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Co-producing research and data visualization for
environmental justice advocacy: The Milwaukee Flood-Healtl
Vulnerability Assessment

Highlights

e We mapped flood risk by combining exposure and vulnerability to idenu,, ~*;asin
Milwaukee where interventions are most urgent based on a distribt sor .l iustice lens.

e The spatial analysis is disseminated through a co-designed cl' nate = :rvir 2 in the
form of a storymap.

e Knowledge co-production enabled the generation and disseminc ‘ion uf data
accounting for the needs of end-users and the integration or u.. .~ 2 expertises.

e When creating recommendations, a transdisciplinary tee .1 s .0uld be used for
prioritizing goals and interventions.

e Separating exposure and vulnerability, as well as br¢ - king auown vulnerability into
themes, facilitates the interpretation of the final results.

Abstract

Many cities in the world are experiencing an ir :re-.s¢ in the frequency and intensity of
extreme precipitation. The resulting flooding is , ‘ise . to cause widespread impacts on the
health and livelihoods of urban dwellers. ".nsu. Mg an equitable implementation of flood risk
reduction interventions requires considern._ the ntersection of flood exposure with social
vulnerability. Information on the unaven distrib. “on of vulnerability towards stormwater
hazards can be difficult to capture, ¢.. “orehend, and communicate, especially for local
community organizations. Here, v . . “ase.it a co-production process in which place-based
advocacy organizations and hea ‘hcare practitioners actively participate in the identification
of areas with significant flood "~k L..<d on the separate mapping of exposure and
vulnerability hotspots. The ~‘oces. s applied in a case study in the city of Milwaukee, where
we developed the Milwaukee \ ‘~od-Health Vulnerability Assessment (FHVA) to identify high
priority areas for imp.. * ienting stormwater management strategies including nature-based
solutions such as urban y ~¢1 infrastructure. We demonstrate how the co-production
approach increase . the -alidity, reliability, and relevance of the assessment. We discuss this
approach as e fou *dation of the FHVA analysis as well as supporting methods including
data visualiza* >n . - facilitate its use by advocacy organizations, urban planners, and policy
makers. We 1. 1 co-production to be a critical component of making such flood vulnerability
and expos uic “na.yses useful for diverse stakeholders who need to account for the uneven
distributic » of fle od risks.

Kr yw +d< participatory mapping, knowledge co-production, vulnerability, flood risk,
ai. ibutional justice, climate change adaptation
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Introduction

Observed and projected rises in the frequency and intensity of extreme precipitation pose an
urgent challenge to urban decision makers (Easterling et al., 2017; Hayhoe et al., 2018°
Hemmati et al., 2022; Rahmstorf, 2017). In the United States, the frequency and cos’ s o*
extreme precipitation and flooding events have increased dramatically: During the »ei. d
1980-2022, an average of 4.8 flooding and severe storm events incurring costs hiahe ~ than
one billion dollars occurred annually, whereas when considering the most recent , enc. (e.g.
2017-2022), the annual average escalates to 12 (NOAA NCEI, 2023). According .. e
Fourth National Climate Assessment, regions like the US Northeast and M dw .s’ have
observed an increase in heavy precipitation (defined as the percentage of . al 7 .anual
precipitation falling in the heaviest 1% of precipitation events) of 55%  na "?% respectively,
over the 1958-2016 period (Hayhoe et al., 2018). These challenges. ho\ ever, are not limited
to the technical aspects. Recently, scholars are increasingly empbhasizn., .he risks of further
amplifying already present inequalities if urban adaptation is un erc.0d as only a
technological challenge (Chu and Cannon, 2021; Meerow an~ N~ ~el'’ 2019; Shi et al.,
2016).

In response to the rising challenge of extreme precipitati~n, cities are undertaking diverse
adaptation approaches, including physical intervention. ntegrating a range of gray, green,
blue, and hybrid solutions to mitigate hazards (Depir ... “nu “AcPhearson, 2017; Lund et al.,
2019; Oral et al., 2020; Waryszak et al., 2021). Hyl -ic gre 2n-gray solutions have recently
gained traction in the form of urban green infrast*~tu. . (JGI) and, more recently as nature-
based solutions (NBS) (Frantzeskaki et al., 20 9: 5ii et al., 2007; Kabisch et al., 2016;
Ramyar et al., 2021; Voskamp et al., 2023; Wa,, ~'~ et al., 2017). In the context of urban
climate change adaptation, UGI and NBS ely ¢ * a similar premise - contributing to societal
well-being by providing ecosystem services ‘F<, that mitigate the impacts of extreme
weather events and other challeng ~s caused b, <limate change (Babi Almenar et al., 2021;
Gbémez-Baggethun et al., 2013; Loven ~nd Taylor, 2013). Here, we define UGI as the
networks of natural and semi-nat .rai . naces that provide benefits to society (European
Commission, 2020, 2013). We c. nside this a suitably holistic definition of UGI, capable of
accounting for its multiple tyr .. *nu wnctions. NBS, on the other hand, can be understood
as an umbrella concept tha” =ncon.passes UGI, in addition to broader concepts like
ecosystem-based adaptation, « ~aster-risk reduction, and biodiversity conservation. In
addition, the definitio, f NBS leverages the needs for addressing societal challenges and
transitioning towards more - source-efficient, inclusive and sustainable growth models
(Faivre et al., 2017 . Foi ~stance, the United Nations recently defined NBS as “actions to
protect, conserv~, re *ore, sustainably use and manage natural or modified terrestrial,
freshwater, cc «sta, ~nd marine ecosystems which address social, economic and
environmentai . "allenges effectively and adaptively, while simultaneously providing human
well-bein¢, ec. Yysiem services, resilience and biodiversity benefits” (United Nations
Environn.. nt As sembly, 2022).

