1duosnue Joyiny vd3 1duosnuel Joyiny vd3

1duosnuel Joyiny vd3

EPA Public Access

Author manuscript
J Clean Prod. Author manuscript; available in PMC 2022 March 20.

About author manuscripts | Submit a manuscript

Published in final edited form as:
J Clean Prod. 2021 March 20; 289: . doi:10.1016/j.jclepro.2020.125146.

Assessment of green infrastructure performance through an
urban resilience lens

Xin Fu?, Matthew E. Hopton?*, Xinhao Wang®
aCollege of Landscape Architecture and Arts, Northwest A&F University, Yangling, Shaanxi, China

bOffice of Research and Development, U.S. Environmental Protection Agency, Cincinnati, OH,
USA

¢School of Planning, University of Cincinnati, Cincinnati, OH, USA

Abstract

Green infrastructure (GI) is widely recognized for reducing risk of flooding, improving water
quality, and harvesting stormwater for potential future use. GI can be an important part of a
strategy used in urban planning to enhance sustainable development and urban resilience.
However, existing literature lacks a comprehensive assessment framework to evaluate Gl
performance in terms of promoting ecosystem functions and services for social-ecological system
resilience. We propose a robust indicator set consisting of quantitative and qualitative
measurements for a scenario-based planning support system to assess the capacity of urban
resilience. Green Infrastructure in Urban Resilience Planning Support System (GIUR-PSS)
supports decision-making for Gl planning through scenario comparisons with the urban resilience
capacity index. To demonstrate GIUR-PSS, we developed five scenarios for the Congress Run
sub-watershed (Mill Creek watershed, Ohio, USA) to test common types of Gl (rain barrels, rain
gardens, detention basins, porous pavement, and open space). Results show the open space
scenario achieves the overall highest performance (GI Urban Resilience Index = 4.27/5). To
implement the open space scenario in our urban demonstration site, suitable vacant lots could be
converted to greenspace (e.g., forest, detention basins, and low-impact recreation areas). GIUR-
PSS is easy to replicate, customize, and apply to cities of different sizes to assess environmental,
economic, and social benefits provided by different types of Gl installations.
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1. Introduction

Against the backdrop of global environmental change and rapid urbanization, building urban
resilience has attracted increased attention from both practitioners and researchers in urban
planning (Calderén-Contreras and Quiroz-Rosas, 2017; Deal et al., 2017; Kim and Lim,
2016). Making cities and human settlements inclusive, safe, resilient, and sustainable has
been identified as UN sustainable development goals in recent years (United Nations, 2016,
2017, 2018). Over the past several years, Resilient Cities Network organization (https://
resilientcitiesnetwork.org) has received about 330 membership applications from 94
countries—applicants present their strategies to become more resilient to the physical,
social, and economic challenges. Cities, as complex socio-ecological systems, are facing
increasing threats posed by resource depletion or different natural or human-induced
disasters which may occur suddenly like extreme weather, or slowly such as gradual
economic decline or climate change (Bennett, 2017; Fu and Wang, 2018; Kremer et al.,
2015). Because of incomplete prediction (i.e., cannot fully predict failure) of technological
and vulnerability of social systems, cities should protect their people and property, and foster
positive changes or adaptations (Comfort, 2005; Foster, 1997; Meerow and Newell, 2016;
https://unhabitat.org/resilience/). Therefore, a city needs to assess and build capacity for
resilience to absorb, mitigate, and adapt to many kinds of disturbances while maintaining its
organization and social, ecological, and economic functions. The generalized concept of
resilience was used in physics, material science, and engineering (Hoffman, 1948), and
Holling (1973) was the first to introduce resilience to describe the character of an ecosystem.
It has evolved to an umbrella concept in multiple fields, such as engineering (Folke, 2006;
Larkin et al., 2015), socio-ecology (Leichenko, 2011; Pelling, 2003), climate change
(Dieleman, 2013), economic recovery (Pendall et al., 2010; Simmie and Martin, 2010),
disaster recovery (Colten et al., 2008; Vale and Campanella, 2005), and others. The naotion of
resilience appeared in urban planning in the 1990s (Mileti, 1999). Urban resilience refers to
the ability of a social-ecological system to absorb, mitigate, and adapt to changes (Desouza
and Flanery, 2013), and to withstand an extreme event without undergoing considerable
change, or the system quickly recovers to the pre-disturbance state, all without a large
amount of assistance from outside the community or system (Mileti, 1999). Resilience
capacity of an urban system can be strengthened by robust infrastructure, high biodiversity,
redundant resources, tight feedbacks, rich social capital, integrated modularity, effective
innovations, and so on (Ahern, 2011; Chelleri et al., 2015).

The idea of resilience has been applied to many types of infrastructure systems to
characterize the ability to handle the magnitude and duration of negative effects from
disturbances (Kim et al., 2017; Shafieezadeh and Burden, 2014). One frequently proposed
technology to help build resilience capacity is green infrastructure (Gl) as part of a
stormwater management plan, and is considered an important strategy of urban planning
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aimed at enhancing sustainable development (Meerow and Newell, 2017; Simi¢ et al., 2017).
Urban greenspace and Gl can provide a number of benefits in addition to stormwater
benefits (e.g., Hoover and Hopton 2019) and may increase urban resilience. A focus of
urban resilience thinking in GI development is to understand, leverage, and value its
ecological, social, and economic functions (Barthel et al., 2010; Ernstson et al., 2010). As a
decentralized and autonomous infrastructure to supplement current stormwater drainage
networks (i.e., gray infrastructure) in urban systems, Gl (e.g., rain gardens, detention basins,
greenspace, etc.) is widely recognized as effective in reducing risk of flooding and
harvesting water for potential future use as part of stormwater management (Fletcher et al.,
2015; Nordman et al., 2018). Beyond that, Gl also provides and maintains a variety of
social, economic, and ecological services to enhance the quality of life for urban residents
(Jim et al., 2015; Kim et al., 2017). Many studies have found evidence that GI enhances
economic conditions of a city to cope with negative effects from globalization and economic
declines, such as reducing existing infrastructure costs (Vineyard et al., 2015), increasing
property values (but see Hoover et al., 2020), providing new green jobs, and reducing the
amount of energy and unrenewable materials used in managing stormwater (Ferreira et al.,
2013).

To understand the abovementioned effects GI has on urban resilience, it is necessary to
assess Gl performance in terms of urban resilience thinking. And to evaluate how GI can
help maintain or transform an urban system to a preferred state in response to a changed
environment (more impervious surface, higher population density, more stormwater runoff,
or higher waterlogging risk). For this study, we assume a system is in a preferred state and
resilience of the system is sought after. Existing urban resilience assessments have started to
address the comprehensive capacity of a social-ecological system in dealing with multiple
risks (Meerow et al., 2016; Pendall et al., 2010). GI technologies are typically implemented
with assessments that create persuasive arguments for implementing GI from the perspective
of different goals (Vandermeulen et al., 2011). For example, one’s interests may include
assessment of ecosystem services (delivery of benefits classified as provisioning, regulating,
supporting, and cultural; Millennium Ecosystem Assessment, 2005; Koc et al., 2017; Tiwary
and Kumar, 2014), valuation or assessment of economic conditions (Kousky et al., 2013;
Nordman et al., 2018), environmental impact assessments (O’Sullivan et al., 2015;
Zawadzka et al., 2017), or an assessment of sustainability (Lafortezza et al., 2013;
Makropoulos et al., 2008). However, current assessments of GI generally inspect a single or
a few factors of interest that are a subset of factors important to building urban resilience. It
lacks a comprehensive assessment framework to evaluate Gl performance in providing
effective ecosystem services, and promoting desirable economic, environmental, and social
conditions in a social-ecological system. Because of the complexity of social-ecological
systems, lack of available data, and limited modeling methods, some measurements needed
for assessing Gl in terms of resilience are difficult to quantify. Usually they are measured
qualitatively with grades or categories based on perceptions (Makropoulos et al., 2008). It
can be difficult, but necessary, to combine quantitative and qualitative measurements in a
comprehensive indicator system and, therefore, complicates assessing urban resilience.

