch of the kESs "Runoff mitigation".
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Figure 32: Evolution of the mean relative presence of White residents, non-White residents and normalized income
across hotspots and coldspots of mismatch of the kESs "Air purification - NO2".
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Figure 33: Evolution of the mean relative presence of White residents, non-White residents and normalized income
across hotspots and coldspots of mismatch of the kESs "Air purification - O3".

The ANOVA and the post-hoc Tukey tests ran per kESs and socioeconomic group showed that
the different mismatch clusters have a highly significant (p<0.001) degree of difference
between each other in most cases, with only a few number of non-significant results when
comparing the clusters “High” and “Very High”. However, differences between the groups
“Low” or “Very low” and “High” or “Very high” were always significant. These results and
further graphic information is depicted in the Appendix IX.
The group categorized as non-White was disaggregated into separate races and/or ethnic
origins. As shown in Figures 37 to 40, the race categorized as Hispanic/Latino has the clearest
trend in terms of increased relative presence in areas with higher mismatch. Black/African
American residents present a similar distribution, although their relative presence is highest in
the clusters “High” and “Undefined”, rather than in the cluster “Very high”. Finally, the race
categorized as Asian seemed to present a homogenous presence, appearing to not have a clear
trend regarding mismatch clusters. Appendix X shows detailed plots and statistic results,
including those regarding Native and Hawaiian/Pacific Islander groups, which were excluded
from this results chapter given their extremely low percentage of the blocks total population.
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Figure 34: Evolution of the mean relative presence of the different disaggregated non-White race groups across
hotspots and coldspots of mismatch of the kESs "Local temperature regulation".
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Figure 35: Evolution of the mean relative presence of the different disaggregated non-White race groups across
hotspots and coldspots of mismatch of the kESs "Runoff mitigation".
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Figure 36: Evolution of the mean relative presence of the different disaggregated non-White race groups across
hotspots and coldspots of mismatch of the kESs "Air purification - NO2."
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Figure 37: Evolution of the mean relative presence of the different disaggregated non-White race groups across
hotspots and coldspots of mismatch of the kESs "Air purification - O3".

For a deeper insight of the results obtained, it is essential to remark the special characteristics
of New York City. The city presents non-traditional demographic dynamics in its inner-city and
its suburbs, which leads to the existence of dense urban areas in the city center populated
with wealthy white residents (Rigolon, 2016). This circumstance is clear in lower Manhattan. In
addition to this, it is also important to consider the absolute numbers besides the relative
ones. Even though White residents are overrepresented in areas with low mismatch, the
number of residents in such areas is extremely small compared to areas with higher mismatch
(Figure 38).
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Figure 38: Absolute population in the different mismatch hotpots and coldspots for the kESs "local temperature
regulation".
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In a final analysis, groups were defined in a different. Rather than grouping census blocks
according to their spatial link to one mismatch cluster or another, the criteria used was based
on the overlap of clusters with high and low values of income and relative presence of race
(white / non-white) (see Section 2.4.2. Comparing socioeconomic groups to supply-demand
mismatches for a detailed explanation). Hence, census blocks were grouped through the
combination of income (High, Low or undefined), and relative White or non-White presence
(High, Low or undefined). Census blocks classified as “undefined” regarding their belonging to
clusters of high or low values of any of the criteria used were excluded in this analysis, for the
sake of simplifying the results. Figure 39 shows the clusters combined in the categorization of
census blocks, and the resulting categories obtained using White or non-White residents.

Figure 39: On the top of this figure, the three outcomes of the hotspots analysis used to aggregate variables of race
and income. There are three maps (instead of two) because data the hotspots analysis was carried out both for
White and non-White residents. Below, the result of overlapping the clusters of White% and income (left) and nonWhite% and income (right). These categories were used to subsample census blocks to then compare the mean
mismatch value per kESs.

Figure 40 and Figure 41 depict the different mean mismatch values for the different groups
defined considering White or non-White residents. Confirmed by the ANOVA tests ran for each
case, the mean values for each group, in the case of each kESs, are significantly different (p <
0.001). As the figures show, income being high or low makes an important difference within
groups of equal relative abundance. That is, the mean mismatch value is higher when the
relative racial abundance is constant but income is lower (High & High < High & Low; Low &
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High < Low & Low). The variation in the relative presence of race has a similar effect in the
mismatch value, but it is the inverse between races (higher White presence leads to a lower
mismatch value, while a higher non-White presence leads to a higher mismatch value). It is
interesting to remark, however, the effect of low income in White groups. As the graphs
suggest and the Tukey test analysis confirmed (see Appendix XI), there is no significant
difference between the groups with high White presence and low budget, and those with low
White presence and low budget. This result suggests that in the case of White residents,
relative abundance is indifferent when income is low, a phenomenon that was not observed in
the case of non-White residents. In addition, as the graphs show, the impact of income
variations is much higher than the one of relative racial presence shifts, since the difference in
the mean mismatch value is much higher when income changes than when relative presence
does.
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Figure 40: Mean mismatch value for the census blocks grouped according to the aggregated relative White presence
and income. First High/Low indicator refers to race, and the second to income. Blocks with one or two indicators
marked as “undefined” were excluded from the analysis. The groups High & Low and Low & Low were not
significantly different in the Tukey test with a 95% confidence. The graph shows how the difference in the value
between groups that belong to the same cluster in terms of racial abundance but differ in the income group is
higher than the opposite case, in which income is equal but racial group changes. Higher presence of White
residents leads to a lower mismatch value only in the case of high income.
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Figure 41: Mean mismatch value for the census blocks grouped according to the aggregated relative non-White
presence and income. First High/Low indicator refers to race, and the second to income. Blocks with one or two
indicators marked as “undefined” were excluded from the analysis. The groups High & Low and Low & Low were not
significantly different in the Tukey test with a 95% confidence.
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7. Discussion
This thesis’ main objective was to analyze the spatially explicit components (supply and
demand) of the three key ecosystem services “urban temperature regulation”, “runoff
mitigation” and “air purification” in New York City, in order to then analyze their distributional
justice.
In this chapter, results obtained in the attempt to answer to these questions are discussed.
The first section reflects upon the results obtained in a wide perspective, comparing these to
other studies (Section 6.1.). Subsequently, the methodological constrains and uncertainties of
this research are considered (Section 6.2.).

7.1.

Discussion on the results obtained in relation to other studies

7.1.1. Modeling of the supply, demand and mismatch of kESs
To answer to the research questions on the spatial variations of supply demand and mismatch
(RQ – 1), a process-based modeling approach supported on a GIS platform was used.
The outcome of mapping the supply was highly similar to the results obtained by Kremer et al.
(2016) (Figure 16, page 46), the study from which methods were used. My research entails the
first attempt to consistently map the demand for ESs in NYC. This makes it impossible to
directly compare the results obtained with previous research cases. However, results can be
indirectly compared with other studies that took similar approaches or studied similar patterns
in the city. In a previous study, McPhearson et al. (2013) identified hotspots of vacant lots
located in areas with what was defined as “high social need”. To define the social need of
vacant lots to be greener, each vacant lot was assessed considering within a 500m radius the
median income, property value, population density and current green density. Figure 44 shows
the hotspots analysis performed for “social need” for greenery of vacant lots across
Manhattan (McPhearson et al., 2013). Comparing this plot to the hotspots analysis for kESs
demand across NYC, important parallelisms are identified. The results of both studies agree
that demand (or social need) is highest in lower Bronx, Brooklyn and Queens, while it reaches
its lowest values in Staten Island, Southern Brooklyn and Southern Queens, Eastern Queens
and North-West Bronx. Regarding Manhattan, the number of vacant lots assessed is so low
that building a reliable comparison of both results is hard, but how the few lots assessed in
mid-Manhattan are marked to have a low social need and are located in the same area is
appreciated. My research identified them as the only coldspots in the borough. To summarize,
my results build upon the previous work in McPhearson et al. (2013) and complement this
study on vacant lots with a block-by-block analysis that produced similar results.
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Figure 42: Hotspots analysis performed by McPhearson et al. (2013) on a sample of vacant lots in NYC. In
red, hotspots for social need are identified. Social need is measured and conceptualized in a similar way
to the concept of demand in this research. In blue, lots with low demand. In yellow, lots have been
grouped despite the fact that some might be significant hotspots (z-score > 2.58) and others might be
undefined. Hence, yellow spots can only be considered to be either hotspots or undefined. On the right,
the hotspots analysis obtained in the demand of one of the kESs analyzed, for comparison.

