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Executive Summary

Over the coming decades, Vancouver will need to
deal with a range of growing stressors, including the
worsening effects of climate change, resource
scarcity, ecological degradation, growing inequality,
and one of the most unaffordable housing markets in
the world. The concept of resilience provides a useful
and holistic lens through which to view these issues
that incorporates existing city strategies and goals. A
Resilient City is by necessity also a Green City, a
Healthy City, a Disaster-ready City, a Creative City,
and a Diverse and Equitable City.

The Resilient Neighbourhood Design Tool (RNDT)
is a holistic assessment framework in-developed by
the City Design Studio to assess the resilience
potential of neighbourhoods and communities in the
design phase. This framework takes into account a
diverse range of specific indicators, which cover
themes pertinent to resilience such as housing, social
connection, neighbourhood pattern, and climate
change adaption.

Disclaimer

The resilience indicators used in the RNDT will allow

cities to better understand the relationship between
built form and performance, and to measure

performance, strengths, and weaknesses against
specific goals and targets. This will in turn enable the
development of effective strategies and actions for
improvement, a balancing of multiple city objectives, a
greater understanding of synergies and trade-offs, and
inform more holistic and defensible decision-making.

The purpose of this document is twofold. Firstly, it
aims to provide a research summary, contextualization,
and academic body of support for the choice of key
indicators and metrics used in the RNDT. Secondly, it
aims to act as a standalone best-practice resource for
those seeking to enhance the resilience of
communities and the built environment through
intentional urban design. Overall, it was found that
there was considerable support within the literature for
most indicators used in the RNDT.

This research was undertaken by a 2019 Greenest City
Scholar, Mark Poskitt, in collaboration with the City
Design Studio at the City of Vancouver.
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Holistic Assessment
Frameworks: a brief
overview

Globally, there is an increasing recognition of the
need to develop tangible, comprehensives, and
holistic assessment frameworks that enable cities
and organizations to measure their performance in
relation to specific goals. As the concept of resilience
has grown over the previous decades, so too has

the development of holistic resilience assessment
frameworks which seek to provide a way to measure
resilience. Typically, these tools rely on a set of
measurable indicators which provide a benchmark for
performance.

Holistic resilience assessment frameworks can be
categorized as those which measure resilience in

the post-occupancy stage, or those which measure
resilience in the design phase prior to construction.
The RNDT fits into the latter of these two categories.
Although both groups of frameworks fundamentally
attempt to measure the same thing (resilience), the
types of indicators used in design-phase tools are by
necessity typically metrics which assess the physical
and measurable elements of the built environment,
whilst the types of indicators used in post-occupancy
tools can be more wide-ranging.

To illustrate this distinction, consider the example

of social capital — a widely recognized component

of community resilience. Whilst a post-occupancy
assessment framework may use indicators such as
‘sense of community’ or ‘voluntarism rates’ amongst
neighbourhood residents as gauges of social capital,

a design-phase assessment framework may use
indicators which assess how conducive the built
environment is to facilitating social capital, such as ‘the
percentage of residential gross floor area (GFA) in a
development that has access to a communal amenity
space’ where socializing can occur, or whether or not
the parking configuration and massing of a building is
likely to foster social interaction between neighbours.

Research scope

This research does not intent to provide an exhaustive
exploration of all literature pertaining to each indicator
used in the RNDT, but rather aims to provide a
succinct summary of the most relevant literature in
relation to a selection of key indicators. Given that

a primary function of this document is to act as an
accessible standalone best-practice resource guide,

a balance has been sought in many parts between
usability, simplicity, and depth of understanding.
Where technical terms are used, a definition or
explanation of these is typically provided. Some
baseline knowledge of urban design and resilience
may help with understanding and interpreting this
document, but is non-essential.

Research process

The process for this research was in many respects
dynamic and non-linear. In some instances this
research was an iterative process, with research
findings shaping the choice of indicators and metrics,
which would then inform the direction of further
research. However, the core component of this research
involved analyzing and synthesizing existing literature
surrounding each indicator, identifying performance
thresholds for indicators where applicable, and
investigating the relationships between the built
environment and resilience that inform these.

Document Navigation

The following document has been broken into ten
core chapters that correspond to broad resilience
themes such as ‘housing’, ‘pattern’ and ‘connection,
under which different indicators have been grouped. A
summary of the research relevant to each indicator can
be found in the individual indicator sections within
these chapters. Each indicator section will typically
contain a series of relevant research sub-sections,
alongside an individual reference list. An overall
reference list has also been compiled at the end of this
document.
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Affordable Housing

As the most unaffordable province in Canada in
terms of both home ownership and rental prices
(Statista, 2017) housing affordability is one of the
most pressing external stressors currently facing

cities in British Columbia such as Vancouver (City
of Vancouver, 2019a). From 2016-2017 alone, private
market rents across the city increased by 4.9% and
benchmark condominium prices in East Vancouver
increased by 19.5% (City of Vancouver, 2018a) with
the 2017 rental vacancy rate dipping below 1%,
indicating an extremely competitive rental market
(City of Vancouver, 2018c). The average housing prices
in Vancouver have more than doubled since 2009
(Rozworski, 2019), and have significantly outpaced
increases in medium incomes during this same period

(City of Vancouver, 2018c).

'The causes of the current housing crisis in Vancouver
(and Canada more generally) are numerous and
varied (Grigoryeva & Ley, 2019). In part, the crisis

is a consequence of the increasing urbanization

that many global regions are experiencing which
increases the demand for urban housing, paired with
a constrained housing supply caused by exclusionary
zoning (Rozworski, 2019; City of Vancouver, 2018c).
Excessive speculation driven by an era of low

finance interest rates and mortgage down-payment
requirements during the late 20th century onwards
(which was as low as 5% down-payment during the
early 1990s) has also contributed significantly to the
crisis (Rozworski, 2019). Alongside a relatively weak
Canadian dollar over the previous decade, this cheap
credit has attracted significant foreign investment
into the Canadian real estate market which serves to
exacerbate speculation and local real estate demand
even further (City of Vancouver, 2018¢). A federal
policy shift in 1993 which ended all new federal
tunding for social housing projects further restricted a
supply of affordable housing, and this lack of funding
at a federal level was for the most part (and until
very recently) not substituted by additional provincial
support (Rozworski, 2019; Hulchanski, 2003).

'The increasing unaffordability of Vancouver has

serious implications for residents (City of Vancouver,
2018c). During the 2018 Vancouver point-in time
homeless count conducted by BC Non-Profit Housing
Association (BCNPHA) over a 24-hour period for
instance, 2,181 people were counted as homeless, with
1,522 of these in shelters and 659 living on the street
(BCNPHA & Urban Matters CCC, 2018). Although
the causes of homelessness are multifaceted and
complex, homelessness in Vancouver is undoubtedly
exacerbated by the rising rental prices and low vacancy
rates symptomatic of the city’s housing aftfordability
crisis (BCNPHA & Urban Matters CCC, 2018).
There is also evidence to suggest that the increasing
housing unaffordability in Vancouver is driving a

loss of income diversity (City of Vancouver, 2018a).
Between 2005 and 2016 the share of renter households
earning less than $25,000 annually fell from 38%

to 27%, whilst at the same time the share of renter
households earning more than $100,000 annually
increased from 7% to 19% (City of Vancouver, 2018a).
Given that diversity is a core tenant of urban resilience
(Suarez et al, 2016), this issue is a salient concern for
Vancouver. For these reasons, the Resilient Vancouver
Strategy identifies housing affordability as a crucial
stressor that must be navigated if Vancouver is to
embrace a resilience, livable, and equitable future (City

of Vancouver, 2019a).

An adequate supply of affordable housing is able to
enhance urban resilience by improving the economic
and social livelihoods of residents and reducing the
vulnerability of residents to external stressors (Vale

et al, 2014). Housing / shelter affordability has been
used as an indicator in other comparable holistic
resilience models within the literature, such as the
City Resilience Index developed by ARUP and

The Rockfeller Foundation (2014), the WILUTE
model of urban sustainability developed by Zhao et

al (2013), the CityLab Action Guide (Sweden Green
Building Council, 2018), and the IFRC (International
Federation of Red Cross) Framework for Community
Resilience (2014). Closely related resilience indicators
such as ‘microeconomic security and social protection’
(for which affordable housing can be a proxy) are also
adopted in urban resilience frameworks such as that

developed by De Boer et al (2016).

Whilst federal and provincial levels of government



have a significant role in addressing the underlying
causes of the national housing crisis through higher-
level policy (Hulchanski, 2003) and funding initiatives
such as the recent National Housing Strategy (2017),
municipal governments can play an important role

in implementing federal and provincial policy to
address housing affordability at a local level through
land use regulation and zoning (Eberle et al, 2011)
and building design. For these reasons, the Resilient
Neighbourhood Design Tool (RNDT) uses an

index of housing affordability as an indicator of
resilience, which takes into account elements of the
built environment relevant to housing affordability
that can be influenced at a municipal planning and
design level. These elements include tenure, density,
building height, parcel size, parking provision,
construction material and building efhiciency. Each of
these components is explored in further depth in the
following subsections.

Tenure

The housing continuum diagram below (adapted from
CMHC, 2018) provides a useful visual summary

of common conventional shelter options based on
their typical affordability relative to tenure type. As
this schematic shows, government assisted housing
(commonly referred to as ‘social’ housing) is generally
the most affordable tenure type, and rental tenure
arrangements are typically seen to be more affordable

than home ownership (City of Vancouver, 2018c).

AFFORDABLE
RENTAL
HOUSING

SOCIAL
HOUSING

The above image depicts a continuum of housing options which cater to different affordability needs. Moving along
the continuum is generally associated with increasing shelter costs, with market home ownership being the least
affordable option for many Canadians. Image sourced from CMHC (2018).

AFFORDABLE
HOME
OWNERSHIP

This is largely a consequence of the significant (and
growing) initial cost involved with buying a house

in Vancouver, which for most is far less affordable
than paying rent monthly. For a tangible example

of this, a recent report on the Canadian real estate
market compiled by rental.ca and Bullpen Consulting
(2019) found the average rental price for a 2-bedroom
apartment in Vancouver to be approximately $2,100
(as of July 2019), whilst the average selling price for

a house in Vancouver during July-August 2019 was
reported to be $1.1million (Zolo, 2019). To convert
this sale price into a monthly cost comparison, if

we assume that the house purchase requires a 20%
down-payment ($220,000), this will require a loan
value of $880,000 (80% of purchase price). Assuming
a modest interest rate of around 3% which is fairly
typical for a home mortgage in Canada currently (The
Mortgage Group, 2019) and an amortization period
of 25 years, this purchase will require an average
monthly payment of $4,173. Using the 2019 City

of Vancouver residential property tax rates (City of
Vancouver, 2019b) of approximately $2.56 per $1000
taxable value, this will add an additional $2,817 of
costs annually. Dividing this figure by 12 gives an
additional $234.77 to monthly costs, taking the
overall monthly costs to $4,408. Assuming property
insurance costs of approximately $130 per month
typical of British Columbia homes valued between
$700,000-$1,500,000 (Statista, 2019), this will raise
the overall monthly costs to roughly $4,538 (more
than double that of the average renter). As a recent
report by Coriolis Consulting on rental affordability
in metro affordability states, “rental is inherently more

MARKET
RENTAL
HOUSING

MARKET
HOME
OWNERSHIP
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affordable than ownership” (Coriolis Consulting Corp
& Wollenberg Munro Consulting Inc., 2019, pg.2)

“rental is inberently more

affordable than ownership”

As everyone’s housing needs are slightly different
however, encouraging a diversity of different housing
options and tenures suitable to a range of incomes

is seen to be an important component of a healthy
housing sector and an equitable community (City of
Vancouver, 2018c¢). For this reason, holistic resilience
and sustainability frameworks often advocate for a
diversity of tenure types. Neighbourhoods seeking
LEED certification for instance must have a diversity
of housing types and tenures, which is calculated
using Simpsons Diversity Index with an index
diversity target of at least 0.5 and ideally greater

than 0.7 (US Green Building Council, 2009). The
sustainability framework developed by the Design
Centre for Sustainability has also adopted these

same threshold requirements (DCS, 2009). In a
Vancouver context, common housing types associated
with homeownership include condos, coach houses
and townhouses; whilst for rental, laneway housing,
purpose-built-market rental, and developer-owned-
below-market rental are the most widespread (City
of Vancouver, 2018c). Types of social housing include
independent living social housing, supportive housing,
and co-operative housing (City of Vancouver, 2018c).

Residential Density

'The relationship between residential density and
affordability is complex and confounded by a
multitude of other interacting factors, making it
difficult to identify any single reliable association
between these phenomena (Cullen, 2005).
Conventionally, increasing density has often been
perceived to be positively associated with affordability
(Dalton, 2017). At a parcel level, increased residential
density potentially permits a greater supply of housing

units within a given spatial area (Aurund, 2010), which
can in turn positively influence the stock of affordable
housing options. For instance, in a hypothetical
development where all other factors (such as developer
profit margins, soft costs, land price, and location)
remain constant, increased residential density will
allow a developer to increase the overall floor area and
thereby sell or rent a greater number of units. This
will, in theory, lower the end-user costs associated
with each unit (or significantly lower the end user
costs for a number of units within the development
which are offset by the profits derived from the other
units) (Sing, 2016). For this reason, density bonusing
is commonly used as a municipal tool to encourage
private developers to construct more affordable units
(City of Vancouver, 2018b), and has been identified by
organizations such as BC Housing as a “high benefit”
practice for increasing affordable housing in urban

and growing urban areas (BC Housing, 2017). Greater
residential density also typically encourages smaller
dwelling sizes (Chan et al, 2002), which can positively
impact affordability (given that the sale price for a
unit is typically calculated on a square foot basis (Atlas
Group, 2018)).

'The relationship between neighbourhood density
and affordability has been highlighted in numerous
studies (Litman, 2017; Aurund, 2010; Fingleton,
2008). Fingelton (2008) for example demonstrated
that residential affordability in Cambridge (UK)
increased as a function of increased density, whilst
Aurund (2010) found that neighbourhoods

with greater density are likely to have a higher
quantity of affordable rental units than low-density
neighbourhoods. One of the implications of density
is that affordable transport options such as transit,
walking, and cycling are more feasible, which can

in turn significantly reduce household spending on
transportation (Litman, 2017). Grammenos (2016)
for example found a strong negative relationship
between the compactness of an urban area (a proxy
for residential density) and the percent of household
budget used on transportation. This frees up a greater
proportion of household income able to be spent on
accommodation, thereby potentially making a broader
range of housing options ‘affordable’ to residents
relative to overall household spending. Density then
may both directly and indirectly impact aftordability.



An emerging opposing body of literature however,
argues that density negatively impacts on housing
affordability. Burton (2000) for example, argues that
increased neighbourhood residential density leads to
a scarcity of land within a given urban area, which
contributes to higher housing costs. This in turn

leads to a lack of affordable housing (Burton, 2000).
Others contend that the urban ‘revitalisation’ which
often accompanies urban densification efforts does
not increase affordable housing options for those most
in need, but rather benefits “financers, developers,
investors, and builders, and the middle class elites”
(Kern, 2007, pg.664). As densification efforts
necessarily require new construction, the relationship
between residential density and affordability
intersects with the relationship between building age
and affordability. That is to say, urban densification
requires construction of new buildings, which have
been demonstrated to be less affordable than older
buildings (Preservation Green Lab, 2016; Jacobs,
1961). Ergo urban density may indirectly reduce
affordability by increasing new construction. Others
point out the ways in which densification can lead

to gentrification and a displacement of poorer, more
vulnerable working class residents (Quastel, 2009).
'This has led some authors to argue that the commonly
accepted association between density and affordability
is more dogma than rational discourse, and that the
widespread acceptance amongst planners that density
enhances affordability shows a clear disconnect
between planning practice and theory (Dalton, 2017).

Based on this research, three relationships between
housing affordability and residential density tenuously
emerge. Firstly, increased residential density at the
parcel level where all other factors are constant

(land price, location, building age) may positively
impact affordability. Secondly, urban residential
densification at the neighbourhood level insofar as it
is associated with new construction, increasing land
prices, a competitive real estate market, and urban
revitalization schemes may be seen to detrimentally
impact affordability. Thirdly, residential density at
the neighbourhood level may simultaneously have
the potential to indirectly contribute positively to
affordability by facilitating alternative forms of
mobility like transit, cycling and walking which

reduce household spending on transportation, thereby
leaving a greater proportion of household budget to be
allocated towards shelter.

Parcel Size

Smaller parcel size reduces the level of equity and
financing required to carry out a development, making
the development more accessible to a larger cohort of
smaller, local developers (Rupasinga, 2013). This may
increase competition between different developers and
increase the supply of development projects, which in
turn can have a positive effect on housing affordability
(Kuryj-Wysocka & Wisniewski, 2013). At the very
least, this competition and increased opportunity

for local entrepreneurship in development projects
will create a more “diversified economic structure

that will protect the local economy from being

overly independent on one firm or establishment”
(Rupasinga, 2013). In other words, smaller parcel sizes
may have benefits for the sustainability and resilience

of a local economy (D.Barrios & S.Barios, 2004).

Conversely, the creation of large parcels through a
process of land assembly (where several smaller parcels
are combined to create a single big parcel) may have
the potential to negatively impact affordability through
increased development costs, and increased land value.
To the first of these: land assembly is typically a time-
intensive process, which increases developmental costs
(including soft costs such as legal and permitting fees)
and time to market (Franzie, 2014). If the project

goes ahead, these increased development expenses

will ultimately be passed on to the end used in order
for the developer to make a desired return on profit
(Brueggeman & Fisher, 2008), decreasing affordability

for the end user.

Land assembly is also typically associated with an
increase in land value, whereby the value of a large
assembled lot is worth more than the sum of each

of the individual parcels (Haider, 2018). For a recent
example of this, three Vancouver Specials townhouses
built in 1979 were each assessed at around $1.4million
during 2017, but were collectively sold for more than
$10million when assembled that same year (Cheung,
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2018). Increased land values provide an incentive for
developers and landlords to increase selling (or rental)
prices for the end user in order to cover the increased
developmental costs associated with land acquisition,
and higher land values have been identified as a
barrier for the construction of more affordable housing
(Coriolis Consulting Corp & Wollenberg Munro
Consulting Inc., 2019; City of Vancouver, 2018c).

Consequently, increased parcel size may have an
overall tendency to negatively impact affordability by
increasing the level of equity required for development,
increasing development holding costs associated with
land assembly, and by increasing overall land values.

Building Height

Vertical urban growth is often associated with
increasing residential unaffordability, and the price of
a residential unit typically increases with its height
above ground (Graham, 2016). As example of this, a
recent study of residential prices in London’s (UK)
towers found that for every increase in floor, the

cost of a residential unit would increase by 1.5% per
square foot (excluding penthouse) (Frank, 2012). A
key driver behind this relationship is the increased
construction costs involved with building tall. Between
the 10th and 50th floors in tall tower developments
in London, Frank (2012) estimates there is 43%
uplift in construction costs per square foot, with “the
largest incremental increase in construction costs
occur[ing] in the 25-40 storey range” (pg.4). Soft costs
such as those associated with design and architecture
also increase incrementally with height, due to the
added structural complexities of building tall (Frank,
2012). As these soft and hard costs will ultimately be
absorbed by the end user, the additional development
costs associated with tall buildings negatively impact

housing affordability.

Another reason vertical growth is associated with
decreased affordability relates to the land values,
financing arrangements, and risk typical of such
developments. Because tall-tower residential
developments often provide an optimal use for a site,
they tend to occur in urban areas with high land values

(Frank, 2012). As with the increased hard and soft
costs involved with building tall, these high land costs
will ultimately be passed on to the end user, and also
demand a significant initial capital investment from
the developer which is typically only made possible
by external financing (Brueggeman & Fisher, 2008).
Such financing carries significant risk, as changes to
finance interest rates can drastically increase costs for
developers, which again will typically be passed on

to the end used (Brueggeman & Fisher, 2008; Pareto

Securities, n.d.).

From this research it is apparent that overall, increased
building height is negatively associated with residential
affordability.

Envelope Efficiency

Buildings with greater envelope efficiency will have an
improved energy performance, which will correspond
to more affordable ongoing energy costs over the long
term (Pacheco, 2012). This can be attributed to lower
unintended heat loss and gains, which reduces the
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Compact buildings such as this property in Victoria, BC, tend to be mor
implications for affordability. Image by Melissa Morris via Spacelist.



need for energy intensive heating and cooling of a
building. Generally, more compact building envelopes
are the most efficient building form (Parasonis et al,

2012).

As well as having a greater ongoing energy efficiency,
studies by Bostancioglu (2007) and Bathurst and
Butler (1982) have demonstrated that building
envelopes with a smaller external wall area/floor area
ratios (i.e. more compact building envelopes) are more
energy efficient to construct, which corresponds to a
lower construction cost per square foot (Bostancioglu,
2010). A study by Bostancioglu (2010) for example
found that a compact square-shaped building could
be up to 6% cheaper to construct per square foot
compared to less compact building shapes such

as rectangle, star, or H-shaped buildings (as well

as increased operational energy savings as great as
26.92%). These results make logical sense: if a building
increases the amount of wall area needing to be
constructed whilst the floor area remains constant,
then it follows that additional construction materials
will be required for the additional wall area (Stoy

& Schalcher, 2007). These additional materials used

increase construction costs, which negatively impacts

'H;--'_-—_I—'.--._-:_.__ = '.- -_-._- = - -

e energy efficient to construct and operate, which can have positive

affordability. More compact, efficient building
envelopes then not only increase affordability by
reducing operational costs over the long term, but also
by being cheaper to construct (Bostancioglu, 2010).

Parking Provision

A growing body of research indicates that parking
provision is negatively associated with residential
affordability (Litman, 2019; Portland Bureau of
Planning and Sustainability, 2012; Jung, 2009). As an
example of this, an analysis of San Francisco found
that single-detached houses and condominiums which
include oft-street parking are more than 10% more
costly than those that do not (Jia & Wachs, 1999). The
Victoria Transport Policy Institute estimates that for
typical affordable housing development, one parking
space per unit will increase costs by 12.5%, whilst two
parking spaces per unit can increase costs by up to
25% (Litman, 2019). These results are supported by
studies elsewhere in North America. A recent study
carried out by Portland’s Bureau of Planning and
Sustainability (2012) for instance found that providing
basic surface parking in a low-end rental building
increased rents by 50%, whilst the provision of
underground parking could increase rents by roughly

62%.

In addition to directly reducing affordability through
increased construction costs, offstreet parking in urban
areas is often frequently underused, which can limit
opportunities for residential development within a city
and restrict the supply of affordable housing options
(Clowers, 2017). A recent study on parking in Seattle
for instance, found that 35% of residential parking
spaces were chronically not in use (Clowers, 2017).

In summary, there is a clear and growing recognition
within the literature that parking provision negatively
impacts residential affordability.

Construction type

In residential developments construction costs are
typically passed on to renters and buyers (Brueggeman
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& Fisher, 2008; CityLab, n.d.). This means that the
type of materials used in construction and the relative
cost of these can have a significant influence on the
affordability of a residential project.