To address this challenge, we developed a comprehensive indicator system integrating
environmental, economic, social, and cultural dimensions of resilience (Bibri and Krogstie,
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2017), and combined quantitative and qualitative indicators using the fuzzy comprehensive
evaluation (FCE) method. By using FCE, some qualitative factors, which are difficult to
obtain with conventional analytical techniques, can be evaluated quantitatively (Rajak et al.,
2016; Shi, 2012). We also embedded the assessment process into a scenario-based planning
support system (Green Infrastructure performance in Urban Resilience Planning Support
System; GIUR-PSS). A planning support system (PSS) combines geospatial data, methods,
and technologies with expert knowledge into a system to support tasks and decisions
associated with planning (Boulange et al., 2018; Pettit et al., 2018), in this case to facilitate
public participation and to support decision-making for GI planning and investment. GIUR-
PSS enables the user to identify the planning challenge, incorporates models, and applies
data processes to assist public and community leaders to participate in developing,
visualizing, assessing, and comparing scenarios, and allows for informed decisions on the
assessment of urban resilience (Fu et al., 2016; Pettit et al., 2018). Some newer trends of
PSS are incorporated into GIUR-PSS, such as involving the interests of various stakeholders
(Hawken et al., 2020), considering of public benefit beyond an immediate fulfilment (Kuller
etal., 2017), addressing spatial impacts on environmental and societal components (Bach et
al., 2015), and facilitating discussions around scenarios (Pettit et al., 2019; Sample et al.,
2001). In GIUR-PSS, the public with multiple interests and preferences can participate in
selecting types of Gl to install, scoring qualitative indicators, and weighing all indicators to
assign relative importance. An index of urban resilience capacity index is calculated to
compare scenarios for discussion and decision of desired scenario, and unsatisfied results
can be feedbacked to develop new alternatives.

Methods

2.1. The GIUR-PSS architecture

The architecture of GIUR-PSS includes scenario generation, fuzzy comprehensive
evaluation (indicator set, indicator modeling or survey, grading and weighting, and fuzzy
algorithm), and decision-making modules (Fig. 1). GIUR-PSS starts with scenario
generation that works together with plans and strategies relevant to Gl installation practices.
Scenarios allow users to develop and clarify practical choices, policies, actions, and
preferences for using Gl (Coates, 2016). Users can experiment with scenarios based on their
preferred type, amount, location, and sequence of Gl installation (Fu et al., 2019).

The first step incorporating fuzzy comprehensive evaluation is to establish a set of indicators
relevant to resilience capacity provided by Gl according to specific indicator selection rules
and characteristics of the study area. The indicator set is based on literature review and an
understanding of how they relate to urban resilience, and indicator values are collected
through different mechanisms. For example, some selected indicators are modeled with local
data and scenario assumptions, whereas some indicators’ values are collected from user
(e.g., expert) input through surveys. Ultimately, each indicator is provided a level of
importance and contribution to resilience, and stakeholder preference through a number of
steps described below. In brief, a grading system is utilized to define standards or rules
corresponding to a given value of each indicator and to present its contribution to the
evaluation objective and conduct fuzzy membership matrix. Analytic Hierarchy Process
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(AHP) is used to make an indicator weight vector to present the relative importance of
different indicators to the evaluation objective. The fuzzy algorithm combines fuzzy
membership matrix and weights to establish the index for GI performance in building urban
resilience capacity. Additional information is provided below.

Another important feature of GIUR-PSS is that it analyzes and compares scenarios to help
make decisions for Gl planning. GIUR-PSS conducts “what-if” analyses by comparing the
effects or consequences of different scenarios, and helps build consensus among
stakeholders on a preferred alternative (Waddell and Vanegas 2011). The “optimal”
forecasting outcome will be explored through alternative scenarios based on FCE resulting
indices, until a desired or best outcome (in all tested scenarios) is reached (Deal et al., 2017,
FHWA, 2012). Different scenarios are compared with their FCE results in order to find one
scenario that is satisfied for implementation. If no satisfactory scenario is found, a feedback
mechanism (e.g., Hendry, 1988) is initiated to generate additional alternative scenarios.

2.2. Study area

Congress Run is a sub-watershed of the Mill Creek watershed, and is located at the boundary
of 3 municipalities; City of Cincinnati, City of Wyoming, and Springfield Township in
Hamilton County, Ohio, United States (Fig. S1). The drainage area of Congress Run sub-
watershed is 9.83 km? and has 3262 parcels. Most data used in this study are publicly
available and obtained from government databases or websites. For example, we created
impervious areas by merging multiple layers, including buildings, driveways, roads, paved
parking lots, and sidewalks. Pervious area was identified by subtracting impervious area
from the land cover data (Dewitz 2019; www.mrlc.gov). Soil survey data, slope, and parcel
layers were from Cincinnati Area Geographic Information System (http://
cagismaps.hamilton-co.org/cagisportal) and used for the runoff quantity modeling. All data
processing and preparation were conducted using ArcGIS 10.5 (ESRI, Redlands, CA).

2.3. Fuzzy comprehensive evaluation

The assessment of GI performance in urban resilience capacity is characterized by a
complicated social-ecological system under imprecise conditions, fuzziness, and uncertainty,
and determined by multiple criteria from both quantitative estimation and qualitative
judgments. Therefore, FCE is an effective means to address these problems and facilitate
multiple layers and multiple criteria for comprehensive decision making (Gharibi et al.,
2012; Pislaru et al., 2019). Fuzzy logic is a tool for transforming human knowledge and its
decision-making ability into a mathematical formula to define membership functions in
order to decrease the fuzziness (Han et al., 2015). FCE has been applied in various fields,
including evaluation of urban planning implementation (Tong and Zhang, 2016), urban
water management with PSS (Makropoulos et al., 2003), flood vulnerability assessment
(Yang et al., 2018), sustainability evaluation (Bai et al., 2017), transportation system
performance (Rajak et al., 2016), and so on. The basic procedure of the FCE method is: (1)
establishing the indicator set and grading or ranking system for a specific objective; (2)
creating the fuzzy membership matrix by assigning values to indicators and membership
functions; (3) determining weights (or importance) for indicators; and (4) defining the

J Clean Prod. Author manuscript; available in PMC 2022 March 20.


http://www.mrlc.gov/
http://cagismaps.hamilton-co.org/cagisportal
http://cagismaps.hamilton-co.org/cagisportal

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Page 6

objective of the assessment being performed based on the fuzzy arithmetic of the fuzzy
membership matrix and weight vector of indicators.

2.3.1. Indicator set and grading system of FCE in GIUR-PSS—There are many
factors that influence the performance of Gl and its resulting urban resilience capacity
(Gordon et al., 2018). Following scientific, systematic, spatial, and representative principles
and based on literature review (Wang et al., 2015, 2017), an indictor set is designed for
assessment of Gl performance in building urban resilience capacity with three levels (Table
Al). The indicator set considers Gl performance in building urban resilience capacity as the
goal (the first level); the goal is determined by the three system dimensions (the second
level; i.e., environmental, economic, and social dimensions). Indicators (the third level) in
the environmental dimension focus on ecological services provided by Gl, such as, runoff
abatement, water quality improvement, biodiversity, and so on (Allen et al., 2016; Ling and
Chiang, 2018; Venturelli and Galli 2006). Examples of indicators in the economic dimension
represent economic benefits and costs, such as, Gl construction and maintenance costs,
creation of green employment, etc. (Campanella, 2006; Pakzad and Osmond, 2016;
Thornbush et al., 2013). Indicators in the social dimension address social capital and public
issues, such as, increase of recreational areas, public health improvement, and cultural
contributions, and so on (Campbell et al., 2016; Ling and Chiang, 2018; Sierra et al., 2018).
Most indicators have one directional desirability (polarity) and range in value from 0 to 1.
For example, higher runoff abatement leads to higher desirability and improves urban
resilience capacity (positive polarity), and lower Gl construction cost is transformed to
higher desirability and improves urban resilience capacity (negative polarity; i.e., values
further from zero correspond to higher resilience). Generally, the levels and elements in the
assessment indicator set can be assumed as Eq. (1) and Eq. (2):

O = {Dy, D, D3} (6]

Dij={Dil9 Di2’ ...D Dn}(l=1,2, 3,J=1,2, ceey n) (2)

ijo -+
where, Ois the objective level of the indicator set; Djis the dimension level, Dj;is the fth
indictor in the /th dimension; 77is the number of the indicator in each dimension.