7.1.2. Distributional environmental Justice
To answer RQ – 2, the distributional sense of environmental justice was used. Distributional
environmental justice was to be assessed through the definition provided by Ernstson (2013)
of environmental justice as “the spatial distribution of environmental goods and ills amongst
people, including the ‘fairness in the distribution of environmental well-being’ (Low & Gleeson,
1998:102)” (Ernstson, 2013:8). Hence, the level of equality in the distribution of environmental
quality was to be compared among different socioeconomic groups. To achieve this,
information on the distribution of socioeconomic groups along the census blocks of NYC was
retrieved from the USCB (United States Census Bureau). Data availability on a census block
level limited the heterogeneity of the study, and only two socioeconomic criteria were
assessed: race and income.
Results agree with other studies with similar approaches such as the study by Neckerman et al.
(2009). In this study, non-poor neighborhoods presented a significantly higher density of street
trees per square km and a higher abundance of natural features. In addition, results obtained
in this research constitute an interesting addition to those obtained by Miyake et al. (2010). In
his study, questions were raised regarding the unequal park density in which races such as
Hispanic / Latino tended to be overrepresented in areas with only small parks, while White
residents were overrepresented in areas surrounded by bigger parks. Plus, the quality of parks
as recreational areas is also addressed in Miyake et al. (2010). In my research, kESs were
assessed considering all natural land cover instead of only taking into account areas classified
as parks. This was done in an attempt to capture the contribution of all UGI, including street
trees, to the flow of urban ecosystem services. Thanks to this approach, the lower density of
green cover was present in the results, since the mean supply per census block was calculated
taking into account the surface of the block in which supply was null. The outcome of this
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approach agrees with Miyake et al. (2010) in the sense that Hispanic and African American
residents tend to live in areas with a higher mismatch due to a lower green density. Regardless
of this, Miyake et al. (2010) did conclude that the population of NYC had an overall even access
to parks regardless of their size, and for exclusively recreational and physical benefits. In
contrast with the study by Miyake et al. (2010), my research did not focus on exercise and
physical activity, but on key ecosystem services for climate change adaption. Because of this,
the difference in the results is not surprising and does not affect the conclusions of my
research.

7.2.

Strengths and limitations of this research

7.2.1. ESs modeling in NYC
One of the key elements in this research is the combination of the concepts of supply and
demand developed by Burkhard et al. (2009; 2012; 2013; 2014), applying them in the city of
NYC. The conceptual framework developed by Burkhard et al. was adapted to accommodate to
the availability of data and its format. Up to date, no study that mapped the demand for
ecosystem services in NYC is acknowledged. Hence, this research has the potential to shed
important light on the state of environmental quality in the city. In addition, this research
contributes to the reflection on the methodological opportunities and constraints of mapping
supply and demand in a densely urbanized environment.
However, this research is not free of limitations and uncertainties that need to be taken into
account. As Schulp et al. (2014:9) states: “mapmakers and end-users should be cautious when
applying ecosystem service maps for decision-making. Mapmakers need to clearly underpin the
indicators used, the methods, and related uncertainties”.
In this research, the totality of the information used was secondary data that required
processing in order to become a useful set of indicators. Considerable efficiency was gained by
treating secondary data provided by official institutions such as the USCB (United States
Census Bureau) or the USGS (United States Geological Survey). However, the heterogeneous
data collected from different sources presented different degrees of resolution and accuracy.
Different resolutions ranged from 1m approx. (land cover data) to 60m (temperature data) and
300m (pollutants assessed). Resampling data from low resolutions to 1 square meter implied
the unavoidable introduction of inaccuracies (Gotway & Young, 2002). The consequence of
such inaccuracies is that the accuracy of data should be considered at the resolution of the
dataset with the coarsest dataset (Kremer et al., 2016; Gotway & Young, 2002; Chen & Stow,
2003). Hence, the accuracy of the supply assessment is 60m in the case of the “local
temperature regulation” kES (resolution of the Landsat satellite images). For demand, accuracy
reaches 300m in the case of the air purification services, since this was the resolution of the
pollutants’ concentration rasters. Inaccuracies were handled by calculating the spatial average
per census block. By doing this, this research focuses on the relative variations between census
blocks rather than the nuances at the micro-scale, which are beyond the objectives and
resources of this MSc thesis.
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1) Mapping the supply of kESs
In addition to the inaccuracies due to the handling of heterogeneous spatial data, the flow of
ESs is simplified in order to represent a much more complex reality (Haase et al., 2014).
The assessment of kESs “Local temperature regulation” required the use of surface
temperature (Kremer et al., 2016) due to the lack of an atmospheric temperature dataset. In
addition, data available on surface temperature presented a technical failure originated in the
satellite’s sensor that was smoothened by combining several scenes. This allowed generating
an “average surface temperature map in a summer day”. This averaged temperature map was
then used in the methodology by Kremer et al. (2016). The use of an averaged temperature
map is considered and advantage in comparison to the study by Kremer et al. (2016), since
only one satellite image was used in their research to represent a summer day, ignoring
variations across different time scales.
For the service “Runoff mitigation”, runoff and infiltration were estimated using the same soil
dataset as in Kremer et al. (2016). However, both my research and the one by Kremer et al.
(2016) ignore the presence of grey infrastructure and the topography of the city. The
incorporations of such attributes was attempted in this study as a way to improve the
methodology used, but methodological and data-driven complications were encountered.
Hence, even though the results of my research are as reliable as those obtained in Kremer et
al. (2016), the model used would increase its accuracy by incorporating a reliable run-off
model of NYC, which is non-existent to date.
Finally, the analysis of the supply of the kES “Air purification” was carried out using the values
available at existing literature on the performance of vegetation in removing air pollutants.
These values consist on average values of the dry deposition of air pollutants that takes place
on plants. The indicator “aerosols or pollutants removed in kg/ha/year” is considered an
exemplary indicator for assessing the supply of this ES (Burkhard et al., 2014).
2) Mapping the demand of kESs
The cross-tabulation matrix adapted from Baró et al. (2016) presented the challenge of
defining the breaking points between different demand values based on the ecological
indicator. For the service “Air purification”, the National Ambient Air Quality Standards
(Department of Environmental Conservation, n.d.31) were used as criteria to define such
breaking points. A similar approach was taken with the service “Local temperature regulation”.
However, no standards were found for the indicator used in the service “Runoff mitigation”,
and the breaking points for the indicator “% of block covered by impervious surface” were set
arbitrarily. In future additions to this methodology, the inclusion of policy makers and
stakeholders in the process of defining the demand for ESs should be considered as a way to
define such standards.
The definition of demand indicators was also challenging. As stated in the previous subsection, the assessment of this service will improve substantially once an integrated runoff
31

Department of Environmental Conservation. (n.d.). National Ambient Air Quality Standards. Retrieved
July 5, 2018, from https://www.dec.ny.gov/chemical/8542.html