In Canada, the cost of concrete construction per
square foot (SF) is more expensive than comparable
wooden construction (Atlas Group, 2018) — typically
by at least 12%. In Vancouver during 2018 for instance,
a 6-storey concrete midrise apartment cost between
$220-$290 per SF (square foot) to construct, whilst

a comparable 6-storey wooden framed condo cost
between $190-$250 per SF (roughly 16% difference)
(Atlas Group. 2018). Similarly, a report conducted

by Walker Consulting Group comparing concrete
versus wooden construction in Ontario estimated

that for both 4 and 6-storey building typologies,
concrete construction would cost between 12%-

15% more than light wooden framed construction
(Walker, n.d.). Similar construction price differences
are evident elsewhere in North America more broadly.
For example, a recent study of construction costs

in midrise (4-storey) residential buildings across

(less than 6-storeys in height), new mass timber
technologies are allowing taller structures to be
built from wood. The 18-storey hybrid mass timber
Brock Commons Tallwood House at the University
of British Columbia constructed in 2017 is a

recent example of such technology (see Canadian
Wood Council (2018) for an overview of this case
study). However, at its current level of technology
the association between increased affordability

and wooden construction in low-midrise building
typologies does not appear to unanimously translate
to mass timber CLT (Cross Laminated Timber)
construction (Cary Kopczynski & Company, 2018).
A recent study on the feasibility of CLT structures
conducted by Cary Kopczynski & Company (2018)
for instance found that a hypothetical 10-storey
residential structure would cost roughly between
16%-29% more in the construction phase than a cast
in place reinforced concrete option, although the
author of this study suggests that CLT technologies
will likely become significantly more affordable to
construct in the near future as familiarity with CLT
amongst contractors increases and CLT materials

In Canada, the cost of concrete construction per square foot (SE) is

more expensive than comparable wooden construction (Atlas Group,
2018) — typically by at least 12%.

the USA, Walter and Schneider (2017) found that

a conventional midrise wooden building in Dallas
would cost approximately $179 per SF to construct,
whilst a comparably sized concrete building would
cost $215 to construct (roughly 20% more). Given that
construction costs are typically absorbed by the end
user (Brueggeman & Fisher, 2008), wooden housing

is likely to be more affordable than concrete housing
tor low-midrise building typologies. In part because of
this, the BC Housing Design Guidelines recommend
that for new buildings up to six storeys in height,
wood frame construction should be the standard form

of construction (BC Housing, 2019).

Although conventionally wooden construction has
been restricted to low-midrise building typologies

become cheaper. In contrast to these findings, other
recent studies have reported increased construction
affordability for mass timber structures per SF by

up to 28% relative to concrete and steel options
(Mallo & Espinoza, 2016), whilst some report more
modest price differences of around 4% in favor of
CLT construction (Smith et al, 2015). Some cost
analyses elsewhere estimate that the affordability of
reinforced concrete and mass timber for mid-highrise
construction (greater than 8-storeys) is likely to be
similar (Seagate Structures Ltd, 2017; Alina, 2017). It
is important to note too that the carbon footprint of
CLT mass timber is considerably lower than concrete
construction (Cary Kopczynski & Company, 2018),
which has positive implications for urban resilience

separate from affordability. Mass timber also typically



has a shorter construction period than concrete
buildings (generally by between 10-30% depending on
the site (Smyth, 2018)), which can in some situations
translate into increased affordability (Smyth, 2018) -
especially in the case of high financing interest rates
during the construction phase of a large development.

Based on this research the relationship between
construction type and affordability appears to be
intrinsically related to height. Light wood frame
construction in lower building typologies (less than
6-storeys) is more affordable than comparably sized
concrete construction. The affordability of mass timber
CLT technologies and steel reinforced concrete

in taller buildings however appears to be relatively
comparable at this point in time, although it is possible
that this may change in the near future.

Building Age

With increasing

age, buildings tend

to depreciate and
degenerate, and

become more

affordable accordingly
(Somerville &

Holmes, 2001). As
Salviati (2018) writes,

“in a healthy housing
market, buildings become
less desirable as they age,
leading to falling rents” and
increasing affordability. This
process is known as ‘filtering’ and
means that buildings typically become

more affordable with age, so long as the supply of new
housing continues to meet demand (Gray, 2019). The
importance of old buildings for maintaining residential
affordability within a city is highlighted in old and
new research alike (Preservation Green Lab, 2016;
Jacobs, 1961).

It is important to note here that the value of a building
is independent to the value of land, and the potential
affordability improvements gained with building

The average Canadian
household paid $12,707 for
transportation in 2017, and of this
an average of $11,433 was spent on
private transportation.

age may in some case be offset by increases in land
value which detrimentally impact affordability. This

is particularly true of the urban cores in which many
older buildings are located, which, as a consequent

of urban renewal and densification have experienced
significant increases in land prices over the previous
decades (Bieda, 2017; Kovacs, 2013). However,
independent of confounding factors such as land prices
there appears to be a general consensus within the
literature that increased building age corresponds to

increased affordability.

Synergies + Trade-offs:

Transit Stations

Although much of the focus
on residential affordability
is centred on the cost of
housing; it is important
to note that housing
affordability is
influenced by a range
of other factors. One
particularly salient
factor is household
income spend on
transportation, which
is in turn influenced
by mobility choices and
accessibility to public
transit. In a national survey
of household spending during
2017, Statistics Canada identified
the largest portions of household budget
go to shelter and transportation, with 29.2% and
19.9% of household spending being attributed to these
two areas respectively (Statistics Canada, 2018). Most
of this spending on transportation can be attributed
to private transportation costs, such as the purchase
of cars and the operating costs involved with these.
For instance, the average Canadian household paid
$12,707 for transportation in 2017, and of this an
average of $11,433 was spent on private transportation
(Statistics Canada, 2018).
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Such numbers highlight the importance of the
availability and accessibility of public transportation
in reducing household spending. Accessibility to rapid
transit for example has the potential to significantly
lower household spending on transport (Renne et al,
2016). This frees up a greater proportion of household

budget able to be spent on accommodation, thereby

making a broader range of housing options ‘affordable’

to residents relative to overall household spending.
'This relationship between transit accessibility and
affordable housing is also bidirectional however. For
example, low-income households that need highly
affordable housing options are less likely to own cars
and more likely to use transit which can improve

transit ridership (Tumlin & Millard-Ball, 2003).

It should be acknowledged that although accessibility
to transit has the potential to improve social equity
and urban resilience, the development that typically
accompanies accessible transit has the potential to

increase land prices, which may negatively impact
residential affordability (Pendall et al, 2012). This is
especially true if the demand for housing in areas
immediately proximate to transit exceeds the supply
of housing options (Renne et al, 2016). In Burnaby
(British Columbia) for example, Jones and Ley
(2016) found that the development next to transit
stations led to a loss of affordable housing. However,
the increased cost of housing close to transit is more
than often offset by the significantly lower spending
on transportation that accompanies this type of
development, which means that the total housing
and transportation costs for residents near transit is
still less than for households far away from transit. A
study by Renne et al (2016) for instance found that the
combined housing and transportation costs within a
Transit Orientated Development area were 4% lower
than in adjacent developments.
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Jobs Density

Job density refers to the concentration of jobs within
a given spatial area. As it is only possible to assess

the actual number of jobs in a given area in the post-
occupancy stage of development, measuring job
density during the design phase will involve estimating
the likely number of jobs a development will support.
Given that the provision of commercial space has
been demonstrated to generate new jobs (Patton,
1988), a useful way to carry out this estimation is by
measuring the amount of commercial space in an

area (commercial GFA) and the space utilization per
job (how much space is required per job) as a proxy
tor the likely number of jobs this space will create
(Minneapolis-Saint Paul Metropolitan Council, 2016).
'The space utilization per job will vary depending

on the type of job, although the median space per
worker by industry during 2012 in the U.S. described
by Miller (2012) provides a rough benchmark

tor calculating job density. According to Miller
(2012), call centres had the least space per worker
(approximately 125 square feet), followed by those
working in real estate (210 st), communications (260
sf), accounting (260 st), I'T (265 sf), architecture (275
sf), insurance (280 sf), finance (300 sf), government
(310 sf), and law (410st). Despite the increasing
trend towards smaller spaces per worker across North
America (Miller, 2012), organizations such as the U.S.
Information Administration (EIA, 2016) recommend
providing a substantially higher amount of space

per worker. For example, the EIA (2016) suggests
providing 1,033 sf per employee for those in the
education and food sales industry, around 550 sf for
those in the medical profession, between 900-1,400

sf / worker for those in retail, and 1,200 for those

in the service industry. Taking a very rough average

of the figures provided by Miller (2012) however
(assuming an equal split between sectors) gives a space
utilization of around 270 sf per worker. Calculating
the likely number of jobs that could be supported by a
hypothetical neighbourhood development with around
20,000 st commercial floor space then would involve
dividing the total commercial floor space (20,000 sf)
by the average space utilization per worker (270 sf) to
give a total of 74 jobs.

'The availability of decently paid jobs within a
community has been linked to urban resilience within
the literature, and the creation of jobs and employment
opportunities is perceived to be positively associated
with economic vitality and resilience (Burton, 2015;
Drobniak, 2012). Economic clustering (i.e. the

spatial concentrations of interconnected companies
and economic activities) has been demonstrated to
contribute to the resilience of an economy (Treado

& Giarratani, 2008), and job density specifically has
been used as a criterion for assessing urban resilience
in some holistic resilience assessments (Sharifi &
Yamagata, 2016). Closely related indicators which
attempt to quantify the amount of employment
within a given community, such as ‘percentage of
population employed’, have also been used in holistic
resilience models (e.g. Cutter et al, 2010). Retail
employee density (measured as the number of retail
workers within one mile of residence) has been used
as an indicator for neighbourhood accessibility, with
increased retail employee density being associated with
increased neighbourhood accessibility and walkability
for pedestrians (Krizek, 2003). More pertinent to a
design context, commercial FAR (Floor Area Ratio),
a proxy for commercial job space density, has been
linked to increased walkability and improved sense

of community, suggesting that “providing retail in
communities can promote social capital and have
mental health benefits” (Wood et al, 2010, pg.1388).
'The association between commercial job space density
and walkability is generally well-accepted within

the literature, with leaders in the field of walkability
such as Dr. Lawrence Frank using retail FAR as

a key metric for determining the walkability of a
neighbourhood (Frank et al, 2010; Sallis et al, 2009;
Frank et al, 2006).

For these reasons, the RNDT has included ‘job
density’ (measured as the amount of commercial FSR
(Floor Space Ratio) — the same metric as commercial
FAR) as an indicator of resilience.

“prowiding retail in communities
can promote social capital and
have mental health benefits”
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Jobs Diversity

A diversity of employment options has been
demonstrated to improve economic resilience against
stressors such as economic downturn and recessions
(Brown & Greenbaum, 2017), which positively
impacts overall urban resilience. As Garmestani et

al (2006) write, “It has generally been accepted that
greater business diversity is a desirable condition for a
community, because it is unlikely that different types
of businesses will have the same seasonal and cyclic
fluctuations” (p.537). That is, different sectors and
industries will respond to external stressors difterently,
and a diversity of jobs reduces the vulnerability of an
economy to a single type of shock (Garmestani et al,
2006). This can have positive implications for urban
resilience in the face of significant external stressors,
such as natural disasters (Xiao & Drucker, 2013;
Norris et al, 2008). A study by Xiao and Drucker
(2013) for example found that economic diversity
aided countries in recovering from natural disasters,
and expedited their return to pre-disaster economic
performance. These results are supported by the work
of Norris et al (2008), who confirms that “efforts to
create economic diversity increase the probability that
the community can withstand adversity or surprise”
(p.143). For these reasons, a diversity of employment
options is frequently used as an indicator in holistic
resilience assessment frameworks. In the Disaster
Resilience Index developed by Cutter et al (2010)

for example, ‘single sector employment dependence’
(defined as the percent of population not employed
in farming, fishing, forestry, and extractive industries)
is used as a resilience indicator (where a higher
percentage of population not reliant on a single
primary industry is seen as beneficial to resilience)
alongside ‘business size’ (defined as the ratio of large
to small businesses where an equal balance of small
and large businesses is seen as conducive to resilience),
whilst ‘diverse livelihood and employment’is used as

an indicator in the City Resilience Index developed by
ARUP and the Rockfeller Foundation (2014).

At a neighbourhood scale, a diversity of physical
spaces and mixed use areas can facilitate economic
diversity by providing opportunities for difterent
kinds of activities to take place (Grant, 2007; Jacobs,
1961). In Life and Death of Great American Cities,
Jacobs (1961) argues that compact neighbourhoods
with small blocks and a “close-grained” mix of spaces
and building types increases economic activity, vitality,
and diversity, which can enhance resiliency against
economic downturn (Jacobs, 1961). Similarly, others
such as Montgomery (1998) have argued that a
“variety of building types, styles and design” alongside
the “availability of differing unit sizes of property at
varying degrees of cost” can contribute to economic
diversity at a neighbourhood level (pg.99). Generally,
more dense urban settlements and neighbourhoods
are considered to be better able to support economic
diversity by creating sufficient demand for a wide
range of economic activities (Montgomery, 1998).
'These neighbourhood design characteristics (density,
land use diversity, and a range of mixed-use spaces)
which contribute to job diversity have also been shown
to reduce car dependency and encourage walking
(Talen & Koschinsky, 2014). Such outcomes can
improve street level air quality and reduce transport-
related mortalities and emissions (Woodcock et

al, 2007), as well as facilitating opportunities for
increased social interaction and social connectedness -
something which has been demonstrated to strengthen
communities and enhance resiliency in the face of

disaster (Chandra et al, 2011).

Because of the numerous direct and indirect ways
employment diversity can contribute to urban
resilience, the RNDT has adopted ‘jobs diversity’ as

a resilience indicator, which uses Simpsons Diversity
Index to calculate the diversity of job spaces created in

the design phase.

“It has generally been accepted that greater business diversity is
a desirable condition for a community, because it is unlikely that
different types of businesses will have the same seasonal and cyclic
fluctuations”



M. Poskitt
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Scale of

Development

Smaller scale developments and parcel sizes will
likely lead to a greater variety of mixed land uses and
job spaces, as well as a more diversified economic
structure by encouraging local entrepreneurship
(Rupasingha, 2013). A diversified economic structure
contributes directly to urban resilience, by reducing
the extent to which the entire economy will be
significantly impacted by any one stressor (Norris

et al, 2008). As Rupasingha (2013) writes, “the
development of local entrepreneurship can lead to a
diversified economic structure that will protect the
local economy from being overly dependent on one
firm or establishment, or one industry” (pg.4). In
other words, local entrepreneurship and smaller scale
developments reduce the opportunity for the entire
fate of an urban economy to be tied solely to one
industry or organization, and enhances the capacity of
the economy to respond positively to external stress.

More succinctly, smaller scale development and the
diverse economic structure this encourages creates
more redundancy, which has positive implications for
the long term sustainability and resilience of a local
economy (D.Barrios & S.Barrios, 2004). Because of
this relationship between the scale of development,
local entrepreneurship and urban resilience, the

City Resilience Index developed by ARUP and The
Rockfeller Foundation (2014) uses an indicator

on ‘local business development and innovation’ as

a measure of resilience. A key way smaller scale
developments encourage local entrepreneurship is by
lowering the level of equity and financing required

to carry out a development. This makes potential
development opportunities more accessible to local
developers who may not have the equity and capacity
of large international development firms, yet who may
be more cognizant of local context and sensitivity
relating to development projects (Rupasinga, 2013).

Because of its relevance to urban resilience, the RNDT
has adopted ‘scale of development’ as an indicator,
where a smaller parcel size is indicative of a greater
potential to encourage local entrepreneurship and
contribute to a resilient local economy.
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Residential Density

Residential density refers to the ratio of population to
a given residential land area (Cheng, 2009). Residential
density may positively contribute to urban resilience in
a number of ways, including for instance, by creating

a more compact urban form which discourages
automobile usage, and encourages more sustainable
and environmentally friendly forms of mobility such

as walking, cycling, and transit use (Newman et al,
2009). The relationship between residential density
and car usage has been thoroughly explored within

the literature, with higher densities corresponding to
reduced automobile usage (Talen & Koschinsky, 2014).
'This relationship is also multidirectional, meaning

that decreased urban density typically encourages car
usage (Frank et al, 2006). As Newman and Kenworthy
(2006) describe, in areas with residential density below
86 residents per acre (roughly 35 persons per hectare)
“the physical constraints of distance and time enforce
car use as the norm” (pg.35). In a different study of
cities across the American Midwest, Stone Jr et al
(2007) found that a 10% increase in population density
was associated with a 3.5% reduction in household
vehicle travel and emissions.

Density thresholds have also been identified within
the literature for the use of other forms of mobility.
For example, the literature review conducted by
Holtzclaw (1994) on transit use and residential density
suggests that a density thresholds of roughly 35

people p/ha for light rail, and 50 p/ha for metro rail
provide an indication of the lowest level at which these
mobility are feasible. The reduced automobile usage
associated with residential density has the potential

to reduce GHG emissions and vehicular air pollution,
which in turn enhances climate change resiliency
(Newman et al, 2009).

Wialking, cycling, and other forms of active mobility
that are facilitated by residential density also
contribute to urban resilience by improving the health
outcomes of individuals within a community (Lovasi
et al, 2011). For instance, walkable environments

with a high residential density have been associated
with increased physical activity in adults (Van

Dyck, 2010), which contributes to lower rates of
cardiovascular disease and obesity (Lovasi et al, 2011).
'This in turn can increase the overall physical health
and wellbeing of a community, which has positive
implications for community resilience. The economic
benefits of residential density and walkability

through reduced public health spending, increased
accessibility, and more efficient land use (Litman,
2018) can also contribute to the economic resilience
of a community. Closely related to this point is that
residential density provides the necessary demand to
support a diversity of economic jobs and activities,
which contribute to urban resilience against external
stressors such as economic downturn and recession
(Brown & Greenbaum, 2017). Furthermore, walkable
environments have been associated with greater levels
of social capital amongst communities (Leyden, 2003),
which can in turn enhance social resilience (Osth et al,

2018).

Although increased residential density is generally
associated with improved urban resilience outcomes,
this relationship may not always be entirely linear,
and some resilience benefits may plateau at certain
thresholds and even start to drop oft. When extreme
urban density manifests in the form of very frequent
very tall buildings for instance, this has the potential
to detract from the some of the social benefits
associated with more street-orientated building
typologies (Kearns et al, 2012; Evans et al, 2003;
Zaft & Devlin, 1998), such as passive surveillances,

Walking, cycling, and other forms of active mobility
that are facilitated by residential density also
contribute to urban resilience by improving the health
outcomes of individuals within a community.



security, and increased opportunities for social
interaction (Montgomery, 2013; MacDonald, 2005;
Jacobs, 1965). Given that significantly increased
density typically requires the construction of new
buildings, this can also have negative ramifications
for the heritage of an area which is a crucial element
of neighbourhood character and cultural identity
(Searle, 2010; Hutton, 2009; Jacobs, 2009). As Jane

extremely high densities in cities such as Hong Kong.
Although the author of this study does not define

this optimal point numerically, they suggest that lies
about halfway between the average density of Hong
Kong and a European city such as Pamplona (Spain),
and that exceeding this optimal point would only be
possible in extremely dense urban environments where
highrise buildings greater than 20 stories are the norm

HENBEENE

"
W

i

Some researchers such as Eom and Cho (2015) have suggested that in urban environments of extreme desnity such as Hong
Kong, the benefits of density for walkability can platau and begin to decline at a certain threshold. Photo credit: Kim Lo via

Jacobs articulated during a phone call to The Globe

in 2005: “in the absence of a pedestrian scale, density
can be big trouble” (Wickens, 2018). Urban density
may also indirectly present challenges to the resilience
of communities during disaster, due to the high
dependence on centralized infrastructure (such as
transit, or elevators in high rise buildings) (Sharifi et
al, 2017). Reduced access to daylight and increased
noise pollution can also incrementally accrue as a
function of increased residential density (Sweden
Green Building Council, 2018). A study of walkability
in different cities conducted by Sugiyama et al (2014)
tound that perceived residential density was positively
associated with walking for recreation up to an optimal
point before beginning to decline — most likely as a
consequence of pedestrian congestion associated with

(Sugiyama et al, 2014; Cerin et al, 2013).

Similarly, Eom and Cho (2015) found a significantly
increased probability of recreational walking and
reduced probability of driving between residential
densities of 91-161 persons / ha (hectare), but beyond
this point a decline in likelihood of walking. Due

to the fundamental importance of density to urban
form and different resilience outcomes, the RNDT
has adopted residential density (measured as the
number of residents per unit area) as an indicator.
Similar metrics have been adopted in other holistic
frameworks. Rueda’s (2012) Ecological Urbanism
model for instance uses ‘net housing density’ (defined
as the number of dwelling units/ha) as an indicator,
with a desired density target of more than 100 units
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/ ha.’The Canada Green City Index (Economist
Intelligence Unit, 2012) likewise uses population
density as a key indicator, and cities or communities
seeking LEED certification must have a minimum
density of 25 dwelling units (DU) /ha, and a desired
density threshold of greater than 156 DU / ha (U.S.
Green Building Council, 2009). The sustainability
tramework developed by the Design Centre for
Sustainability at the University for British Columbia
recommends a residential density of at least 50 people
/ ha in order to support more sustainable mobility

forms such as transit, with a target of more than 150
people / ha (DCS, 2009). These threshold targets,
alongside those previously discussed in relation to
walkability and transit, are summarized in table

1 below. To enable a level comparison, all results
have been converted to the number of people per
hectare (ha) where applicable. Where conversions
have been made from the number of dwelling units
or households per hectare, the average Vancouver
household size of 2.2 persons (City of Vancouver,

2017) has been used as a conversion reference point.

Source NET/GROSS| Min.Res. |TargetRes.Density| Max.Res. |Approach/
density Density (people | (people per hectare) Density justification for
per hectare) (people per | density target
hectare)

Rueda (2012) NET 220 220-350 350 Holistic design
framework

LEED (2009) * NET 55 156 < Holistic design
framework

Towers (2002) * NET 248 Efficient
transport and
service

Jacobs (1965) * NET 44 220 1100 Neighbourhood
safe and vitality

Jacobs & NET 74-148 148-474 494 Urban livability

Appleyard

(1987)

Newman & GROSS 35 Automobile

Kenworthy dependence

(2006)

Eom & Cho GROSS 91 91-161 161 Walkability

(2015)

City of Toronto GROSS 200 Official City

(2017) ** Plan growth
target

DCS (2009) GROSS 50 150 Holistic design
framework

Litman (2016) GROSS 30 80 Smart Growth

Table 1 above shows a range of residential density targets within the literature. To enable an even comparison, all units have either been:
*Conwverted to ‘persons per hectare” using the average Vancouver household size of 2.2 people as a conversion reference point; or
*Conwverted from ‘people and jobs per hectare” to ‘people per hectare” assuming a 50/50 split of jobs to people in an area.
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Land Use Diversity

Land use diversity has been linked to increased
economic resilience in numerous contexts, including
the agricultural sector (Abson et al, 2013; Lin, 2011),
strategic management (Reinmoeller & Van Baardwijk,
2005), and urban development, where “mixed land
use types directly contribute to urban resilience”
(Drewes et al, 2018, pg.9). Urban land use diversity
promotes a diversity of economic activities, which in
turn has been associated with greater productivity,
output, and growth (Quigley, 1998). The diversity of
economic activities facilitated by land use diversity
has been demonstrated to improve resilience against
large external stressors such as economic downturn
and recessions (Brown & Greenbaum, 2017).In a

Wickens, S. (2018, May 1). Jane Jacobs: Honoured in the breach. The
Globe and Mail. Retrieved from https://www.theglobeandmail.com/
arts/jane-jacobs-honoured-in-the-breach/article597904/

Zaff,]., & Devlin, A. S. (1998). Sense of community in housing for the
elderly. Journal of community psychology, 26(4), 381-398.

recent literature review on mixed-use development (a
primary physical manifestation of land use diversity
in the built environment), Rabianski et al (2009)
tfound that mixed use developments are conducive

to greater residential density, increased pedestrian
friendliness and a reduction in personal vehicle use.
Such outcomes can be beneficial to urban climate
resilience by reducing automobile dependencies,
energy usage, emissions rates, and improving urban
air quality (Newman et al, 2009). A diverse mix of
land uses within a neighbourhood can contribute to
a complete community, whereby residents have easy
walking access to the variety of activities and services

Source Diversity index used Number of land use categories
DCS (2009) Simpson’s diversity index 9
Suarez et al (2016) Shannon diversity index 9
Bourdic et al (2012) Untitled (unique index developed by 4
authors)
Van Eck & Koomen (2008) Simpson’s diversity index 14
Yamada et al (2012) Simpson’s diversity index 6
Liu et al (2019) Shannon diversity index 13

Table 2 provides an overview of some of the assessment tools and studies within the literature that have adopted land use diversity as an indicator. Simpson’
diversity index and the Shannon diversity index seem to be the two most commonly used metrics, with the former being more popular overall than the latter.
In all examples, a greater diversity value (the exact figure of which will depend on the index used and the number of land use categories ) is considered fo be
better / more conducive to resilience outcomes.