To e yuit b’y p. “tect their residents from extreme weather events, cities must address the
ur~v, - dis .ribution of exposure and vulnerability to the hazards considered (see Table 1 for
ti. definitions of exposure and vulnerability as per the Intergovernmental Panel on Climate
“hang 2) (IPCC, 2012). Consequently, demand for regulating ES like stormwater mitigation
tends to be framed as “need for risk reduction” (Wolff et al., 2015). Accounting for the current
distribution of exposure and vulnerability becomes especially important considering that
extreme weather events such as flooding and heatwaves tend to disproportionately affect low-



89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

106

107

108
109
110
111
112
113
114
115
116
117
118
11,

1o

121

income and racialized, historically segregated communities (Hoffman et al., 2020; Tate et al.,
2021; Wing et al., 2022). In addition, these groups are also the most deprived of urban green
spaces (Grove et al., 2018; Hoffman et al., 2020; Rigolon, 2016). This distributional injustice
of green spaces and risk, however, tends to be ignored in UGI planning for American cities,
where planning prioritizes hydrologic (capacity to manage larger amounts of runoff) and
economic (budget, cost, cost-benefit, and opportunities for future land development) factors
to evaluate and allocate UGI interventions (Grabowski et al., 2022; Hoover et al., 2021). This
reliance on technological factors over the uneven distribution of risks reflects the inherent links
between distribution and the two other core dimensions of environmental justice, recognition
and procedure (Langemeyer and Connolly, 2020). In UGI planning, recognition is reflected in
the pluralistic preferences and needs that dictate how interventions are valued (Zafra-Calvo
et al., 2017). Procedure, on the other hand, is associated with the inclusion or exclusion of
certain voices in the decision making process, and how power relationships filter the framing
and people’s participation in decision making processes (He and Sikor, 2015). These three
justice dimensions interact and influence each other, as the values and perceptions
recognized in UGI planning will vary depending on the actors involved in it, and consequently
influence the UGI planning, design, and implementation process.

Table 1: Definitions of risk, hazard, exposure and vulnerability according to the IPCC (2012, p.32)

Risk “the likelihood over a specified time period of severe alterations in the normal functioning of
a community or a society due to hazardous physical events interacting with vulnerable
social conditions, leading to widespread adverse human, material, economic, or
environmental effects that require immediate emergency response to satisfy critical human
needs and that may require external support for recovery”

Hazard “The potential occurrence of a natural or human-induced physical event that may cause
loss of life, injury, or other health impacts, as well as damage and loss to property,
infrastructure, livelihoods, service provision, and environmental resources”.

Exposure “The presence (location) of people, livelihoods, environmental services and resources,
infrastructure, or economic, social, or cultural assets in places that could be adversely
affected by physical events and which, thereby, are subject to potential future harm, loss,
or damage”.

Vulnerability “The characteristics of a person or group and their situation that influences their capacity to
anticipate, cope with, resist, and recover from the adverse effects of physical events”.

Several studies have <..~mined the distribution of flood risk and/or vulnerability in American
cities (Balica et al., _v "?: Cniang et al., 2021; de Sherbinin and Bardy, 2015; Herreros-Cantis
et al., 2020; Pall.. "adka et al., 2022; Tate et al., 2021). These studies tend to focus on
identifying areas “thei. mitigating the impacts of flooding events should be prioritized due to
the overlap < high .xposure and vulnerability. Such studies may, however, face several
barriers to “~ 1. leveraged by urban stakeholders such as UGI planners, government
officials, + nd ou er stakeholders involved in managing flooding and its impacts. Furthermore,
risk analvse ~ ~.ay fail to serve the purpose of place-based environmental justice organizations
and  the. ¢'vic y oups advocating for just UGI planning. Scientific knowledge and data can be
he 4 - fir 4 and access due to data sharing restrictions (Overpeck et al., 2011) and the
a. ~ulties experienced by non-academic stakeholders to access scientific journal publications
Silotw.. et al., 2015). Even when accessible, scientific information is commonly presented in
overly complex ways (Plavén-Sigray et al., 2017), which limits its reach and impact on
~ommunity awareness on climate risks and their uneven distribution (Hoffman et al., 2020;
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Rouse et al., 2017). For instance, data and information usually requires specialized techr. -l
expertise such as geographic information systems, data science, and scientific terminolog or
jargon specific to the field. Furthermore, the information presented deemed useful “wv
researchers may not be relevant or applicable to the users’ decision-making prs ce: ses
(Lemos et al., 2012).

Explicit knowledge co-production has been widely praised for its capacity to incre=se ."e take-
up of climate services, which are defined as tools aiming to “provide people and o *ai._ations
with timely, tailored climate-related knowledge and information that they can us. > reduce
climate-related losses and enhance benefits, including the protection of liv' s, ' ve 'ihoods, and
property” (Vaughan and Dessai, 2014, p.588). In the context of climate servi. -s. r s-production
tends to be framed as the involvement of end-users in order to id »nu.~ user needs and
incorporate local knowledge (Vollstedt et al., 2021). Such an approac: fits under Olazabal
(2018, p. 46)’s definition of co-production, framed as “a collaborative piuc_3s in which shared
and usable knowledge is produced out of a pool of diverse knec wle ¢ 2 sources and types is
fundamental for decision making in socio-ecological contexts a.  for the transition to global
sustainability”. Recent examples of climate-services co-, *oduction for climate change
adaptation rely on spatial data science and communication to.'s, such as story maps, to
communicate the impacts of sea-level rise (Vollstedt et al., 2021), guide the prioritization of
investments for adaptation (Hinkel et al., 2023), and idenu, - urban resilience strategies based
on hazard exposure and vulnerability (Villani et al.. 2(23). Co-production, however, can
provide additional benefits to the development o. -lir.ate services. First, involving civic
organizations such as environmental justice o' gar.z~tions in knowledge co-production holds
potential to empower marginalized voices by - ipp .rting their advocacy aimed at steering
policy changes (Chambers et al., 2021). € :cu, 1, it has been widely argued that participatory
processes like co-production are valuable eyor 1 the project outcome, given their capacity to
nurture collaboration, trust, and build capacitic. that may live beyond a project’s co-production
cycle (Vincent et al., 2018; Voinov e . * Bousquet, 2010).

This paper introduces a co-pror'ucu. 1 exercise that involves end-users and experts from
various disciplines to enhance tt » dev lopment of climate services. The primary objective of
this exercise is to empower ¢ ... ~huwers in advocating for more inclusive UGI, with a specific
focus on addressing dispa.” es in \.00d risk distribution. The project involved a diverse team
of academics, data scientists, « ~vironmental justice advocates, and healthcare practitioners.
This work led to the re  -ase of Milwaukee’s Flood Health-Vulnerability Assessment (FHVA), a
spatial analysis com™uni. >’ :d through a publicly available story map designed to visualize
flooding exposure ind v 'nerability hotspots. The assessment is framed within Groundwork
USA’s Climate Sai. neighborhoods (CSN) (Groundwork USA, n.d.), a multi-city initiative
aiming to bui 4 ce, acity in vulnerable communities to build resilience and self-advocacy
against climate ~hange. In this study, co-production is tackled as an iterative process in which
the team vorn to carry out an analysis and generate a communication tool by combining a
diverse r.. ae 0 domains, place-specific knowledge, and experience.