69

Discussion
Strengths and limitations of this research

assessment is available, so that demand can be assessed in terms of accumulated runoff
water. Until then, the relative presence of impervious surfaces is considered a good proxy
given the direct effect of impervious surfaces in the speed and volume of runoff (Shuster et al.,
2005) and the fact that it has been used in other demand assessments relative to coastal
flooding protection (Liquete et al., 2013).
A final remark regarding the management of information about supply and demand refers to
the use of the network analysis technique. This approach was used to capture the supply that
each census block has access to besides the supply taking place within its own boundaries. A
walking distance of 400 meters was used to calculate the areas reachable by each census
block, but this distance might vary in further attempts to use this methodology and if new
inputs are provided in the method. For example, barriers such as fences or walls were not
considered in the calculations of service areas in this research. Plus, the size of each census
block didn’t influence the size of its service area, and neither did the topography. It might be
arguable that paths with higher slopes should be ignored for the sake of remaining inclusive
with elder populations. Once again, the inclusion of policy makers and stakeholders in the
process of defining the nuances of this method should be considered in order to improve its
reliability.
To summarize, there are several factors to consider regarding the accuracy of this approach.
However, the potential inaccuracies present in the steps taken in this research should not
undermine its informative value. The steps taken in the mapping of supply and demand in this
research (and consequently, mismatch) were supported by scientific literature and the most
recent data available, and results obtained agree with the literature consulted. The outcomes
of this study do provide useful, exploratory information on the spatial distribution of
environmental quality in NYC by differentiating the hotspots and coldspots of supply, demand
and mismatch. Plus, this methodology is based on a modeling approach that is flexible to the
incorporation of updated, more accurate data in the future once it is generated and/or made
available. Examples of such data would be an integrated runoff model of the city, or an
improved thermic map that considers atmospheric temperature and heat flow processes.
7.2.2. Assessing the distributional justice of kESs in NYC
This study explored the potentials of linking distributional environmental justice to the
spatially explicit components of ES. Hence, differences in the accessibility between different
socioeconomic groups were analyzed by comparing the socio-economic characteristics of the
hotspots and coldspots of the supply-demand mismatches calculated. This approach allowed
the generation of an insight of the socioeconomic profile of the under- and over-served areas
of NYC.
Nonetheless, there are important additions that this study could benefit from, and that data or
time availability avoided from including in this research. To begin with, the modeling of kESs
relied on the use of the city’s land cover as main input. The distinction between public and
private property was overlooked, since the kESs assessed fall in the category of “pure public
goods”. Such category refers to ESs that are not subject to rivalry between users (Fisher et al.,
2009), meaning that the accessibility to these ESs is not influenced by their ownership. Only
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considering walkability it might be of interest to consider the distinction between private and
public pathways in future projects.
Another factor that was not considered in this study is green density per capita. Current results
did consider green density of the census block by calculating the mean supply per census
block, but did not explicitly show the amount of greenery offered to each inhabitant. Even
though this consideration would add information on the saturation of the UGI in NYC, this
factor was not considered in this research since the kESs analyzed in this study are “pure public
goods” (Fisher et al., 2009), meaning that there is no competition between users for the use of
the service.
Finally, this study defined socioeconomic groups through income and race. Data availability
hampered the use of other indicators that would increase the insight on distributional justice,
such as property value, education level and health.
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8. Conclusions
8.1. Concluding remarks on research questions
The main objective of this research was transformed into two sets of RQs. The first set of the
RQs (RQ – 1) dealt with the spatial variations of supply (RQ – 1.1.), demand (RQ – 1.2.) and
supply-demand mismatch (RQ – 1.3.) across NYC. Regarding supply, the maps produced
allowed to easily identifying the areas with highest relative values. These areas are located in
Staten Island, North-West Bronx, Southern Brooklyn and the East and South-East of Queens. In
the case of the kESs “Local temperature regulation” and “Air purification”, the census blocks
located between Central Park and Riverside Park and those that surround Prospect Park are
also considered kESs hotspots. In terms of demand, results show that hotspots tend to have an
opposite distribution to supply: areas with highest demand were located in the entire borough
of Manhattan, central Bronx, Brooklyn and central Queens. In addition, the nuances between
different ecosystem services can also be appreciated in the maps produced. As expected,
demand for the services “Local temperature regulation” and “Runoff mitigation” have a higher
degree of similarity. This is because the indicators used in both services tend to correlate (Yuan
& Bauer, 2007). Differences can be appreciated between the different pollutants of the service
“air purification”. These differences, visible in Manhattan and central Brooklyn-Queens, are
caused by the difference in the concentrations that were modeled for each pollutant. Finally,
supply-demand mismatches are the direct result of the antagonistic distribution of supply and
demand. On the one hand, ecosystem services supply is directly related with the presence of
natural components and structures such as vegetation and water, while demand is directly
related with higher population densities. High population densities tend to overlap with highly
urbanized areas in which nature has limited space to thrive. Because of this, it is not surprising
that supply and demand hotspots rarely overlap. Mismatch hotspots (underserved areas)
match those areas identified as demand hotspots (Manhattan, central Bronx, Brooklyn and
central Queens), with slight differences in isolated census blocks located in the edge of the
hotspots.
The second set of questions, RQ – 2, aimed to consider the differences in accessibility of
different SES groups to the kESs assessed. First, SES groups were mapped across the city
regarding the two factors considered (race and income). The visual representation of SES
groups allowed concluding that White residents of NYC and non-White residents tend to have
an antagonistic distribution, with vast areas of NYC inhabited by a majoritarian proportion of
each of them. Plus, the areas with a high of White residents and high relative income tend to
overlap. Areas with a mainly White population are located in Staten Island, central Manhattan,
North-West Bronx, South-West Brooklyn and North-East Queens, while non-White population
is prevalent in Bronx, Northern Staten Island, North Manhattan, central Brooklyn and central
Queens. The SES groups that inhabit the supply-demand mismatch hotspots and coldspots
were compared as a way to assess accessibility to kESs. Looking at the graphs generated a
direct relationship between income and the presence of White residents is identified. Areas
with lower mismatch (that is, areas with a higher supply-demand ratio) tend to be inhabited by
a higher amount of White residents and/or present higher income values. On the other hand,
non-White residents are present in a higher proportion in the census blocks that were
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clustered as groups with high and very high mismatch. The race-by-race analysis shows that
the proportion of Black / African American and Hispanic / Latino residents follows the same
trend, with the second race referred presenting the most explicit evolution. Asian residents
tended to be present at similar proportions in every group, presenting different trends
depending on the kESs assessed. For the races categorized as Hawaiian and Native, absolute
numbers were too low to be considered at the same level as the other 4 races (White, African
American, Hispanic and Asian) and generate significant results.
To conclude, a clear pattern in the distribution of SES groups across areas with different
degrees of supply-demand mismatch exists. Hence, there is a potential case of distributional
injustice in which the group categorized as White has a higher accessibility to the benefits
provided by urban ecosystems in NYC than other groups. These trends are similar for income.
The link between income and accessibility to kESs is probably related to the effect of hedonic
pricing in the property value in areas with high provisioning of ESs (Farber et al., 2002). In fact,
the difference in the mismatch between income hotspots and coldspots is higher than
between White and non-White clusters. This means that income plays a bigger role in defining
the profile of socioeconomic groups that inhabit areas with different supply-demand
mismatches.
Even though White residents are overrepresented in areas with low mismatch, the number of
residents in such areas is extremely small compared to areas with higher mismatch. This fact
should be used to raise concerns on how good environmental quality is only accessible for a
selected group of privileged residents in a city that struggles with its extremely high population
density, while the need for climate change adaption measures increases.
With this research, important information has been generated for NYC’s planners to use. In its
journey towards adapting to the effects of climate change by fairly distributing UGI across its
domain, NYC counts now with a distinction of supply, demand and mismatch hotspots that
allow identifying the main underserved areas regarding the kESs assessed. In addition,
important knowledge has been generated regarding the distributional justice of UGI by
demonstrating that certain SES groups are in disadvantage towards receiving the benefits that
UGI provides. Hence, future interventions in the city will have to take into account the need to
improve the even distribution ESs besides working towards their mere spatial homogenization.
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Figure 43: Parks and green spaces in New York City. Source: Department of Information Technology &
Telecommunications (2014) - Retrieved August 5, 2018, from https://data.cityofnewyork.us/Recreation/Open-SpaceParks-/g84h-jbjm
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Figure 44: Natural land cover of NYC. Source: MacFaden et al., 2012.
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Appendix II – Ecosystem services classification by TEEB and urban
equivalent
Table 16: Ecosystem services classification according to the TEEB framework and their urban equivalent according
to Gómez-Baggethun & Barton (2013) and Gómez-Baggethun et al. (2013).

Function (Ecological process
and/or component providing the
service
or
influencing
its
availability)

Ecosystem service

Urban ecosystem service

Provisioning
Food

Presence of edible plants and
animals

Water

Presence of water reservoirs

Fiber, Fuel
materials

&

other

raw

Ornamental
resources

Species

Presence of species or abiotic
components with potential use
for timber, fuel or raw material
Presence
of
species
with
(potentially)
useful
genetic
material

Genetic Materials

Biochemical
products
medicinal resources

Food supply

and

Presence of species or abiotic
components with potentially
useful chemicals and/or medicinal
use

and/or

Presence of species or abiotic
resources with ornamental use
Regulating

Air quality regulation

Capacity of ecosystems to extract
aerosols & chemicals from the
atmosphere

Climate regulation

Influence of ecosystems on local Urban temperature regulation
and global climate through landcover and biologically-mediated
processes

Air purification

(Global) Climate regulation
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Natural hazard mitigation

Role of forests in dampening
extreme events (e.g. protection
against flood damage)

Moderation of environmental
extremes

Water regulation

Role of forests in water
infiltration and gradual release of
water

Water flow regulation

Waste treatment

Role of biota and abiotic
processes
in
removal
or
breakdown of organic matter,
xenic nutrients and compounds

Waste treatment

Erosion protection

Role of vegetation and biota in
soil retention

Soil formation and regeneration

Role of natural processes in soil
formation and regeneration

Pollination

Abundance and effectiveness of
pollinators

Biological regulation

Control of pest populations
through trophic relations
Absorption of sound waves by
vegetation and water

Runoff mitigation

Pollination and seed dispersal

Noise reduction

Habitat
Nursery habitat

Genepool protection

Importance of ecosystems to
provide breeding, feeding or
resting habitat for transient
species

Habitat for biodiversity

Maintenance of a given ecological
balance
and
evolutionary
processes
Cultural & amenity

Aesthetic appreciation

Aesthetic
quality
of
the
landscape,
based
on
e.g.
structural diversity, “greenness”,

Aesthetic benefits
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tranquility
Recreational

Landscape-features and attractive
wildlife

Inspiration for culture, art and
design

Landscape features or species
with inspirational value to human
arts, etc.