“mixed land use types directly contribute to urban resilience ?

which contribute to their daily needs, including “a
tull complement of live, work, shop, and play options”
(Urban Strategies Inc., 2008, pg.16). Compact,
walkable neighbourhoods with diverse land uses

have also been shown to positively impact social
interaction, health, and safety (Talen & Koschinsky,
2014). Each of these outcomes is directly germane to
urban resilience. For instance, the increased physical
activity associated with more diverse mixed-used
walkable environments (Van Dyck, 2010) contributes
to lower rates of cardiovascular disease and obesity
amongst residents (Lovasi et al, 2011), which in turn
benefits the physical health of a community and
reduces public health spending. Similarly, the increased
opportunities for social interaction in diverse and
compact neighbourhoods can enhance social capital
amongst community members (Leyden, 2003), which
increases social resilience (Osth et al, 2018). Today,
there is general consensus amongst planning theorists

on the environmental, functional, and social benefits of
mixed use (Talen & Knaap, 2003) compared to more
conventional separated land use classification that was
a primary focus of most North American planning for

much of the 20th century (Hirt, 2007).

Diversity in general (including land use diversity) is
seen to be a crucial component of urban resilience
(Suarez et al, 2016), and as a fundamental property of
a resilient system (Fiksel, 2003). Measures of diversity
have been adopted as key indicators in comparable
models, such as the Toolkit for Resilient Cities
developed by Siemens (2013), and ‘land use diversity’
specifically is used as an indicator of resilience in the
Urban Resilience Index developed by Suarez et al
(2016) and is one of the spatial indicators used in the
Urban Sustainability Tool developed by Bourdic et al
(2012).

Accordingly, land use diversity has been incorporated
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Jobs-Housing

Balance

Jobs-housing balance’ refers to an idealized ratio
between the number of jobs and number of people
within a given area. A jobs-housing balance can
shorten commuter distances, reduce vehicle miles
travelled (VMT) and vehicle hours travelled (VHT),
and improve accessibility to employment (Cervero &
Duncan, 2006). This in turn reduces transport-related
energy requirements, emissions, and costs whilst also
improving overall accessibility to key amenities, each
of which enhance resilience at an urban scale (Hibberd
& Nelson, 2018). Reduced automobile usage as a
consequence of a good jobs-housing balance can also
lead to reduced public health spending (primarily
through a reduction in inactivity facilitated by this
automobile use), as well as greater family stability
and improved quality of life (Armstrong & Sears,
2001). It is thought that the greater family stability
and cohesion associated with jobs-housing balance

is the product of shorter commute times, which
increases the amount of time family members are able
to spend together, reduces individual stress related to
longer commutes, and decreases family spending on
transportation (Armstrong & Sears, 2001).

Measuring jobs-housing balance typically involves
comparing the number of jobs in an area against
either the number of housing units (Ewing, 1996),
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households (CPR, 2008), workers (Cervero, 1996),
or residents within a community (Giuliano, 1991),
where an equal ratio signifies a perfect balance of
employment and residence opportunities (Hipp et al,
2017; Weitz, 2003). An imbalanced ratio may signify
concentrations of employment relative to housing or
vis versa (Hipp et al, 2017). Ergo residential density
and job density are the two key elements which
influence jobs-housing balance. If job density increases
relative to the number of housing units within an
area for example, then this will create an imbalance

between the available jobs and housing (Giuliano,
1991).

'The wide range of variables frequently used for
measuring jobs-housing balance suggest that there

is no widely accepted set standard for quantifying
jobs-housing balance (Wu et al, 2015), and that

the ideal ratio targets will depend to a large degree

on local context. For this reason some researchers
have even argued “....against any universal standard
for jobs-housing balance” (Cervero, 1996, pg.508).
Similarly, a range of methodologies and assumptions
for actually calculating jobs-housing ratio have been
adopted by different studies within the literature (Wu
et al, 2015), which influences how ideal ratio targets
are defined and set. For instance, Frank and Pivo
(1994) recommend a jobs-housing ratio of between
0.8 — 1.2 whereas Ewing et al (1996) recommends a
ratio between 1.3 — 1.7. Alternatively, Peng (1997)
recommends a ratio of between 1.2 — 2.8. A summary
of these target ratio thresholds, alongside several
others within the literature, is presented in table 3.

Source Jobs / household ratio target
CityLab Action Guide (2018) 0.431

Peng (1997) 1.2-28

Ewing et al (1996) 1.3-1.7

Frank & Pivo (1994) 0.8-1.2
Armstrong & Sears (2001) 1-1.29

RNDT 1.5

Tuble 3 above depicts several different jobs / household ratio targets used within the literature. Apart from the CityLab Action Guide (2018), all ratios are

calculated based on the number of jobs / household.

! The CityLab Action guide uses a ratio of work area/ household area with a 30:70 split respectively, which explains the variance between this figure and

other ratios in the above table, which are otherwise relatively comparable.
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Apart from the CityLab Action Guide (2018), all
ratios are calculated based on the number of jobs /

household.

‘Two of the most common broad categories of
methodologies for calculating jobs-housing balance
involve either calculating the number of jobs to
residents/households within the boundaries of

a given spatial area (such as a neighbourhood or
census tract), or performing some form of proximity
analysis to determine the number of jobs which fall
within a certain travel time or distance buffer of a
residential location (e.g. Ewing, 1996). The first of
these methodologies may provide a simpler and easier
to calculate methodology whereas the later potentially
provides a more realistic measurement (Hipp et al,
2017), although one with added complexity and which

relies on a greater number of assumptions.

Given the potential for a balance between jobs and
housing to contribute to desirable resilience outcomes

(such as reduced vehicular miles travelled, emissions,
tossil fuel usage, and enhanced resident quality

of life), jobs-housing provides a useful indication

of urban resilience. Jobs-housing balance (or very
closely related metrics) have been used as indicators
in holistic models such as the Ecological Urbanism
model developed by Rueda (2012) (which demarcates
jobs-housing balance as the ‘self-containment
employment rate’), whilst ‘jobs proximity’ (measured
as the number of proposed jobs within 5km of centre
of a development) is used as an indicator in the
holistic sustainability framework developed by the
Design Centre for Sustainability at the University of
British Columbia (DCS, 2009). The CityLab Action
Guide (Sweden Green Building Council, 2018) also
advocates for a balance of housing and business spaces
within an urban area, and suggests a benchmark of
70:30 (of total housing area / service and workplace
area). For these reasons, jobs-housing balance is used
as a resilience indicator in the RND'T, with a job /
dwelling ration threshold of target of 1.5.
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Pedestrian
Connectivity

Pedestrian connectivity is a core component of
walkable urban environments, which themselves
enhance urban resilience by encouraging physical
activity and boosting overall health amongst
community members (Lovasi et al, 2011), augmenting
community social capital (Leyden, 2003), and
improving economic resilience through reduced public
health spending and increased land-use efficiency
(Litman, 2018). ‘Connectivity’ refers to the “directness
of links and the density of connections in a transport
network” (Planning Institute of Australia, 2009,

pg-1). Pedestrian connectivity then, refers to the
directness of pedestrian links and density of pedestrian
connections within a given walking network. This is
distinct from ‘street connectivity’ which corresponds

to the connectivity of street networks, although

there is overlap between these two phenomenon in
that greater street connectivity can facilitate greater

pedestrian connectivity and increase pedestrian
volumes (Hajrasouliha & Yin, 2015).

Pedestrian connectivity (combined with increased
residential density, quality urban design, and mixed
land use planning) can increase walkability (thereby
contributing to urban resilience) by improving
accessibility to key destinations for pedestrians and
by making pedestrian trips easier and more pleasant
than other forms of mobility such as automobile travel
(Planning Institute of Australia, 2009). Intersection
density (calculated as the number of intersections per
unit area) is a widely used measure of connectivity
within the planning literature (Dill, 2004; Stangl &
Guinn, 2011), and applying this metric to pedestrian
intersection density gives a useful indication of
pedestrian connectivity (Osama & Sayed, 2017). The
rationale here is that a greater number of pedestrian
intersections signifies shorter block length and
distances between pedestrian connecting nodes, which
in turn creates more direct pathways to pedestrian
destinations (Frank et al, 2010) and enhances overall
pedestrian network connectivity (Shashank, 2017).
Positive correlations between greater intersection
densities and pedestrian volumes have been identified

by the likes of Hess et al (1999) and Hajrasouliha and
Yin (2015), whilst an association between intersections
per kilometer length of road km and reduced VKT
(vehicle kilometers traveled) has been identified by
those such as Pushkar et al (2000). In their 2010
meta-analysis of travel and the built environment,
Ewing and Cervero (2010) found that reduced VMT
(vehicle miles travelled) were strongly related to
intersection density, and that intersection density was
also associated with increased likelihood of walk-

trips amongst neighbourhood residents and greater
accessibility and shorter routes to transit options. In
other words, there is considerable literature support
for a positive relationship between intersection density

and walkability (Ewing and Cervero, 2010).

For this reason, studies such as Frank et al (2010)

use intersection density as an indicator of walkable
neighbourhood design, and ‘pedestrian route
connectivity’ (measured as the number of pedestrian
route intersections per unit area) is used as an indicator
in the holistic sustainability framework developed by
the Design Centre for Sustainability at the University
of British Columbia (DCS, 2009). Similarly, the
LEED guide for Neighbourhood Development (2009)
recommends that projects with internal streets have
an “internal connectivity of at least 140 intersections
per square mile (54 intersections square kilometer)”
(pg-47), and projects without internal streets should
be located in an area where the connectivity of the
existing streets within 400m of the project boundary
is at least 90 intersections per square mile (35
intersections/ square kilometer). A 2013 working
paper by UN-Habitat recommends an intersection
density benchmark target of around 100 intersections
per square kilometer, which is “considered walkable
and appropriate in many cities in order to generate
street life and for moving goods and services

productively and effectively” (pg.5).

'The importance of pedestrian connectivity to

urban resilience more broadly is firmly established
within the literature, with those such as Sharifi and
Yamagata (2014) explicitly referencing ‘pedestrian
route connectivity’ as a useful candidate indicator for
holistically assessing urban resilience. Consequently,
the RNDT has adopted pedestrian connectivity as

a resilience indicator. Given the widespread usage
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of ‘intersection density’ as a reliable measurement of
pedestrian connectivity (Shashank, 2017; Frank et al,
2010; Dill, 2004) within the literature, the RNDT
uses the number of pedestrian intersections per acre
as a metric for pedestrian connectivity. Table 4 gives

an overview of some of the thresholds for pedestrian
connectivity adopted within the literature. For the sake
of equal comparison, all thresholds values have been
converted to the number of intersections per square
mile.

Source

Indicator

Metric

Indicator explanation

Threshold
(intersections
per sq. mile)

Ideal target
(intersections

per sq. mile)

LEED (200x9)

Internal street
connectivity

Intersection density

If a project has internal streets, then these must
have a connectivity of at least 140 infersections
per quare mile.

140

140<

Nearby street
connectivity

Intersection density

If a project does not have internal streets, it
should be located within 400m of an area where
the existing street typology has a connectivity of
at least 90 intersections per square mile.

90

90<

DCS (2009)

Pedestrian route
connectivity

Pedestrian route
intersection density

The number of pedestrian-specific route
connections per area unit. The threshold specified
is 310 intersections, although the ideal target is
647 intersections /' sq. mile.

310

647

UN-Habitat (2013)

Intersection density

A threshold of around 259 crossings per sq. mile is
deemed necessary for walkability, street activity,
and efficient moving of goods and services.

259

259 <

TransLink (2012)

Fine-grained street
networks

Intersection density

Neighbourhoods should plan for an intersection
density of 104 — 155 intersections or more around
transit stations to enhance walkability and access
to transit.

104 - 155

155 <

Aurbach (2005)

Street connectivity

Intersection density

An acceptable intersection density threshold for

a well-designed and neighbourhood with good
connectivity is between 250-290 intersections per
sq. mile. Ideally however, neighbourhoods should
aim for an intersection density of greater than
330 intersections per sq. mile.

250-290

330 <

Ontario Ministry of
Transportation (2012)

Local Street and
Block Pattern

Intersection density

Achieving an intersection density of at least 155
intersections per sq. mile contributes to a walkable
neighbourhood and a well-connected street
system that can accommodate a diverse range of
transportation modes such as walking, cycling,
and transit.

155

155 <

Table 4 depicts some of the recommended intersection density thresholds for pedestrian connectivity used within the literature. Most sources recommend at least 100
intersections per sq. mile in order to facilitate a well-connected and walkable street environment.
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Proximity to Daily
Needs

‘Proximity to daily needs’ refers to how close
different key facilities and services that constitute

a resident’s daily needs are to a resident’s home
address (Evangelopoulos, 2014). Proximity between
urban destinations typically signifies a more compact
urban form conducive to walking (Audirac, 1999;
Jacobs, 1965), which can have positive implications
for reducing vehicular emissions, urban energy
consumption, and improving the health of residents
(Marquet & Miralles-Guasch, 2015). Reduced
vehicular emissions and urban energy consumption
can in turn can booster resilience to external stressors
such as climate change (Newman et al, 2009), whilst
improved community health can reduce public
healthcare spending which benefits both the individual
physical resilience of residents and the economic
resilience of a community (Litman, 2018).

Proximity to daily needs can directly enhance
accessibility to important resources and services by
shortening travel distances, and by extension reducing
trip durations (Proffitt et al, 2019). This accessibility
is a crucial element of resilience (Osth et al, 2018). As
articulated in the IFRC Framework for Community
Resilience (which itself utilizes several indicators of
accessibly to key daily needs such as potable water,
secure food supplies, and health system resources),

“a resilient community has well-maintained and
accessible infrastructures and services” (pg.11). This
sentiment is echoed by Sharifi and Yamagata (2016),
who emphasise the importance of indicators such as
‘accessibility to basic needs and services’ as important
contributors to urban resilience. Holistic assessment
tools such as Rueda’s (2012) Ecological Urbanism
model uses population proximity to basic services as an
indicator, with Rueda specifying a <600m proximity
threshold for basic facilities (education, healthcare,

state assistance), <300m for local commercial activities
(groceries, pharmacies, convenience stores), <300 for
mobility networks (bus stops, cycling and pedestrian
networks), and <200m for greenspaces. A literature
review on the ‘proximity to daily needs’ principle
conducted by Evangelopoulos (2014) highlights that
most researchers in this field consider a pedestrian
shed to extend outwards by 0.25miles (approximately
400m), meaning that for a certain daily need or land
use to be considered ‘proximate’ to a resident, it must

typically fall within this 400m buffer.

Due to the importance of living close to a range of
key services, the RNDT has adopted a resilience
index which assesses the proximity of resident to their
different daily needs. For this index, most types of
daily needs such as sufficient retail space, job space,
frequent transit service (bus), grocery stores, childcare
and elementary schools, must be within 400m of
residents living spaces to be considered ‘proximate’.
Skytrain transit and secondary schools have a higher
proximity threshold of 800m, whilst public facilities
have a proximity threshold of 1200m.

Retail Space

A diversity of retail businesses service the daily
material needs of a community, and when paired
with residential density, are a primary attribute of a
complete walkable community (Leslie et al, 2006). For
this reason, residential density (the ratio of residential
units to total retail area) and retail floor area ratio
(FAR) are used as key indicators of neighbourhood
walkability in the Walkability Index developed

by Frank et al (2010), where a higher amount of
residential density and retail FAR are associated

with a more walkable community. Proximity to
neighbourhood retail has been positively associated
with increased rates of walking in a community, with
those living within 200m of a retail establishment
having a significantly increased likelihood of making

A diversity of retail businesses service the daily material needs of a
community, and when paired with residential density, are a primary
attribute of a complete walkable community.



walking trips (Krizek & Johnson, 2006). The positive
implications of increased active mobility in terms of
reducing automobile dependence are well established
within the literature (Newman & Kenworthy, 2015;
Newman, 1996), and can contribute to climate change
resilience by reducing global emissions associated with
transportation (Newman et al, 2009). More generally,
the amount of retail sales activity is considered to be

a useful indicator of overall economic performance

baby-boomers as Canada’s largest population cohort
within the next 5 years (Colliers, 2019). One of the
key findings from the study was that millennials are
increasingly likely to spend money on eating out at
restaurants, or on unique and boutique experiences and
health and fitness, rather than on buying groceries or
spending money at large retail stores or malls (Colliers,
2019). Since 2000, spending on restaurants amongst
25-34 year olds has increased by 53%, whereas

According to a recent Colliers study, millenials are becoming increasingly more likely to spend their money eating out at restaurants or on unique and boutique

(Frumkin, 2015), which can contribute to the
resilience of a local economy.

A recent Colliers study on the spending habits of
Millennials (those currently aged 23-38) provides
some useful insights about the types of retail that
will become increasingly important in the near future
— especially given that millennials are set to surpass

spending on groceries over this same time period

has decreased by 18% (Colliers, 2019). This suggests
that there will be a greater demand for smaller, more
boutique retail space over the coming decades, where
businesses such as healthy restaurants, smoothie bars,
and fitness studios can operate, and less demand for
large grocery stores and conventional malls. One
specific retail arrangement that Colliers sees as having
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significant potential to grow in Canada based on
these changing spending habits is the idea of a food
hall’, described as “a food truck festival under a roof
with an attractive communal dining area, licensed to
serve alcohol, often paired with live music, art shows,
and other public events. They are generally around
10,000 square feet in size with 8-12 local vendors
rather than national tenants” (Colliers, 2019, pg.8)”.
Retail arrangements of this sort provide a combination
of fine-dining experiences, entertainment, and
opportunities to socialize — all within a concentrated
and conveniently located area.

Job Space

As employment is an important daily need for most
residents (more than 62% Canadians aged 15 years or
older are currently within some form of employment
(Statistics Canada, 2019)), higher job density in
general will likely improve residents’ proximity to
their daily needs, thereby increasing urban resilience.
Generally, those who work travel greater distances
than those who don'’t, and the ideal commute time

is considered to be less than 30minutes. A study by
Wachs et al (1993) on the travel patterns of over 1,500
employees for example found that 94% of employees
who were traveling 32 minutes or less to work were
satisfied or very satisfied with their commute, whereas
only 47% of those traveling greater than 32 minutes
reported the same level of satisfaction. Expanding

on these results, a study on ideal commute times
conducted by Redmond & Mokhtarian (2001) found
that, from a sample size of over 2,000 people, most
survey respondents preferred commute times between
15-19 minutes (with an average of 16 minutes),
supporting the notion that commuting can have
positive utility and the hypothesis that people “desire
to live close to work, but not too close” (pg.182).

In 2016, Vancouverites had an average one-way
commuting duration of 29.7 minutes (Statistics
Canada, 2017). Generally however, people who live
close to job spaces and job opportunities are more
likely to work, less likely to be jobless, and typically
experience shorter job searches (Kneebone & Holmes,
2015). Proximity to jobs is especially important

tor lower-income socioeconomic groups who may

be constrained by the costs associated with longer

commute distances (Kneebone & Holmes, 2015). The
average distance Canadian commuters travelled to get
to work in 2016 was 7.7km, which is an increase of
0.7km since 1996 (although in Vancouver the average
commuting distance decreased from 7.7km to 7.4km
over this same 20-year time period) (Statistics Canada,

2017).

In terms of preferred mobility type, researchers such
as Paez and Whalen (2010) have found that those
who engage in active forms of mobility to get to
work (such as walking or cycling) tend to be less
dissatisfied with their commute than those who travel
to work by automobile. These results are comparable
to findings elsewhere within the literature, including
a recent study of over 3,000 commuters to McGill
campus in Montreal conducted by St-Louis et al
(2014) which found that the most satisfied commuters
were pedestrians (84.98% satisfaction rate), followed
by train commuters (84.15%), cyclists (81.85%),
drivers (77.42%), metro users (75.62%), and bus users
(75.47%). The findings of these studies suggest that
overall, those who engage in active mobility for their
commute (walking and cycling) are more likely to be
satisfied with their commute than those using non-
active transport modes (Merle, 2017; St-Louis et al,
2014; Paez & Whalen, 2010). Despite this, active
transportation makes up a relatively overall small share
of commuting modes: in the 2016 Census, only 6.9%
of Canadian commuters cycled or walked to work

(Statistics Canada, 2017).

People who live close to job spaces
and job opportunities are more
likely to work, less likely to be
Jobless, and typically experience
shorter job searches.

Healthy Food

Proximity to nutritious food is a necessary and
fundamental daily need for human functioning,

development, and good health (Health Canada, n.d.).



Improving access to affordable, appropriate, and
healthy food has been identified as a key way in which
cities like Vancouver can improve resilience against
external stressors such as food insecurity (City of
Vancouver, 2019). Food security will likely continue
to become an increasingly important issue over the
coming decades, as food availability, accessibility,

and food systems stability become more and more
compromised by the eftects of anthropogenic
accelerated climate change (FAO, 2008). Generally
within the literature, supermarkets and grocery stores
are used as a proxy for healthy food, with proximity
to grocery stores (either in terms of distance or

travel time) being used as an indicator of access to
healthy food (Li & Kim, 2018; Burns & Inglis, 2007).
Due to their size, supermarkets (especially chain-
supermarkets) may be more likely to sell a range of
healthy foods at lower prices compared to smaller
grocery or convenience stores, and are therefore an
especially useful indicator of healthy food accessibility
(Powell et al, 2007).