In S¢ tic « 7 the sase study is presented, zooming into Milwaukee’s flooding and UGI planning
co~te - 5. I'. section 3, we present the different phases of the co-production process and key
a. cisions that were informed by it. Section 4 presents the outcome of the spatial analysis by
rese. ting the locations identified as exposure and vulnerability hotspots. Section 5 introduces
the story map that was developed as a climate service for environmental justice advocacy.
Section 6 discusses how the co-production process influenced the project’'s outcome, as well
as lessons learned, and how future iterations may improve the process by further elevating.
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Case Study Area

The city of Milwaukee, WI, is located in the Midwest region of the United States. Wi'1 a
population of 577,222 people (US Census Bureau, 2020), it is the most populated city in v ~
state of Wisconsin. It also has been described as one of the most segregated cities in ne J.3.
(Cheng, 2022; Foltman and Jones, 2019; Spicuzza, 2019). The city is observing ir~re ses.n
precipitation due to climate change (Hayhoe et al., 2018; Keuser, 2014; Schuster ata. 2012),
and has experienced flash flooding events that result from a combination > «..treme
precipitation and urban development (i.e. expansion of impervious surfaces). A ma,.’ 2xample
of extreme precipitation in Milwaukee took place in July 2010, when areas »ft* ¢ ity received
179 mm of precipitation over the course of 2.5 hours during a storm nat t. «chs d more than
228 mm over a 24 hours period (NOAA, 2010). As a result, severe "as:. flooding occurred
across the city, causing thousands of sewer backups and damages to res 1ences, businesses,
and public property with an estimated cost of $35.7 million (NOAA. n.a.,.

Having allocated billions of dollars on UGI development f r .to. nwater management,
Milwaukee is considered a national leader (Hopkins et al., 2 .18,. © zen infrastructure plans
have been developed for the region (Milwaukee Metropolitai. Sewerage District, 2013) and
the city(The City of Milwaukee Environmental Collabora*on Office, 2019). Both plans include
spatially explicit assessments that identify locations vhere UGI deployment should be
prioritized. In the assessments, technical and biopb’, .. ~al L ‘teria that drive the need for and
potential cost-effectiveness of UGI interventions are ¢ .1si- ered (Table 2). The indicators used
by both UGI plans constitute a significant combi=~ti.. _r valid criteria to site UGI. However,
the assessments present two gaps in relation 1 t+ & « dnsideration of the spatial distribution of
flood risk. First, the plans do not explicithv ac >~ .t for the uneven distribution of social
vulnerability in a manner that accounts or n, 'ltiple dimensions (considering aspects like
health, sociodemographic, household, ana . *he 5). Second, both plans lack an explicit hazard
layer delimiting the distribution of "o~ding unau. - one or more event scenarios. Instead, the
plans rely on proxy indicators (e.g. “in,, <rvious Surfaces”). The absence of a mapped hazard
layer limits the degree to which tF - wi. "ven exposure to flooding can be assessed consistently
across the city. Hence, while 1 ese Jans use thorough, spatially explicit approaches to
distribute green infrastructi’ < aciuss Milwaukee, they overlook the reality that certain
communities may need to L.~ prion.zed based on their disproportionate risk.

The gaps in the criteria used to ullocate UGI in Milwaukee reflect more than a need to enrich
the types of informatic., nsidered. Rather, they illustrate the necessity of involving a diversity
of voices when prr .. ~ing an understanding of where and why UGI should be prioritized.
Moreover, the ga, * iden.fied call for empowering civic organizations to produce their own
knowledge on tl, dis.. ution of flood risk considering both vulnerability and exposure. By co-
producing ar- owni 3 this kind of knowledge, civic organizations would add assets to their
advocacy trnlkie that enable them to use scientifically robust data often inaccessible to them
in usable orms s.
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Table 2: Indicators considered in Milwaukee’s regional and local Green Infrastructure Plans. Adapted from
Milwaukee Metropolitan Sewerage District (2013) and City of Milwaukee Collaboration Office (2019).

Indicator

Regional Green
Infrastructure Plan (2013)

Green
(2019)

Infrastructure Plan

Vacant land

Non-Brownfields

Areas Without Tree Canopy

Parks

Impervious Surface

Redevelopment Areas

Improvement Districts / Community
Development Block Grant Areas

Rehabilitation locations

Areas  with  Existing Green | *
Infrastructure Strategies
Potential Stream Corridor | *

High Inflow Areas to the Deep
Tunnel

Potential Drainage Problem Areas

Potential High Sewer Inflow and
Infiltration Areas

Known Stormwater Issue Areas

(e.g. Sewer Backups)

High Pollutant Loading Areas

Depth to Bedrock

Depth to Groundwater

City-Owned Properties

Milwaukee Public Libraries and
Schools

Schools

Parking Lots

Selective Sewer

Opportunities

Separation

Slopes
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Co-production methodology and process

The process of co-producing Milwaukee’s FHVA took place over six phases (Figure 1). A 1»tal
of 26 online meetings took place over the course of the project, during which members of . ~
team involved in the process suggested, discussed, and provided feedback to specific ac’.o” s
taken during the project. While certain phases of the project occasionally overlapp~d , - a. .y
addressing more than one phase in a single meeting), they primarily followed 2 st quential
progression. We hence present each phase in order to facilitate their interpretatio.
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PHASE

1) Brainstorming and
scoping phase

PHASE'S OBJECTIVE

Identify knowledge gaps

Set clear goals and

PHASE'S OUTPUT

UGI planning lacks prioritization of
vulnerable and exposed
communities

Health-related variables tend to be
ignored in vulenrability
assessments to urban flooding

objectives

2) Specialist recruitment

Identify knowledge gaps in

Identify exposure-vulnerability
hotspots accounting for health-
related factors

the initial team & potential
end users

\ 4
3) Data scouting and /

indicator selection

Identify data sources for
social vulnerability, including

Invited local healthcare providers
and data visualization &
communication practitioners

local healthcare-related data
repositories

v

Select indicators based on

Preliminary list of available
variables and indicators

domain relevance, data gaps,
and limiting collinearity

Aggregate selected

Selected vulnerability indicators
classified in three themes
(sociodemographic, health,
household), along with exposure

indicators

Identified exposure and
vulnerability hotspots clustered in

indicators in themes of

4) Spatial analysis

vulnerability and exposure

5) Output design and

Produce an engagement and
communication tool

two areas in the city's center

Developed a storymap designed for

development

presenting the assessment's
results

supporting advocacy and capacity
building by local organizations

6) External validation and

Collect external input from

Incorporate received feedback into

feedback

potential end users not
involved in the assessment

the assessment and the storymap
tool

Figure 1: Flowchart showing the different phases followed during the co-production process, along with their
objectives and their specific outputs.
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Phase 1: Brainstorming and scoping phase