Each indicator represents single or combined pathways of absorption, mitigation, and
adaptation for achieving urban resilience. The definitions of absorption, mitigation, and
adaptation follow Fu and Wang (2018). Absorption and mitigation abilities relate to the
resilient capacity of an infrastructure system, and adaptation addresses the ability of self-
organization and learning of a living system (Desouza and Flanery, 2013). For example, if a
rain garden is installed in the lawn of a residential parcel, its infiltration ability is
corresponding to the lawn’s infiltration ability and represents the absorption ability of the
GI. However, the increased detention ability designed for the rain garden could provide
mitigation for the negative influence of stormwater runoff. The indicator for community
socialization addresses the adaptation pathway—if Gl can provide useable space (e.g.,
community park), or an opportunity for communication, gathering, or connection between
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people in the community, it results in an increase in social capital and is helpful for recovery
after disturbance (Cox and Hamlen, 2015).

Indicators can be quantitative or qualitative in format. In our study, values of quantitative
indicators were calculated through modeling, whereas values for qualitative indicators were
obtained by querying experts. Quantitative indicators are divided into one of five ranks,
corresponding to the level of GI performance in terms of building capacity of urban
resilience: ‘very low’, ‘low’, ‘medium’, ‘high’, and ‘very high’ (Eqg. (3)). Standards for
ranking quantitative indicators were based on relevant literature (Wang et al., 2015), existing
values (Zhao et al., 2014), expert recommendations (Sun and Xue, 2019), or even common
sense (Phillis et al., 2017). In this study, possible minimum and maximum values of the
indicator are used for ‘very low’ or ‘very high’ standards, their lower and higher quartiles
are used for ‘low’ and “high’ standards, and their mean value is used for the ‘medium’
standard (Table 1). Developing and modeling extreme scenarios are helpful to find possible
minimum and maximum values. For example, a business as usual scenario (Varum and
Melo, 2010), which presents status quo with existing land use, is used to provide modeling
values for the ‘very low’ categories in runoff and water quality improvement, decrease of
gray infrastructure cost, and increase of recreational areas indicators, and for ‘very high’
category in Gl construction cost indicator. According to the non-development extreme
scenario (e.g., grassland), we used its modeled values as references for ‘very high’
categories in runoff and water quality improvement indicators. Another extreme scenario
assumes equal areas for different land use types providing the value for “very high’ category
in land use diversity, and “1” is used as the minimum value for this indicator. The third
extreme scenario converts all vacant lots to recreational area that provides a reference for
‘very high’ category in increase recreational area indicator. The modeling value of Sce4
(porous pavement; see section 2.4 for further description) scenario in GI construction cost
indicator represents the ‘very high’ category in this indicator. And the modeling value of
Sce4 in green employment indicator represents the ‘very low’ category in this indicator.

V =A{vy, vy, v3, vg, U5} = {1, 2, 3, 4, 5} 3)

where, V is the set of indicator’s ranking; vy, vy, V3, V4, and vs are ranks representing levels
in building capacity of urban resilience—’very low’, ‘low’, ‘medium, ‘high’, and ‘very
high’; the score of ranks are 1, 2, 3, 4, and 5, respectively. Additional details on the
calculation or modeling methods are provided in Supplementary Material.

To obtain original values for the qualitative indicators, we invited 70 experts to rank
importance of indicators through an unstructured opinion survey. Experts were employees
within the Agency and represented different expertise such as, ecology, hydrology, green
infrastructure, economics, and sociology, and they were asked to assign scores to each
qualitative indicator in terms of its performance in building capacity of urban resilience for
all types of Gl or scenarios. The range of scores is consistent with the evaluation ranks used
in the quantitative indicators. The questionnaire (see Supplementary Material) was designed
for five types of Gl (e.g., rain barrel, rain garden, porous pavement, detention basin, and
open space). For each Gl type, the questionnaire provided design variables for a specific
type of Gl as a reference for the expert to help assign scores to indicators. The design
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variables include Gl function (e.g., detention or infiltration runoff, recreation, etc.),
vegetation and types (e.g., grass, tree, etc.), land area required (e.g., large or small), spatial
distribution (e.g., centralized or scattered), maintenance required (e.g., yes or no), and
construction costs (e.g., expensive or inexpensive). Additional details are in Supplementary
Material.

2.3.2. Fuzzy membership function—Fuzzy membership function (/) is used to
project any given value (x) of an indicator to the membership degree ([0, 1]) for each
evaluation rank, represented as AR(x). Fuzzy membership function can be expressed in
various forms such as triangular, trapezoidal, Gaussian, etc. (Yang et al., 2013). Considering
most quantitative indicators are continuous variables (Wu et al., 2010), triangular form was
selected in this study. The single factor fuzzy membership triangular functions for positive
and negative polarities are in Li et al. (2019). The fuzzy membership triangular functions
work on Enl, En2, En4, Ecl, Ec2, Ec3, Ec7, and Sol indicators (Table Al) to conduct
membership degrees 1%;; (17 jis a fuzzy membership degree matrix for quantitative indictor /
corresponding to jh evaluation rank in V).

Valid questionnaires (i.e., no missing data) from the survey of experts are used to conduct
fuzzy membership matrix for qualitative indicators. The total responses from the
questionnaires are summed for each indicator, and the membership degree of the indicator is
calculated by Eq. 4

Cij

rl =
2i=1Cij

Q]

ij=
where, 7/; jis fuzzy membership degree matrix for qualitative indictor /corresponding to jth
evaluation rank in V; /€ { En3, En5, En6, En7, En8, Ec4, Ec5, Ec6, S02, So3, So4, So5,

So6, So7} and j€ {1,2, 3, 4, 5}; C;;is total counts of experts selected indicator i belonging
to jth comment.

Next, two fuzzy membership matrixes (/7 ; //;;) for quantitative and qualitative indicators
are combined to construct a fuzzy evaluation matrix /7 (Eg. (5)):

Fi1 ot TS
R:(rij)nxsz P ®)

Tl == Tns

where, Ris the fuzzy evaluation matrix; ;;is the fuzzy membership degree of indicator /
corresponding to fh evaluation rank; n is the number of indicators.

2.3.3. Weight of indicators—The weight vector of FCE is obtained by the AHP
method to represent relative importance of indicators to contribute to urban resilience
capacity (Mu and Pereyra-Rojas, 2017). Each element within a specific level (e.g.,
dimension or indicator level) is pair-wise compared in a nine-point scale and a relative
importance matrix is determined by experts’ recommendations. The consistency ratio (CR)
is calculated to guarantee consistency of judgment through different dimensions or
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indicators, by dividing the consistency index by the random index. Saaty (2012) has shown
that a CR < 0.10 is acceptable to continue the AHP analysis. The weight vector in FCE for
different indicators is shown in Eq. (6):

n
W =(wy,..., W, ..., W), Zwi=1 (6)
i=1

where, Wis the weight vector; w;is the weight for indicator 7, 77is the number of indicators.

2.3.4. Fuzzy comprehensive evaluation model—Fuzzy membership of the
comprehensive evaluation can be calculated by the fuzzy membership matrix and weight
vector (Eq. (7)),

F11 ** Ti5
F=WXR=(Wwi,..., Wy, c...,wp)X| + o+ |=1, 2 3 fa. f5) U]

Fnl =" Tn5

where Fis the fuzzy comprehensive evaluation set; 7;is the comprehensive fuzzy
membership degree to jth evaluation rank for a specific scenario; n7is the number of
indicators.

2.3.5. Defuzzification to a fuzzy index—To get the final evaluation result of the Gl
performance in building urban resilience capacity, the comprehensive evaluation set (F) is
defuzzified by using a weighted average method (Eg. (8)) (Li et al., 2015; Loh et al., 2017).