Childcare

Day-to-day social assets such as adequate and
proximate childcare programs have been identified by

the Resilient Vancouver Strategy as key societal needs
which can help “enable more people to participate

in the economy, be active in the communities and
cope with shocks and stresses” (City of Vancouver,
2019, pg.62). Quality early childcare has been
associated with an improvement in child socio-
emotional development (Felfe & Lalive, 2018) and

is commonly perceived within the literature as a

key way to promote important social and academic
skills prior to formal schooling (Vandell et al, 2010).
Where possible, Vancouver Coastal Health (2018)
recommends locating childcare in close proximity to
other daily needs and community facilities, including
schools, libraries, parks and community centres, and
away from main roads where noise and air pollution
could be detrimental to the wellbeing of young
children. Locating childcare in close proximity to
residential neighbourhoods is also recommended
(Vancouver Coastal Health, 2018), and the distance of
a household to daycare or preschool facilities has been
demonstrated to influence the attendance of children
to these facilities, with closer proximity contributing to
a greater likelihood of attendance (Dussaillant, 2016).
Family proximity to child care options has also been
shown to positively contribute to women participation
in the workforce (Compton & Pollak, 2014), which

may have positive implications for economic resilience.
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Childcare has been identified in the recent Resilient Vancouver Strategy as an important social asset that can “enable more people to participate in the economy, be active in the
communities and cope with shocks and stresses” (1 City of Vancouver, 2019, pg. 62). Image by Vancouver Community College.
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in rural Afghanistan found that distance to the nearest

school had a significant impact on both enrollment
SChO OlS rates and test scores: for every additional mile that

children must travel to school, enrollment decreased
Increasing levels of education within a community by 16% and test scores fell by 0.19 standard deviations.
are associated with numerous benefits for the overall Likewise, a 2018 study on academic performance in
resilience and wellbeing of community
members, including reduced levels of
poverty, increased lifetime earnings, reduced
incarceration rates, increased rates of
volunteering, increased rates of democratic
participation, and increased rates of
perceived health and wellbeing (Baum &
Payea, 2005). In a study of the costs and
benefits of education for American children
it is estimated that if the annual national
number of high school dropouts was
reduced by half then the government would
reap a lifetime public benefit of $45 billion
through additional tax revenues and reduced
costs of welfare payments, crime and justice,
and public health (Levin et al, 2007).
Perhaps more importantly at the individual
level, “high school graduation captures
both the cognitive and non-cognitive
attributes that are important for success in
adulthood” (Levin et al, 2007, pg.2).The
innumerable benefits of education highlight
the important social and economic resilience
implications of providing schools proximate
to communities.

Yo

-

'The education level of a population is
frequently used as an indicator of urban
resilience in the post-occupancy stage.
Cutter et al (2010) for example, uses

The level of education within a population is frequently used as an indicator of urban resilience i

‘education CqUity, (measur ed as the ratio of the can help improve education levels and contribute to resilience. Image by the High School Transiti
percentage of population with a college education

to the percentage of population with no high school higher education conducted by Vieira et al identified
diploma) as an indicator of social resilience, whilst a negative relationship between distance from place
‘education level’ and ‘literacy rates’ are used as resilience of residence and place of study, with the academic
indicators by the likes of Normandin et al (2009). performance of students being negatively impacted by
As improved accessibility to education has been decreased proximity to their place of study (Vieira et
associated with better educational outcomes (Asahi, al, 2018).

2014), measuring the proximity of children to schools

provides a useful metric for quantifying resilience in 'These results highlight the value of providing a

the design phase. One study by Burde and Linden range of quality educational facilities proximate to

(2009) for instance which analyzed over 1,500 children communities.




Despite the increasing trend towards consolidating
school districts to create larger supersized schools
as a means to improve the efficiency of providing
educational services (Hayes, 2018; Boser, 2013;
Hlyden, 2005; Lightfoot, 2015), there is a growing

e
‘ '

C

1 holistic resilience assesment frameworks. Schools are an important daily need for communities which

ons study conducted by the University of British Columbia

body of literary advocating for the benefits of smaller
schools (ILSR, 2012; Vander Ark, 2002; Howley

& Bickel, 2000; Lee & Smith, 1997). French et al
(2007) for instance argue that smaller schools have

the potential to produce better academic achievement
results amongst students, whilst Howley and Bickel
(2000) found that “as schools become larger, the
negative effect of poverty on student achievement
increases” (pg.10). Similarly, Hylden (2005) argues that

“students in small schools perform better academically,

M. Poskitt

graduate at higher levels, are more likely to attend
college, and earn higher salaries later on in life” and
“participate more in extracurricular activities, have
better rates of attendance, report greater positive
attitudes towards learning, and are less likely to face
school-related crime and violence” (pg.3). These claims
are supported by a breadth of empirical
support: a 1995 study by Lee and Smith
looking at academic performance in over
11,000 students from 800 American high
schools found that overall smaller schools
were associated with improved academic
performance, whilst a 1998 study of 133
schools in New York conducted by Stiefel
et al found that small academic schools
(<600 students) had much lower drop-out
rates than smaller-medium (600-1,200),
larger-medium (1,200-2,000), and large
academic schools (>2,000) (dropout rates
were 4.8%, 13.4%, 13.5%, and 11.9% for
each of the four schools sizes respectively),
as well as greater graduation rates (64%
for small schools, versus 50%, 51%, and
56% for each of the other school sizes

in ascending order respectively). These
results suggest that there may be a number
of reasons to encourage increasing the
number and distribution of smaller schools.
Increasing the number of schools and the
geographical dispersal of these may also
have the added benefit of increasing the
overall proximity of residents to difterent
schools, which can enhance community
proximity to a n important daily need.

Public facilities

Public facilities such as public libraries, community
centres, and healthcare services are critical pieces of
urban infrastructure that are both necessary for urban
resilience and a fundamental daily need for residents

(Varheim, 2016; LaMondia et al, 2010).

'The importance of proximity to public facilities is
emphasized extensively within the resilience literature
(U.S. Green Building Council, 2019; Sharifi &
Yamagata, 2016; Rueda, 2012; Cutter et al, 2010;
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DCS, 2009). ‘Provision of public facilities’ and
‘proximity to public facilities’ for instance are both
used as indicators in the holistic Ecological Urbanism
model developed by Rueda (2012), and the provision
of social infrastructure facilities (such as libraries,
museums, sports centres, health care centres, and
educational facilities) are a prerequisite for cities and
neighbourhoods seeking LEED certification (U.S.
Green Building Council, 2019). Public facilities have
also received attention in holistic disaster resilience
models such as that developed by Cutter et al (2010),
where ‘number of public schools per square mile’and
‘number of hospital beds per 10,000 population’are
both used as indicators of overall disaster resilience.
Similarly, the sustainability framework developed by
the Design Centre for Sustainability at the University
of British Columbia uses an indicator on ‘civic
amenity’, which measures the percentage of dwellings
within 400m of a civic amenity (including public
facilities such as schools, community centres, libraries,

places of worship, and childcare centres) (DCS, 2009).

Optimizing the spatial distribution of key public
facilities and services will increase accessibility to
these facilities (Ngui & Apparico, 2011) and enhance
residents’ proximity to their daily needs. Allowing

tor redundancy in public facilities to enable residents
to have choice about which facilities they use (and
provide a backup should some facilities fail in the case
of a natural disaster or other external stress) is seen

to be an importance component of resilience in city

infrastructure (O’Rourke, 2007).

Overall, proximity to a range of different public
facilities is considered to be an importance goal

for creating sustainable, equitable, and resilient
communities (U.S. Green Building Council, 2019;
Sharifi & Yamagata, 2016; Rueda, 2012; DCS, 2009).

Parks

Access to parks and greenspace is an important

daily need for urban dwelling residents (Yin & Xu,
2009). Parks provide a space for physical activity, and
are associated with numerous physical, mental, and
psychosocial benefits (Liu et al, 2017). For instance,

proximity to green parks has been associated with
higher levels of physical activity, especially amongst
young adults (Kaczynski et al, 2008), which in turn
has innumerable human health benefits including
reducing the risk of cardiovascular disease, certain
types of cancer, obesity, and hypertension (Warburton
et al, 2006). This is turn has the potential to reduce
public health spending associated with inactivity,
which is a significant burden for the Canadian
economy. For example, a study by Katzmarzyk et al
(2000) estimates that approximately two-thirds of
Canadians are physically inactive and that a 10%
reduction in inactivity nationally could reduce direct
health care expenditures by $150 million annually. As
such, proximity to green parks is able to contribute

to useful co-benefits, including reducing economic
vulnerability through a reduction in public health
spending, and improving the physical wellbeing and
resilience of individuals within a community. Exposure
to greenspace has also been shown to have numerous
mental health benefits, such as lowering levels of
perceived stress and physiological stress amongst
residents, which in turn can booster psychological
resilience (Roe et al, 2013). Nearby greenspace can
provide a forum for informal social interaction and
improved sense of community (Kuo et al, 1998), which
has positive implications for psychological wellbeing
(Kawachi & Berkman, 2001) and the resilience of

a community more generally (Beatley & Newman,
2013). Proximity to greenspace is especially important
for children, who are not able to travel to travel as
easily or as far as their adult counterparts (ARUP,
2017).

Increasing the number of parks and optimizing the
spatial distribution of these will increase accessibility
and proximity to a crucial and often overlooked daily
need. A core prerequisite for communities and cities
seeking LEED certification is that a community/city
must have a minimum of 121 square feet per person
of greenspace, and that 90% of dwelling units must
have a greenspace within 800m of walkable distance,
highlighting the importance of greenspace proximity
as a key design element of sustainable and resilient



communities (U.S. Green Building Council, 2019). to indicate ‘proximity’ for a walker (Evangelopoulos,
Other studies have adopted smaller walking distance 2014), and is emphasised in the public open space
buffers as a threshold of proximity to greenspace, health and wellbeing guidelines developed by

including Sturm and Cohen (2014) who use a 400m Villanueva et al (2015), which recommend that at least
walking distance threshold in order for greenspace to  95% of dwellings should have access to a small (0.3-
be considered as within a proximate “short walking 0.5ha) and medium (0.5-1.5ha) neighbourhood park
distance”. This shorter walk distance coincides with the within a 400m distance.

0.25mile (approximately 400m) pedestrian walkshed

radius that is generally considered within the literature

Access to parks and greenspace is considered within the literature to be an important daily need that can boost individuals’ mental and physical wellbeing. ‘Proximate greenspace’
is typically considered to be greenspace that is within 400m of a resident’s home. Image by Romakoma via Lonely Planet.
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Open Space Design

Open space can be designed to contribute to urban
resilience in numerous ways (Siavash, 2016; Monfared
& Hashemnejad, 2015; De Vries et al, 2013; Mitchell
& Popham, 2008). For example, public open space that
is attractive, comfortable, accessible, functional, and
safe can play an important role in facilitating social
interaction amongst community members (Monfared
& Hashemnejad, 2015; Sullivan et al, 2004), which

in turn can enhance social ties and contribute to the
overall resilience of a neighborhood. Similarly, open
greenspace can provide a therapeutic environment
which residents can exercise in and enjoy, and

which positively benefits their mental and physical
wellbeing (Finlay et al, 2015; De Vries et al, 2013;
Sugiyama et al, 2008; Maas et al, 2006). Exposure

to green open space and public areas with green
design features has been associated with lower levels
of health inequalities (Mitchell & Popham, 2008),
reduced stress, reduced mental fatigue (Aspinall et al,
2015), and improvements in overall mood (Kondo

et al, 2018), and cognitive development (Dadvand

et al, 2015). Each of these benefits contributes to

the overall physical and psychological resiliency of
individual community members, as well as enhancing
the economic resilience of a city through reduced
spending on public health associated with inactivity
(Katzmarzyk et al, 2000).

In addition to the directly positive implications

of quality open space design for the human user
experience, the way urban spaces are designed

can also benefit non-human users and foster city-
wide resilience to larger scale stressors. Open space
designed to maximize ecological connectivity and
habitat area for instance can positively impact the
resiliency of non-human ecological communities
and enhance biodiversity (City of New Westminster,
2016). Similarly, open space design that increases
vegetation and pervious surface in an urban area can
mitigate the eftects of Urban Heat Island (UHI)
and the risk of flooding and stormwater pollution,
improving resilience against such hazards (Beatley
& Newman, 2013), and open space design which
creates urban ventilation and urban porosity can
utilize prevailing breezes as a passive cooling system

to regulate the thermal environment and improve
urban air quality (Raven, 2011). Open space can also
be designed in ways that produce multiple co-benefits
in terms of resilience. The seawall in Vancouver for
example “expertly blends hard resilience with everyday
recreational use” by providing an attractive amenity
space for people to walk, run, cycle, and socialise,
whilst simultaneously acting as a flood protection

mechanism for Stanley Park (Peinhardt, 2019).

These pathways highlight the numerous pathways
through which open space design can positively impact
urban resilience, and the ways in which effective

open space design can contribute to resilience are

well explored within the literature (Peinhardt, 2019;
Pickett et al, 2013; Rueda, 2012). ‘Public space quality’
for instance (a product of effective design) is a central
theme in the holistic Ecological Urbanism model
developed by Rueda (2012), and ‘thermic comfort’,
‘street space accessibility’, ‘street proportion’, ‘visual
perception of urban vegetation’, ‘acoustic comfort’, and
‘corrected compactness’ are all indicators of open space
design quality which come under this theme.

For these reasons, the RNDT uses an open space
design index as an indicator of resiliency. This index

is comprised of several metrics which our research

has highlighted as integral to quality open space
design and positive user experience, including traffic
volumes (Curran et al, 2013; Miranda-Moreno et

al, 2011; Litman, 1999), activity generators (Mehta,
2007; Gehl, 1987), active edges (Montgomery, 2013;
Jacobs, 1965), public edges, solar access, tree canopy
coverage, softscape features, sense of enclosure, flexible
design (Whyte, 1980), weather protection, seating and
furniture, and materiality. A discussion of each of these
components is provided below.

Traffic Volumes

Traffic volume may detrimentally impact pedestrian
experience of a public space, by increasing air and
noise pollution (Litman, 1999). Decreasing automo-
bile volumes has been demonstrated to positively
impact pedestrian comfort levels (Ovstedal & Ryeng,
2002; Litman, 1999) by reducing automobile-related
noise and air pollution which is detrimental to human



wellbeing (Curran et al, 2013). This in turn makes

it more likely that pedestrians will use and stay in a
given location for a longer duration, which has positive
implications for the liveliness of a public space (Gehl,
1987). Decreasing traffic volumes can also reduce the
risk of collision between vehicles and pedestrians (Mi-
randa-Moreno et al, 2011), benefiting the actual and
perceived safety of pedestrians.

This improved safety has positive implications for
pedestrian comfort and level of service, which again
will make pedestrians more likely to use a space

and stay for a longer durations. This is particularly
important for creating public spaces that are safe and
playable for children, given that “children are more
vulnerable to being hit by cars due to their smaller
size, their undeveloped ability to judge speed and their
lack of experience and understanding of traffic danger”

(ARUP, 2017, pg.32).

The air and noise pollution assosciated with increased traffic volumes can
detrimentally impact on pedestrian experience in open spaces. Image by Mark van
Manen via Postmedia news.

Activity Generators

The liveliness of a public space is a product of both the
number of people in an area and the duration of their

stay (Mehta, 2007; Gehl, 1987). Activity generators
such as bars, restaurants, and stores, can enliven a space
by attracting people and enticing them to stay (Jacobs,
1965). This creates a positive feedback loop, whereby
other pedestrians are attracted to a space based on

its ‘busyness’and ‘liveliness’, which itself is a product
of activity generators (Jacobs, 1965). Other more
temporary types of activity generators include dancers,
street theatre musicians, food trucks or open air cafes,

and exhibitors (City of Vancouver, 1992).

Active edges (entrances)

Active mixed-use edges enhance opportunities for
social interaction and increase the liveliness of an
urban area (Gehl, 2013; Montgomery, 2013; Jacobs,
1965). Fine-grained mixed use urban edges adjacent
to open spaces can enhance pedestrian impressions of
an area and their overall comfort levels (Montgomery,
2013), and the frequency of bars, restaurants, stores,
and other non-residential activities along the edge of
a public spaces may also provide a means of passive
surveillance that can enhance actual and perceived
safety of pedestrians (Perkins et al, 1993; Jacobs,
1965). Active ground-level edges (such as retail
entrances) are considered to be an effective strategy
to animate plazas (City of Vancouver, 2018), and
activating park edges by intentionally creating edge
zones where specific activities can take place (such as
play, meandering/strolling, viewing, gathering, and
eating or drinking) has been identified as a way to
enhance the performance and functionality of urban

parks (Cooper, 2018).

Public edges

Privatization of open urban space leads to increased
control over use, access, and behaviour, which can
have negative implications for the experience of
some users (Nemeth & Schmidt, 2011; Low, 2006).
Whilst this is especially true of privately-owned
open spaces accessible to the public, privatization
can also occur in situations where the design of an
open space, including its edges, limits access or use
(Wood, 2018; Low, 2006). One way this can occur
is if public spaces are bordered by private edges that
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discourage certain users, uses or activities. For example,
public space that is enclosed by private edges which
reduce permeability (either visually or physically)

may create a potential barrier to the use of that space
(Kumari, 2011). Conversely, creating physically and
visually porous public edges around a public space may
increase perceived feelings of connection between that
space and the wider neighbourhood (Gofhin, 2015),
which may benefit user experience and accessibility
(Andrade et al, 2018). A recent study looking at
human behaviour in public spaces, ‘Field Guide to
Life in Urban Plazas: A Study of New York City’,
tound that plazas with wide, open entrances and

edges adjacent to other public spaces such as crossings
or pathways facilitated greater flows of pedestrians
(SWA, 2019). For this reason, design guidelines for
public space (including public space that is privately
owned) typically encourage porous public edges that
are “well-connected to surrounding public parks,
plazas, and streets” (City of Waterloo, 2019, pg.1).
Clearly demarcating the edges of open space as ‘public’
in a way that is legible to pedestrians is considered to
be an important way to encourage public usage of that
space (City of Toronto, 2014).

Solar access

Solar access in public spaces is crucial for creating

a thermally comfortable environment that is usable
year-round (Capeluto et al, 2006; Nikolopoulou et al,
2001; City of Vancouver, 1992), especially in cooler
seasons and northern climates such as Vancouver.
Solar access is related to user enjoyment of a public
space, and is likely to become an increasingly
important urban policy issue as cities continue to
densify (Altman & Zube, 2012). Because of this,
adequate solar access is considered a key priority for
open space design, and many municipalities globally,
including New York and San Francisco, have adopted
strict regulations to protect solar access in public

spaces accordingly (Capeluto et al, 2006).

Whilst solar access in public spaces is generally
perceived to have a positive impact on user experience
and comfort levels, it is equally important to provide
shade and shelter to maximize comfort levels in
different seasons and weather conditions (IMehta &

Bosson, 2010; Whyte, 1980). This is especially true for
cities in warmer climates (IMAV, 2015). Deciduous
trees are a useful design feature in this respect, as they
provide passive cooling and shading during summer,
whilst enhancing solar insolation during winter
months (Capeluto et al, 2006). This is in contrast to
buildings, which cast shade year-round — including
during winter months where such shade may be
detrimental to pedestrian comfort.

|

Solar access in public spaces is crucial for creating a thermally comfortable environment th,

(USA), by the author.

Tree canopy

Tree canopy coverage can regulate the thermal
environment of an open public space (Lin et al, 2008),
which has positive benefits for human comfort and



the overall user experience - a key component of good
design (Brown & Katz, 2011). This is achieved through
processes of evapotranspiration which cools the near-
ground atmosphere, and through the shading provided
directly by the tree canopy itself (Kong et al, 2017;
Klemm et al, 2015; Lin et al, 2008). Trees with denser
canopy coverage provide a greater amount of shade,
which has a greater cooling effect on the surrounding
atmospheric environment and the thermal comfort of

at is usable year-round. Picture taken in Pioneer Courthouse Square, Portland

pedestrians (Bruse, 2007). In addition to the functional
value of trees in open space, the aesthetic value of
urban trees is well documented within the literature
(Schroeder, 2011) and is reflected in the ability of
urban trees to increase the value of nearby properties
(Donovan & Burtry, 2010). Well-placed tree planting

more generally is considered to be a salient component

of urban open space design (Marcus & Francis, 1997),
and an important public amenity (Altman & Zube,
2010).

'The presence of large trees may have a positive impact
on crime reduction: a recent study in Portland for
instance found that large mature trees in public

right of ways is generally associated with lower rates
of criminal activity in surrounding areas (Donovan

& Prestemon, 2012). The authors suggest that this
relationship may be partially explained by the fact

that trees make public spaces more desirable which
increases the chances of a criminal being observed, and
also because trees indicate to potential criminals that

a neighbourhood is more cared for (and is therefore
more likely to be observed by an authority), both of
which disincentivise criminal activity (Donovan &
Prestemon, 2012). Such potential explanations are
supported by the likes of Kuo and Sullivan (2001),
who suggest that well maintained trees and vegetation
outside a house act as a cue to potential criminals “that
the inhabitants actively care about their home territory
and potentially implying that an intruder would be
noticed and confronted” (pg.347).

Exposure to greenery and neighbourhood tree canopy
has also been associated with a plethora of human
health benefits (Kuo, 2015), including reduced stress
(De Vries et al, 2013), improved mental health
(Sugiyama et al, 2008), lower rates of obesity and
increased social cohesion (Ulmer et al, 2016), and
lower rates of cardiovascular and respiratory illness
(Donovan et al, 2013). Exposure to nature and the
stress reduction this prompts can also help shift
individuals towards a state of deep relaxation that

is conducive to improve sleep quality (Kuo, 2015).
Overall, increased neighbourhood tree coverage in
urban areas is positively related to improved human

wellbeing and experience (Ulmer et al, 2016).

In addition to the human health benefits of tree
canopy, connecting street greenery to urban parks
and squares through continuous urban foliage
creates a connected ecological habitat that can boost
biodiversity and enhance ecological health (Rueda,
2012). Larger patches of urban trees and taller tree
canopies have been shown to be associated with
species richness (Stewart et al, 2009), and protecting
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and enhancing urban forests has been identified as a

key way to promote biodiversity (Alvey, 2006).

Softscape

‘Soft’landscape features refer to natural design
elements such as vegetation, water, and topography
(London Borough of Croydon, 2009). The amount

of softscape design features within an urban open
space can positively impact pedestrian comfort

levels by providing shade and through processes

of evapotranspiration which regulate the thermal
environment (Kong et al, 2017; Klemm et al, 2015;
Lin et al, 2008). In their study of visual perceptions
of public open spaces in Niksic, Montenegro, Perovic
and Folic (2012) noted that softscape design features
appeared to have a calming effect on users, which was
beneficial for overall user experience. This calming
effect may also have positive implications for crime
reduction. Kuo and Sullivan (2001) for instance found
that apartment buildings with greater levels of nearby
vegetation tended to experience lower rates of crime
even after accounting for factors such as building
height, vacancy rate, the number of apartments per
building, and the number of occupied units per
building, whilst a study of minor crimes in Californian
public spaces found that 90% of graffiti or vandalism
incidences occurred in areas without plantings, with
only 10% of these crimes occurring in public spaces
with softscape design features (Stamen, 1993).