An initial team composed of researchers and a local environmental justice organiza ‘on
gathered to identify specific research needs, potential research questions, and a . ~ie..
timeline. In this phase, the conversations focused on developing a common underste 10" 1ig f
Milwaukee’s current green infrastructure planning and policies context. In parallel, .~e .. = .i's
research goals and capacities were defined and aligned. As a result, it was conc .=« *hat an
accessible, easy to interpret assessment of Milwaukee’s uneven flood risk di~*rib. ‘ion would
be beneficial for a diverse range of stakeholders in the city. In addition, = links oetween
health and flooding vulnerability was identified as a missing dimension in 30".i1m n flood risk
analyses, with only a few exceptional examples such as the Flood-Hea " V. '~ _rability Index
developed by San Francisco’s Department of Public Health (Wolff ana ~on. -ford, 2016) and
a New York City-based vulnerability index focused on the adverse ~#ec. ~ of coastal flooding
on health (Lane et al., 2013). Consequently, it was specifically - ~*ad that including health-
related variables would enrich the assessment beyond more co nr on rulnerability criteria.

Phase 2: Specialist recruitment

Milwaukee-based key stakeholders were identified and ‘nvited to partner with the project in
order to a) incorporate participants that fulfilled the kn. ledge needs identified by the initial
team and b) involve potential end-users of the tool to .. Yev.'oped as recommended by Swart
et al. (2017). Local healthcare providers with expe ie .ce and/or knowledge on the interlinks
between healthcare and flooding were contacte~ ~nu ...«ited to participate in the process, as
well as data visualization practitioners with exg :rt' .e 1 developing interactive geospatial tools
for communication. The contacted stakeholdars -~ 2 invited to propose other participants to
join the team, allowing a snowballing-bas ed re ‘ruitment. After the recruitment of additional
specialists, the team was composed of 14 . *ivr participants (3 members of an environmental
justice organization, 7 healthcar~> specialists, 3 researchers, and 1 data visualization
specialist).

Phase 3: Data Scouting and ind, ator ¢ 3lection

Flood exposure and vulne abu. * indicators were scouted and prepared for a selection
process.

For exposure, two inc ators reflecting flooding exposure in roads and residential properties
were proposed by th~ res. .chers present in the team, based on experience mapping flood
risk in other city-h.\sed | -ojects (Table 3). The rationale for assessing exposure based on
roads and resic ~ntie.. narcels is two-fold. First, it allows for a bi-dimensional assessment of
exposure to ooa.. ° with impacts on two separate sectors (transportation and private
residential prop. *ties). Second, both indicators were available at the finest resolution possible,
with both oaa. and residential parcels being available as vectorial data delimiting their exact
boundarie. Re .idential units were considered impacted by flooding if their distance to any
type .11 s0dn.> was less than 10m in order to account for the resolution of the flood risk
simu 3 on ' 3ertsch et al., 2022; lliadis et al., 2023) and to account for possible indirect impacts
¢~ oropeities such as limited accessibility.

‘wo u.fferent flood hazards were considered: fluvial flooding and pluvial flooding. Fluvial
flooding was considered based on the Flood Insurance Rate Map (FIRM) developed by the
Federal Emergency Management Agency (FEMA). FEMA is in charge of generating flood
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hazard maps that inform regulations, such as the obligation of flood insurance if a dwelling is
located within the 100-year floodplain, the so-called Special Flood Hazard Area (SFHA)
(Pralle, 2019). For pluvial flooding, a hazard map was generated using the City Catchment
Analysis Tool (CityCAT) to simulate the flow of surface runoff during a 100-year, 1-hour storm
(with a total precipitation of 3.03 inches). CityCAT computes the flow of water in real time
accounting for infiltration based on the distribution of pervious / impervious surfaces (Glenis
et al.,, 2018). The CityCAT tool uses several inputs: a digital elevations model (DEM)
representing the local topography, a map of pervious land cover, a map of soil textures, and
a design storm. The tool has been widely used to simulate flooding events across whole cities
at varying resolutions (Glenis et al., 2013; Guerreiro et al., 2017; lliadis et al., 2023). In the
case of Milwaukee, a 10m resolution was used to simulate urban runoff, and a depth threshold
of 4 inches (10cm) was set to map pluvial flooding hazard. A detailed description of the pluvial
modeling process and the data inputs employed is provided in the Additional File 1. The two
flood hazard types were combined into a single flood hazard layer, which was then used to
develop the exposure indicators considered.

Table 3: Exposure indicators used to develop Milwaukee’s FHVA exposure index.

Indicator References Data Source

% Total road area | (Papilloud et al., 2020; Stefanidis et al., | Milwaukee’s TopoPlanimetric map 2020
flooded 2022) (Milwaukee County Land Information Office,
2020)

% Residential units | (Ferguson and Ashley, 2017; Paulik et | Milwaukee’s Master Property List (MPROP),
exposed to flooding al., 2023; Stefanidis et al., 2022) 2021. (Milwaukee Open Data, 2021)

For vulnerability, three main categories were considered: Health-, sociodemographic-, and
household vulnerability (Table 4). Health vulnerability variables were selected under the
guidance of the healthcare practitioners present in the team. First, health indicators available
at the city level were scouted and presented to the team. Indicators were sourced from Health
Compass Milwaukee (Milwaukee Health Care Partnership, n.d.), a local data repository that
provides a comprehensive source of spatially distributed health-related information in
Milwaukee County. Indicators were grouped into a preliminary list of 16 health-related
variables suggested by the team’s healthcare practitioners. Then, each participant (including
both healthcare experts and non-experts) was asked to vote for what they considered to be
the 3-5 most relevant health variables. Based on the voting, 8 health-related variables relevant
for assessing flood vulnerability were selected. These were further narrowed down considering
multicollinearity and avoiding variables whose indicators presented considerable data gaps
(e.g. missing values across census tracts). Multicollinearity was checked using the Variance
Inflation Factor (VIF), using the recommended threshold of VIF <5 (McPhearson et al., 2021;
Snee, 1973) to avoid high collinearity between variables. Different combinations of healthcare
variables were presented to receive feedback from the healthcare practitioners in order to
ensure that decisions based on the data’s collinearity and quality were validated based on
their expertise. In parallel to the selection of health vulnerability indicators, other vulnerability
themes were discussed and selected. Two additional vulnerability themes (sociodemographic
and household) were defined based on Wolff and Comerford (2016)’s themes applied to San
Francisco’s Flood-Vulnerability Index. In cases when data was not available to replicate a
given indicator under each vulnerability theme, alternative indicators fitting under the
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vulnerability theme at hand were proposed by members of the team based on o. ~r
information sources on social vulnerability (e.g. CDC’s Social Vulnerability Index (Flanaga'. et
al., 2011)) and data availability. Under each vulnerability theme, the number of varial =s
considered was limited in order to facilitate the interpretation of the index and to .eu uce
collinearity.