5 5
GIURI= Y fixj/ > f; ®

/=1 /=1

G/URI is Gl performance in building Urban Resilience Index; f€ {1, 2, 3, 4, 5}
corresponding to evaluation ranks in V.

2.4. Scenario development

In dense urban areas, decentralized Gl (e.g., LIDs) and large-scale Gl (e.g., BMPs) are used
to help increase infiltration and retention of stormwater and therefore reduce the stormwater
runoff (Fu et al., 2019). Although many GI scenarios or preferences could be generated and
tested with the proposed methodology, in this study we developed five scenarios as a
demonstration to test GIUR-PSS and assess resilience. We selected common types of Gl and
tested scenarios that included rain barrels (Scel), rain gardens (Sce2), detention basins
(Sce3), porous pavement (Sce4), and open space (e.g., community park; Sce5). Our
descriptions of rain barrels, rain gardens, detention basins, and porous pavement can be
found in Fu et al., 2019. Open space provides temporary storage of stormwater runoff and
can provide publicly-accessible recreation areas (e.g., picnic areas, playgrounds, etc.). For
each type of Gl, if the volume of runoff entering Gl is more than the storage capacity or
infiltration rate (for porous pavements), the excess water becomes part of the runoff.
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A suitability analysis using ArcGIS 10.5 was used to allocate different types of Gl within the
study area. Criteria for the suitability analysis include key design parameters for each type of
Gl (e.g., surface area, depth, and costs of construction and maintenance) are presented in
Table 2 (Center for Neighborhood Technology, 2009; National Stormwater Calculator
(v1.2.0.1); Schueler et al., 2007; USEPA, 2004).

3. Results and discussion

3.1.

3.2.

Urban resilience assessment framework for Gl

We developed a novel GIUR-PSS framework that imbeds the FCE method into a GIS-based
planning support system. We improved the data loop through scenario development,
modeling or surveying, fuzzy algorithm, and decision-making. The unique feature is GIUR-
PSS facilitates and evaluates different scenarios as a comparable index (i.e., GIURI) for
building urban resilience capacity and an “optimal” scenario will be recommended for
implementation. A robust indicator system is built to assess Gl performance based on
indicators currently used in the literature. Indicators are organized to represent benefits (e.g.,
improve water quality) or costs (e.g., construction cost) for building urban resilience
capacity. Single or multiple pathways for each indicator are assigned to help planners
understand and track its effect (e.g., absorption, mitigation, or adaptation) and timing (e.qg.,
before or during disturbance) in building urban resilience capacity. We also provided
guidance to assist in determining grading standards for evaluation ranks of quantitative
indicators using local data and extreme scenario assumptions to provide more accurate and
possible values for inclusion. Valid responses from the query of experts were obtained from
34 (49%) respondents who scored the 14 qualitative indicators. Finally, GIUR-PSS
incorporated two parts of fuzzy membership matrixes from quantitative and qualitative
indicators into an index to compare scenario’s performance and assist decision-making.

Fuzzy membership matrix

Seven quantitative indicators are simulated for the difference scenarios. According to the
ranking standards (Table 1), the fuzzy membership degree of quantitative indicators for each
evaluation rank are calculated (Fig. 2). Frequencies of scores assigned by experts for
qualitative indicators are summarized to assign evaluation rankings (Fig. 2). In open space
scenario (Sceb5), for example, quantitative indicators (e.g., create green employment (Ec2),
runoff (Enl)) are ranked very high and high, respectively, although qualitative indicators
(e.g., enhance aesthetics (S02)) generally had higher rankings (Fig. 2). Nine indicators
predominately were ranked ‘very high’ (left side of line a) meaning the probability of ‘very
high” is more common than other assigned rankings in open space scenario (Fig. 2). There
are six indicators dominated by ‘high’ rank, and three indicators are dominated by ‘medium’
rank (Fig. 2). Only three indicators were ranked ‘low’ rank and there is no indictor ranked
‘very low’ (Fig. 2). Fuzzy membership distribution of each indicator for other scenarios can
be found in Supplementary Materials (Figs. S2-5).

To compare the distribution of ratings between the different scenarios, we count the number
of indicators in each dimension and rank the evaluation (Fig. 3). In the environmental
dimension, most of indicators for rain barrels scenario (Scel) are rated ‘very low.” Indicator
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ratings of rain gardens (Sce2), detention basins (Sce3), and porous pavement (Sce4)
scenarios, are concentrated in ‘low’ and ‘medium’ rankings. Open space scenario has land
use diversity (En4) in ‘low’ ranking and two indicators (En3, En8) in ‘very high’ ranking. In
the economic dimension, rain barrels scenario has most of indicators in ‘very low’ ranking.
Porous pavement scenario performs poorly in the economic dimension; three indicators
(Ec1, Ec2, and Ec6) are ranked “very low.” Four indicators (Ec2, Ec3, Ec5, and Ec6) are
ranked ‘low’ for rain gardens scenario. Decreasing gray infrastructure (Ec3) is ranked ‘very
high” in detention basins scenario. Three indicators (Ec2, Ec4, and Ec6) ranked ‘very high’
result in the open space scenario being the best in this dimension. In the social dimension,
indicator ratings of detention basins scenario or porous pavement scenario are concentrated
in ‘very low’ ranking (e.g., Sol, So3, and So4). The ranges of the indicator rating for rain
barrels scenario and rain gardens scenario are around ‘medium’ ranking. Open space
scenario is the best performance scenario again with four indicators (So2, So4, So5, and
So6) in “very high’ ranking. In total dimensions, the ‘very low’ ranking dominates rain
barrels and porous pavement, the ‘low’ ranking dominates rain gardens and detention basins
scenarios, and ‘very high’ ranking dominates open space scenario.

We collected pair-comparison scorings for all indicators from a small group of experts and
calculated AHP weights. The average weights were used as final weights for the fuzzy
comprehensive evaluation, W = {0.0795, 0.0732, 0.0794, 0.0196, 0.0123, 0.0217, 0.0389,
0.1047, 0.0205, 0.0528, 0.0469, 0.0166, 0.0098, 0.0316, 0.0728, 0.0277, 0.0228, 0.0438,
0.0536, 0.1457, 0.0263}.

3.3. Scenario comparison

3.4.

We used common Gl types to develop five scenarios as case studies for the urban resilience
assessment. Through a suitability analysis, locations and amounts of different types of Gl
were identified, according to established constraints and criteria (Fig. S6). Total suitable area
and amount of Gl installed for rain barrels (Scel), rain gardens (Sce2), detention basins
(Sce3), and porous pavement (Sce4) scenarios in the study area can be found in Fu et al.,
2019. The open space scenario (Sceb) used the same locations and half the surface area as
detention basins (Sce3; i.e., open space is installed instead of detention basins) in Fu et al.,
2019.

Fuzzy membership matrix and weights are combined to conduct the index of Gl
performance in urban resilience (Fig. 4). The open space scenario (Sce5) has the highest
overall score in building urban resilience capacity (GIURI = 4.2675). The rain garden
scenario (Sce2) ranks second (GIURI = 2.5395). The remaining three scenarios, in
decreasing order, are detention basin, porous pavement, and rain barrel scenarios.

Implication and further application

The urban resilience assessment for Gl helps to understand the abstract and multi-
dimensional nature of resilience in a social-ecological system (Cumming et al., 2005; Fu and
Wang, 2018) and recognizes and explores essential factors for better preparedness for
resilience (Burton 2014). Using FCE enables one to incorporate quantitative and qualitative
indicators for building a comprehensive assessment that integrates environmental, economic,
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and social dimensions. GIUR-PSS framework imbeds the FCE method into a GIS-based
planning support system to facilitate and evaluate different scenarios as a comparable index
(i.e., GIURI) for building urban resilience capacity and presents the “optimal” scenario. Our
methodology enables multiple types of data input to the feedback loop through scenario
development, modeling or surveys, fuzzy algorithm, and decision-making. And it allows
stakeholder input and testing of alternate scenarios that can reflect their preferences and
interests to aid in decision making.