Sense of Enclosure

Successful public spaces require an easily identifiable
demarcation from their surrounding environment —
something that is often achieved through a sense of
enclosure (Carmona, 2019; Whyte, 1980). That is,
where building landscape features contain space in a
visually obvious way in order to create a distinctive
and recognizable place (Carmona, 2019). Continuous
building facade adjacent to open space can contribute
to a strong sense of enclosure (Thwaites et al, 2005),
as well as building heights that are proportional to
the size and width of the public open space (London
Canada, 2010). The ideal ratio of the width of a public
space (W) to the height of surrounding buildings (H)

for an optimal sense of enclosure will be contingent on
the size of the public open space (Kim & Kim, 2019;
London Canada, 2010), although theorists such as
Lynch et al (1984) have proposed ideal H/W ratios

of around 1:3 to 1:2, with others such as Moughtin
(1992) proposing slightly more enclosed ideal H/W
ratios of 1:2 to 1:1. More recent research by Carmona
et al (2003) suggests an even greater ideal H/W ratio
of 2:1 to 2.5:1, and a maximum H/W ratio of 4:1 has
been offered by Nelessen (1993). Depending on the
public space then, an ideal H/W ratio for a desirable
sense of enclosure can be considered to vary from a
minimum of 1:3 to a maximum of 4:1 (Nelessen, 1993;
Lynch et al, 1984). Despite this variation, the literature
on sense of enclosure is generally in agreement that
there is an inverted U-shaped relationship between
sense of enclosure and user comfort, where “extreme
high values of enclosure evoke claustrophobia and
confinement, while extreme low values of enclosure
evoke discomfort because of physiological shelter”

(Alkhresheh, 2007, pg.22).

Flexible Design

Flexible urban design is necessary to deal with the
complexity and flux of urban life (Beirao & Duarte,
2005). One example of flexible urban design in open
spaces is the use of movable furniture, such as seats,
benches, and tables, which allow pedestrians to tailor
a public space to suit their own unique needs and
preferences (Mohsen et al, 2018; Whyte, 1980). In his
seminal 1980 study of people in public spaces, William
Whyte observed that given the option, people will
almost always move chairs before they sit in them —
even if this appears to have little functional utility. In
other words, people enjoy the very act of exercising
choice over where they sit in public spaces — a freedom
movable furniture permits (Whyte, 1980).

In addition to movable seating, other examples of
flexible urban design features that can enhance the
quality and user enjoyment of a public open space
include mobile canopies and ceilings for different
weather conditions, mobile urban furniture such

as tables, and mobile activities such as temporary
volleyball nets or giant chess sets (Mohsen et al,
2018). In addition to the benefits for user experience,



Exposure to
greenery in the
form of softscape
design features or
tree canopy can
have a calming and
relaxing effect on

users of public space.

Image top left: Robson Square, Vancouver. Image
by John Lehmann via the The Globe and Mail.

Middle: Bute Street public plaza, Vancouver.
Image by Jennifer Gauthier via Vancouver
Courier.

Bottom left: Downtown Portland, Orgegon,
public waterfront promenade. Photo by the author.



oPI — 1 v

Design | Open Space Design

Seating +
Furniture

Flexible and diverse seating
options are a crucial design
teature of successful public
space (Whyte, 1980).
Generally, people are more
likely to use and linger in
public spaces such as a plaza
if there is a diverse range of
seating options (SWA, 2019;
Whyte, 1980). As pioneering
American Urbanist William
Whyte (1980) succinctly
describes, “people tend to

sit most where there are
places to sit” (pg.28). Grass

is particularly useful in this

Mowvable furniture, such as the chairs in Bryant Park (NYC) shown above, provide a flexible seating option

which users can arrange fo suit their needs. Photo by Brent Toderian.

flexibility in urban design can also directly enhance
disaster resilience in urban spaces by allowing a

space to adapt and dynamically respond to external
stressors whilst still remaining functional (Fallah et
al, 2014). Furthermore, ‘flexibility’ is perceived to be a
fundamental and essential characteristic of any urban
system (Tyler & Moench, 2012).

Weather protection

Although public spaces should generally be orientated
to receive maximum sunlight in order to enhance
pedestrian thermal comfort, it is equally important

to provide shade and shelter from wind and rain to
maximize comfort levels in different seasons and
weather conditions (Mehta & Bosson, 2010; Whyte,
1980). Design features that achieve this will make an
open space more attractive, and increase the likelihood
that it will be utilized and enjoyed by the public.

respect, as it provides a flexible and comfortable
surface for people to play, relax, and socialize on
(Carmona, 2019) Other types of movable furniture,
such as seats, benches, and tables, are also effective as
they allow pedestrians to tailor a public space to suit
their own unique needs and preferences (SWA, 2019;
Mohsen et al, 2018; Whyte, 1980). Seating with some
form of backing and shelter (such as in the form of
shade from trees) immediately adjacent to more open
and exposed public spaces are particularly popular
amongst pedestrians (SWA, 2019). People in public
spaces are also more likely to fill the seating around
the edges of public spaces before they will sit in the
middle — a phenomenon known as the “donut eftect”
(SWA, 2019). This suggests that providing movable
seating with some form of backing around the edge
of public spaces such as a plaza has the potential

to enhance user enjoyment of public open space —
especially if paired with some activation of the centre
of the public space with some form of temporary

entertainment or food option (SWA, 2019).



Materiality

Public spaces should ideally utilize a diverse range of
sustainable materials that are robust, require minimal
levels of ongoing maintenance where possible, and
have a reasonable life span and durability (City of New
Westminster, 2016). Using permeable materials or
planting vegetation where possible is also preferable,
and can provide valuable biodiversity corridor and
ecosystem services (such as shading and passive
cooling) whilst simultaneously increasing resilience
against flood hazards (City of New Westminster,
2016). Choosing materials which create regular
smooth surfaces for walking is also crucial for

enhancing pedestrian priority and accessibility for all
users (Gehl, 2013; Otak, 2013).

(4

Donut Effect

The Donut Effect: People tend to fill up the seating on the edges of public
spaces before filling the middle. Diagram sourced from SWA (2019).

People tend to sit most where there are
places fo sit.

b

- William Whyte
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People-First Streets

Pedestrian orientated streets have the potential

to enhance urban resilience in multiple ways. For
example, pedestrian streets reduce automobile
dependency, which in turn reduces transport related
carbon emissions, traffic congestion, and urban sprawl,
making cities more resilient to external stressors such
as climate change (Galderisi & Ferrara, 2012), less
resource intensive, and more efficient (Woodcock et
al,2007). Pedestrian friendly streets also enhance
public health by encouraging active forms of mobility
(Litman, 2018), improving street level air quality, and
reducing transport-related mortalities (Woodcock et
al, 2007), as well as increasing social connectedness -
something which has been demonstrated to strengthen
communities and enhance resiliency in the face of
disaster (Chandra et al, 2011). Although ‘pedestrian
first streets’ does not appear to be explicitly used in
other holistic resilience frameworks, the components
contributing to a pedestrian friendly street
environment discussed in the following subsections
are commonly linked to urban resilience. For these
reasons, the extent to which a neighbourhood’s streets
are friendly and accommodating to pedestrians is used
an indicator for the RNDT. A key way to measure
pedestrian friendliness is assessing how comfortable a
given street is for non-automobile users. The following
section discusses design features germane to pedestrian
comfort levels at street level.

Active Edges

A diversity of active entrances and mixed uses can
and make people feel more trusting and comfortable
(Leyden, 2003; Montgomery, 2013). This increases
the likelihood that people will walk slower, stop to
rest, and engage in social interaction with one another
at a street level, which can in turn increase the sense
of community and social capital of a community,
thereby positively contributing to social resilience.
Active edges with many street orientated windows
and doors also enhance feelings of ‘eyes on the street’
(Jacobs, 1965) which can increase the perception of

safety and comfort of those on the sidewalks, thereby
encouraging leisurely walking and increasing the
likelihood of chance social interaction. Such feelings
of safety and passive surveillance are enhanced by
building edges that articulate individual ground-floor

units (Macdonald, 2005).

Traffic Volume

Decreasing automobile traffic volume positively
impacts pedestrian comfort levels (Ovstedal & Ryeng,
2002; Litman, 1999). This is primarily achieved by
reducing automobile-related noise and air pollution
which is detrimental to human wellbeing (Curran et
al, 2013), as well as creating a greater balance between
pedestrian and vehicle prioritization in a streetscape
environment (Kim et al, 2011). Reducing traffic
volume has significant potential to improve pedestrian
safety, with one study conducted by Miranda-Moreno
et al (2011) in Montreal finding that a 30% reduction
in traffic volume would reduce the total number of
pedestrians injured by vehicles by 35% and reduce the
risk of a pedestrian collision by 50%.

Trafhic Design Speed

Slower automobile traffic speeds typically increase
pedestrian comfort levels, and improve pedestrian
safety (Litman, 1999). Interventions to reduce traffic
speeds have been shown to lower rates of vehicular-
pedestrian collisions (Leaf & Preusser, 1999). As
pedestrian injury severity increases exponentially in
relation to vehicular speed (Litman, 1999), reduced
car speeds also lowers the probability of collision-
related pedestrian fatalities (Anderson et al, 1997; Leaf
& Preusser, 1999). Given safety (both perceived and
actual) is a key component of pedestrian comfort and
level of service, such factors play an important role

in improving overall pedestrian comfort. Reducing
traffic speeds and encouraging a regular traffic flow
to minimize rapid acceleration or deceleration has
also been shown to be an effective mitigation strategy
for reducing traffic related noise pollution (Curran

et al, 2013), which can likewise enhance pedestrian
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experience and comfort levels. Lower traffic speeds
are especially crucial for enhancing the safety and
playability of streets for children, who are particularly
vulnerable to being hit by cars due to their small size
and lack of ability and experience in judging traffic
speed and danger (ARUP, 2017).

Curb-to-Curb Width

Reduced street curb-to-curb width can improve
pedestrian comfort (Kim et al, 2011), and is commonly
used as a traffic calming measure (U.S. Department
of Transportation, 2015). This is achieved in part
by restricting the volume of traffic, which reduces
traffic related noise and air pollution (Curran et al,
2013), thereby making the street environment more
comfortable for pedestrian travel (Sarkar, 2003).
Reducing street curb-to-curb width also creates

a greater balance between pedestrian and vehicle
prioritisation in the streetscape, which in turn can
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Narrower streets slow down traffic, which creates a more safe and enjoyable
environment for pedestrians. Image by GRIDS Vancouver via Twitter.

improve pedestrian level of service (Kim et at, 2011).

Sidewalk Width

Increasing sidewalk width is associated with gradual
improvements in pedestrian safety and pedestrian
comfort levels (Dandan et al, 2007). 5 feet of space is
the bare minimum width needed to accommodate two
people walking side-by-side: wider sidewalks permit a
more comfortable amount of space between walkers, as
well as providing greater opportunity for pedestrians
to walk alongside each other and socialize (FHWA,
n.d.). Wide sidewalks are especially imperative along
streets with frequent pedestrian activities, and make
movement easier and more comfortable for those
using mobility assisted devices such as wheelchairs or
strollers (City of Toronto, 2017). Widening sidewalks
by extending the sidewalk curb into the existing
roadway (thereby simultaneously narrowing the

road) has also been demonstrated to be an effective
traffic calming measure which has positive benefits
for improved pedestrian safety and reducing overall
rates of pedestrian-automobile collisions (Mead et al,
2014). Sidewalk widths that are too narrow have been
identified as a key reason why potential pedestrians
may favour car usage over walking on a given street
(Kim et al, 2011). Wider sidewalks also foster
opportunities for children to play and explore in the
public real, and contributes to a child-friendly urban
environment (ARUP, 2017).

Pedestrian Priority
(physical design)

Separating pedestrians from automobile lanes
significantly improves pedestrian and cyclist comfort
levels (Kang & Fricker, 2016; Li et al, 2012).
Pedestrian priority at intersections (in terms of
crossing signal time intervals) can improve pedestrian
experience and comfort by reducing pedestrian
waiting times (Levelt, 1992). Pedestrian bridges

and underpasses should only be used as a last resort
(Gehl, 2013). Direct lines of walking for pedestrian

pathways without unnecessary obstacles or detour
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Increasing footpath width creates a more comfortable amount space for pedestrians to pass one another and walk side-by-side. Sidewalk trees can also serve to
improve pedestrian experience by providing shade and some degree of weather protections, as well as providing a partial screen from adjacent traffic. Image by

Michigan Municipal League via BetterBurb.

can improve the pedestrian experience (Gehl, 2013).
Reducing the number of driveways to minimize
potential disruptions to pedestrian travel on a sidewalk
and providing on-street parking where feasible

can also prioritize pedestrians first and contributes

to a pedestrian friendly streetscape (Otak, 2013).
Regular pedestrian information signs, maps, and curb
extensions at intersections and mid-block crossings are
also helpful in this respect, as is implementing traffic
calming measures which reduce traffic volume and
speed (Otak, 2013). Pedestrian ramps, curb-cuts, and
regular smooth surfaces for sidewalks are also crucial
for enhancing pedestrian priority and accessibility for
all users (Gehl, 2013; Otak, 2013). Building design
which accentuates vertical fagade lines and expressions
can make pedestrian walks seem shorter, whereas
horizontal fagade patterns can reinforce pedestrian

feelings of distance (Gehl, 2013).

Cycling Infrastructure

Continuous, separated, and purpose built cycle
infrastructure positively impacts cyclist comfort levels
(Hull & O’Holleran, 2014). The presence of dedicated
cycling cycle infrastructure has also been shown to
improve actual and perceived safety, and increase the
likelihood that community members may choose to
cycle (Schultheiss et al, 2018). Off-street cycleways

or those physically separated from automobile traffic
by some form of barrier are the preferred type of
infrastructure amongst the vast majority of current and

potential cyclists (Schultheiss et al, 2018).

Shared pedestrian and bicycles sidewalks may
negatively impact pedestrian comfort levels, but

these negative impacts may be alleviated by widening
the sidewalk and regulating cyclist speeds (Kang &
Fricker, 2016). Other strategies and design features to
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mitigate the potential for negative cylist-pedestrian Transportation (2010) for example recommends
interactions include developing educational campaigns  prohibiting on-street parking in areas where the
about respectful and safe cyclist and pedestrian speed limit exceeds 45mph (~72km/h), whilst the
behaviour in shared spaces; establishing regular ITE proposed guidelines for walkable communities
signage to encourage shared space norms; creating recommend a maximum of 35mph (~56km/h) for on-

pedestrian harbours; and demarcating cyclist ‘dismount  street parking (ITE, 2006).

zones’ in areas of particularly heavy pedestrian activity

(McGill Cycling Working Group, 2014). Given the potential for on-street parking to obstruct
the view of drivers leading to a greater number of
pedestrian-vehicular collisions (especially amongst
children), researchers recommend that on-street

O n- Stl‘ eet Pal‘ king parking (if implemented) should be prohibited

On-street parking arguably has the potential to both
benefit and detriment the pedestrian street experience.
Some researchers for instance purport that on-street
parking acts as a traffic calming tool which can lower
the traffic speed along a street and act as a buffer
between pedestrians and moving vehicles — both of
which can positively impact pedestrian safety and
comfort (Peprah, 2014; Dumbaugh & Gattis, 2005).
However, the benefits of on-street parking apply
predominantly to parallel parking only rather than
angled on-street parking, the latter of which has been
shown to have an overall negative effect on pedestrian
and road-user safety (Biswas et al, 2017). For instance,
angled parking has been associated with more than
double the number of crashes per unit distance
compared to parallel parking by some researchers
(Box, 2004), predominantly due to the difficult
maneuver involved with both entering and exciting an
angled on-street park (Biswas et al, 2017).

'The benefits of on-street parking however are also
predominately limited to lower speed minor streets
(Biswas et al, 2017), and when used in conjunction
with other traffic calming design interventions such
as raised curbs, sidewalks, small building setbacks, and
vegetated buffers between the road and pedestrian
traffic (Marshell et al, 2008). On high-speed roads,
on-street parking is associated with higher crash

rates and an increase in pedestrian fatalities and
severe injuries (Marshell et al, 2008). For this reason,
pedestr ian Safety and street dCSign gllidelines tend to Generally, there appears to be an emerging consensus within the literature that parallel
actively discourage on-street park_ing in high_speed streets_bas the potential to be an effective traffic calming measure which can positively be
areas (Wisconsin State, 2010; ITE, 2006), although street in East Vancouzer:

the threshold for ‘high speed’is not unanimously

agreed upon. The Wisconsin State Department of




near pedestrian intersections and crossings (Biswas

et al, 2017). For instance, the Wisconsin Guide to
Pedestrian Best Practices (2010) recommends that for
streets with speed limits between 35-45mph (~56-
64km/h), a no-parking zone should extent 50 feet
from any intersection. In the case of a roundabout

or uncontrolled intersection, Biswas et al (2017)
recommends an even greater setback of at least 75 feet
from the intersection/roundabout yield line.

Generally, there appears to be an emerging consensus
within the literature that parallel on-street parking (set

n-street parking (set back from intersections and roundabouts) on low-speed minor
nefit the safety and comfort of pedestrians. Photo taken by the author along a residential

back from intersections and roundabouts) on low-
speed minor streets has the potential to be an effective
traffic calming measure which can positively benefit
the safety and comfort of pedestrians.

Softscape (%)

'The amount of greenery and softscape design features
within an urban environment can positively impact
pedestrian comfort levels by providing shade and
through processes of evapotranspiration which
regulate the thermal environment (Kong et al, 2017;
Klemm et al, 2015; Lin et al, 2008). A number of
studies conducted by Gehl Architects highlight the
importance of “soft edges” in enhancing pedestrian
comfort and livability along streets in residential
neighborhoods (Gehl, 1986), and a study conducted
by Wolfe and Mennis (2012) found a significant
association between the amount of greenery in
Philadelphia neighbourhoods and decreased rates
of assault, robbery, and burglary. These results
are supported by the likes of Kuo and Sullivan,
who found that buildings with greater levels of
nearby vegetation tended to experience lower rates
of crime (2001). A study by Happy City (2017)
found that streets and laneways with vegetated
softscape features were associated with a greater
sense of attachment, perception of trust, sociability,
and overall sense of wellbeing amongst residence
in comparison to a street or laneway with only
hardscape design features. Interestingly, this same
study found that incorporating colorful paint into
pedestrian intersection design was also associated
with greater levels of trust and subjective wellbeing as
compared to a standard intersection (Happy City). In
addition to the human user benefits of streets which
incorporate soft design features, softscape design can
also help create natural corridors for wildlife, which
can have positive implications for local biodiversity

(City of New Westminster, 2016).

Tree Canopy (%)

Tree canopy coverage and vegetation has positive
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Tree canopy and green street design features can improve pedestrian comfort by providing shade and protection from the elements. Green design features also
have the potential to reduce surface water runoff by increasing the amount of effective pervious area, as well as mitigating the urban heat island effect common

to many cities. Image by Paul Krueger via flickr.

effects on outdoor pedestrian comfort levels (Lin et
al, 2008). Key reasons for this include the ability of
trees to block wind, provide shade from the sun, and
regulate the thermal environment and atmospheric
humidity levels - especially during summer (Kong et
al, 2017; Lin et al, 2008). Generally, the these positive
tunctions of urban tree canopy are proportional to the
tree size, meaning that the more mature and older a
tree is the better it is able to provide useful ecosystem
services to enhance the pedestrian experience (Nordic
Forest Research, n.d.). Urban trees can provide an
important aesthetic amenity for humans to enjoy, as
well as providing habitat for different types of wildlife
(Nordic Forest Research, n.d.). A greater diversity

of urban trees will be more resilient to stressors and
disturbances (such as disease), and facilitate a greater
range of biodiversity (Nordic Forest Research, n.d.).
'The presence of streetscape greenery and urban tree
canopy has also been associated with reduced stress
(De Vries et al, 2013) and improved mental health
(Sugiyama et al, 2008). Overall, more neighbourhood

tree coverage in urban areas is positively related to

improved pedestrian wellbeing and experience (Ulmer

et al, 2016).

Effective Pervious Area

Effective pervious area (EPA) refers to the pervious
surface that infiltrates water into the ground

without impacting a natural hydrological system as

a percentage of a total given area (Condon, 2010).

For example, if all surface runoff filters into the
surrounding ground, then EPA will be 100% as there
has been no effect on the natural watershed hydrology
(Condon, 2010). Increasing EPA can help increase
urban resilience against flood hazards, by reducing

the volume and intensity of surface runoff through
natural infiltration of stormwater (Alley & Veenhuis,
1983). Increasing EPA and vegetation can also reduce
the urban heat island effect, which has positive
implications for the outdoor thermal comfort level and

wellbeing of urban pedestrians (Wu et al, 2016; Lin et



al, 2008).

Weather Protection

Urban design that provides protection from the
elements can elevate pedestrian comfort levels
(Ovstedal & Ryeng, 2002). Shade, shelter, and flexible
design features that offer weather protection in
different seasons and don’t impede pedestrians’ visual
outlook are considered to be important contributors to

overall pedestrian comfort (Whyte, 1980).

Solar Access

Increased solar access generally corresponds

to increased human thermal comfort levels
(Nikolopoulou et al, 2001), especially in cooler seasons
and climates (Whyte, 1980). However, it is equally
important to provide shade and shelter to maximize
comfort levels in different seasons and weather
conditions (Mehta & Bosson, 2010; Whyte, 1980).
Deciduous trees are a useful design feature in this
respect, as they provide passive cooling and shading
during summer, whilst enhancing solar insolation
during winter months (Capeluto et al, 2003).

Access to sunshine can improve pedestrian comfort levels in a street environment - especially in cooler seasons and climates. Picture by Ryhor Bruyeu via

Picfair.
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Neighbourhoods with higher rates of sociability are more resilient,
both at an individual and community level.

Top photo by the Project for Public Spaces via Public Square. Bottom image by by Alice via Playing Out.



Sociable Built Form

'The power of social capital to enhance resilience

at an urban scale has been widely discussed within
the literature (Aldrich & Meyer, 2015; Aldrich,
2012; Ledogar & Fleming, 2008). That is to say
neighbourhoods with higher rates of sociability are
more resilient, both at an individual and community
level (Aldrich & Meyer, 2015; Murphy, 2007). One
study conducted by Murphy (2007) for example
tfound that communities with greater social capital
resources showed greater resiliency in the face of
urban emergencies such as the 2003 prolonged
electricity power outage in eastern North America,
and the 2000 E.coli crisis in Ontario. Because of the
strong relationship between social capital and urban
resilience established within the literature, numerous
holistic urban resilience models have incorporating
indicators which aim to measure social capital. The
Disaster Resilience Index developed by Cutter et al
(2010) for example adopts three explicit ‘social capital’
indicators (religion, civic involvement, and advocacy),
whilst the Community Disaster Resilience model
developed by the Torrens Resilience Institute also
adopts a number of indicators which seek to quantify
the level of social connectedness amongst community
members (including the proportion of a community
engaged with organizations such as sports teams and
service groups; the level of communication between
the community and local government; and the degree
of connectedness across difterent demographic
groups (age, ethnicity, new/old residents) within

a community) (Arbon et al, 2012). Similarly, the
City Resilience Index developed by ARUP and The
Rockfeller Foundation (2014) uses indicators for
‘cohesive communities’ and ‘local community support’
as measurements of urban resilience, and in their
analysis of over 30 holistic frameworks for measuring
resilience Sharifi and Yamagata (2016) emphasis the
recurrence of indicators which relate to social capital,

including indicators such as ‘place attachment and
sense of community’, ‘shared assets’, ‘volunteerism and
civic engagement in social networks’, and the ‘degree
of connectedness across community groups’ (pg.255).

Due to the heavily emphasized relationship between
social capital and urban resilience and the widespread
usage of indicators relating to social capital within the
resilience literature, ‘sociable built form’ (the extent to
which the built environment facilitates and encourages
social interaction and enhances social capital) is used
as a key indicator of the RNDT. Our research has
shown that several underlying design elements can
contribute to sociability in the built environment,
including building massing (MacDonald, 2005),
height (Kearnes et al, 2012), parking provision
(Williams, 2005), building orientation (Jacobs, 1965),
and communal spaces (City of Vancouver, 2018b).