Cultural heritage and identity

Culturally important landscape
features or species

Spiritual
inspiration

Landscape features or species
with spiritual & religious value

and

Education & science

religious

Features with special educational
and scientific value/interest

Recreation and
development

cognitive

Cognitive development
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Appendix III – Temperature maps generated

Figure 45: Average surface temperature (ºC) map generated by stacking the scenes compiled.
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Figure 46: Raster with the land surface temperature (ºC) of natural areas and green infrastructure in the average
summer day calculated.
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Appendix IV – Curve number map of NYC

Figure 47: Curve numbers map generated for the city of NYC.
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Appendix V – script and explanation on how to aggregate data
In this appendix, an explanation to the solution achieved for the aggregation of data is
explained.
The initial problem was that the supply of kESs had initially been mapped on a raster format
with a resolution of 1 square meter. However, this information required to be aggregated by
calculating the mean supply value of the service area of each census block. While ArcGIS offers
a tool with this function (“Zonal Statistics as Table”), this tool is unable to run properly when
the different entities of the layer overlap with each other. This is because this tool understands
that each pixel of the raster layer should only correspond to one overlapping entity, instead of
considering that several entities might take its value for a mean calculation.
In addition to this problem, another issue was related with the processing time required to
process all the more than 38.000 service areas due to the amount of values to process
(because of the 1 sqm spatial resolution), the size of the whole study area, and the amount of
entities. Besides the service areas, this issue was identical in the case of the aggregation of
ecological data for the assessment of the demand of kESs per census block, in which several
factors such as temperature or concentration of atmospheric pollutants required to be
aggregated.
The following lines will explain the solution achieved to aggregate data at a proper speed. This
solution was achieved after consulting several sources of information on computer
programming and data management, besides personally asking members of WUR teaching
stuff32. There are two key points that made this data processing work successfully:
- Parallel computing of data (multi-core processing): Since each entity of the service areas or
census blocks layers were to be treated separately, the processing of several entities
simultaneously was possible by setting the script to process data in parallel.
- Switching from shapefile to raster: Initial attempts of capturing data by using the linear
borders of each entity (that is, the borders of each census block) proved to be way too
demanding for the computer, and hence take a non-feasible amount of time. This problem was
fixed by switching the process to generate a temporary variable that consisted on a raster
version of each census block or service area. Then, the cells of this temporary file would copy
the values of the overlapping raster to then calculate their mean. This mean would then be
written in the corresponding cell of the attribute table of the service areas shapefile.
In the lines below, the resulting script is explained.
First, the working directory is defined, and required packages are loaded.
setwd("C:/Users/usuario/Desktop/Master WAGENINGEN/Asignaturas/00_TESIS
/01_Data_Management")
library(sf)
32

PhD student Dainius Masiliunas was quick to reply via e-mail to a query on this subject and provide ESential hints
on where to find information on the functions required to succeed.
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library(dplyr)
library(raster)
library(sp)
library(rgdal)
library(foreach)
library(doParallel)

The next step is to prepare the computer’s clusters so that it runs several entities in parallel,
rather than executing the block by block or service area by service area.
cores<- 4
cl <- makeCluster(cores, output="") #output should make it spit errors
registerDoParallel(cl)

Then, a function is created. This function is able to retrieve the mean value of the cells of a
raster that overlap with a single shapefile’s entity. First, it crops the raster using the entity as a
template, in order to lose all the unnecessary values for the calculation (clip1). Then, it turns
the entity into a raster with the same values as the ones of the raster to be aggregated (clip2).
Finally, the function getValues is used to retrieve all the numeric values that exist in the raster
version of the census block/service area (ext), to then calculate the mean of all these values.
This mean value is then returned.
extracter_rasterizer_mean <- function(shape, shapefile, raster){
location <- shapefile[shape,]
clip1 <- crop(raster, extent(location))
clip2 <- rasterize(location, clip1, mask=TRUE)
ext <- getValues(clip2)
mean_value<-mean(ext,na.rm=TRUE)
return(mean_value)
}

Now that the function is ready, we need the data on which we will write the mean values, and
the data from which these mean values will be generated. The data on which we will write is
the shapefile with the service areas of all the census blocks.
supply_areas <- shapefile("02_Calculations_Scripts_Interpretation/s_d_
mismatch/supply_areas_NYC_data.shp")
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To write on this shapefile, we create new columns on which we will drop the mean supply
value later. One column is generated per ecosystem service. At this point, it is useful to define
a variable with the number of rows in this table so that we can later use it to limit a loop.
supply_areas$apno2_avg <- 0
supply_areas$apo3_avg <- 0
supply_areas$infn_avg <- 0
supply_areas$temp_avg <- 0
rows <- nrow(supply_areas)

The rasters from which to read data are the 4 rasters of the kESs assessed. If we wanted to
import all of them into the environment, we would type as follows.
supply_apno2<-raster("03_Final_Data/supply/supply_apno2")
supply_apo3<-raster("03_Final_Data/supply/supply_apo3")
supply_infn<-raster("03_Final_Data/supply/supply_infn")
supply_temp<-raster("03_Final_Data/supply/supply_temp")

Now everything is in place to run. In this example, we will run the script for the NO2 raster
layer. The foreach function is a way of defining a loop so that it runs in the amount of clusters
defined in the beginning of the script. The result of running this loop is a list of all the mean
values calculated for each service area. A final step is then to write these values in the empty
column that was defined previously. After having run this code, the shapefile with the service
areas counts with a new column that defines the average supply value of a given ecosystem
service for the entire service area. The next step would be to extract this value and join it to
the table of the census blocks. By doing this, the attribute table of the census blocks will count
with the “mean supply value of its own service area”.
mean_values_apno2<- foreach(i=1:rows, .packages = c("sp", "raster"),
.combine="c") %dopar% extracter_rasterizer(i, supply_areas, supply_apn
o2)
supply_areas$apno2_avg <- mean_values_apno2
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Appendix VI – high resolution maps from chapter 3 – supply, demand
and mismatches across NYC
a) Supply values per square meter

Figure 48: Raster map of the modeled supply for the kESs "Local temperature regulation".
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Figure 49: Raster map of the modeled supply for the kESs "Runoff mitigation".
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Figure 50: Raster map of the modeled supply for the kESs "Air purification - NO2 ".
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Figure 51: Raster map of the modeled supply for the kESs "Air purification - O3 ".
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b) Supply values per census block

Figure 52: Supply value per census block, for the ecosystem service “Local temperature regulation”.
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Figure 53: Supply value per census block, for the ecosystem service “Runoff mitigation”.
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Figure 54: Supply value per census block, for the ecosystem service “Air purification – NO2”.
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Figure 55: Supply value per census block, for the ecosystem service “Air purification – O3”.
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c) Supply per census block – hotspots

Figure 56: Hotspots analysis outcome for the supply of the ecosystem service “Local temperature regulation”. In dark green,
hotspots are identified, while coldspots are identified in light green.

98

Appendix VI – high resolution maps from chapter 3 – supply, demand and mismatches across NYC
c) Supply per census block – hotspots

Figure 57: Hotspots analysis outcome for the supply of the ecosystem service “Runoff mitigation”. In dark green, hotspots
are identified, while coldspots are identified in light green.
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Figure 58: Hotspots analysis outcome for the supply of the ecosystem service “Air purification – NO2”. In dark green,
hotspots are identified, while coldspots are identified in light green.
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Figure 59: Hotspots analysis outcome for the supply of the ecosystem service “Air purification – O3”. In dark green,
hotspots are identified, while coldspots are identified in light green.
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d) Demand per census block

Figure 60: Demand value per census block, for the ecosystem service “Local temperature regulation”.
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Figure 61: Demand value per census block, for the ecosystem service “Runoff mitigation”.
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Figure 62: Demand value per census block, for the ecosystem service “Air purification – NO2”.
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Figure 63: Demand value per census block, for the ecosystem service “Air purification – O3”.
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Figure 64: Hotspots analysis outcome for the demand of the ecosystem service “Local temperature regulation”. In dark red,
hotspots are identified, while coldspots are identified in light red.
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Figure 65: Hotspots analysis outcome for the demand of the ecosystem service “Runoff mitigation”. In dark red, hotspots
are identified, while coldspots are identified in light red.
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Figure 66: Hotspots analysis outcome for the demand of the ecosystem service “Air purification – NO2”. In dark red,
hotspots are identified, while coldspots are identified in light red.
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Figure 67: Hotspots analysis outcome for the demand of the ecosystem service “Air purification – O3”. In dark red, hotspots
are identified, while coldspots are identified in light red.
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e) Supply-demand mismatch per census block

Figure 68: Mismatch value per census block, for the ecosystem service “Local temperature regulation”.
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Figure 69: Mismatch value per census block, for the ecosystem service “Runoff mitigation”.