Table 4: Indicators selected and aggregated for the development of the different social vulnerak’” ™ su. -indices.
References refer to case studies that used a similar indicator to assess vulnerability and/or the distriL 'tioni.. justice
of flood risk.



SV theme Indicator References Data Source
Health Vulnerability | % Adults with (Wolff and Comerford | Health Compass Milwaukee
Diabetes 2016) (datasets  for year  2019)
(Milwaukee Health Care

Partnership n.d.)

% adults with poor
mental health over
last 14 days

(Wolff and Comerford
2016; Chakraborty et
al. 2020)

Health Compass Milwaukee

(datasets  for
(Milwaukee
Partnership n.d.)

year
Health

2019)
Care

Age-adjusted Emergency
Room visits rate
due to asthma

(Wolff and Comerford
2016; Peirce et al.
2022)

Health Compass Milwaukee

(datasets  for
(Milwaukee
Partnership n.d.)

year
Health

2019)
Care

% Population with a
Disability

(Flanagan et al. 2011;
Wolff and Comerford

2016; Chakraborty et
al. 2020; Madajewicz
2020)

US Census Bureau, 5-year

estimates for period 2015-2019
(US Census Bureau 2020b)

% Adults without a Health
Insurance

(Tate et al. 2021)

US Census Bureau, 5-year

estimates for period 2015-2019
(US Census Bureau 2020b)

Sociodemographic
Vulnerability

% Residents aged
below 18 and above
65 years old

(Flanagan et al. 2011;
Wolff and Comerford
2016; Chakraborty et
al. 2020; Herreros-

Cantis et al. 2020;
Madajewicz 2020;
Tate et al. 2021,

Chang et al. 2021)

US Census Bureau, 5-year

estimates for period 2015-2019
(US Census Bureau 2020b)

% People with a
salary below twice the
federal poverty level

(Flanagan et al. 2011;
Wolff and Comerford
2016; Herreros-Cantis
et al. 2020; Tate et al.
2021)

US Census Bureau, 5-year

estimates for period 2015-2019
(US Census Bureau 2020b)

% People aged above
25 years old without a
high school diploma

(Flanagan et al. 2011;
Wolff and Comerford
2016; Chakraborty et
al. 2020; Herreros-
Cantis et al. 2020;
Tate et al. 2021)

US Census Bureau, 5-year

estimates for period 2015-2019
(US Census Bureau 2020b)

% of the population

aged 5 that speaks
English “not well” or “not at
all”

(Flanagan et al. 2011;
Wolff and Comerford
2016; Chakraborty et
al. 2020; Herreros-
Cantis et al. 2020;
Tate et al. 2021)

US Census Bureau, 5-year

estimates for period 2015-2019
(US Census Bureau 2020b)

% of residents self-
identified as Black,
Indigenous, People of

(Flanagan et al. 2011;
Wolff and Comerford
2016; Chakraborty et

US Census Bureau, 5-year
estimates for period 2015-2019
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Color (Identifying as non- al. 2020; Herreros- | (US Census Bureau 2020b)

white and/or Hispanic / Cantis et al. 2020;
Latinx) Tate et al. 2021)
Household % Households (Flanagan et al. 2011; | US Census Bureau, 5-year
Vulnerability without a car ggfg-raﬁgﬁgm:éanﬁls' estimates for period 2015-2019
ot al. 2020) (US Census Bureau 2020b)

% Households built before | (Chakraborty et al. | Milwaukee’s Master Property File

1950 2020) 2021 (Miwaukee Open Data
2021)

% Households (Wolff and Comerford | US Census Bureau, 5-year

composed of a single 2016)

-7 estimates for period 2015-2019
adult living alone

Phase 4: Spatial analysis

Generating the vulnerability index required a previous development of three separate
vulnerability sub-indices, one per vulnerability theme considered. A sub-index approach was
selected by the team to enable end-users to easily interpret vulnerability as a compound of
different themes or dimensions. Aggregating the three sub-indices ensured equal influence of
each theme on the final index, regardless of them having a different number of indicators
considered. The data aggregation process and methodology were iteratively reported to the
team by presenting intermediate and preliminary results, in order to ensure a common
understanding of the quantitative outcomes of the analysis. The aggregations of indicators for
each sub-index were computed by calculating the sum of the normalized indicators conforming
each sub-index. This approach was deemed suitably interpretable by the team.

Exposure and vulnerability hotspots were mapped by individually selecting census tracts that
ranked in the top 25% (top quartile) for the exposure and vulnerability indices, respectively.
Then, both maps were overlapped to highlight locations where high vulnerability and high
exposure co-occur. This approach was selected based on inputs by the team and external
stakeholders regarding the difficult interpretability of a fully aggregated index. In an aggregated
risk index, discerning whether high risk is the result of high exposure, high vulnerability, or a
combination of both required diving into the underlying data. The results were presented to
the full team to gather internal feedback and reactions on the hotspots identified, and to
consider potential locations within Milwaukee that may serve as a zoomed-in case study and
in future advocacy and engagement work.

Phase 5: Output design and development

As the analytical work reached completion, discussions shifted towards designing a user-
friendly communication tool to disseminate the spatial analysis carried out. The main purposes
for the tool were defined collectively during brainstorming sessions facilitated during the online
meetings. The purposes of the communication tool were defined in alignment with those of
the spatial analysis as a) to support advocacy and capacity-building efforts by multi-
disciplinary groups ranging from non-governmental organizations to healthcare providers
interested in urban adaptation to climate change and b) to broaden local decision-makers’
understanding of the spatially explicit attributes that define flood risk and that should be
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considered in risk mitigation policies and interventions. A story map format was selected gi. *n
its advantages for dynamically representing spatial data while accompanying it with contex’ sai
text. Story maps are web-based applications capable of visualizing spatial data in =n
interactive manner (e.g. allowing to zoom in/out, navigating the map, and clicking or sp .tial
features to access expanded information). Maps can then be supported by additional ~.cure 5
such as text, graphs, and audiovisual materials. As web-based applications, story 1 *aps can
easily be made publicly available and shared. The story maps application deve. .~ by the
Environmental Systems Research Institute (ESRI) was chosen given its suitaw.. . ctionality
as a communication and education tool (Cope et al., 2018; Harder and F.ov 2. 2017). The
design of the story map focused on developing a clear, concise r-rrat. '« of he analysis
developed and its conclusions, as well as a consistent graphic layout (C. “i and Kain, 2016).
Two parallel tasks were carried out to develop the story map: A written =chr.cal report and a
storyboard. The technical report summarized the key methodologiv.. ~*< s taken during the
spatial analysis, while the storyboard organized the project’s nar au» : and identified the types
of data and content necessary in each section of the map. The tr.ybr ard was created using
a slideshow presentation program, which allowed any me 1ber ui the team to contribute
regardless of their GIS skills. The researchers of the team led th. 1evelopment of the technical
report, and the environmental justice organization memb .rs of the team focused on structuring
the storyboard and transferring it into an actual protoy, e of the tool. Both products were
presented as drafted outputs, requesting the rest 0" in+ teain for inputs and feedback during
meetings. The process of co-designing the story vap 1volved designing, balancing, and
integrating different mediums such as written te .., rapns, maps, and their different layers.