Parking Provision

Underground parking gives people a direct, private
entry point to their dwelling, thereby minimizing
street presence and opportunities for social interaction
(Atkinson, 2016). Conversely, ground-floor access
points to buildings (rather than from an internal
entry from an underground parking unit) contribute
to increased opportunity for social interaction
(MacDonald, 2005). On-street parking also allows
car-focused activity to take place directly in front

of groundfloor units, thereby enhances socialization
opportunities (MacDonald, 2005). Car parking on

the periphery of residential communities prevents
residents from walking straight from their private unit
to their cars (Williams, 2005) thereby increasing the
likelihood of chance social interactions and the overall
livability of an area.
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Underground parking provides a direct private entry to residential dwellings which can minimize street presence and restrict opportunities for social
interaction. Image by Wroclaw.

Building Orientation

Street-facing building orientation with strong
articulation of individual groundfloor units contribute
to opportunities for social interaction (Gehl, 2011).
A distance of at least 6 feet between buildings and
the street is key for maintaining a comfortable
transition zone between the public and private realms
(MacDonald, 2005). Such a transition space allows
for features such as front patios, covered balconies,
front entry porches, external porch stairs, and front
yard gardens — all of which encourage interaction for
dwelling residents and those on the sidewalk (City of
Vancouver, 2018a). Street facing dwellings with street
orientated windows and doors also enhance feelings of
‘eyes on the street’ (Jacobs, 1965) which can increase
the perception of safety and comfort of those on the
sidewalks, thereby encouraging leisurely walking and
increasing the likelihood of chance social interaction.
Elevating groundfloor units slightly is preferable to

enhance the privacy of residents and delineate a clear
transition from the public realm of the street (City of
New Westminster, 2017).
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Streetfacing dwellings with street-orientated windows provide additional opport:
eyes on the street’, which can increase the perception of safety and comfort for those
create a clear transition from the public and private realms. Image source: Taylorsvr



Communal Space

Higher quality communal spaces that are
tunctional and appealing to use attract more
people and encourage greater social interaction
(Willliams, 2005). Such spaces can enhance
teelings of place attachment, sense of community,
and social connectedness (Francis et al, 2012). 7/
Communal spaces that are permeable and visible
are more likely to be perceived as ‘safe’, meaning
people are more likely to spend a greater amount
of time there. This increases the opportunity for
social interaction (Monfared & Hashemnejad,
2015), which in turn can enhance social capital
and contribute to community resilience. Design
teatures which enhance the quality of outdoor
communal amenity space (thereby increasing the
likelihood of social interaction, and by extension,
community resilience) include the presence of
vegetation (Sullivan et al, 2004), appropriate seating
and resting options (Carmona, 2019), solar access
(Capeluto et al, 2006), and appropriate shade and
shelter from wind and rain during difterent seasons
and weather conditions (Mehta & Bosson, 2010;

Whyte, 1980).
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inities for social interaction, as well as providing passive surveillance and feelings of
ising the sidewalk. Groundfloor units which are slightly elevated above street level
lle City (2019).

Communal spaces in residential buildings, such as this rooftop garden, can create opportunities
Jfor social interaction amongst residents and contribute to social capital and community
resilience. Image sourced from mit24h.

I

In residential developments, communal gardens,
workshops, amenity party rooms, shared kitchens,
courtyards, playgrounds, balconies, and rooftop patios
have been identified as effective design features

that encourage social interaction and increase
neighbourly connection, all of which contribute to
social resiliency (City of Vancouver, 2018b). Building
massing which creates a central protected space where
interaction can occur (such as an outdoor courtyard
predominantly enclosed by building massing) has
also been demonstrated to contribute to more
sociable neighbourhoods (Abu-Ghazzeh, 1999).

'The Happy City Happy Homes toolkit recommends
creating sub-clusters within residential developments
where no more than 12 households share a semi-
private amenity space, and limiting the number of
households per entrance to less than 8 in order to
facilitate social interaction and build trust and social
capital amongst neighbours (Happy City, 2017). The
justification for this is that residential sub-clusters
which facilitate smaller group sizes can reduce feelings
of over-crowdedness and anonymity and increase
opportunities for regular contact between neighbours
(Happy City, 2017). In office buildings smaller
building floor-plates have been demonstrated to be
more conducive to greater social interaction amongst

employees (Sailer & McCulloh, 2012).
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Massing which positions ground-floor building levels close to the street encourages social interaction. Photo taken in Northwest Portland, Oregon, by the author.

Synergies + Trade-offs:
Active Edges

Active mixed-use street frontages encourage walking
and pedestrian activity, which in turn enhances
opportunities for social interaction and increases the
liveliness of an area (Gehl, 2013; Montgomery, 2013;
Jacobs, 1965). The presence of active, soft urban edges
is strongly associated with improved livability (Gehl,
2013). Permeability of the street frontage (i.e. visual
connection between the activities occurring within
buildings and those at street level) is also important for

promoting social behaviour (Mehta & Bossom, 2010).
Building Massing

Massing that articulates individual ground-floor units
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within a building enhances the impression of ‘eyes

on the street’ (Macdonald, 2005), which can in turn
improve opportunities for social interaction, sense

of community, and feelings of safety (Jacobs, 1965;
Brown et al, 2009). Massing which positions ground-
floor building levels close to the street encourages
social interaction (Montgomery, 2013; Harvey, 2004).
Building massing which enhances urban ventilation
and urban porosity can also utilize prevailing breezes
as a passive cooling system to regulate the thermal
environment, thereby minimizing the urban heat
island effect and improving urban air quality (Raven,
2011) — all of which are beneficial to pedestrian
comfort levels and urban resilience more generally.

Building Height

Social and psychosocial outcomes in high-rise
residential buildings (greater than 12-storeys tall




(City of Vancouver, 2018b)) tend to be worse than for
other housing typologies (Kearns et al, 2012; Evans
et al, 2003; Zaff & Devlin, 1998).Overall, individuals
living in high rise residential buildings have more
mental health problems than those in other residential
building typologies, and are more likely to experience
social isolation (Evans, 2003; Evans et al, 2003). The
social isolation experienced by high rise residents

is likely causally linked to the worse psychosocial
outcomes amongst these people (Evans, 2003). That
is to say, increased social isolation within high rise
buildings likely contributes to worse mental health
outcomes amongst residents. This pattern is especially
evident in vulnerable social groups and low income

families (Kearns et al, 2012).

'There are several key reasons as to why high

rise buildings may be conducive to greater rates

of loneliness and social isolation. Perhaps most
importantly is that the architecture and urban

design of high rise buildings tends to “support
individualization and anonymity” (Musterd & van
Kempen, 2005, p.21), which in turn leads to social
withdrawal. For example, in a typical high rise building
underground parking is connected to an elevator that
whisks residents directly to their floor of residence.
Each floor may contain a shared hallway onto which
each private dwelling opens. However, this shared
hallway will likely lack any amenities, seating, facilities,
or design features that may encourage residents to
linger and socialize. Consequently, residents may feel
inclined to quickly transition from the elevator or
staircase to their private dwelling, severely limiting
opportunities for social interaction with neighbours
and other residents to impersonal spaces such as
elevators, lobbies, and hallways (Gifford, 2007).
Closely related to this point is that highrise buildings
typically lack quality defensible public space where
social interaction can occur, and which residents can
feel some sense of shared ownership over (Kearnes et
al, 2012; Lowry, 1990). High-rise building typologies
typically provide limited child-friendly areas, which
has been shown to reduce overall child playtime
compared to children living in more horizontal
building typologies and can negatively impact on child
development and wellbeing (Modi, 2018).

Individuals living in high-rise buildings are also more
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likely to feel a weaker sense of privacy and control

in their living environment (McCarthy & Saegert,
1978). Such findings suggest that, although there is a
strong relationship between the height of a building
and sociability, this may in large be attributable to the
design characteristics typical of high rise buildings,
rather than being an inherent by-product of buildings
themselves. That is to say, design interventions which

5
i
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A substantial body of literature has associated high-rise living with reduced
sociability and worse psychosocial outcomes. Whilst this does not mean that tall
buildings cannot be designed in a way that fosters social interaction, it suggests
that conventionally, the i architecture and urban design of high-rise buildings has
tended to ‘support individualization and anonymity” (Musterd & van Kempen,
2005, p.21). Image of the Vancouver House by Nicolas Blachette.

increase defensible public space within high rise
towers or which facilitate more opportunities for social
interaction may be able to mitigate the relationship
between building height and social outcomes.
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Low and midrise residential building typologies
(generally considered to be around 2-4 storeys and
5-12 storeys respectively (City of Vancouver, 2018b))
are typically more likely to encourage sociability and
foster a sense of community compared to high rise
buildings (Tavakoli, 2017; Gifford, 2007; Jacobs,
1965; Dominguez, n.d.). Part of the reason for this is
that lower building typologies engage more with the
built environment at a street level, which enhances
opportunities for social interaction between residents
and those on the sidewalk or street (IMacdonald,
2005). Given that a lack of social connectedness

and support is likely a key driver behind the worse
psychosocial outcomes amongst high-rise dwellers
(Evans, 2003) this street-level engagement can have

important implications for mental health. Such street-
level engagement can also enhance passive surveillance
and impressions of ‘eyes on the street ‘(Jacobs, 1965),
which can have positive implications for residents
feelings of safety and their willingness to engage in
social interaction. In low-rise developments, most
movement is on the horizontal plane (rather than up
vertical elevators) providing additional opportunity
for social interaction with neighbours (Modji, 2014;
Tavakoli, 2017). Low-rise building typologies are also
more likely to provide easy access to family-friendly
amenities where children can play with one another,
which increases social opportunities amongst young

residents (Modi, 2018).
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Transit Accessibility

Transit accessibility is considered within the literature
to be conducive to urban resilience goals (Pendall

et al, 2012; Forth et al, 2013; Newman et al, 2009).
For example, transit accessibility encourages active
transportation such as walking, and can contribute to a
reduction in vehicle ownership and use (Liu & Cirillo,
2015). This in turn can reduce GHG emissions and
improve the public health outcomes of a community
through reduced exposure to air pollution and reduced
physical inactivity (Sallis et al, 2004; Litman, 2003).
Transit accessibility can also contribute to social equity
by providing easier access to key essential services

such as healthcare, food, and education — an especially
important matter for low-income groups who may be
unable to afford car ownership (Golub & Martens,
2014).

Transit accessibility can generally be understood

as “the ease of travel for an individual to reach a
desired destination via public transit” (Fayyaz et

al, 2017, pg.2). Most attempts to measure transit
accessibility can generally either be categorized as
those which do not consider travel time (and instead
focus on indicators such service coverage, comfort,
and frequency of service) and those which do (Fayyaz
et al, 2017). Due to the fundamental importance of
travel time in influencing mobility choices and the
tendency of simple non-time based metrics such as
service coverage exaggerate the accessibility of transit
(Polzin et al, 2002), the latter category has received

greater attention within the literature over recent years
(Fayyaz et al, 2017). For this reason, the RNDT has
adopted a travel-time based metric for calculating
transit accessibility, which measures the amount of
access provided by transit to a region’s land use (in
terms of total jobs and population) from a particular
location within 40 minutes travel time, where a
balance of land use (jobs and residents) within this
travel time indicates good transit accessibility.

Transit Stations

Increasing transit stations and optimizing the location
of these can improve residential accessibility and
proximity to transit, which heavily influences the
usage and performance of transit services (Chien &
Qin, 2004).This has positive implications for reducing
auto-dependence and auto-related costs and energy
usage (Holtzclaw, 1994). In turn, such reductions

in automobile usage have positive implications

tor improving urban air quality, traffic congestion
(Beaudoin et al, 2015), and livable built form (Lewis-
Workman & Brod, 1997). To enhance accessibility,
transit stations will ideally be located on flat (or
almost-flat) ground in a visible location with universal
access, and a suitable range of amenities. For rapid
transit bus stops in British Columbia for example,

bus stop poles and strip signs, system icons, route/
schedule information, lighting, passenger landing pads,
wheelchair pads, garbage bins, seating, and shelter are
mandatory amenities, with additional amenities such

Transit accessibility can contribute to social equity by providing
easier access to key essential services such as healthcare, food, and

education — an especially important matter for low-income groups
who may be unable to aﬁord car ownership.
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as real-time bus information and bicycle storage being  self-reported walking distance had a statistically
highly desirable (BC Transit, 2010). significant influence on ridership numbers, and that
for each additional five minutes in perceived walking
time to transit there was a corresponding 5% decrease
in transit usage amongst non-drivers (Hess, 2009).
Although conventionally a 0.5-mile (roughly 800m)

distance buffer has been used to show the area that a

Synergies + Trade-offs:

Transit Pr oximity transit station may service, recent research indicates
that a much smaller buffer of 0.25-mile (roughly
In addition to travel time, proximity is commonly 400m) is more powerful for predicting station-level
perceived to be an important component of transport  transit ridership in relation to jobs (Guerra et al,
accessibility (Albacete et al, 2017). Several studies 2012). Due to its relevance to urban resilience, “Transit
have shown a strong association between transit proximity’ (measured as the percentage of people and
proximity and transit ridership (Hess, 2009). A recent  jobs within 400m of a convenient transit corridor)
study of Jan Jose, California, for example found that is used as an indicator in the holistic sustainability

Access to transit can reduce household spending on transportation, thereby freeing up a greater proportion of household budget which can be used to cover other
expenses such as food and accommodation. Photo of the Vancouver SkyTrain by John Lee via Lonely Planet.
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framework developed by the Design Centre for
Sustainability at the University of British Columbia
(DCS, 2009), and the holistic CityLab Action Guide
recommends that “the greatest distance to a public
transportation stop should not exceed 400 meters”

(Sweden Green Building Council, 2018, pg,41).

Jobs-housing balance

A jobs-housing balance can have positive benefits for
urban resilience goals by compressing travel distances
and converting motorized trips to transit use, cycling,
or walking (Cervero & Duncan, 2006). Conversely, an
imbalance of jobs and housing can contribute to
longer commute times and an increased
vehicle miles traveled (VMT)
(Sultana, 2002). Sultana (2002)
for example found that areas
with a imbalanced jobs/
housing ratio in Atlanta

had on average commute
time of 3.5 minutes

longer than areas with a
balanced jobs/housing

ratio, whilst Ewing et al
(1996) suggests that a jobs-
housing balance can reduce
a regions VMT by over 15%.
Other benefits of a jobs-housing
balance include lowering public
expenditures on facilities and services
and contributing to a higher quality of life

and greater family stability amongst many residents

(Armstrong & Sears, 2001).

Affordable Housing

Although much of the focus on residential
affordability is centered on the cost of housing, it

is important to note that housing affordability is
influenced by a range of factors. One particularly
salient factor is household income spent on
transportation, which is in turn influenced by mobility
choices and accessibility to public transit. In a national
survey of household spending during 2017, Statistics
Canada identified the largest portions on household
budget go to shelter and transportation, with 29.2%
and 19.9% of household spending being attributed

The average Canadian
household paid $12,707 for
transportation in 2017, and

of this an average of $11,433
was spent on private
transportation Canada.

to these two areas respectively (Statistics Canada,
2018). Most of this spending on transportation can

be attributed to private transportation costs, such

as the purchase and operation of cars. For instance,
the average Canadian household paid $12,707 for
transportation in 2017, and of this an average of
$11,433 was spent on private transportation (Statistics

Canada, 2018).

Such numbers highlight the importance of the
availability and accessibility of public transportation
in reducing household spending. Accessibility to rapid
transit for example has the potential to significantly
lower household spending on transport (Renne et al,
2016). This frees up a greater proportion of
household budget able to be spent on
accommodation, thereby making
a broader range of housing
options ‘affordable’ to residents
relative to overall household
spending. This relationship
between transit accessibility
and affordable housing
is also bidirectional. For
example, low-income
households that need
highly affordable housing
options are less likely to own
cars and more likely to use
transit which can improve transit

ridership (Tumlin & Millard-Ball,
2003).

It should be acknowledged that although accessibility
to transit has the potential to improve social equity
and urban resilience, the development that typically
accompanies accessible transit has the potential to
increase land prices, which may negatively impact
residential affordability (Pendall et al, 2012). This is
especially true if the demand for housing in areas
immediately proximate to transit exceeds the supply
of housing options (Renne et al, 2016). In Burnaby
(British Columbia) for example, Jones and Ley
(2016) found that the development next to transit
stations led to a loss of affordable housing. However,
the increased cost of housing close to transit is more
than often offset by the significantly lower spending
on transportation that accompanies this type of



development, which means that the total housing
and transportation costs for residents near transit is
still less than for households far away from transit. A

study by Renne et al (2016) for instance found that the

combined housing and transportation costs within a
Transit Orientated Development area were 4% lower
than in adjacent developments.
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Cycling
Infrastructure

Infrastructure which favors active forms of mobility
such as cycling over automobile usage contributes to
urban resilience in numerous ways (Newman, 2010).
For example, infrastructure of this sort is conducive

to a more compact and dense urban form, which
improves the efficiency of urban transportation
networks and reduces the amount of energy used by
the transportation sector (Litman, 2018), enhancing
the resilience of urban energy systems. Simultaneously,
increasing cycling infrastructure increases the
likelihood that individuals will cycle to the difterent
destinations that comprise their daily needs (Cervero
et al, 2013). This reduces automobile usage, which in
turn reduces the amount of GHG emissions produced
by a city and decreases automobile related air and
noise pollution — increasing the livability and climate
resilience of an urban area (Newman et al, 2009). For
example, a recent study conducted by the Institute for
Transportation and Development Policy estimates

that in a hypothetical future scenario where 14% of
travel in the world’s cities is by bicycle, the total global
carbon emissions from urban transportation (which
itself is a huge emitter) could be reduced by 11%
(Mason et al, 2015).

'The increased active forms of mobility encouraged

by increasing cycling infrastructure can have positive
implications for the health of individuals, including
increased fitness, and lower rates of obesity and
respiratory disease (Oja et al, 2011). This enhances the
physical resilience of individuals within a community
and lowers spending on public health (Litman,

2018; Katzmarzyk et al, 2000), which boosters the
social and economic resilience of a city respectively.

A study conducted in China reported a statistically
significant relationship between mortality and

cycling for transportation, with those who cycled as
their predominant form of mobility having a 35%
reduction in risk for all—cause mortality (Matthews
et al, 2007), whilst a Danish study (Andersen et al,
2000) found that bicycling to work decreased risk of
mortality by 39% after adjusting for other factors such
as leisure time physical activity. Cycling infrastructure
also has the potential to enhance the resilience of

Cycling infrastructure can increase the likelibood that individuals will choose to bike to the difference destinations that comprise their daily needs, which can
have numerous resilience benefits including improved public health outcomes and a reduction in carbon emissions caused by automobile trips. Image by HUB

Cycling via Daily Hive.



urban transportation networks by increasing diversity
of mobility forms. Diversity has been identified as

a fundamental characteristic of a resilient system
(Godschalk, 2003) and an important contributor

to resilience in urban transportation systems more

generally (Litman, 2017; Murray-Tuite, 2006).

For these reasons, cities or communities seeking
LEED certification are encouraged to design
“exclusive and protected bike lines” for at least 90%

of the total urban street length where the speed limit

is greater than 30km per hour (U.S. Green Building
Council, 2019, pg.37). Similarly, Gillis et al (2016)
uses ‘opportunity for active mobility’ (for which cycling
infrastructure can act as a proxy) as an indicator of
sustainable urban mobility — a core component of
urban resilience (Newman et al, 2009; Newman, 2010).
'The presence of ‘bicycle parking’, ‘bicycle facilities’, and
‘bike share facilities’are used as measures of success

in the EcoDistrict Toolkit developed by the Portland

Sustainability Index, and the holistic Community
Wellbeing Framework developed by Markovich et al
(2018) uses several indicators which seek to measure
the extent to which a “project prioritizes and celebrates
active modes of transportation and connections

to transit, rather than single-occupancy vehicles”,
including an indicator on whether a project “provides
secure, covered bicycle storage adjacent to public areas”
and “has access within walking distance to a cycling

path” (pg.56).

Because of the strong relationship between the
provision of quality cycling infrastructure, the number
of people engaging in active forms of mobility, and a
host of resilience outcomes such as improved public
health and reduced automobile dependence, the
RNDT utilizes ‘cycling infrastructure’ (which measures
the percentage of GFA in a development that meets a
set of specific cycling criteria) as an indicator of urban
resilience.
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Parking Provision

Parking provision is related to resilience through
several different pathways. One such pathway is

that of affordability (Litman, 2019; Jia & Wachs,
1999). Residential buildings that provide off-street
parking are typically less affordable overall than those
that don’t (Jia & Wachs, 1999). An analysis of San
Francisco for example found that single-detached
houses and condominiums which include off-street

(2014), a reduction in affordability associated with
parking provision in residential developments can be
seen to be detrimental to neighbourhood resiliency.

Another pathway through which parking provision
relates to urban resilience is the energy usage and
embodied carbon associated with constructing

and maintaining car parking infrastructure. Both
underground and surface parking increases the amount
of concrete and cement used in construction, which
has a high embodied carbon content (Hammond &

parking are more than 10% more costly than those that = Jones, 2008). Such resource intensive construction
reduces resiliency against climate change by
contributing significantly to global GHG emissions,
as well as facilitating a form of transportation (cars)
which also produce a significant amount of GHG

do not (Jia & Wachs, 1999). The Victoria Transport
Policy Institute estimates that for typical affordable
housing development, one parking space per unit will
increase costs by 12.5%, whilst two parking spaces per

The Victoria Transport Policy Institute estimates that for typical affordable housing development, one parking space per unit will increase costs by 12.5%, whilst two

parking spaces per unit can increase costs by up to 25%. Image by Transport for Wales.

unit can increase costs by up to 25% (Litman, 2019).
Given that affordability housing / shelter is an often
used indicator in holistic resilience models including
the City Resilience Index developed by ARUP and
The Rockfeller Foundation (2014), the WILUTE
model of urban sustainability developed by Zhao et
al (2013), and the IFRC (International Federation of
Red Cross) Framework for Community Resilience

emissions and degrade urban air quality (Kodransky
& Hermann, 2010). Parking provision also directly
increases the amount of impervious urban surface,
which has been demonstrated to increase vulnerability
to flood-related hazards (Brody et al, 2012) and
contribute to UHI (Forinash et al, 2003).

A final pathway through which parking provision



relates to urban resilience is by creating or restricting
opportunities for social interaction which can
contribute to social capital and community resilience
(Aldrich & Meyer, 2015). For instance, underground
parking gives people a direct, private entry point to
their dwelling, thereby minimizing street presence and
opportunities for social interaction (Atkinson, 2016).
Conversely, ground-floor access-points to buildings
(rather than an internal entrance from an underground
parking unit) contribute to increased opportunities

for social interaction (MacDonald, 2005). On-street
parking also allows car-focused activity to take

place directly in front of groundfloor units, thereby
enhancing the opportunity for socialising with other
residents and those passing on the street (MacDonald,
2005). Car parking on the periphery of residential

communities can prevent residents from walking
straight from their private unit to their cars (Williams,
2005) thereby increasing the likelihood of chance

social interactions and the overall livability of an area.