111

Appendix VI – high resolution maps from chapter 3 – supply, demand and mismatches across NYC
e) Supply-demand mismatch per census block

Figure 70: Mismatch value per census block, for the ecosystem service “Air purification – NO2”.
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Figure 71: Mismatch value per census block, for the ecosystem service “Air purification – O3”.
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f) Supply-demand mismatch per census block – hotspots analysis

Figure 72: Hotspots analysis outcome for the mismatch of the ecosystem service “Local temperature regulation”. In dark
red, hotspots are identified, while coldspots are identified in dark green. In this case, hotspots refer to areas with high
mismatch (highly underserved areas).
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Figure 73: Hotspots analysis outcome for the mismatch of the ecosystem service “Runoff mitigation”. In dark red, hotspots
are identified, while coldspots are identified in dark green. In this case, hotspots refer to areas with high mismatch (highly
underserved areas).
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Figure 74: Hotspots analysis outcome for the mismatch of the ecosystem service “Air purification –NO2”. In dark red,
hotspots are identified, while coldspots are identified in dark green. In this case, hotspots refer to areas with high mismatch
(highly underserved areas).
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Figure 75: Hotspots analysis outcome for the mismatch of the ecosystem service “Air purification – O3”. In dark red,
hotspots are identified, while coldspots are identified in dark green. In this case, hotspots refer to areas with high mismatch
(highly underserved areas).
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Appendix VII – high resolution maps from chapter 4 – Location of
different socioeconomic groups across NYC
a) Distribution of race across NYC

Figure 76: Percentage of each census block’s total population categorized as White.
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Figure 77: Percentage of each census block’s total population categorized as non-White.
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Figure 78: Dot density map of the races and ethnicities of New York City. In this map, each dot represents 1% of a census
block’s total population.
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b) Distribution of income across NYC

Figure 79: Mean normalized income per census block of New York City.
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Appendix VIII – high resolution maps from chapter 5 – environmental
justice: patterns in the distribution of socioeconomic groups and
ecosystem services
a) Supply-demand mismatch clusters classified for the analysis of census blocks

Figure 80: Clusters identified for the service “Local temperature regulation”. Categories (Very low, Low… etc.) refer to the
hotspots analysis result. Hence these categories refer to the census block’s spatial grouping depending on their mismatch
value and their neighbors’.
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Figure 81: Clusters identified for the service “Runoff mitigation”.
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Figure 82: Clusters identified for the service “Air purification – NO2”.
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Figure 83: Clusters identified for the service “Air purification – O3”.
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b) Aggregations of racial abundance and income

Figure 84: Hotspots and coldspots of White population per census block.
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Figure 85: Hotspots and coldspots of non-White population per census block.
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Figure 86: Hotspots and coldspots of normalized income per census block.
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Figure 87: Result of the overlap between the hotspots analysis of relative White abundance and income.
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Figure 88: Result of the overlap between the hotspots analysis of relative non-White abundance and income.
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Appendix IX– Statistic results obtained from the comparison of census
blocks considering socioeconomic factors of different mismatch clusters.
a) Income

Figure 89: Mean income per mismatch group. Bars intervals represent a 95% confidence interval for the value
estimated. “n” represents the size of the sample for each mismatch group (number of census blocks). Mismatch
groups range from “Very low” to “Very High” according to the Z-Score obtained in the Hotspots Analysis carried out.
“Low” and “Very low” refer to census blocks that belong to a cluster of over-served areas, while “High” and “Very
high” refer to underserved clusters. The group named “undefined” refers to those census blocks that obtained a
non-significant or low significant result in their assignation to a cluster group of over- or under- served areas. These
areas tend to be located in the transition between the extreme positive and negative values.

Table 17: Summary table of the TukeyHSD analysis carried out comparing the income of different mismatch clusters
(service "Local temperature regulation”). Confidence interval: 95%. Columns titles refer to: ‘diff’ = difference
between the means of the two groups; ‘lwr’ = lower extreme of the confidence interval (95% confidence interval);
‘upr’ = upper extreme; ‘p adj’ = adjusted p value.

Income VS mismatch groups (Local
temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

-0.04655
-0.08703

-0.05496
-0.09556

-0.03815
-0.07850

p < 0.001
p < 0.001

High-Very low
Very high-Very low

-0.11845
-0.12391

-0.12675
-0.13278

-0.11014
-0.11504

p < 0.001
p < 0.001

undefined-Low
High-Low

-0.04047
-0.07189

-0.04504
-0.07602

-0.03590
-0.06776

p < 0.001
p < 0.001
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Very high-Low
High-undefined

-0.07736
-0.03142

-0.08254
-0.03579

-0.07217
-0.02704

p < 0.001
p < 0.001

Very high-undefined
Very high-High

-0.03688
-0.00547

-0.04226
-0.01048

-0.03150
-0.00046

p < 0.001
0.02440

Table 18: Summary table of the TukeyHSD analysis carried out comparing the income of different mismatch clusters
(service "Runoff mitigation”). Confidence interval: 95%.

Income VS mismatch groups (Runoff
mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.03854
-0.08744
-0.11455
-0.11322
-0.04889
-0.07601
-0.07468
-0.02712
-0.02579
0.00133

-0.04542
-0.09464
-0.12148
-0.12047
-0.05352
-0.08020
-0.07937
-0.03182
-0.03094
-0.00344

-0.03167
-0.08023
-0.10762
-0.10598
-0.04427
-0.07182
-0.06999
-0.02241
-0.02063
0.00610

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.94212

Table 19: Summary table of the TukeyHSD analysis carried out comparing the income of different mismatch clusters
(service "Air purification – NO2”). Confidence interval: 95%.

Income VS mismatch groups (NO2
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.03888
-0.08024
-0.11077
-0.11345
-0.04136
-0.07190
-0.07457
-0.03053
-0.03321
-0.00267

-0.04447
-0.08602
-0.11632
-0.11920
-0.04614
-0.07638
-0.07930
-0.03525
-0.03816
-0.00734

-0.03328
-0.07446
-0.10523
-0.10770
-0.03659
-0.06742
-0.06984
-0.02582
-0.02826
0.00200

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.52207
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Table 20: Summary table of the TukeyHSD analysis carried out comparing the income of different mismatch clusters
(service "Air purification – O3”). Confidence interval: 95%.

Income VS mismatch groups (O3
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.04582
-0.08764
-0.11948
-0.12739
-0.04182
-0.07365
-0.08157
-0.03183
-0.03975
-0.00791

-0.05324
-0.09518
-0.12678
-0.13534
-0.04637
-0.07780
-0.08677
-0.03617
-0.04511
-0.01294

-0.03840
-0.08011
-0.11217
-0.11944
-0.03728
-0.06951
-0.07636
-0.02749
-0.03438
-0.00288

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001

b) White presence per census block

Figure 90: Mean proportion of the census block's population categorized as "White" per mismatch group. Bars
intervals represent a 95% confidence interval for the value estimated. “n” represents the size of the sample for each
mismatch group (number of census blocks). Mismatch groups range from “Very low” to “Very High” according to
the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to census blocks that belong
to a cluster of over-served areas, while “High” and “Very high” refer to underserved clusters. The group named
“undefined” refers to those census blocks that obtained a non-significant or low significant result in their
assignation to a cluster group of over- or under- served areas. These areas tend to be located in the transition
between the extreme positive and negative values.

133

Appendix IX– Statistic results obtained from the comparison of census blocks considering socioeconomic factors of
different mismatch clusters.
b) White presence per census block
Table 21: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of White people of
different mismatch clusters (service "Local temperature regulation”). Confidence interval: 95%.

White% VS mismatch groups (Local
temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

-0.12214
-0.32482

-0.14934
-0.35242

-0.09495
-0.29723

p < 0.001
p < 0.001

High-Very low
Very high-Very low

-0.39208
-0.36243

-0.41894
-0.39113

-0.36523
-0.33373

p < 0.001
p < 0.001

undefined-Low
High-Low

-0.20268
-0.26994

-0.21746
-0.28330

-0.18790
-0.25658

p < 0.001
p < 0.001

Very high-Low
High-undefined

-0.24029
-0.06726

-0.25705
-0.08141

-0.22353
-0.05311

p < 0.001
p < 0.001

Very high-undefined
Very high-High

-0.03761
0.02965

-0.05501
0.01345

-0.02022
0.04585

p < 0.001
p < 0.001

Table 22: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of White people of
different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

White% VS mismatch groups (Runoff
mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.22103
-0.40304
-0.38855
-0.39886
-0.18201
-0.16752
-0.17783
0.01449
0.00418
-0.01031

-0.24370
-0.42679
-0.41140
-0.42275
-0.19726
-0.18133
-0.19329
-0.00104
-0.01283
-0.02604

-0.19836
-0.37928
-0.36569
-0.37497
-0.16676
-0.15371
-0.16238
0.03001
0.02118
0.00542

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.08078
0.96281
0.38026

Table 23: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of White people of
different mismatch clusters (service "Air purification – NO2”). Confidence interval: 95%.

White% VS mismatch groups (NO2
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.29736
-0.47509
-0.43146
-0.41469
-0.17773
-0.13410
-0.11733
0.04363
0.06041
0.01677

-0.31529
-0.49364
-0.44923
-0.43312
-0.19304
-0.14846
-0.13250
0.02852
0.04452
0.00179

-0.27943
-0.45655
-0.41369
-0.39625
-0.16243
-0.11974
-0.10216
0.05875
0.07629
0.03175

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.01915
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Table 24: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of White people of
different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

White% VS mismatch groups (O3
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.16368
-0.34323
-0.39318
-0.37431
-0.17954
-0.22949
-0.21063
-0.04995
-0.03109
0.01886

-0.18807
-0.36797
-0.41716
-0.40043
-0.19446
-0.24311
-0.22772
-0.06421
-0.04870
0.00234

-0.13930
-0.31848
-0.36919
-0.34820
-0.16462
-0.21588
-0.19354
-0.03569
-0.01348
0.03538

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.01582

c) Non- White presence per census block

Figure 91: Mean proportion of the census block's population categorized as "non-White" per mismatch group. Bars
intervals represent a 95% confidence interval for the value estimated. “n” represents the size of the sample for each
mismatch group (number of census blocks). Mismatch groups range from “Very low” to “Very High” according to
the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to census blocks that belong
to a cluster of over-served areas, while “High” and “Very high” refer to underserved clusters. The group named
“undefined” refers to those census blocks that obtained a non-significant or low significant result in their
assignation to a cluster group of over- or under- served areas. These areas tend to be located in the transition
between the extreme positive and negative values.
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Table 25: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of non-White
people of different mismatch clusters (service "Local temperature regulation”). Confidence interval: 95%.