Phase 6: External validation and feedback

To strengthen the validity and applicabilit - >f the project’s output, external input was collected
at the beginning and the ending of the pro,. .« to review the project’s goals, methods, and
output’s design. State-level public * 2alth officiuis from Wisconsin’s Department of Health
Services (DHS) working at the intersec.. >~ of climate and health were consulted for feedback
on the project’s goals. Convers' tions sought to identify challenges faced by officials in the
development of similar integratec floe ., risk assessments. Preliminary and final results were
presented to the same offici: is v. ~ live demonstrations of the developed story map in order to
receive feedback and to info. ™ them of the tool’s availability. An additional live demonstration
of the was carried cut with the local environmental justice organization Milwaukee Water
Commons in request {.. feedback on the storymap’s relevance and usability.

Milwaukee’s Flo. ' Heain Vulnerability Assessment: Spatial Analysis Results

The results of the ~paual analysis show the spatial distribution of flood exposure and flood
vulnerability n. Milwaukee at the Census Tract level. Exposure (Figure 2) shows a scattered
distributior «.-9s< the city. This spread is heavily influenced by the two flood hazard layers.
As show." in Fig ire 3, the pluvial flood hazard layer developed with the CityCAT modeling tool
covere - mu. ' larger area of the city than the fluvial flood hazard layer developed by FEMA.
Whil : F:M \'s nood hazard layer covers a total area of 985 hectares (ha), the pluvial flood
he carc '~ er highlights up to 4715 ha that flood due to the accumulation of surface runoff in
low “*-lying areas.
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388  Figure 2: Flooding Exposure Index in Milwaukee, with scores sorted in quintiles.
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390 Figure 3: Flood hazard distribution of the two flooding hazard types considered in the study. On the left, flood
391 hazard according to FEMA’s Special Flood Hazard Area (100-year floodplain). On the right, pluvial flooding
392  according to a 100-yr 1-hour rain event simulated in CityCAT.
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Flood vulnerability, in contrast, exhibits a clustered distribution with higher values concentra. ~d
in the city’s center (Figure 4). This pattern is consistent across the sub-indices developec (or
each vulnerability theme, with minor variations in their north-south distribution. For instar. e,
the socioeconomic vulnerability sub-index shows high index values further South of t' ¢ « .y’s
center, while high health vulnerability spreads further North instead. Finally, hc '<zho J
vulnerability shows its high vulnerability values more concentrated in the city’s cente © wiuiout
reaching as far North or South as the other two sub-indices.

The distinct distributions of the exposure and vulnerability indices drive the ai.. >ution of
hotspots and their co-occurrence. Due to the clustering of high vulnerabil'.y r zr sus tracts in
Milwaukee’s center, the co-occurrence of high exposure and high vunieral ' «v ic constrained
to the same area (Figure 6). Out of a total of 209 census tracts, 18 w ‘re . 'entified as both a
vulnerability and exposure hotspot. Additionally, 34 census tracts are ide, tified as vulnerability
hotspots, and the same number of tracts are identified as exposure ho....s. Roughly 47,800
people (~8% of the city’s total population) live in the tracts idr atfied as exposure and
vulnerability hotspots, with an additional ~86,600 (~14%) »e e wing in census tracts
identified as vulnerability hotspots, and ~100,700 (~17%) ir. xposure hotspots. To facilitate
interpretation by Milwaukee’s residents, the zip codes that overi. ) with either type of hotspot
were also identified (Table 5).
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Figure 4: Social Vulnerability Index resulting from the aggregation of the three vulnerability sub-indices. The
vulnerability level categories correspond to a quintile-based classification.
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Figure 5: Vulnerability sub-indices generated from the aggregation of indicators selected under each vulnerability
theme. The vulnerability themes aggregated correspond to health variables (left), socioeconomic (middle), and
household (right). The vulnerability level categories correspond to a quintile-based classification.
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Figure 6: Overlap between Flood Exposure and Social Vulnerability hotspots across Milwaukee. Hotspots for
exposure and vulnerability are defined as the top quartile (top 25%) of the two indices, respectively.
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Table 5: Zip codes in Milwaukee that intersect with one or more types of hotspot. Zip codes and census tracts have
different boundaries, due to which any given zip code will intersect with more than one census tract. To account
for this, for each zip code, every different hotspot type is listed.

Zip Code | Types of Hotspots

53224 Exposure

53223 Exposure

53225 Exposure

53218 Exposure

53209 Exposure; vulnerability

53216 Exposure; vulnerability

53206 Exposure and vulnerability; vulnerability

53212 Exposure and vulnerability; exposure; vulnerability
53210 Exposure and vulnerability; exposure; vulnerability
53208 Exposure and vulnerability; vulnerability

53205 Exposure and vulnerability; exposure; vulnerability
53233 Exposure; vulnerability

53203 Exposure; vulnerability

53202 Exposure

53204 Exposure and vulnerability; exposure; vulnerability
53214 Exposure; vulnerability

53215 Exposure and vulnerability; vulnerability

53219 Exposure

53221 Exposure

53207 Exposure

Milwaukee’s Flood Health Vulnerability Assessment: The Story Map

The resulting story map is presented as a scrolling thread structured in eight different sections
(https://storymaps.arcgis.com/stories/3e8187206bb542d897bceb8a3694a416).