In summary, an increased provision of car parking
can generally be perceived to act counter to urban
resilience goals. If parking must be including within
a residential community however, then surface street-
level parking on the edge of a community may be
preferable over underground parking, both in terms
of embodied carbon and social capital. Due to the
pertinence of parking provision to urban resilience,
the RNDT has adopted this metric as an indicator of
resiliency, where a reduction in parking provision is
generally seen to be conducive to resilience.
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Embodied Carbon

Reducing the amount of emissions from infrastructure
and buildings has been identified as an important part
of addressing external global stressors such as climate
change (Zizzo et al, 2017). Given that roughly 20%

of total global GHG emissions are embodied in the
construction phase of buildings and infrastructure
(Oka et al, 2013), targeting the construction sector
will be an important component of this process, and

a salient opportunity to increase resilience at the
urban scale. For this reason the City of Vancouver

has outlined a set of targets which aim to reduce

the embodied emissions in new buildings by 40%
(relative to a 2018 baseline) by 2030, with a primary
emphasis on using lower carbon construction materials
and designs (City of Vancouver, 2019). Reducing
construction waste and improving the recycling

of materials used in construction will also be an

important component of reducing embodied carbon in
buildings (U.S. Green Building Council, 2019).

Reducing total urban GHG emissions (of which
embodied carbon is a significant contributor) is
frequently discussed within the resilience literature
(Galderisi & Ferrara, 2012) and is a key focus of
numerous models for assessing urban resilience such as
the WILUTE model developed by Zhao et al (2013).
Accordingly, the RNDT has adopted embodied
carbon as an indicator of resilience. Our research has
shown that building height, parking provision, and
construction type are key elements that influence the
embodied carbon within the built environment. A
brief exploration of each of these elements is provided
below.

Construction Type

'The embodied carbon of a building is influenced
by the types of materials used in construction
(Cabeza et al, 2013). Although there is a wide
variety of methodologies used within the literature
for computing embodied carbon and no universal
consensus on which approach is most accurate

and reliable (Cabeza et al, 2013), wooden building
materials are generally perceived as having a lower
embodied carbon than other building materials such
as steel, brick, aluminium, and concrete (Teshnizi,
2019; Buchanan & Levine, 1999). This is primarily
a consequence of the lower fossil fuel requirements
involved with manufacturing wood (Cabeza et al,

2013).

A study of the New Zealand building industry for
example, found that a 17% increase in wood usage
could result in a 20% reduction in carbon emissions
from the manufacturing of building materials,

which would reduce national carbon emissions by
approximately 1.5% (Buchanan & Levine, 1999).
Modern wood framed buildings have typically been
tfound to have a lower embodied carbon than concrete
buildings (Hsu, 2010), especially where carbon capture
and storage technologies are used (Nassen et al, 2012).
It is estimated that every 100 cubic feet of wood used
in construction has the potential to store an average of

0.65 metric tons of carbon (ReThink Wood, 2015).

In one study Buchanan and Levine (1999) found
that for several common building typologies
(residential, office, industrial), wooden buildings had
an overall lower total processing energy amount, and
a consistently lower amount of released carbon per
m? of construction compared to concrete (and steel
where applicable). In a recent study on reducing the
embodied emissions of new buildings in Vancouver
(Teshnizi, 2019), the author found strong positive
relationships between the quantities of concrete and
metal and metal in a building, and Global Warming
Potential (GWP) — defined here as “the embodied
carbon emissions from production, use, and end of
life phases of a building lifetime reported in Kg CO,”
(pg.5). Conversely, a strong negative correlation was
identified between the quantity of wooden materials
used in construction and GWP, meaning that
substituting concrete and metal for wooden materials
in construction can be effective in reducing overall
embodied carbon (Teshnizi, 2019). Wood is also a
significantly more lightweight than other construction
materials such as concrete or different metals, meaning
that wooden construction can reduce overall building
weight and decreases the amount of foundation
materials needed during construction (and the



embodied carbon that accompanies these additional
materials) (Teshnizi, 2019). This is especially pertinent
given that the foundations of a building typically
account for a large share of overall embodied emissions

(Teshnizi, 2019).

'The overall embodied carbon and energy of steel
versus concrete buildings however is less clear cut
(Hsu, 2010). Johnson et al (1998) for example
investigated several different building typologies (office
and dwelling) with either concrete and/or steel frames
and found no clear winner in terms of embodied
carbon. This is consistent with a lifecycle analysis
(LCA) conducted by Guggemos & Horvath (2005),
which found the embodied energy and carbon within
two comparative five-story buildings with concrete
and steel framing respectively to be very similar. A
study of the Toronto and Vancouver building stock

however, found that for a hypothetical three-story
office building with no underground parking, steel
framing consistently had the highest embodied energy,
tollowed by concrete and wooden options respectively
(Cole & Kernan, 1996). In contrast, a lifecycle analysis
of two 100,000 SF buildings conducted by Johnson
(2006) found that steel and concrete building frames
tended to have very similar environmental impacts,
albeit with concrete having a slightly higher amount of
embodied carbon.

It should be noted that the embodied carbon in
concrete can vary significant depending on its cement
content (Evan, 2016; Hammond & Jones, 2008) and
the type of cement used (Shams et al, 2011) which
may partially account for some of the variability

in comparisons between steel and concrete framed
buildings. One study of the construction industry in

Summary of key findings Literature support
Wood versus | Wooden building materials generally considered to have a lower | Buchanan & Levine (1999)
concrete embodied carbon than materials such as steel, brick, aluminium,
and concrete. This is partly a consequence of the lower amount Cabeza et al (2013)
of fossil fuels required by wood during processing, the relative
lightweight properties of wood relative to other materials, and Hsu (2010)
the carbon storage potential of wood.
Teshnizi (2019)
Concrete 'The embodied carbon of steel and concrete framed buildings in Guggemos & Horvath
versus steel [ many studies appears to be relatively similar. (2005)
Hsu (2010)
Johnson et al (1998)
However, the embodied carbon in concrete can vary significantly Evan (2016)
depending on its cement content, and using cement mixes with
a lower embodied carbon can significantly reduce the overall Pak (2019)
embodied carbon of a concrete building.
Shams et al, 2011)
Recyclability | Using recycled materials can often reduce the overall embodied Cabeza et al (2013)
carbon of a building.
Tam (2011)
Although most construction materials have the potential to
be recycled, the recyclability of specific materials with vary Teshnizi (2019)
significantly on a project-to-project basis.
Thormark (2000)

Table 5 above provides a simplified summary of some of the key relationships between construction material and embodied carbon identified within this section.
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Dhaka for example found that for replacing type-I
cement with type-II or type-III cement in concrete
buildings could reduce the embodied carbon of a
building by 23-35% and 22-45% respectively (Shams
et al,2011). A more recent study in Vancouver by Pak
(2019) found that changing from Portland Cement to
Portland Limestone in all concrete has the potential
to reduce the overall embodied carbon of a typical

concrete Vancouver high rise building (33-storey
residential) by 22.6%.

Using recycled materials has the potential to reduce
the embodied carbon in construction (Teshnizi, 2019;
Cabeza et al, 2013). In a study of Japanese residential
buildings for instance, Gao et al (2001) found that

using recycling materials for building construction
where possible can reduce overall embodied carbon by
at least 10%, with the greatest benefits coming from
recycling materials with high embodied carbon such
as steel and aluminium. Similarly, a study of a family
house in Sweden constructed from a high proportion
of recycled materials found that the environmental
impacts of construction were roughly 50% less than if
all construction materials had been new (Thormark,
2000). Most construction materials including

wood, concrete, steel, aluminium, and bricks can be
recycled (Teshnizi, 2019; Riddell, 2017) although

the recyclability of these specific materials will vary
significantly from project to project (Tam, 2011).

Generally, wooden construction is considered to have a lower embodied carbon than a comparable sized concrete building. Image by Jimmy Stamp via Smithsonian

magazine.




Table 5 provides a simplified summary of some of
the key relationships identified in the preceding
paragraphs.

Synergies + Trade-offs:

Building Height

Increased building height is associated with
increased embodied carbon and energy (Treloar
et al, 2001). This can partly be attributed to

the increased load effects associated with taller
buildings and the need for more energy intensive

materials such as steel during construction (Resch et
al, 2016).

The relationship between embodied energy and
building height is not strictly linear however. Aye et
al (1999) for example found that very low building
typologies (i.e. single storey buildings) often have a
low surface area/volume ratio, which can result in a
higher embodied carbon relative to middle density
buildings. As this ratio normalizes with increasing
height though, increases in embodied carbon begin
to become more closely associated with increases in

building height (Treloar et al, 2001).

Parking Provision

Increased provision of underground parking increases
the amount of concrete used in construction, which
ultimately increases the embodied carbon of a building
due to the high embodied carbon in concrete (Pak,
2019; Hammond and Jones, 2008). Increased surface
parking also increases overall embodied carbon on
account of the cement used in construction, but this

is likely to be comparatively less than underground

ﬂltbougb wooden construction
is genemlly considered to have
a lower embodied carbon than

concrete, the embodied carbon of

steel and concrete framed buildings

in many studies appears to be
relatively similar.

parking on account of the quantity of materials

used in each parking type (Bionova Ltd, 2018). For
example, it is estimated that in a 7000m? 7-storey
building with 2-levels of underground parking, the
total embodied carbon of the building could be
reduced by approximately 69% if all parking was
shifted to above ground (Bionova Ltd, 2018). On
average, the CO, emissions embodied per unit area
of underground parking is estimated to be between
650-680kg- CO,/ m* (Roh & Tae, 2016). Similarly,

a recent study of embodied carbon in in Vancouver
towers (Pak, 2019) found that reducing allocated
parkade space in a typical concrete high rise building
by 50% could provide an overall embodied carbon
reduction of around 6%. The increased amount of
carbon intensive materials used in the construction of
underground parking is reflected in the comparatively
high construction cost of underground parking relative

to surface parking (Atlas Group, 2018).

In summary, any parking option will increase
embodied carbon in a buildings construction, although
underground parking is likely to have a greater
embodied carbon on account of the additional carbon
intensive materials used in construction.
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Photovoltaic
Potential

With a rapidly growing global population and

an increasing scarcity of carbon based fossil fuels,
slowing urban metabolism by reducing urban

energy consumption and adopting more renewable
energy technologies is a crucial requirement for
enhancing urban resilience (Agudelo-Vera et al, 2012).
Renewable electricity generation through photovoltaic
technologies can play an important role in this process
(Carl, 2014). Solar energy technologies have been
shown to have the potential to improve the year-
round efficiency of urban energy systems (Wong et

al, 2006), which has positive implications for overall
urban resilience by creating a more self-sufficient
energy system, and facilitating a slower and more
sustainable urban metabolism (Bristow & Kennedy,
2013). The importance of increasing renewable energy
technologies such as solar energy to improve urban
resilience is discussed extensively within the literature
(Agudelo-Vera et al, 2012; Galderisi & Ferrara, 2012),
and indicators which measure a city’s ability to utilize
renewable forms of energy, such as solar energy, are
seen to be an important criteria for assessing urban
energy resilience (Sharifi & Yamagata, 2016). The
Toolkit for Resilient Cities developed by Siemens

for example uses an indicator which measures the
proportion of commercial / residential / institutional
buildings that are served by their own energy
consumption, with the rationale for this indicator

Studies such as that conducted by Byrd et al (2013) have demonstrated that low building typologies with large roofs (such as those typical of dispersed
suburban neighbourhoods) have the greatest potential to harness solar energy, whilst tall inner-city building typologies are less suited fo this task. Photo by

Jjandrielombard via realestate.com.au
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being that greater uptake from a local energy system
creates greater resiliency against shocks to the wider
electrical grid (Siemens, 2013). Such reasoning is
supported by Champagne and Aktas (2016) who
highlight ‘renewable energy for less reliability on grid

power’ as a key resilient design principle for buildings.

For these reasons ‘photovoltaic potential’, which
provides an indication of the extent to which a city
may be able to harvest renewable solar energy through
photovoltaic technologies, is used as an indicator

in the RNDT. Through our solar access modelling,
building massing and building height were identified
as key design features in the built environment that
can influence photovoltaic potential.

In an analysis of the different building typologies
across the city of Auckland, New Zealand, Byrd et

al (2013) found that buildings with a large roof area

to floor area ratio have the greatest photovoltaic
potential. That is to say low, building typologies with
large roofs (such as those typical of dispersed suburban
neighbourhoods) have the greatest potential to harness
solar energy, whilst tall inner-city building typologies
are less suited to this task (although these have
potential to be more energy efficient in other ways).
These results are consistent with other research which
identifies a positive relationship between the building
massing typical of dispersed urban neighbourhoods
and photovoltaic potential (Mohajeri et al, 2016).
Such findings have important implications for the
potential to retrofit suburbia (which comprises a large
part of the North American urban landscape) with
photovoltaic technologies to improve the resiliency of
urban energy systems (Byrd et al, 2013).
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Building Envelope
Efhciency

At a planetary level buildings use approximately 40%
of global energy, 40% of global resources, 25% of
global water, and contribute roughly 30% of the total
global GHG emissions (UNEP, n.d.). Consequently,
improving the energy performance of buildings has
been identified as a potential avenue to significantly
reduce global GHG emissions, thereby enhancing
climate resilience and improving the resiliency of
urban energy systems (UNIEP, 2017). Furthermore,
improving the energy performance of buildings
provides opportunities for reduced operational costs
(Sozer, 2010), which can benefit the fiscal and social
resiliency of communities by improving affordability.

Urban energy performance and efficiency is
unanimously perceived to be an important component
of resilience within the literature (Sharifi &Yamagata,
2016; Kuznecova et al, 2014; Bristow & Kennedy,
2013; Galderisi & Ferrara, 2012), and is frequently
used as an indicator in holistic resilience assessment
models (Siemens, 2013; Economist Intelligence

Unit, 2012; Rueda, 2012; DCS, 2009). The Toolkit
for Resilient Cities developed by Siemens (2013)

for instance uses ‘total improvements in city-wide
energy/water efficiency over the past 5 years’as

an indicator of resilience (under the rationale that
efficiencies help to increase system capacity which
directly contributes to resilience), whilst ‘energy

consumption by sector’ (including the construction
sector and in different building types) is an indicator
in the Ecological Urbanism model developed by
Rueda (2012). Similarly, ‘Energy consumptior, ‘energy
intensity’, renewable energy consumption’, and ‘clean
and eflicient energy policies’ are all indicators used by
the holistic European Green City Index developed by
the Economic Intelligence Unit (2012); and ‘building
energy consumption’is used by as an indicator in the
holistic sustainability framework developed by the
Design Centre for Sustainability at the University of
British Columbia (DCS, 2009).

Simpler, more compact building envelopes tend to be
more energy efficient (Pacheco, 2012). This is because
the surface exposed to potential unintended heat

loss and gains is minimized (Aksoezen et al, 2015),
reducing the requirement for energy intensive ongoing
heating and cooling.

Transparent envelope design features can increase

the solar gain of a building during heating seasons,
thereby improving energy efficiency and reducing

the costs involved in heating (Parasonis et al, 2012).
Optical properties of a building envelope including
coefficients of permeability, absorption, and reflectivity
of solar radiation can also impact on energy efficiency,
depending on climate and season (Bostancioglu, 2010).
Increasing building envelope efficiency is discussed

by the New York City Climate Resiliency Guidelines
(2019) as a useful design strategy for addressing
climate change hazards at the building scale. At the
design stage, the building envelope provides a useful
metric for assessing the likely overall energy efficiency

Simpler, more compact building envelopes will have less
unintended heat loss and gains, and a corrosponding increase in

energy efficiency.
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of a building (Sozer, 2010).

Due to the widely accepted relevance of building
energy performance to urban resilience, the RNDT
has incorporated ‘building envelope efficiency’
(measured as the building surface area to floor area
index) as a resilience indicator. Under this metric,

a more compact, simple building envelope will give

a higher envelope efficiency score, which in turn is
associated with greater resiliency. From our research,
building massing, height, and parking provision

have been identified as key elements of the built
environment that can influence building energy
performance (Godoy-Shumizu et al, 2018; Aksoezen
et al, 2015; Mohareb & Row, 2014; Pacheco, 2012). A
brief discussion of each of these elements is provided
below.

Building massing

More compact building massing will correspond

to less unintended hear loss and gains, and a
corresponding increase in energy efficiency (Pacheco,
2012; Aksoezen et al, 2015). This improves the
operational energy performance of a building. A study
by Lylykangas (2009) looking at heat loss in relation
to building shape for example, found that compact
building shapes with a smaller surface to volume ratio
such as a cube or a short cylinder had less unintended

hear loss than other building typologies.

As well as having a greater ongoing energy efficiency,
studies by Bostancioglu (2007) and Bathurst and
Butler (1982) have demonstrated that building
envelopes with a smaller external wall area/floor area
ratio (i.e. more compact building envelopes) are more
energy efficient to construct, which corresponds to a
lower construction cost per square foot (Bostancioglu,
2010). A study by Bostancioglu (2010) for example
found that a compact square-shaped building could
be up to 6% cheaper to construct per square foot
compared to less compact building shapes such as
rectangle, star, or H-shaped buildings (as well as
producing increased operational energy savings as

great as 26.92%). These results make logical sense: if

a building increases the amount of wall area needing
to be constructed whilst the floor area remains
constant, then it follows that additional construction
materials will be required for the additional wall area
(Stoy & Schalcher, 2007). These additional materials
used increase construction costs, which negatively
impacts affordability. More compact, efficient building
envelopes then not only increase affordability by
reducing operational costs over the long term, but also
by being cheaper to construct (Bostancioglu, 2010).

Building height

In general, increased building height corresponds to

a decrease in energy performance (Godoy-Shumizu

et al, 2018; Lam et al, 2004).This relationship is not
always linear however. For example, very low building
typologies (i.e. single storey) often have a low surface
area/volume ratio, which can result in a higher
embodied carbon and energy performance relative

to middle density buildings (Aye et al, 1999). As

this ratio normalizes with increasing height though,
increases in embodied carbon and energy begin to
become more closely associated with increases in
building height (Treloar et al, 2001). This suggests that
mid-density multi-story building typologies (such as
those from 3-8 storeys high) may have the best energy
performance in relation to building height, compared
to very low or tall buildings.

Parking provision

'The energy performance of a building is detrimentally
impacted by the presence of underground parking
(Bionova Ltd, 2018; Cole & Kernan, 1996) This is
largely a consequence of the increased embodied
energy and carbon involved during the construction
phase of underground parking (Bionova Ltd, 2018),
although is also exacerbated by ongoing electrical
costs (such as for lighting) and the often-inefficient
ventilation systems found in many underground
parking facilities (Chan et al, 1998). In a study
analysing the embodied energy in a three-storey office
building based on construction material (wood, steel,



or concrete), it was found that the inclusion of two
stories of concrete underground parking increased
the overall embodied energy of the wooden building

by 38%, the steel building by 21%, and the concrete
building by 25% (Cole & Kernan, 1996).
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Carbon

Sequestration

Carbon sequestration refers to the process of
capturing and storing atmospheric carbon dioxide.
Carbon dioxide is the most commonly produced
GHG emission, and is one of the key drivers behind
anthropogenic accelerated climate change (Hardy,
2003). Reducing the amount of carbon in the
atmosphere through carbon sequestration has been
identified as a potential strategy to help mitigate the
effects of climate change (Canadell & Raupach, 2008),

and thereby contribute to improving urban resilience
in the face of this significant growing global stressor.
Carbon reduction is highlighted as a key priority in
numerous municipal resilience plans. A primary goal
of the San Francisco resilience plan for example is

to lead the world in greenhouse gas mitigation, and
carbon sequestration provides one way to help achieve

this goal.

'The average annual carbon storage rate per square
meter of tree cover in urban areas is estimated to be
0.28kgC/m?* (Nowak et al, 2013). The size of a tree
directly influences its carbon storage and sequestration
potential. Large trees greater than 77cm in diameter
sequester approximately 90 times more carbon than
small trees less than 8cm in diameter (Nowak, 2002).

Large, mature evergreen trees are the most effective carbon sequesters. Photo of Capilano Park sourced from timestravel.



Larger trees also typically have a greater lifespan than
smaller trees, which impacts their carbon sequestration
ability over a longer timeframe. The carbon uptake of
a tree is also related to its leaf longevity, meaning that
evergreen trees contribute greater to carbon reduction
than comparable sized deciduous trees (Leung et

al, 2011). Essentially, large urban trees (especially
those which are coniferous) are more effective at
carbon sequestration than smaller ones, and the
overall percentage of urban tree coverage is positively
associated with increased rates of carbon sequestration
which can help mitigate the impacts of human
atmospheric emissions and climate change.

It should be noted here that the carbon sequestration
rates of urban forests is heavily outweighed by the
total carbon production of cities. For example, a forest
area 30-50 times the size of Singapore would be
needed to offset the current carbon produced by this
city (Velasco et al, 2016). Tree canopy coverage (and
in particular urban tree coverage) can contribute to
urban resilience by reducing atmospheric emissions,

M. Poskitt

but the scale of such mitigation strategies should

not be overestimated. There are, however, a host of
other resilience benefits of urban greenery: carbon
sequestration is but one of these. Alongside the
carbon sequestration abilities of vegetation features
themselves, urban soils (in which these vegetation
features are often planted) have also been shown to
sequester carbon and reduce atmospheric carbon
emissions in an urban area (Pouyat et al, 2006), and at
a planetary scale, planting trees (regionally, as well as
in urban environments) has the potential to contribute
significantly to a reduction in atmospheric carbon
levels (Bastin et al, 2019). A recent study looking at
the global tree restoration potential to mitigate the
effects of climate change for example estimates that a
25% global increase in forested area is possible outside
of existing forested, agricultural, or urban land, and
that this additional tree coverage has the potential

to sequester more than 200 gigatonnes of additional
carbon at maturity which would reduce global
atmospheric by roughly 25% (Bastin et al, 2019).
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Seismic
Vulnerability —
Buildings

'The adage ‘earthquakes don't kill people; buildings
do’is becoming increasingly apparent. In the recent
2015 Gorkha earthquake in Nepal for example, a
moment magnitude 7.8 earthquake caused significant
damage or destruction to over 600,000 structures in
Katmandu and claimed the lives of over 9,000 people
(Rafferty, 2015). The majority of fatalities and serious
injuries were caused by the collapse of buildings (Petal
et al, 2017). The total economic damage caused by
this earthquake is estimated to be approximately 10
Billion U.S. dollars which is more than half of Nepal’s
GDP (CEDIM, 2015). Similarly, in the February
2011 Christchurch earthquake in New Zealand 185
fatalities were recorded, the majority of which (115
deaths) were caused by the collapse of the Canterbury
Television (CTV) building (Potter, 2015).

'The seismic vulnerability of an urban building stock
gives an indication of how well a city will perform

in an earthquake, and thus how physically resilient

a city is to seismological shocks (Banica et al, 2017).
Indicators assessing the seismic vulnerability of
buildings have been widely used in different models
to assess the urban resilience of cities to earthquakes,
such as that developed by Banica et al (2017) which
adopts a seismic vulnerability index which takes into
account physical indicators (such as the physical
characteristics of the built environment) and social
indicators (such as the social and economic sensitivity
of inhabitants to external stressors) to determine the
overall seismic vulnerability in Iasi, Romania. More
holistic resilience models, such as that developed

by Cutter et al (2010), have also utilized seismic

vulnerability indicators. In Cutter’s model, building
age is used as a proxy for likely building vulnerability
based on when certain mandatory building codes
were established, with increasing age corresponding
to increased seismic vulnerability. More generally,
reducing seismic vulnerability in buildings has been
seen as strategy to increase urban resilience (D’Amico
& Curra, 2014). For these reasons, the RNDT has
incorporated an indicator of seismic vulnerability

to measure likely physical resilience of the built
environment. Our research has identified building
height, construction type, and age as characteristics of
the built environment that can influence the seismic
performance and vulnerability of a given building as
summarized below.