Non-White% VS mismatch groups
(Local temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

0.11748
0.31138

0.09075
0.28426

0.14420
0.33849

p < 0.001
p < 0.001

High-Very low
Very high-Very low

0.37790
0.35017

0.35150
0.32197

0.40429
0.37838

p < 0.001
p < 0.001

undefined-Low
High-Low

0.19390
0.26042

0.17938
0.24729

0.20843
0.27354

p < 0.001
p < 0.001

Very high-Low
High-undefined

0.23270
0.06652

0.21623
0.05261

0.24916
0.08042

p < 0.001
p < 0.001

0.03880
-0.02772

0.02170
-0.04364

0.05589
-0.01180

p < 0.001
p < 0.001

Very high-undefined
Very high-High

Table 26: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of non-White
people of different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

Non-White% VS mismatch groups
(Runoff mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.21208
0.38219
0.37235
0.39337
0.17011
0.16028
0.18129
-0.00984
0.01118
0.02101

0.18981
0.35886
0.34991
0.36991
0.15514
0.14671
0.16611
-0.02508
-0.00552
0.00557

0.23434
0.40552
0.39480
0.41682
0.18509
0.17384
0.19647
0.00541
0.02788
0.03646

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.39732
0.35853
0.00193

Table 27: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of non-White
people of different mismatch clusters (service "Air purification –NO2”). Confidence interval: 95%.

Non-White% VS mismatch groups
(NO2 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.28631
0.45451
0.41225
0.40930
0.16820
0.12594
0.12299
-0.04226
-0.04522
-0.00295

0.26867
0.43627
0.39476
0.39116
0.15315
0.11181
0.10806
-0.05714
-0.06085
-0.01769

0.30395
0.47276
0.42973
0.42743
0.18326
0.14006
0.13791
-0.02739
-0.02959
0.01179

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.98243
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Table 28: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of non-White
people of different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

Non-White% VS mismatch groups (O3
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.15618
0.32690
0.37754
0.36250
0.17072
0.22136
0.20632
0.05064
0.03560
-0.01504

0.13223
0.30259
0.35398
0.33684
0.15606
0.20799
0.18953
0.03663
0.01830
-0.03127

0.18013
0.35121
0.40110
0.38816
0.18538
0.23474
0.22311
0.06465
0.05290
0.00119

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.08452

137

Appendix X - Statistic results obtained from the comparison of census blocks considering the relative presence of
disaggregated non-White groups.
a) Black / African American group

Appendix X - Statistic results obtained from the comparison of census
blocks considering the relative presence of disaggregated non-White
groups.
a) Black / African American group

Figure 92: Mean proportion of the census block's population categorized as "Black / African American" per
mismatch group. Bars intervals represent a 95% confidence interval for the value estimated. “n” represents the size
of the sample for each mismatch group (number of census blocks). Mismatch groups range from “Very low” to
“Very High” according to the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to
census blocks that belong to a cluster of over-served areas, while “High” and “Very high” refer to underserved
clusters. The group named “undefined” refers to those census blocks that obtained a non-significant or low
significant result in their assignation to a cluster group of over- or under- served areas. These areas tend to be
located in the transition between the extreme positive and negative values.

Table 29: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Black/African
American residents of different mismatch clusters (service "Local temperature regulation”). Confidence interval:
95%.

Black / African American% VS mismatch
groups (Local temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

0.09938
0.23298

0.07421
0.20744

0.12455
0.25852

p < 0.001
p < 0.001

High-Very low
Very high-Very low

0.23353
0.17659

0.20868
0.15003

0.25839
0.20316

p < 0.001
p < 0.001

undefined-Low
High-Low

0.13360
0.13415

0.11992
0.12179

0.14728
0.14652

p < 0.001
p < 0.001
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Very high-Low
High-undefined
Very high-undefined
Very high-High

0.07722
0.00055
-0.05638
-0.05694

0.06171
-0.01254

0.09273
0.01365

p < 0.001
0.99996

-0.07248 -0.04028
-0.07193 -0.04194

p < 0.001
p < 0.001

Table 30: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Black/African
American residents of different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

Black / African American% VS mismatch
groups (Runoff mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.18511
0.24049
0.15780
0.22371
0.05538
-0.02732
0.03860
-0.08269
-0.01678
0.06592

0.16420
0.21857
0.13671
0.20168
0.04130
-0.04006
0.02434
-0.09701
-0.03246
0.05141

0.20603
0.26240
0.17889
0.24575
0.06945
-0.01457
0.05286
-0.06837
-0.00109
0.08042

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.02913
p < 0.001

Table 31: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Black/African
American residents of different mismatch clusters (service "Air purification – NO2”). Confidence interval: 95%.

Black / African American% VS mismatch
groups (NO2 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.18694
0.32984
0.19381
0.19071
0.14290
0.00687
0.00377
-0.13603
-0.13913
-0.00311

0.17025
0.31259
0.17728
0.17356
0.12866
-0.00649
-0.01035
-0.15009
-0.15392
-0.01705

0.20363
0.34710
0.21035
0.20786
0.15714
0.02024
0.01788
-0.12196
-0.12435
0.01083

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.62544
0.95005
p < 0.001
p < 0.001
0.97387

Table 32: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Black/African
American residents of different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

Black / African American% VS mismatch
groups (O3 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low

diff

lwr

upr

p-adj

0.13515
0.24721
0.23495
0.17510

0.11270
0.22443
0.21287
0.15106

0.15760
0.26999
0.25703
0.19914

p < 0.001
p < 0.001
p < 0.001
p < 0.001
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undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

0.11206
0.09980
0.03995
-0.01226
-0.07211
-0.05985

0.09833
0.08726
0.02421
-0.02539
-0.08832
-0.07506

0.12580
0.11233
0.05569
0.00086
-0.05590
-0.04464

p < 0.001
p < 0.001
p < 0.001
0.08026
p < 0.001
p < 0.001

b) Hispanic / Latino group

Figure 93: Mean proportion of the census block's population categorized as "Hispanic / Latino" per mismatch group.
Bars intervals represent a 95% confidence interval for the value estimated. “n” represents the size of the sample for
each mismatch group (number of census blocks). Mismatch groups range from “Very low” to “Very High” according
to the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to census blocks that
belong to a cluster of over-served areas, while “High” and “Very high” refer to underserved clusters. The group
named “undefined” refers to those census blocks that obtained a non-significant or low significant result in their
assignation to a cluster group of over- or under- served areas. These areas tend to be located in the transition
between the extreme positive and negative values.
Table 33: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hispanic/Latino
residents of different mismatch clusters (service "Local temperature regulation”). Confidence interval: 95%.

Hispanic / Latino% VS mismatch groups
(Local temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

0.05671
0.12715

0.03805
0.10821

0.07537
0.14608

p < 0.001
p < 0.001

High-Very low
Very high-Very low

0.19133
0.20879

0.17290
0.18909

0.20976
0.22848

p < 0.001
p < 0.001

undefined-Low
High-Low

0.07043
0.13461

0.06029
0.12545

0.08058
0.14378

p < 0.001
p < 0.001
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Very high-Low
High-undefined

0.15207
0.06418

0.14057
0.05447

0.16357
0.07389

p < 0.001
p < 0.001

Very high-undefined
Very high-High

0.08164
0.01746

0.06970
0.00634

0.09357
0.02857

p < 0.001
p < 0.001

Table 34: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hispanic/Latino
residents of different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

Hispanic / Latino% VS mismatch groups
(Runoff mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.04897
0.14319
0.21603
0.20564
0.09423
0.16706
0.15667
0.07283
0.06244
-0.01039

0.03385
0.12736
0.20079
0.18972
0.08406
0.15785
0.14637
0.06248
0.05111
-0.02087

0.06408
0.15903
0.23126
0.22156
0.10440
0.17627
0.16697
0.08318
0.07378
0.00009

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.05341

Table 35: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hispanic/Latino
residents of different mismatch clusters (service "Air purification – NO2”). Confidence interval: 95%.