In the assessment process, a robust indicator system is developed firstly to represent benefits
(positive direction) or costs (negative direction) contributing to urban resilience capacity. We
address pathways to help readers to relate and track indicator’s effects (e.g., absorption,
mitigation, or adaptation) and timing (e.g., before or during disturbance) in building urban
resilience capacity. Our trials of simulating extreme scenarios provided additional values for
grading standards of evaluation ranks for quantitative indicators, not just depending on
existing values in the literature, and may return more accurate results (Sun and Xue, 2019).
This method can be applied in different geographic areas using local data along with the
assumptions and modeling methods used here for the quantitative indicators. Our valid
responses received for 14 qualitative indicators compare favorably with the literature (e.g.,
Loh etal., 2017; Wang et al., 2017).

Creating a chart of membership distribution helps compare the results from converting the
indicator’s original value (from modeling or experts’ selection) to fuzzy membership in the
different evaluation ranks. For the open space scenario, there is more variation in the expert
selections than the modeled results, probably because experts have individual opinions about
the ranking an indicator should receive. Having many indicators with a high probability with
higher evaluation ranks will result in higher values of GIURI in the defuzzification process.
We used radar maps to compare how many indicators with the highest rankings were
distributed in different dimensions. Defuzzification is an important process to create an
index for scenario comparison. In our five scenarios tested, we show open space had the
highest GIURI score indicating it is the best option for building urban resilience capacity.
Our calculated results align with the opinion of our experts who thought open space
contributes the most to different dimensions for urban resilience. The literature also supports
the idea that community parks are popular infrastructure in building an adaptive and resilient
urban area (e.g., Campbell et al., 2016; Flouri et al., 2014; Lin et al., 2013).

Our methodology uses a customizable GIUR-PSS and indicators that are readily available
from the literature and can be applied to other locations for assessing environmental,
economic, and social influence on urban resilience capacity from different types of Gl. For
example, scenarios could be developed for new or additional GI technologies or modified
parameters (e.g., depth of detention basin), or climate change could be included by setting
scenario assumptions that alter precipitation pattern or quantity. The availability of data will
vary from place to place, but missing data can be modeled and the ability to include
stakeholder participation can account for local conditions and preferences.

This study has some limitations to be addressed in future research. First, an indicator’s value
is normalized by the fuzzy membership functions with standards of evaluation ranks or
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selection frequency from a survey. An indicator can have influence on building urban
resilience capacity, but they are all positive rankings (e.g., from “very low’ to ‘very high” are
assigned 1 to 5)—negative rankings are not included in the FCE method. Second, to keep
our demonstration simple, we assume each scenario installs a single type of Gl on all
suitable parcels in the study area. We do not simulate scenarios with less than 100%
installation, or mixed use of Gl types such as a scenario installing 50% rain barrels and 50%
rain gardens on suitable parcels. It is possible to model processes for quantitative indicators
and calculate GIURI values, but scoring qualitative indicators requires expert input for a
specific type of Gl and their relative rankings were not evaluated. For example, experts
scored enhance aesthetics as 1 for rain barrels and 4 for rain gardens, but we did not seek
input on adopting using 50% of each and using 4 or 2.5 (=1*0.5 + 4*0.5) as a final score. In
addition, we examined only one component (i.e., GI) of an urban system and its contribution
to urban resilience. Ideally, the urban system would be examined from a much more
extensive perspective to include all components identified as vital to operation and function
of the system. Perhaps future work could build on our methodology to include a more
exhaustive framework. However, we consider our analysis of Gl in building urban resilience
to be a first step in understanding better how to assess these systems and make management
decisions to build resilient urban areas.

4. Conclusion

In this study, we proposed a planning support system to assess Gl performance for building
urban resilience capacity. GIUR-PSS provides a framework and methodology to facilitate
FCE by combining scenario generation, scenario modeling or scoring, fuzzy algorithm, and
decision-making. It also provides a robust indicator system for assessing GI performance
according to indicators used in urban resilience assessment. We linked potential pathways
(absorption, mitigation, and adaptation) to each indicator as a reference for connecting each
indicator to urban resilience. In order to overcome a lack of quantitative data, GIUR-PSS
incorporates modeling and survey results to obtain an indicator’s value. To demonstrate and
test GIUR-PSS, we developed five scenarios for Congress Run watershed. Our results
indicate an open space scenario achieved the highest GIURI (4.2675). If one tracks changes
in indicator’s pathways, fuzzy membership distribution, and dominated rank across
scenarios and incorporates the concerns or priorities of the stakeholder community (e.g.,
improving air quality or creating more employment), GIUR-PSS can help decision makers
select a preferred or optimal scenario. In our example, to implement the open space scenario
would require reclaiming or purchasing vacant lots and creating forested land, detention
basins, and useable open-space facilities (e.g., soccer fields or picnic areas). Because GIUR-
PSS incorporates stakeholder preferences, decision makers can conduct ‘what-if” analyses to
compare scenarios to identify the optimal scenario.

It would be worthwhile to explore if the fuzzy algorithm can use negative evaluation ranks
for quantitative indicators or negative scores for qualitative indicators. That would better
capture negative influences on urban resilience capacity resulting from different types of GI.
It is not clear if multiple types of GI would interact with each other, and if the final score
would adopt the highest score among different types of GI. A better understanding of how
different types of Gl interact to build urban resilience capacity is needed. For example, what
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happens if one type of Gl has a positive score for a specific indicator, but another type of Gl
has negative score for the same indicator from survey, do they offset one another? Clearly
additional research is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Indicator set
Table A1

Indicators for GI performance in urban resilience capacity with pathway and source.

Goal Dimension Code Indicator Polarity Pathway Source
Absorption  Mitigation ~ Adaptation

Enl Runoff - * * Modeling

Improve

En2 water quality

+ * * Modeling

Increase
En3 groundwater + * * * Survey
recharge

Land use - -
En4 diversity *

Modeling
Environmental Noise
S Reduction * Survey

Improve air

Ené quality

+ * Survey

Decrease
Gl En7  microclimate + * * Survey
performance temperatures
in urban
resilience Improve
capacity Eng8  wildlife + * * Survey
habitats

Green
infrastructure _ *
Ecl construction

cost

Modeling

Create green

Ec2 ?gﬂlp'oyme”t + * * Modeling

Economic maintenance)

Decrease
gray
infrastructure
: + *
Ec3 cost (abating
same amount

runoff)

Modeling
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Goal Dimension Code Indicator Polarity Pathway Source
Absorption  Mitigation  Adaptation

Increase

Ec4 property + * Survey
values
Increase city *

Ec5 revenue + Survey
Increase local
development - -

Ec6 (inducing + Survey
tourism)
Increase

Sol recreational + * Modeling
area
Enhance - -

So2 aesthetics * Survey
Produce food - "

So3 or crops + Survey
Increase
community

So4 interaction + * Survey
(social

Social capital)

Strengthen

So5 sense of place + * Survey
and culture
Increase

So6 human Health + * * * Survey
and wellbeing

Increase
understanding
So7 of + * Survey
environment
(education)

References

Ahern J, 2011. From fail-safe to safe-to-fail: sustainability and resilience in the new urban world.
Landsc. Urban Plann 100, 341-343. 10.1016/j.landurbplan.2011.02.021.

Allen CR, Birge HE, Bartelt-Hunt S, Bevans RA, Burnett JL, Cosens BA, et al., 2016 Avoiding
decline: fostering resilience and sustainability in midsize cities. Sustainability 8 (844), 1-24.
10.3390/su8090844. Retrieved from.

Bach P, McCarthy D, Deletic A, 2015. Exploring greenfield water sensitive options with the integrated
planning support. In: 9th IWA Symposium on Systems Analysis and Integrated Assessment, pp. 1-
4. Gold Coast, Australia.

Bai L, Li Y, Du Q, XuY, 2017. A fuzzy comprehensive evaluation model for sustainability risk
evaluation of PPP projects. Sustainability 9, 1890-1912. 10.3390/su9101890.