First, an ir..c."cucn highlights the project’s goal, defined as “to provide critical information on
both floc expo: ure and social vulnerability to support community-based advocacy and future
planni- _ *o1,. 'gate potential flood and health risks”. The assessment’s structure is presented,
guid 1o th reader through its exposure-vulnerability assessments. In two additional
in orm " = sections, the connections between climate change and health, as well as climate
<he. *qe and environmental justice, are presented. In these sections, the distributions of flood
sk, tree canopy, and impervious surfaces in Milwaukee are presented. Additional context is
provided by comparing these factors with legacies of historic segregation, known as redlining
‘Rothstein, 2017), illustrating the path dependencies connecting past racist policies with the



https://storymaps.arcgis.com/stories/3e8187206bb542d897bceb8a3694a416

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

454

455

456
457

current distributional injustices of environmental risks (Hoffman et al., 2020; Mitchell and
Franco, 2018). In this latter section, local contextual information is provided linking flooding
exposure to socially vulnerable communities and to green infrastructure planning in
Milwaukee. This allows to leverage the project’s goal of illustrating the need to prioritize
interventions in locations where vulnerability and exposure to flooding converge. The three
following sections summarize the methods and results for assessing exposure, assessing
vulnerability in its separate themes, and identifying hotspots based on the overlay of exposure
and vulnerability (Figure 7). A seventh section provides a case study focused on a particular
location in Milwaukee, Metcalfe Park (Figure 8). Metcalfe Park was selected as a case study
given its overlap with census tracts classified as exposure and vulnerability hotspots, as well
as with historically segregated areas. This case study aims to illustrate how the tool could be
used at the neighborhood level to closely understand flooding exposure, its potential impacts,
and to identify opportunities for interventions. Additional layers not included in the spatial
analysis are provided for further context, such as the presence of polluted industrial sites.
Finally, a concluding section provides information to get involved in future activities, flood
preparation tips, and contact information for the different groups involved in the assessment.

Exposure / Vulnerability
Hotspots

C i

Figure 7: Milwaukee’s Flood Health Vulnerability Assessment - Story map presenting the overlay between
exposure and vulnerability hotspots.
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Figure 8: Milwaukee’s Flood Health Vulnerability Assessment - Story map zoom into Metcalfe Park as an example
case study, presenting high resolution flood hazard data and additional spatial data such as the location of polluted
sites.

The story map includes functionalities that were added as a result of the internal and external
feedback. Added functionalities were designed to facilitate the interpretation of the data
presented, avoiding any possible “black-box” effect. For instance, the census tracts presented
in any of the maps can be clicked on to deploy an attribute table with the specific indicator
values that led to the tract’s index value. In addition, a “View Alone” button allows users to
isolate and visualize a specific indicator, allowing city-wide visualizations. Feedback received
from potential users was highly focused on facilitating the geographic navigation of the maps,
given that census tracts are not a familiar spatial unit for people. Because of this, an interactive
zip-code layer was added. Additionally, the story map’s user-friendliness is further enabled by
using a basemap including street names.

Discussion

In this study, we presented Milwaukee’s Flood Health Vulnerability Assessment and the
underlying co-production process that was triggered by an observed lack of consideration for
key vulnerability aspects in the spatial planning of green infrastructure in Milwaukee
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(Milwaukee Metropolitan Sewerage District, 2013; The City of Milwaukee Environmental
Collaboration Office, 2019). Ultimately, the project’s outcomes aim to serve as advocacy and
planning tools by illustrating the critical need for accounting for different dimensions of risk,
taken as an aggregate of hazard, exposure, and vulnerability, when designing and allocating
climate change adaptation interventions such as green infrastructure (Hoover et al., 2021;
Meerow, 2020). In addition to the project’s results, the co-production process through which
they were produced also aimed to empower civic organizations that may lack access to data,
information, and knowledge needed to support their efforts to advocate for policy changes and
have their needs addressed (Chambers et al., 2021). The process resulted in a spatial analysis
that identifies exposure and vulnerability hotspots, which co-occur in Milwaukee’s central area.
Additionally, a story map envisioned as a support tool for advocacy organizations, city officials,
urban planners, and healthcare practitioners was produced as a tool to present the methods
and results to a wide audience in an appealing, educational manner that combines spatial data
visualization with supporting text, graphs, and audiovisual materials (Hoffman et al., 2020).

The indicators and hotpots mapped in this study may not only inform the siting of UGI and
other NBS, but their implementation and design processes. For instance, areas with high
disability or elderly rates may require interventions to focus on physical accessibility; high
poverty rates may flag a need to ensure that jobs created in the implementation process
provide opportunities to address wealth inequalities (Grabowski et al., 2023); and communities
with a high rate of residents unable to properly communicate in English may ensure that the
participatory processes linked to NBS and UGI planning offer information in other languages
(Teron, 2016). UGI itself has been observed to provide a wide range of health benefits such
as reducing stress levels, reducing risks for cardiovascular disease, and improving immune
responses (Nieuwenhuijsen, 2021). Hence, health vulnerabilities like those mapped in this
study may be used to inform the siting and design of UGI beyond the flood zones considered.
Besides advancing the mapping of vulnerability in Milwaukee, this study considers pluvial
flooding by simulating a 100-year, 1-hour storm event. The addition of pluvial flooding is critical
to avoid the underrepresentation of flood hazards in Milwaukee’s FHVA. Accounting for pluvial
flooding allowed the identification of locations with potential to experience flooding while being
far from FEMA'’s riverine floodplains. For instance, pluvial flooding was identified in the 30th
Street Corridor and N 35th Street, a high vulnerability area in which Milwaukee’s Metropolitan
Sewerage District is currently deploying several large-scale UGI projects to address persistent
flooding (Milwaukee ¢ tropolitan Sewerage District, 2021a, 2021b).

Co-production proce~s: be.* jits and lessons learned

Facilitating the int. action oetween domain experts and data scientists is crucial to realize the
benefits that dai. scie. <e has to offer (Viaene, 2013). In the initial stages of the co-production
process, the -'sses. nent team was expanded in order to incorporate holders of specific
knowledge *nmc. s that were identified as lacking in the original team. The inclusion of health
experts it the eam was found to be crucial. For instance, the preliminary indicators list
proposed « *hr .a rates of the adult population as an indicator, to which health experts pointed
the . itir 4l imp. tance of including pediatric populations in asthma metrics. In addition to
deme ex erts, including other potential end-users (e.g. environmental justice organizations)
w. = valuable to ensure the study’s final usability (Hoffmann et al., 2020; Lemos et al., 2012).
~hoo. 'ng to step away from an originally intended “index” approach was the most important
impact of including end users and consulting with external public officials. It was made clear
that aggregating all the data into a single index makes it virtually impossible to understand the
underlying drivers of a high value. Therefore, a “modular” approach by which vulnerability and
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exposure indices are kept separate, enabling the user to understand the distinct distributi. ~s
of both factors, was selected. Additionally, the hierarchical conceptualization of vulneral uty
as an aggregate of sub-indices or themes (Reckien, 2018; Tate, 2012) was also selected to
facilitate the interpretation of the final results, as well as enabling users to focus on p-.ut .lar
themes that may be of higher concern depending on the use case.