Hispanic / Latino% VS mismatch groups
(NO2 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.06517
0.13189
0.20411
0.21537
0.06672
0.13895
0.15020
0.07222
0.08348
0.01126

0.05275
0.11906
0.19181
0.20261
0.05613
0.12901
0.13971
0.06176
0.07249
0.00089

0.07758
0.14472
0.21641
0.22813
0.07731
0.14888
0.16070
0.08268
0.09448
0.02163

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.02539

Table 36: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hispanic/Latino
residents of different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

Hispanic / Latino% VS mismatch groups
(O3 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low

diff

lwr

upr

p-adj

0.05793
0.13677
0.19133
0.22185

0.04140
0.11999
0.17506
0.20414

0.07447
0.15356
0.20759
0.23956

p < 0.001
p < 0.001
p < 0.001
p < 0.001
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undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

0.07884
0.13339
0.16392
0.05455
0.08508
0.03052

0.06872
0.12416
0.15233
0.04488
0.07313
0.01932

0.08896
0.14263
0.17551
0.06422
0.09702
0.04173

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001

c) Asian group

Figure 94: Mean proportion of the census block's population categorized as "Asian" per mismatch group. Bars
intervals represent a 95% confidence interval for the value estimated. “n” represents the size of the sample for each
mismatch group (number of census blocks). Mismatch groups range from “Very low” to “Very High” according to
the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to census blocks that belong
to a cluster of over-served areas, while “High” and “Very high” refer to underserved clusters. The group named
“undefined” refers to those census blocks that obtained a non-significant or low significant result in their
assignation to a cluster group of over- or under- served areas. These areas tend to be located in the transition
between the extreme positive and negative values.
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Table 37: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Asian residents
of different mismatch clusters (service "Local temperature regulation”). Confidence interval: 95%.

Asian% VS mismatch groups (Local
temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

-0.03899
-0.05001

-0.05435
-0.06560

-0.02362
-0.03442

p < 0.001
p < 0.001

High-Very low
Very high-Very low

-0.04850
-0.03628

-0.06368
-0.05250

-0.03333
-0.02006

p < 0.001
p < 0.001

undefined-Low
High-Low

-0.01102
-0.00951

-0.01938
-0.01706

-0.00267
-0.00197

0.00294
0.00530

Very high-Low
High-undefined

0.00271
0.00151

-0.00676
-0.00648

0.01218
0.00951

0.93644
0.98586

Very high-undefined
Very high-High

0.01373
0.01222

0.00390
0.00307

0.02356
0.02138

0.00131
0.00252

Table 38: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Asian residents
of different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

Asian% VS mismatch groups (Runoff
mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.02295
-0.00390
-0.00290
-0.03664
0.01905
0.02005
-0.01368
0.00100
-0.03273
-0.03373

-0.03561
-0.01717
-0.01566
-0.04997
0.01053
0.01234
-0.02231
-0.00767
-0.04223
-0.04252

-0.01029
0.00936
0.00986
-0.02330
0.02757
0.02777
-0.00505
0.00967
-0.02324
-0.02495

p < 0.001
0.92989
0.97195
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.99786
p < 0.001
p < 0.001

Table 39: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Asian residents
of different mismatch clusters (service "Air purification – NO2”). Confidence interval: 95%.

Asian% VS mismatch groups (NO2
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.03273
-0.00989
0.01226
0.00230
-0.04262
-0.02047
-0.03043
0.02215
0.01219
-0.00996

0.02237
-0.02061
0.00199
-0.00835
-0.05147
-0.02877
-0.03920
0.01342
0.00301
-0.01862

0.04309
0.00082
0.02253
0.01295
-0.03378
-0.01217
-0.02166
0.03089
0.02137
-0.00131

p < 0.001
0.08659
0.00994
0.97683
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.00271
0.01462
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Table 40: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Asian residents
of different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

Asian% VS mismatch groups (O3
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.03800
-0.05902
-0.05080
-0.03597
-0.02102
-0.01280
0.00203
0.00822
0.02305
0.01483

-0.05165
-0.07288
-0.06423
-0.05059
-0.02938
-0.02043
-0.00754
0.00024
0.01319
0.00558

-0.02435
-0.04516
-0.03737
-0.02135
-0.01267
-0.00518
0.01160
0.01620
0.03291
0.02408

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.97829
0.03994
p < 0.001
p < 0.001

d) Native group

Figure 95: Mean proportion of the census block's population categorized as "Hispanic / Latino" per mismatch group.
Bars intervals represent a 95% confidence interval for the value estimated. “n” represents the size of the sample for
each mismatch group (number of census blocks). Mismatch groups range from “Very low” to “Very High” according
to the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to census blocks that
belong to a cluster of over-served areas, while “High” and “Very high” refer to underserved clusters. The group
named “undefined” refers to those census blocks that obtained a non-significant or low significant result in their
assignation to a cluster group of over- or under- served areas. These areas tend to be located in the transition
between the extreme positive and negative values.
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Table 41: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Native residents
of different mismatch clusters (service "Local temperature regulation”). Confidence interval: 95%.

Native% VS mismatch groups (Local
temperature regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

0.00083
0.00175

-0.00004
0.00087

0.00170
0.00263

0.06852
p < 0.001

High-Very low
Very high-Very low

0.00197
0.00166

0.00111
0.00075

0.00282
0.00258

p < 0.001
p < 0.001

undefined-Low
High-Low

0.00092
0.00113

0.00044
0.00071

0.00139
0.00156

p < 0.001
p < 0.001

Very high-Low
High-undefined

0.00083
0.00022

0.00030
-0.00023

0.00137
0.00067

p < 0.001
0.67934

-0.00009
-0.00030

-0.00064
-0.00082

0.00047
0.00021

0.99342
0.49444

Very high-undefined
Very high-High

Table 42: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Native residents
of different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

Native% VS mismatch groups (Runoff
mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined

diff

lwr

upr

p-adj

0.00121
0.00244
0.00180
0.00113
0.00123
0.00059
-0.00008
-0.00065
-0.00131
-0.00067

0.00049
0.00169
0.00107
0.00038
0.00075
0.00015
-0.00057
-0.00114
-0.00185
-0.00116

0.00192
0.00319
0.00252
0.00188
0.00171
0.00102
0.00041
-0.00016
-0.00078
-0.00017

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.00227
0.99176
0.00299
p < 0.001
0.00234
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Table 43: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Native residents
of different mismatch clusters (service "Air purification – NO2”). Confidence interval: 95%.

Native% VS mismatch groups (NO2
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.00114
0.00236
0.00204
0.00091
0.00122
0.00089
-0.00023
-0.00032
-0.00145
-0.00113

0.00056
0.00175
0.00146
0.00031
0.00072
0.00043
-0.00073
-0.00081
-0.00196
-0.00161

0.00173
0.00296
0.00262
0.00151
0.00172
0.00136
0.00026
0.00017
-0.00093
-0.00064

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.70931
0.39079
p < 0.001
p < 0.001

Table 44: : Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Native
residents of different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

Native% VS mismatch groups (O3
removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.00094
0.00197
0.00200
0.00161
0.00103
0.00105
0.00067
0.00003
-0.00036
-0.00039

0.00017
0.00119
0.00124
0.00078
0.00055
0.00062
0.00012
-0.00042
-0.00092
-0.00091

0.00171
0.00275
0.00276
0.00244
0.00150
0.00148
0.00121
0.00048
0.00020
0.00014

0.00775
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.00711
0.99985
0.39257
0.25467

f) Hawaiian / Pacific Islander group
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Figure 96: Mean proportion of the census block's population categorized as "Hispanic / Latino" per mismatch group.
Bars intervals represent a 95% confidence interval for the value estimated. “n” represents the size of the sample for
each mismatch group (number of census blocks). Mismatch groups range from “Very low” to “Very High” according
to the Z-Score obtained in the Hotspots Analysis carried out. “Low” and “Very low” refer to census blocks that
belong to a cluster of over-served areas, while “High” and “Very high” refer to underserved clusters. The group
named “undefined” refers to those census blocks that obtained a non-significant or low significant result in their
assignation to a cluster group of over- or under- served areas. These areas tend to be located in the transition
between the extreme positive and negative values.

Table 45: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hawaiian
residents of different mismatch clusters (service "Local temperature regulation”). Confidence interval: 95%.

Hawaiian / Pacific Islander% VS
mismatch groups (Local temperature
regulation)

diff

lwr

upr

p-adj

Low-Very low
undefined-Very low

-0.00046
-0.00048

-0.00128
-0.00132

0.00037
0.00035

0.55030
0.51001

High-Very low
Very high-Very low

-0.00043
-0.00059

-0.00124
-0.00146

0.00038
0.00028

0.60027
0.34709

undefined-Low
High-Low

-0.00003
0.00003

-0.00047
-0.00038

0.00042
0.00043

0.99987
0.99970

Very high-Low
High-undefined

-0.00013
0.00005

-0.00064
-0.00037

0.00038
0.00048

0.95723
0.99698

Very high-undefined
Very high-High

-0.00010
-0.00016

-0.00063
-0.00065

0.00042
0.00033

0.98333
0.90466
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Table 46: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hawaiian
residents of different mismatch clusters (service "Runoff mitigation”). Confidence interval: 95%.