Barthel S, Folke C, Colding J, 2010. Social-ecological memory in urban gardens-Retaining the
capacity for management of ecosystem services. Global Environ. Change 20 (2), 255-265. 10.1016/
j.gloenvcha.2010.01.001.

Bennett EM, 2017. Research frontiers in ecosystem service science. Ecosystems 20 (1), 31-37.
10.1007/s10021-016-0049-0.

Bibri SE, Krogstie J, 2017. Smart sustainable cities of the future: an extensive interdisciplinary
literature review. Sustainable Cities and Society 31, 183-212. 10.1016/j.5¢s.2017.02.016.

J Clean Prod. Author manuscript; available in PMC 2022 March 20.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Page 16

Boulange C, Pettit C, Gunn LD, Giles-Corti B, Badland H, 2018. Improving planning analysis and
decision making: the development and application of a Walkability Planning Support System. J.
Transport Geogr 69, 129-137. 10.1016/j.jtrange0.2018.04.017.

Burton C, 2014. A validation of metrics for community resilience to natural hazards and disasters
using the recovery from Hurricane Katrina as a casestudy. Ann. Assoc. Am. Geogr 105, 67-86.

Calderon-Contreras R, Quiroz-Rosas LE, 2017. Analysing scale, quality and diversity of green
infrastructure and the provision of urban ecosystem services: a case from Mexico City. Ecosystem
Services 23, 127-137. 10.1016/j.ecoser.2016.12.004.

Campanella TJ, 2006. Urban resilience and the recovery of new orleans. J. Am. Plann. Assoc 72 (2),
141-146. 10.1080/01944360608976734.

Campbell LK, Svendsen ES, Sonti NF, Johnson ML, 2016. A social assessment of urban parkland:
analyzing park use and meaning to inform management and resilience planning. Environ. Sci. Pol
62, 34-44. 10.1016/j.envsci.2016.01.014.

Center for Neighborhood Technology, 2009, 6 30. National Green Values™ Calculator Methodology.
Retrieved 7 23, 2018, from National Green Value Calculator: http://greenvalues.cnt.org/national/
downloads/methodology.pdf.

Chelleri L, Schuetze T, Salvati L, 2015. Integrating resilience with urban sustainability in neglected
neighborhoods: challenges and opportunities of transitioning to decentralized water management
in Mexico City. Habitat Int. 48, 122-130. 10.1016/j.habitatint.2015.03.016.

Coates JF, 2016. Scenario planning. Technol. Forecast. Soc. Change 113, 99-102. 10.1016/
j.techfore.2016.10.043.

Colten C, Kates R, Laska S, 2008. Three years after Katrina: lessons for community resilience.
Environment 50, 36-47.

Comfort L, 2005. Risk, security, and disaster management. Annu. Rev. Polit. Sci 8, 335-356.

Cox RS, Hamlen M, 2015. Community disaster resilience and the rural resilience index. Am. Behav.
Sci 59 (2), 220-237. 10.1177/0002764214550297.

Cumming G, Barnes G, Prez S, Schmink M, Sieving K, Southworth J, et al., 2005. An exploratory
framework for the empirical measurement of resilience. Ecosystems 8 (8), 975-987.

Deal B, Pan H, Timm S, Pallathucheril V, 2017. The role of multidirectional temporal analysis in
scenario planning exercises and Planning Support Systems. Comput. Environ. Urban Syst. 64, 91—
102. 10.1016/j.compenvurbsys.2017.01.004.

Desouza KC, Flanery TH, 2013. Designing, planning, and managing resilientcities: a conceptual
framework. Cities 35, 89-99. 10.1016/j.cities.2013.06.003.

Dewitz J, 2019. National Land Cover Database (NLCD) 2016 Products. U.S. Geological Survey data
release. 10.5066/P96HHBIE.

Dieleman H, 2013. Organizational learning for resilient cities, through realizing eco-cultural
innovations. J. Clean. Prod 50, 171-180.

Ernstson H, van der Leeuw S, Redman C, Meffert D, Davis G, Alfsen C, EImqvist T, 2010. Urban
transitions: on urban resilience and human-dominated landscapes. Ambio 39 (8), 531-545.
10.1007/s13280-010-0081-9. [PubMed: 21141773]

Ferreira AJ, Pardal J, Malta M, Ferreira CS, Soares DD, Vilhena J, 2013. Improving urban ecosystems
resilience at a city level: the Coimbra case study. Energy Procedia 40, 6-14. 10.1016/
j.egypro.2013.08.002.

FHWA, 2012. Scenario Planning Guidebook (Washington D.C).

Fletcher TD, Shuster W, Hunt WF, Ashley R, Butler D, Arthur S, et al., 2015. SUDS, LID, BMPs,
WSUD and more-The evolution and application of terminology surrounding urban drainage.
Urban Water J. 12 (7), 525-542. 10.1080/1573062X.2014.916314. Retrieved from.

Flouri E, Midouhas E, Joshi H, 2014. The role of urban neighbourhood green space in children’s
emotional and behavioural resilience. J. Environ. Psychol 40, 179-186. 10.1016/
j.jenvp.2014.06.007.

Folke C, 2006. Resilience: the emergence of a perspective for social-ecological systems analyses.
Global Environ. Change 16, 253-267.

J Clean Prod. Author manuscript; available in PMC 2022 March 20.


http://greenvalues.cnt.org/national/downloads/methodology.pdf
http://greenvalues.cnt.org/national/downloads/methodology.pdf

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Page 17

Foster HD, 1997. The Ozymandias Principles: Thirty-One Strategies for Surviving Change. UBC
Press, Victoria, Canada.

Fu X, Hopton ME, Wang X, Goddard H, Liu H, 2019b. A runoff trading system to meet watershed-
level stormwater reduction goals with parcel-level green infrastructure installation. Sci. Total
Environ 689, 1149-1159. 10.1016/j.scitotenv.2019.06.439. [PubMed: 31466155]

Fu X, Wang X, 2018. Developing an integrative urban resilience capacity index for plan making.
Environment Systems and Decisions 38, 367-378. 10.1007/s10669-018-9693-6.

Fu X, Goddard H, Wang X, Hopton ME, 2019a. Development of a scenario-based stormwater
management planning support system for reducing combined sewer overflows (CSOs). J. Environ.
Manag 236, 571-580. 10.1016/j.jenvman.2018.12.089.

Fu X, Wang X, Schock C, Stuckert T, 2016. Ecological wisdom as benchmark in planning and design.
Landsc. Urban Plann 155, 79-90. 10.1016/j.landurbplan.2016.06.012.

Gharibi H, Mahvi AH, Nabizadeh R, Arabalibeik H, Yunesian M, Sowlat MH, 2012. A novel approach
in water quality assessment based on fuzzy logic. J. Environ. Manag 112, 87-95. 10.1016/
j.jenvman.2012.07.007.

Gordon BL, Quesnel KJ, Abs R, Ajami NK, 2018. A case-study based framework for assessing the
multi-sector performance of green infrastructure. J. Environ. Manag 223, 371-384. 10.1016/
j.jenvman.2018.06.029.

Han L, Song Y, Duan L, Yuan P, 2015. Risk assessment methodology for Shenyang Chemical
Industrial Park based on fuzzy comprehensive evaluation. Environ Earth Sci 73, 5185-5192.
10.1007/s12665-015-4324-8.

Hawken S, Han H, Pettit C, 2020. Introduction: open data and the generation of urban value. In:
Hawken S, Han H, Pettit C (Eds.), Open Cities | Open Data: Collaborative Cities in the
Information Era. Springer Singapore, Singapore, pp. 1-25.

Hendry DF, 1988. The encompassing implications of feedback versus feedforward mechanisms in
econometrics. Oxf. Econ. Pap 40 (1), 132-149.

Hoffman RM, 1948. A generalized concept of resilience. Textil. Res. J 18 (3), 141-148.

Holling C, 1973. Resilience and stability of ecological systems. Annu. Rev. Ecol. Systemat 4, 1-23.