The benefits of this co-production process so far highlighted are the result of e high
interdisciplinarity of the team (Vollstedt et al., 2021). Furthermore, the incoi 0Oi.on of
healthcare practitioners as domain experts fills a need for carrying out intw. > ciplinary
research with health, climate change, and racial justice scholars (Deivanay igs n >t al., 2023).
This interdisciplinarity and interaction between researchers and staceho. 2rs with domain
expertise is key to enable collective learning (Olazabal et al., 2018). # ke, ~omponent of co-
production is the problem definition, which posed major challenges at ti. ~ initial stages of the
project. Several iterations were needed to refine the project’s goals anu . develop a frame of
collaboration grounded on a mutual understanding of the proje _t's ¢~ pacities, assumptions,
and the different roles of the members of the team. This is no* ia. ific 4 as a weakness of the
project, but a strength. It has been shown that involving stake nlders and other participants in
the very initial stages of the project increases the value, ea. cational potential, and the
credibility of its outcomes (Voinov and Bousquet, ?110). The challenges encountered,
however, call for specifically budgeting time and resourres _~ the initial stages of co-production
projects, as highlighted by others (Christel et al., 2( 18",

Study limitations and future steps

Future steps complementing the process prusr ate . may focus on limitations and further
research needs identified. On the co-prodv ... " swue, future iterations may explore the further
participation of policy makers and/or r¢-ident: from select communities. Including policy
makers in the co-production process woulu * «crease the usability of their products in UGI
planning. For instance, urban pla,." ers and puiicy makers may provide feedback on the
indicators used in the assessment. high.. **ing whether specific indicators should be excluded
or added based on their needs. nvolv 1g policy-makers, however, would require addressing
potential power imbalances that . ~av .rise if their institutional authority influences decisions
made during the co-producti sn . ~cess. Involving local residents in the development of future
tools may facilitate ongoing .’~logues on self-advocacy and disaster preparedness. The story
map developed has oroven useiul in contexts such as education and city-wide advocacy.
Journalism, in additic.,, has emerged as an unexpected use of the tool since its release.
Besides a feature s ¢ “ificany focused on the story map itself (Looby, 2022), additional media
pieces have bec(' pubnshed relying on the story map to illustrate climate change,
sustainability, a. 1 lo. 7l concerns on exacerbating flooding due to highway expansions
(Chester, 207 +; Sci. lte and Looby, 2023a, 2023b). However, the story map’s capacity to
engage with the  ~sidents of disproportionately vulnerable and exposed neighborhoods is yet
to be ev= uatec Given examples of story maps created as environmental justice advocacy
tools that « ~~= jed directly with community members during their development (Lung-Amam
and "sav «i"s, "20), the current story map may trigger new co-production cycles rather than
for~i. - res’ Jents to adhere to its already existing version.

Re_ 2rding future analytical steps, understanding how current and projected UGl is distributed
.nd performing in Milwaukee would reveal if interventions effectively address the areas most
in need of flood risk mitigation identified in this study. Accounting for the performance of UGI
" addition to the distribution of risk would enable a supply-demand assessment in which
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distributional injustices of both UGI and hazards are presented and related to each other
(Herreros-Cantis and McPhearson, 2021). In addition, coupling flood risk with the distribution
of polluted sites has been identified as a research avenue of interest for which a new co-
production cycle, including the recruitment of specialists in water quality and pollution, would
be needed.

Climate adaptation planning in Milwaukee: recent developments

Milwaukee’s FHVA was triggered as a reaction to Milwaukee’s city-wide UGI plans. Several
developments in Milwaukee’s adaptation planning context have occurred in parallel to the
project. Albeit positive, these developments underscore the need for empowering the voices
of organizations advocating for a risk and vulnerability-centered approach towards prioritizing
and designing UGI.

In June 2023, Milwaukee County released the Milwaukee County Climate Action 2050 Plan,
a county-wide vulnerability assessment focused on extreme heat, flooding, and air quality
(Milwaukee County, 2023). The assessment presents promising aspects such as the inclusion
of residents’ views through a city-wide survey and workshop discussions. However, the report
acknowledges the over-representation of white, higher-income residents (90% of the survey
respondents). Furthermore, the report presents other limitations such as not providing a
region-wide, spatially explicit flood vulnerability assessment and relying on CDC’s Social
Vulnerability Index as a pre-packaged, generalist vulnerability product. Some of these
limitations may reflect the way in which local residents participated in the assessment as
sources of information in the initial stages of the project, rather than as knowledge co-
producers. Finally, the County’s assessment exclusively considers FEMA's flood hazard areas
to assess exposure, hence overlooking the widespread distribution of pluvial flooding. In
September 2023, Milwaukee city officials announced the award of $12 million in funding to
increase access to green spaces and expand urban tree canopy in order to address the
challenges posed by climate change and create healthier communities(Urban Milwaukee,
2023; USDA Forest Service, 2023). The grant program explicitly states an intention to target
disadvantaged communities, reinforcing the need for a city-wide understanding of the
distributions of risk as a combina. ~n ¢ vulnerability and exposure.

Conclusions

In order to achieve a, v.t and effective mobilization of resources for flood risk mitigation, cities
investing on UGI and ou. >r *ypes of NBS must explicitly consider the uneven distribution of
flooding exposure na “tnerability. The mapping of risk to extreme weather events in cities
has been de.elop. ¥ over several iterations from an academic standpoint. However, the
methods and “n. vleuge developed through risk mapping processes lack relevance or
accessibility w. ity governments and place-based civic organizations.

Here, we Jres. nted the result of a co-production process that was rooted in the inclusion of
potential « ~d-us 2rs and experts with relevant knowledge for increasing the study’s validity and
appli- an- .tv te. advocacy, urban planning, and education. The presented exercise triggered a
shar. 7 .ear ving process, allowing for the integration of the different expertises present in the
t~m. 1.e study’s co-production approach facilitated the incorporation of voices commonly
inae “epresented in UGI planning, such as environmental justice advocates calling for an
2quitable distribution of resources. As a result of the process, exposure and vulnerability
hotspots across Milwaukee were identified, concentrated in the central areas of the city.
Lesides the assessment, a web-based story map was developed for communication
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purposes. The story map allows not only to visualize flooding exposure and vulnerab. v
hotspots in Milwaukee, but also to disseminate the assessment’s methods in an access ule
and understandable manner.
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