Hawaiian / Pacific Islander% VS
mismatch groups (Runoff mitigation)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

-0.00026
-0.00003
-0.00037
-0.00048
0.00023
-0.00011
-0.00022
-0.00033
-0.00044
-0.00011

-0.00094
-0.00075
-0.00105
-0.00119
-0.00023
-0.00052
-0.00068
-0.00080
-0.00095
-0.00058

0.00042
0.00068
0.00032
0.00024
0.00068
0.00031
0.00024
0.00013
0.00006
0.00036

0.83485
0.99994
0.58990
0.35959
0.65885
0.95674
0.69907
0.29106
0.12008
0.96646

Table 47: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hawaiian
residents of different mismatch clusters (service "Air purification – NO2”). Confidence interval: 95%.

Hawaiian / Pacific Islander% VS
mismatch groups (NO2 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.00033
0.00032
0.00003
0.00001
-0.00002
-0.00031
-0.00032
-0.00029
-0.00031
-0.00002

-0.00022
-0.00026
-0.00053
-0.00056
-0.00049
-0.00075
-0.00079
-0.00076
-0.00080
-0.00048

0.00089
0.00089
0.00058
0.00058
0.00046
0.00014
0.00015
0.00018
0.00019
0.00045

0.47325
0.56148
0.99994
1.00000
0.99998
0.32349
0.33083
0.43805
0.43726
0.99999

Table 48: Summary table of the TukeyHSD analysis carried out comparing the relative abundance of Hawaiian
residents of different mismatch clusters (service "Air purification – O3”). Confidence interval: 95%.

Hawaiian / Pacific Islander% VS
mismatch groups (O3 removal)
Low-Very low
undefined-Very low
High-Very low
Very high-Very low
undefined-Low
High-Low
Very high-Low
High-undefined
Very high-undefined
Very high-High

diff

lwr

upr

p-adj

0.00015
-0.00003
0.00007
-0.00009
-0.00019
-0.00008
-0.00024
0.00010
-0.00006
-0.00016

-0.00058
-0.00078
-0.00065
-0.00087
-0.00063
-0.00049
-0.00075
-0.00032
-0.00058
-0.00066

0.00089
0.00071
0.00079
0.00070
0.00026
0.00033
0.00027
0.00053
0.00047
0.00034

0.97929
0.99996
0.99882
0.99816
0.79122
0.98261
0.70496
0.96457
0.99859
0.90680
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Appendix XI – Statistic results obtained from the comparison of
mismatch values of different aggregations of census blocks based on
relative presence of different races and income.
a) Relative White presence and income

Figure 97: Mean mismatch value for the census blocks grouped according to the aggregated White presence in and
income. First High/Low indicator refers to race, and the second to income. Blocks with one or two indicators marked
as “undefined” were excluded from the analysis. The groups High & Low and Low & Low were not significantly
different in the Tukey test with a 95% confidence. The graph shows how the difference in the value between groups
that belong to the same cluster in terms of racial abundance but differ in the income group is higher than the
opposite case, in which income is equal but racial group changes. Higher presence of White residents leads to a
lower mismatch value only in the case of high income.
Table 49: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of White residents and Income (service "Local temperature regulation”).
Confidence interval: 95%.

Mismatch index VS White% and Income
groups (Local temperature regulation)

diff

lwr

upr

p-adj

High & Low - High & High
Low & High - High & High

0.25000
0.05763

0.23766
0.04673

0.26234
0.06853

p < 0.001
p < 0.001

Low & Low - High & High
Low & High - High & Low

0.25876
-0.19237

0.25077
-0.20687

0.26675
-0.17787

p < 0.001
p < 0.001

Low & Low - High & Low
Low & Low - Low & High

0.00876
0.20113

-0.00370
0.19009

0.02122
0.21217

0.27056
p < 0.001
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Table 50: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of White residents and Income (service "Runoff mitigation”). Confidence
interval: 95%.

Mismatch index VS White% and Income
groups (Runoff mitigation)
High & Low - High & High
Low & High - High & High
Low & Low - High & High
Low & High - High & Low
Low & Low - High & Low
Low & Low - Low & High

diff

lwr

upr

p-adj

0.28308
0.01650
0.29720
-0.26658
0.01412
0.28070

0.26941
0.00442
0.28835
-0.28265
0.00031
0.26847

0.29675
0.02858
0.30605
-0.25051
0.02793
0.29293

p < 0.001
0.00253
p < 0.001
p < 0.001
0.04282
p < 0.001

Table 51: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of White residents and Income (service "Air purification – NO2”).
Confidence interval: 95%.

Mismatch index VS White% and Income
groups (NO2 removal)
High & Low - High & High
Low & High - High & High
Low & Low - High & High
Low & High - High & Low
Low & Low - High & Low
Low & Low - Low & High

diff

lwr

upr

p-adj

0.33558
0.06503
0.33412
-0.27055
-0.00145
0.26909

0.32126
0.05238
0.32485
-0.28738
-0.01592
0.25628

0.34990
0.07769
0.34340
-0.25371
0.01301
0.28190

p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.99396
p < 0.001

Table 52: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of White residents and Income (service "Air purification – O3”).
Confidence interval: 95%.

Mismatch index VS White% and Income
groups (O3 removal)
High & Low - High & High
Low & High - High & High
Low & Low - High & High
Low & High - High & Low
Low & Low - High & Low
Low & Low - Low & High

diff

lwr

upr

p-adj

0.27142
0.04699
0.26700
-0.22443
-0.00442
0.22001

0.25960
0.03655
0.25934
-0.23832
-0.01636
0.20943

0.28324
0.05743
0.27465
-0.21054
0.00752
0.23058

p < 0.001
p < 0.001
p < 0.001
p < 0.001
0.77696
p < 0.001
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b) Relative non-White presence and income

Figure 98: Mean mismatch value for the census blocks grouped according to the aggregated non-White presence in
and income. First High/Low indicator refers to race, and the second to income. Blocks with one or two indicators
marked as “undefined” were excluded from the analysis. The groups High & Low and Low & Low were not
significantly different in the Tukey test with a 95% confidence. The graph shows how the difference in the value
between groups that belong to the same cluster in terms of racial abundance but differ in the income group is
higher than the opposite case, in which income is equal but racial group changes. Higher presence of White
residents leads to a lower mismatch value only in the case of high income.
Table 53: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of non-White residents and Income (service "Local temperature
regulation”). Confidence interval: 95%.

Mismatch index VS non-White% and
Income groups (Local temperature
regulation)

diff

lwr

upr

p-adj

High & Low - High & High
Low & High - High & High

0.21791
-0.05331

0.20736
-0.06369

0.22846
-0.04294

p < 0.001
p < 0.001

Low & Low - High & High
Low & High - High & Low

0.16263
-0.27123

0.14995
-0.27992

0.17531
-0.26254

p < 0.001
p < 0.001

Low & Low - High & Low
Low & Low - Low & High

-0.05529
0.21594

-0.06662
0.20477

-0.04395
0.22712

p < 0.001
p < 0.001
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Table 54: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of non-White residents and Income (service "Runoff mitigation”).
Confidence interval: 95%.

Mismatch index VS non-White% and
Income groups (Runoff mitigation)
High & Low - High & High
Low & High - High & High
Low & Low - High & High
Low & High - High & Low
Low & Low - High & Low
Low & Low - Low & High

diff

lwr

upr

p-adj

0.28451
-0.02533
0.23427
-0.30984
-0.05024
0.25960

0.27283
-0.03682
0.22024
-0.31946
-0.06279
0.24723

0.29620
-0.01384
0.24831
-0.30022
-0.03768
0.27198

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001

Table 55: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of non-White residents and Income (service "Air purification – NO2”).
Confidence interval: 95%.

Mismatch index VS non-White% and
Income groups (NO2 removal)
High & Low - High & High
Low & High - High & High
Low & Low - High & High
Low & High - High & Low
Low & Low - High & Low
Low & Low - Low & High

diff

lwr

upr

p-adj

0.28747
-0.06123
0.25051
-0.34870
-0.03696
0.31174

0.27519
-0.07331
0.23575
-0.35882
-0.05016
0.29873

0.29975
-0.04915
0.26527
-0.33859
-0.02376
0.32475

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001

Table 56: Summary table of the TukeyHSD analysis carried out comparing the mismatch value of different census
blocks grouped according to the presence of non-White residents and Income (service "Air purification – O3”).
Confidence interval: 95%.

Mismatch index VS non-White% and
Income groups (O3 removal)
High & Low - High & High
Low & High - High & High
Low & Low - High & High
Low & High - High & Low
Low & Low - High & Low
Low & Low - Low & High

diff

lwr

upr

p-adj

0.23491
-0.04144
0.19288
-0.27635
-0.04202
0.23433

0.22473
-0.05145
0.18066
-0.28473
-0.05296
0.22355

0.24508
-0.03144
0.20511
-0.26797
-0.03109
0.24510

p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
p < 0.001
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