Hoover FA, Hopton ME, 2019. Developing a framework for stormwater management: leveraging
ancillary benefits from urban greenspace. Urban Ecosyst. 22, 1139-1148. 10.1007/
$11252-019-00890-6. [PubMed: 31844388]

Hoover FA, Price JI, Hopton ME, 2020. Examining the effects of green infrastructure on residential
sales prices in Omaha, Nebraska. Urban For. Urban Green. 54, 126778. 10.1016/
j.ufug.2020.126778. [PubMed: 32982627]

Jim C, Lo AY, Byme JA, 2015. Charting the green and climate-adaptive city. Landsc. Urban Plann 138,
51-53. 10.1016/j.landurbplan.2015.03.007.

Kim D, Lim U, 2016. Urban resilience in climate change adaptation: a conceptual framework.
Sustainability 8 (405), 1-17. 10.3390/su8040405.

Kim Y, Eisenberg DA, Bondank EN, Chester MV, Mascaro G, Underwood S, 2017. Fail-safe and safe-
to-fail adaptation: decision-making for urban flooding under climate change. Climatic Change
145, 397-412. 10.1007/s10584-017-2090-1.

Koc CB, Osmond P, Peters A, 2017. Towards a comprehensive green infrastructure typology: a
systematic review of approaches, methods and typologies. Urban Ecosyst. 20, 15-35. 10.1007/
$11252-016-0578-5.

Kousky C, Olmstead SM, Walls MA, Macauley M, 2013. Strategically placing green infrastructure:
cost-effective land conservation in the floodplain. Environ. Sci. Technol 47 (8), 3563-3570.
10.1021/es303938c. [PubMed: 23544743]

Kremer P, Andersson E, EImqvist T, McPhearson T, 2015. Advancing the frontier of urban ecosystem
services research. EcosystemServices 12, 149-151. 10.1016/j.ecoser.2015.01.008.

Kuller M, Bach PM, Ramirez-Lovering D, Deletic A, 2017. Framing water sensitive urban design as
part of the urban form: a critical review of tools for best planning practice. Environ. Model.
Software 96, 265-282. 10.1016/j.envsoft.2017.07.003.

J Clean Prod. Author manuscript; available in PMC 2022 March 20.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Page 18

Lafortezza R, Davies C, Sanesi G, Konijnendijk C, 2013. Green Infrastructure as a tool to support
spatial planning in European urban regions. iFor. Biogeosci. For 6, 102-108. 10.3832/
ifor0723-006.

Larkin S, Fox-Lent C, Eisenberg DA, Trump BD, Wallace S, Chadderton C, Linkov I, 2015.
Benchmarking agency and organizational practices in resilience decision making. Environ Syst
Decis 35, 185-195. 10.1007/s10669-015-9554-5.

Leichenko R, 2011. Climate change and urban resilience. Current Opinion in Environmental
Sustainability 3 (3), 164-168.

Li H, Liu G, Yang Z, 2019. Improved gray water footprint calculation method based on a mass-balance
model and on fuzzy synthetic evaluation. J. Clean. Prod 219, 377-390. 10.1016/
j.jclepro.2019.02.080.

Li W, Liang W, Zhang L, Tang Q, 2015. Performance assessment system of health, safety and
environment. Journal of Loss Prevention in the Process Industriesbased on experts’ weights and
fuzzy comprehensive evaluation 35, 95-103. 10.1016/j.jIp.2015.04.007.

Lin T, Tsai K, Liao C, Huang Y, 2013. Effects of thermal comfort and adaptation on park attendance
regarding different shading levels and activity types. Build. Environ 59, 599-611. 10.1016/
j.buildenv.2012.10.005.

Ling T-Y, Chiang Y-C, 2018. Well-being, health and urban coherence-advancing vertical greening
approach toward resilience: a design practice consideration. J. Clean. Prod 182, 187-197. 10.1016/
j.jclepro.2017.12.207.

Loh HS, Zhou Q, Thai VV, Wong YD, Yuen KF, 2017. Fuzzy comprehensive evaluation of port-centric
supply chain disruption threats. Ocean Coast Manag. 148, 53-62. 10.1016/
j.ocecoaman.2017.07.017.

Makropoulos CK, Butler D, Maksimovic C, ASCE M, 2003. Fuzzy logic spatial decision support
system for urban water management. J. Water Resour. Plann. Manag 129 (1), 69-77. 10.1061/
(ASCE)0733-9496(2003)129:1(69).

Makropoulos C, Natsis K, Liu S, Mittas K, Butler D, 2008. Decision support for sustainable option
selection in integrated urban water management. Environ. Model. Software 23, 1448-1460.
10.1016/j.envsoft.2008.04.010.

Meerow S, Newell JP, 2016. Urban resilience for whom, what, when, where, and why? Urban Geogr.
1-21 10.1080/02723638.2016.1206395. [PubMed: 27041785]

Meerow S, Newell JP, 2017. Spatial planning for multifunctional green infrastructure: growing
resilience in Detroit. Landsc. Urban Plann 159, 62-75. 10.1016/j.landurbplan.2016.10.005.

Meerow S, Newell JP, Stults M, 2016. Defining urban resilience: a review. Landsc. Urban Plann 147,
38-49. 10.1016/j.landurbplan.2015.11.011.

Mileti D, 1999. Disasters by Design: A Reassessment of Natural Hazards in the United States. Joseph
Henry Press, Washington, D.C.

Millennium Ecosystem Assessment, 2005. Ecosystems and Human Wellbeing: Current State and
Trends. Millennium Ecosystem Assessment, Global Assessment Reports.

Mu E, Pereyra-Rojas M, 2017. Practical Decision Making. Springer Briefs in Operations Research.
10.1007/978-3-319-33861-3_2.

Nordman EE, Isely E, Isely P, Denning R, 2018. Benefit-cost analysis of stormwater green
infrastructure practices for Grand Rapids, Michigan, USA. J. Clean. Prod 200, 501-510. 10.1016/
j.jclepro.2018.07.152.

O’Sullivan AD, Wicke D, Hengen TJ, Sieverding HL, Stone JJ, 2015. Life Cycle Assessment
modelling of stormwater treatment systems. J. Environ. Manag 149, 236-244. 10.1016/
j.jenvman.2014.10.025.

Pakzad P, Osmond P, 2016. Developing a sustainability indicator set for measuring green infrastructure
performance. Social and Behavioral Sciences 216, 68-79. 10.1016/j.sbspro.2015.12.009.

Pelling M, 2003. The Vulnerability of Cities: Natural Disasters and Social Resilience. Sterling, VA:
Earthscan.

Pendall R, Foster K, Cowel M, 2010. Resilience and regions: building understanding of the metaphor.
Cambridge Journal of Economic and Society 3 (1), 71-84.

J Clean Prod. Author manuscript; available in PMC 2022 March 20.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Page 19

Pettit C, Bakelmun A, Lieskeb SN, Glackin S, Hargroves K, Thomson G, et al., 2018. Planning
support systems for smart cities. City, Culture and Society 12, 13-24. 10.1016/j.ccs.2017.10.002.
Retrieved from.

Pettit C, Hawken S, Ticzon C, 2019. Breaking down the silos through geodesign — envisioning
Sydney’s urban future. Urban Analytics and City Science 46 (8), 1387-1404.
10.1177/2399808318812887.

Phillis YA, Kouikoglou VS, Verdugo C, 2017. Urban sustainability assessment and ranking of cities.
Comput. Environ. Urban Syst 64, 254-265. 10.1016/j.compenvurbsys.2017.03.002.

Pislaru M, Herghiligiu 1V, Robu 1-B, 2019. Corporate sustainable performance assessment based on
fuzzy logic. J. Clean. Prod 223, 998-1013. 10.1016/j.jclepro.2019.03.130.

Rajak S, Parthiban P, Dhanalakshmi R, 2016. Sustainable transportation systems performance
evaluation using fuzzy logic. Ecol. Indicat 503-513. 10.1016/j.ecolind.2016.07.031.

Saaty T, 2012. Decision Making for Leaders: the Analytic Hierarchy Process for Decisions in a
Complex World, third ed. RWS Publications, Pittsburgh.

Sample D, Heaney J, Wright L, Koustas R, 2001. Geographic information systems, decision support
systems, and urban storm-water management. J. Water Resour. Plann. Manag 127 (3), 155-161.

Schueler T, Hirschman D, Novotney M, Zielinski J, 2007. Urban Stormwater Retrofit Practices. Center
for Watershed Protection, Ellicott City, MD.

Shafieezadeh A, Burden LI, 2014. Scenario-based resilience assessment framework for critical
infrastructure systems: case study for seismic resilience of sea ports. Reliab. Eng. Syst. Saf 132,
207-219.

Shi Y, 2012. The method of fuzzy comprehensive evaluation based on multi-factor in decision-making
of construction project bidding. Value Eng. 31, 95-96.

Sierra LA, Yepes V, Pellicer E, 2018. A review of multi-criteria assessment of the social sustainability
of infrastructures. J. Clean. Prod 187, 496-513. 10.1016/j.jclepro.2018.03.022.

Simi¢ |, Stupar A, Djoki¢ V, 2017. Building the green infrastructure of Belgrade: the importance of
community greening. Sustainability 9 (7), 1183. 10.3390/su9071183.

Simmie J, Martin R, 2010. The economic resilience of regions: towards an evolutionary approach.
Camb. J. Reg. Econ. Soc 3, 27-43.

Sun W, Xue 'Y, 2019. An improved fuzzy comprehensive evaluation system and application for risk
assessment of floor water inrush in deep mining. Geotech. Geol. Eng 37, 1135-1145. 10.1007/
$10706-018-0673-x.

Thornbush M, Golubchikov O, Bouzarovski S, 2013. Sustainable cities targeted by combined
mitigation—adaptation efforts for future-proofing. Sustainable Cities and Society 9, 1-9. 10.1016/
j.5€5.2013.01.003.

Tiwary A, Kumar P, 2014. Impact evaluation of green—grey infrastructure interaction on built-space
integrity: an emerging perspective to urban ecosystem service. Sci. Total Environ 487, 350-360.
10.1016/j.scitotenv.2014.03.032. [PubMed: 24793331]

Tong Z, Zhang Q, 2016. Urban planning implementation evaluation: a multilevel fuzzy comprehensive
evaluation approach. Open Civ. Eng. J 10, 200-211. 10.2174/1874149501610010200.

U.S.EPA, 2004. Stormwater Best Management Practice Design Guide. U.S. Environmental Protection
Agency, Office of Research and Development, Washington, DC.

United Nations, 2016. The Sustainable Development Goals Report 2016. United Nations Publications,
New York, NY. https://unstats.un.org/sdgs/report/2016/The%20Sustainable%20Development
%20G0als%20Report%202016.pdf. (Accessed 27 August 2018).

United Nations, 2017. The Sustainable Development Goals Report 2017. United Nations Publications,
New York, NY. https://unstats.un.org/sdgs/files/report/2017/
TheSustainableDevelopmentGoalsReport2017.pdf. (Accessed 27 August 2018).

United Nations, 2018. UN Sustainable Development Goals Report 2018. United Nations Publications,
New York, NY. https://unstats.un.org/sdgs/files/report/2018/
TheSustainableDevelopmentGoalsReport2018-EN.pdf. (Accessed 27 August 2018).

Vale JL, Campanella TJ, 2005. The Resilient City: How Modern Cities Recover from Disaster. Oxford
University Press, New York.

J Clean Prod. Author manuscript; available in PMC 2022 March 20.


https://unstats.un.org/sdgs/report/2016/The%20Sustainable%20Development%20Goals%20Report%202016.pdf
https://unstats.un.org/sdgs/report/2016/The%20Sustainable%20Development%20Goals%20Report%202016.pdf
https://unstats.un.org/sdgs/files/report/2017/TheSustainableDevelopmentGoalsReport2017.pdf
https://unstats.un.org/sdgs/files/report/2017/TheSustainableDevelopmentGoalsReport2017.pdf
https://unstats.un.org/sdgs/files/report/2018/TheSustainableDevelopmentGoalsReport2018-EN.pdf
https://unstats.un.org/sdgs/files/report/2018/TheSustainableDevelopmentGoalsReport2018-EN.pdf

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Page 20

Vandermeulen V, Verspecht A, Vermeire B, van Huylenbroeck G, Gellynck X, 2011. The use of
economic valuation to create public support for green infrastructure investments in urban areas.
Landsc. Urban Plann 103, 198-206. 10.1016/j.landurbplan.2011.07.010.

Varum C, Melo C, 2010. Directions in scenario planning literature. A review of the past decades.
Futures 42, 355-369.

Venturelli RC, Galli A, 2006. Integrated indicators in environmental planning: methodological
considerations and applications. Ecol. Indicat 6, 228-237. 10.1016/j.ecolind.2005.08.023.

Vineyard D, Ingwersen WW, Hawkins TR, Xue X, Demeke B, Shuster W, 2015. Comparing green and
grey infrastructure using life cycle cost and environmental impact: a rain garden case study in
Cincinnati, OH. J. Am. Water Resour. Assoc 1342-1360. 10.1111/1752-1688.12320.

Waddell P, Vanegas C, 2011. Webinars: Forecasting Land Use Activities 8, Scenario Planning and
Visualization. Retrieved from. https://tmip.org/content/forecasting-land-use-activities-8-creating-
and-visualizing-land-use-fore-casting-scenarios. (Accessed 27 June 2019).

Wang Y, Li J, Zhang G, Li Y, Asare MH, 2017. Fuzzy evaluation of comprehensive benefit in urban
renewal based on the perspective of core stakeholders. Habitat Int. 66, 163-170. 10.1016/
j.habitatint.2017.06.003.

Wang Y, Li Y, Liu W, Gao Y, 2015. Assessing operational ocean observing equipment (OOOE) based
on the fuzzy comprehensive evaluation method. Ocean Engineering 107, 54-59. 10.1016/
j.oceaneng.2015.07.032.

Wu Q, Peng Z, Chen K, 2010. Synthetic judgment on two-stage fuzzy of stability of mine gob area. J
Cent South Univ 36 (6), 661-667.

Yang W, Wang J, Ge J, Chen P, 2013. Fuzzy comprehensive evaluation for green construction. Appl.
Mech. Mater 438-439, 1674-1678. 10.4028/www.scientific.net/ AMM.438-439.1674.

Yang W, Xu K, Lian J, Bin L, Ma C, 2018. Multiple flood vulnerability assessment approach based on
fuzzy comprehensive evaluation method and coordinated development degree model. J. Environ.
Manag 213, 440-450. 10.1016/j.jenvman.2018.02.085.

Zawadzka JE, Corstanje R, Fookes J, Nichols J, Harris J, 2017. Operationalizing the ecosystems
approach: assessing the environmental impact of major infrastructure development. Ecol. Indicat
78, 75-84. 10.1016/j.ecolind.2017.03.005.

Zhao C, Zhou B, Su X, 2014. Evaluation of urban eco-security—a case study of mianyang city, China.
Sustainability 6, 2281-2299. 10.3390/su6042281.

J Clean Prod. Author manuscript; available in PMC 2022 March 20.


https://tmip.org/content/forecasting-land-use-activities-8-creating-and-visualizing-land-use-fore-casting-scenarios
https://tmip.org/content/forecasting-land-use-activities-8-creating-and-visualizing-land-use-fore-casting-scenarios

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fuetal.

Scenario
generation
A

Feedback

Fig. 1.

Indicator
set

AHP

Decision
-making

7.
K]
-

Implementation

D

T

Local dataset

R

GIURI

Modeling

Survey

Weights

|

User
input

Grading
system

FMM

-—

Page 21

GIUR-PSS structure. AHP: Analytic Hierarchy Process; FMM: Fuzzy Membership Matrix;
GIURI: GI performance in building Urban Resilience Index.
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dashed lines show ranking standards’ boundaries).
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Fig. 3.
The number of indicator’s and their evaluation ranking for single and total dimensions (i.e.,

addition of the three dimensions).
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