Construction Type

Key Design characteristics that improve seismic
performance in construction include stable
toundations, continuous load paths, adequate stiffness
and strength, redundancy, regularity (or uniformity

of mass), ductility and toughness, and ruggedness
(FEMA, 2010). Compared to other building materials
such as brick, masonry, or concrete, wooden structures
perform well in earthquakes due to their high
strength-to-weight ratio, numerous redundant load
paths, and ductility (Karsh, 2014; Canadian Wood
Council, 2003). Because of these properties, wooden
structures also tend to accrue less damage than

other common buildings during a seismic event and
therefore have a greater reuse potential than concrete
for example (DWR et al, n.d.). As a recent example
of this, the Californian government elected to omit
wooden schools constructed between 1933-1979
trom their 2002 Inventory of Earthquake Worthiness
Assessment of Schools. Schools constructed from
concrete, steel, or masonry during this same time were
included in the inventory. This decision was made

on the grounds that “wooden-frame buildings are




known to perform well in earthquakes” (California
Department of Government Services, 2002, pg.6), and
are therefore less likely to have sustained damage from
previous earthquakes.

Building Age

Although dependent on the specific building stock in
question, building age is generally considered to be a
structural indicator negatively associated with seismic
performance (Panahi et al, 2014; Azar et al, 2004).
'That is, generally the newer a building is the better its
seismic performance. Some of the factors contributing
to this relationship include the degeneration of
structural integrity with building age, technological
improvements to the seismic performance design of
buildings in recent years, and more rigorous building
codes that have evolved over time.

'The factors contributing to seismic performance are
numerous and complex however, and counter examples
to this relationship have been identified within the
literature. Several studies of the Turkish building stock
tor example, found that traditional wooden-frame
buildings performed better during seismic events than
newer reinforced concrete buildings (Dogangun et al,
2006; Gulkan & Langenbach, 2004). These findings
do not so much undermine the general relationship
between building age and seismic vulnerability
however, but rather emphasize the importance of
design features and construction material as key
indicators of potential seismic performance, and
highlight the interconnectedness of these factors in
determining the overall seismic vulnerability (and
potential resilience) of an urban area.

Due to its inherent lightweight and ductile properties, there is a growing body of research which suggests wooden construction is better suited to perform well in a
seismological event than other common construction materials such as concrete, masonary, or brick. Image sourced from Robert Barnes via Construction Review
Online.
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Urban Heat Island —
Buildings

As cities continue to grow and densify over the
coming decades, the urban heat island effect (UHI)
will likely continue to become more pronounced,
creating a significant environmental stressor for cities
to navigate. An urban Heat Island occurs when an
urban environment is warmer than surrounding rural
areas. The UHI effect is a widely recognized and
discussed phenomenon within the literature (Stewart,
2011), and is one of the most widely cited examples
of anthropogenic modification of the atmospheric
environment (EPA, 2014; Voogt, 2004). Due to the
UHI effect the annual mean temperature within a
city with more than one million inhabitants can be
between 1-3°C higher than surrounding rural areas
(Oke, 1997), and on a clear calm night, this number
can reach upwards of 10°C (Oke, 2002). The two
primary sources of UHI are: 1) the heat generated
from urban structures that absorb and then re-radiate
solar energy; and 2) the heat emitted from human
activity within cities (Rizwan et al, 2008). Both
buildings and the open spaces between buildings can
directly contribute to UHI (EPA, 2014).

Alongside fundamentally altering the climate of city,
UHI has a number of negative implications for human
health and wellbeing. Areas where UHI is significant
for example have been shown to a produce a high
degree of ozone pollution, which in turn can lead

to increased rates of cardiovascular and respiratory
disease (Tan et al, 2010). Urban heat islands have

also been demonstrated to amplify the frequency and
severity of heat waves, and the number of mortalities
during these events (Tan et al, 2010). Due to the
profound impact of UHI on climate and human
health, it is crucial that cities take steps to address this
stressor. Reducing the effects of UHI will improve
urban resilience in a multitude of ways, including
reducing urban energy usage and costs associate

with cooling technologies, and reducing human
vulnerability to detrimental health impacts of UHI
(Leal Filho et al, 2018). In a study of the urban heat
island effect in Los Angeles for example, researchers

estimate that resurfacing approximately two-thirds

of pavements and rooftops with reflective surfaces

and planting three trees per house could significantly
reduce the urban heat island effect, and lead to cooling
energy savings of approximately $5 billion annually

(Akbari, 2005).

Buildings constitute a large part of the urban
environment contributing to the UHI effect (EPA,
2014).The thermal energy produced by a building is a
function of building massing, and changes in building
massing corresponding to an increase in the height

to floor area ratio will lead to a reduction in the UHI
effect (Giridharan, et al, 2004). More compact building
massing gives off less unintended thermal heat into
the near ground atmospheric environment (Pacheco,
2012), and is therefore likely to contribute less to
UHI than other building massings. Some studies have
shown that the dispersed urban massing typical of
low density residential development produces more
excess radiant heat per parcel than high density urban
development (Stone & Rogers, 2001), contributing
greater to the overall UHI effect. A recent study of
the Washington and Baltimore metropolitan areas for
example found that decreasing commercial building
heights by 8m and residential building heights by
2.5m increased near surface air temperatures by
around 0.4°C (Loughner et al, 2012). However,

this same study found that these lower building
heights contributed comparatively less to the UHI
phenomenon at night relative to taller buildings, due
to the reduced longwave radiation trappings in urban
street canyons (Loughner et al, 2012). Similarly during
the day, tall buildings have the potential to block wind
movement and provide a plethora of surfaces from
which solar radiation can be reflected, which can also
significantly contribute to UHI (Taslim et al, 2015).
Such seemingly contradictory findings highlight the
importance of building massing in relation to other
buildings and the streetscape (rather than the massing
of a single building in isolation) in influencing the
occurrence and intensity of UHI. For example, Taslim
et al (2015) found that increasing the ratio of building
height (H) to the width of the adjacent street (W) had
positive implications for reducing UHI by providing
substantial shade to the street environment. Building
massing which enhances wind flow can decrease the
impacts of UHI by enhancing passive cooling and air



movement (Rajagopalan et al, 2014).

Due to the pertinence of building massing to UHI, the
RNDT uses a Non-Solar Heated Facade Area Index
(NSHFFALI) as a metric to assess how much a design
proposal may contribute to UHI. NSHFFAT refers to
the ratio of a building facade area receiving an annual
solar irradiation greater than or equal to 364kWh/

m? to the net floor area of an urban area, where a high
NSHFFALI is preferable for reducing the likelihood
of a building overheating and contributing to UHIL.
'This index has been used by others such as Chen

and Norford (2017) to quantify in the design phase
the potential of a building to overheat (and thereby
emit surplus thermal energy into the near-ground
atmosphere, contributing to UHI).

The heat given off by buildings is a key contributor to the UHI effect. According to researchers such as Stone and Rogers (2001), the dispersed urban massing typical of low

density residential development actually produces more excess radiant heat per parcel than high density urban development characteristic of a city centre. Image by the Science

Museum of Virginia.
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Urban Heat Island —
Landscape

Landscape, and the open spaces between buildings
have the potential to either enhance or mitigate

UHI (Estoque et al, 2017; Akbari, 2005). Extensive
open space which is entirely concreted for example
will significantly contribute to UHI by creating a
continuous solar-absorbent surface that will reemit
solar energy as sensible heat and raise the surrounding
atmospheric thermal temperature accordingly

(Jusuf et al, 2007). Contrastingly, open space that

is heavily vegetating has the potential to mitigate
UHI by providing shade and through processes of
evapotranspiration that regulate the near-ground
thermal environment and reduce the amount of
sensible heat being reemitted into the atmosphere
(Wang & Akbari, 2016; Feyisa et al, 2014; Taha, 1997,
Kurn et al 1994). The potential for landscape features
to positively contribute to urban resilience by reducing
UHI has received attention in difterent resilience
assessment frameworks. In Sharifi and Yamagata
(2016) for example, ‘landscape-based passive cooling’
is used as a criterion for assessing urban resilience,
whilst ‘tree canopy intensity’ and the ability of this
phenomenon to mitigate the effects of UHI through
cooling and shading is used as an indicator in the
holistic sustainability framework developed by the
Design Centre for Sustainability at the University of
British Columbia (DCS, 2009).

Due to the importance of landscape to UHI and

the opportunity landscape design elements hold for
enhancing urban resilience against UHI the RNDT
has adopted a resilience indicator which measures
the tree canopy/shading of public open spaces on the

summer solstice between 10am-2pm. Our research

has highlighted the importance of vegetated softscape
design features and tree canopy coverage as urban
design levers which can be used to reduce the effects of
UHI in public open spaces.

Softscape (%)

Vegetation has been demonstrated to be effective at
mitigating the effects of an urban heat island through
processes of evapotranspiration and by providing
shade (Kurn et al, 1994; Taha, 1997). Increasing the
amount of vegetation and softscape design features in
the urban landscape between buildings then, can help
reduce the urban heat island effect in cities (Li et al,
2011). It is likely that interspersing greenspace and
vegetation into the built environment regularly will
have a greater impact in reducing UHI than creating
highly concentrated greenspace areas (Li et al, 2011).
For local greenspace to have an impact on UHI, it is
recommended to have at least 600-700m? of green
landscape for every 1000m? of open area (Giridharan
et al, 2004).

Wiater features are also able to reduce the effects of
UHI by cooling surrounding air through evaporation
(Coutts, 2013). This highlights the potential that for
blue design features such as urban streams, fountains,
and lakes can have for enhancing resilience against

UHI - especially when used in conjunction with green
design features (Leal Filho et al, 2018).

Tree canopy (%)

Tree canopy coverage can be effective in reducing
the effects of an urban heat island by providing shade
(which is typically proportional to the volume of

For local greenspace to have a positive impact on reducing the Urban Heat

Island effect, some researchers recommend having at least 600-700m’ of
green landscape for every 1000m’ of open area.
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canopy) and through processes of evapotranspiration
(Wang & Akbari, 2016; Akbari, 2005; Taha, 1997;
Kurn et al, 1994). Increasing the amount of tree
canopy coverage in the built environment then can
be a key design intervention to reduce the eftects of

UHI and urban vulnerability to this phenomenon
(Aminipouri et al, 2019; Wang & Akbari, 2016). A

recent study by Aminipouri et al (2019) for instance
estimates that increasing tree coverage in Vancouver
by 1% of total plan area can reduce average daytime
temperatures by between 3.2 - 6.3°C, with the greatest
heat reductions occurring in low-density residential
neighbourhoods with limited existing shading.

Increasing tree coverage in Vancouver by 1% of total plan area can
reduce average daytime temperatures by between 3.2 - 6.3°C, with
the greatest heat reductions occurring in low-density residential
neighbourhoods with limited existing shading.
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Sea Level Rise

Sea level rise as a consequence of global warming has
received much attention within the resiliency literature
(Aerts et al, 2014; Wardekker et al, 2010; Muller, 2007;
Mimura, 1999). Ocean thermal expansion and ice-
sheet melt caused by increasingly global temperatures
are key mechanisms through which sea level rise is
currently occurring (Milne et al, 2009). According to
recent projections, it is likely that the average global
sea level rise by the end of the century will be between
26cm - 82cm (Church et al, 2013), although there will
be significant regional variation in these figures. Based
on such predictions, the province of British Columbia
has advised municipalities to plan for 1 metre of sea
level rise by 2100, and 2 metres by 2200 (City of
Vancouver, 2017). In accordance with these sea level
predictions, the Vancouver Climate Change Adaption
Strategy estimates that sea level rise will cause between
$2.1 - $7.6 billion in damages to human property and

the Fraser River Flood Plain, which specifies that “the
underside of a floor system or the top of a concrete
slab of a building used for habitation, business or
storage of goods shall not be lower than 4.6m” (City of
Vancouver, 2014, pg.6).

Given that more than 10% of the global population
live in low-elevation coastal zones vulnerable to the
effects of sea level rise (IMcGranahan et al, 2007),
adapting to sea level rise in a resilient way will be

a key challenge over the coming decades for cities
globally. This is especially true given that a concurrent
implication of climate change will be an increase in
extreme weather events such as storm surges, and
hurricanes (Tebaldi et al, 2012; IPCC, 2001; Knutson
et al, 1998). For example, a recent study of New York
City (NYC) conducted by Lin et al (2012) estimates
that the “combined effects of storm climatology

As a consequence of global warming, tbe province of British Columbia has advised municipalities to plan for 1 metre of sea level rise by 2100, and 2 metres
by 2200. Due to the gravity of these predictions, the City of Vancouver has adopted a 4.6m flood construction level for neighbourhoods most vulnerable to sea

level rise. Photo sourced from the City of Vancouver.

infrastructure in British Columbia (mostly within the
wider Vancouver region) by 2050 (City of Vancouver,
2018). Due to the gravity of these costs the City of
Vancouver has adopted a 4.6m flood construction level
for neighbourhoods most vulnerable to sea level rise,
including Burrard Inlet, English Bay, False Creek, and

change and a 1-m sea level rise may cause the current
NYC 100-year surge flooding to occur every 3-20
years and the 500-year flooding to occur every 25-240
years by the end of century” (pg.2).

As a reference point of the economic implications
an increase in such extreme weather events could
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cause cities already vulnerable to sea level rise and
coastal inundation, the total costs of Hurricane Sandy
(2012) are approximately $71 billion, whilst the costs
of Hurricane Maria were in excess of $90 billion

(NOAA, 2019).

Models developed to measure the resilience of cities
to coastal inundation hazards in light of sea level rise
predictions are fairly common within the literature
(see for example the Coastal City Flood Vulnerability
Index developed by Balica et al (2012)), and
indicators measuring a community’s flood resilience
are commonly used in holistic resilience assessment
frameworks. Cutter et al (2010) for example, uses
‘flood coverage’ (defined as the percentage of housing
units covered by NFIP policies) as a key indicator

of disaster resilience at an institutional level. The
justification for this indicator is that NFIP (National
Flood Insurance Program) policies provide insurance
rate reductions for communities with floodplain

management plans, which in turn will likely enhance
flood resilience within a community (Burby et al, 2000;
Wetmore & Jamieson, 1999). Similarly, the Resilience
Index developed by Abdrabo & Hassaan (2015)
utilizes a set of indicators which aim to quantity the
resilience of the Nile Delta area to global sea level

rise. Some of these indicators include the ‘population
susceptible to inundation’ and ‘vulnerable built up
areas’.

Due to the increasing relevance of sea level rise at
both a global and local scale and the potentially
severe physical and economic implications of this
phenomenon, the RNDT uses an indicator to assess
the resiliency of the built environment to sea level

rise in the design phase. This indicator adopts the
4.6m flood construction level advised by the City

of Vancouver (2014) to measure the percentage of
neighbourhood GFA that is built for 4.6m of sea level

rise.

The Vancouwver Climate Change Adaption Strategy
estimates that sea level rise as a consequence
of global warming will cause between $2.1 -

$7.6 billion in damages to human property and
infrastructure in British Columbia (mostly within
the wider Vancouver region) by 2050.
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Droughts + Flood
Mitigation

'The effects of climate change over the next 100
years will likely see a significant increase in extreme
weather events, including droughts and rainfall
induced flooding (IPCC, 2001). In light of such
stressors, maintaining a reliable water supply to meet
demand through effective water management (whilst
also having capacity to deal with extreme rainfall
events) will be a crucial priority for enhancing urban
resilience at a city level (Muller, 2007; Tanner et al,
2009). Although such matters will be
especially germane to parts of the world
already vulnerable to water shortages

and extreme weather events, cities

like Vancouver will also be affected.

For instance, rainfall in Vancouver is
projected to increase by 5% by 2050

and 8% by 2080, with much of this
increased rainfall occurring during winter
and fall (Metro Vancouver & Pinna
Sustainability, 2016). This increased
intensity and frequency of heavy rainfall
events will put increasing pressure on
city infrastructure and has the potential
to cause significant damage to residents’
property and livelihoods (City of
Vancouver, 2018a). To deal with the
increased intensity of rainfall events, the
recent Vancouver Rain City Strategy has
set a city-wide water quality treatment
target of 48mm over a 24-hour period
(City of Vancouver, 2018b). Broken
down, this target requires that an area
within the city is able to infiltrate and
capture the first 24mm of rainfall in a
day (typical of anything from a drizzle

to a small storm), as well as being able

to infiltrate and treat (ideally through
subsurface soils) the second 24mm of rainfall that
could occur within this same time period (48mm of
rainfall over 24 hrs would only occur in a large storm

that would be expected to occur once in a typical year)

(City of Vancouver, 2018b).

During the summer however, Vancouver will
experience a ~-19% and -29% decrease in rainfall by
2050 and 2080 respectively. Paired with increasingly
hotter days, this will increase demand for water in
the City during the summer substantially (Metro
Vancouver & Pinna Sustainability, 2016).This
demand will likely be amplified by the reductions

in spring snowpack (the April 1st snowpack is
projected to decrease by 58% by 2050 (City of
Vancouver Sustainability Group, 2018)). Droughts
and floods also have the potential to create food
security issues through crop failure (Devereux, 2007).
In the developing world especially, this can lead to
major societal shocks such as famine (Rockstrom,

Rainfall in Vancouver is projected to increase by 5% by 2050 and 8% by 2080, wit
to such climatic shifts will need to be an increasingly important priority for cities a



2003). Droughts also have the potential to drastically
change the aesthetic of the built environment, and
significantly impact on ecological life and habitat.

(Bond et al, 2008).

Because of the serious and multifaceted problems
emerging from extreme weather events such as
drought and flooding, the resilience of a community
to these stressors is an important hallmark of overall
urban resilience. The importance of resilience to
extreme weather events is well covered in the literature
— especially in relation to climate change (Jha et al,
2013; Djordjevic et al, 2011; Keil et al, 2007; Muller,
2007). Indices such as that developed by Keil et al
(2007) have been created to specifically measure the
drought resilience of households and communities

h much of this increased rainfall occurring during winter and fall. Adapting

nd communities. Image sourced from Clarksville Online

for instance, whilst several holistic frameworks
for assessing urban resilience more generally have
incorporated indicators relating to drought and flood
sensitivity and resilience (EPA, 2016; Siemens, 2013;
Rueda, 2012; Bay Localize, 2009). The Ecological
Urbanism model developed by Rueda (2012) uses
multiple indicators germane to droughts and water
management, including ‘water demand by sector’,
‘reclaimed marginal water, and ‘self-sufficiency water’;
whilst the Community Resilience Toolkit created
by Bay Localize (2009) also incorporates several
indicators which speak to the resilience of urban
water supply and usage. Effective water management,
including the “collection, treatment, and distribution
of drinking water” is heavily emphasized as a key
component of urban resilience in the Toolkit for
Resilience developed by Siemens (2013),
whilst the Flood Vulnerability Index
developed by Balica and Wright (2010)
takes into account over 70 indicators
germane to resilience including runoff
storage (calculated as storage capacity
/ yearly volume runoff), the number of
days with heavy rainfall (greater than
100mm / day), land use’as a proxy for
natural pervious surface with infiltration
potential (measured as the percentage of
a river basin which is forested), and dam
storage capacity (measured as the total
volume of water which can be stored by

dams and polders).

Due to the growing relevance of extreme
weather events such as rainfall-induced
flooding and drought and the attention
these stressors have received within the
resilience literature, the RNDT has
incorporated an indicator on drought
and flood mitigation (measured as

the rainwater storage and infiltration
capacity based on a 100 year storm
event). Rainwater storage is relevant to
both the capacity of a neighbourhood to
deal with an extreme rainfall event and
to water management during periods of drought or
shortage, whilst infiltration capacity is predominantly
linked to flood mitigation.
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Effective Pervious

Area

Effective pervious area (EPA) refers to the amount of
pervious surface that infiltrates water into the ground
without impacting a natural hydrological system, as

a percentage of a total given area (Condon, 2010).
Increasing the amount of pervious area within a
neighbourhood or city can enhance urban resilience
against external stressors such as flooding, UHI,
aquatic and atmospheric pollution, and ecological
degradation.

To the first of these: pervious surfaces allow infiltration
of water which can reduce surface water runoff. This

in turn significantly mitigates the risk of floods during
heavy rainfall events or during storm surges (Condon,
2010). Because of this ‘pervious surfaces’are commonly
used as a primary indicator of flood risk (Brody et
al,2012). In their analysis of flood hazards along

the Gulf of Mexico for example, Brody et al (2012)
adopts ‘pervious surfaces’ as one of four key ecological
indicators of flood risk (the others being floodplain
area, soil porosity, and naturally occurring wetlands).

In a similar fashion, pervious surfaces can also act

as a filter for polluted stormwater, which in turn
reduces the amount of toxic material entering
aquatic waterways and habitats, thereby reducing the

vulnerability of aquatic communities (Ferguson, 2017;
Condon, 2010). In The Importance of Imperviousness
(1994), Schueler suggests that a threshold for urban
stream quality exists at about 85-90% pervious area

in a given watershed (10-15% total impervious
surface). If the effective pervious area drops below
this threshold, then urban stream habitat quality
begins to degrade significantly and is classified as
poor (Schueler, 1994). Similar pervious thresholds

of around 90% (below which significant ecological
degradation occurs) have been identified elsewhere
within the literature such as by the likes of Wang et al
(2000), Wang and Kenehl (2003), and Paul and Meyer
(2001), as well as in a British Columbian context
(Stephens et al, 2002). Other studies, such as May et
al (1998), recommend an even higher threshold for
pervious surface coverage and ecological degradation
of around 5%. Some of these thresholds for pervious
surface coverage in relation to ecological degradation
are presented in table 6 below. Note: all figures for
Effective Impervious Area (EIP) have been converted
to Effective Pervious Area (EIP) values.

Lastly, vegetated pervious areas reduce the amount

of solar-absorbent urban surface within an area that
contribute to the Urban Heat Island (UHI) effect

by reemitting solar energy as sensible heat (Yuan &
Bauer, 2007). Studies such as that conducted by Yuan
and Bauer (2007) identify a strong linear relationship
between the amount of impervious surface in an urban
area and the land surface temperature, highlighting
the importance of reducing impervious surface as a

Source EPA (%) threshold for
ecological degradation

May et al (1998) 95%

Wang & Kenehl (2003) 93%

Stephens et al (2002) 90%

Paul & Meyer (2001) 90%

Wang et al (2000) 90%

Schueler (1994) 85-90%

Table 6: Generally, the EPA threshold at which ecological degradation will occur in
a watershed is around 90% coverage. That is, if less than 90% of a watershed area
is pervious surface, then the health of ecological aquatic communities will begin to

decline significantly.
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Pervious surfaces can also act as a filter for
polluted stormwater, which in turn reduces
the amount of toxic material entering aquatic
waterways and habitats, thereby reducing the
vulnerability of aquatic communities.

mitigation strategy to reduce the severity of UHIL.
Such findings have been supporting by the likes

of Stone and Norman (2006), and the percent of
impervious surface within a given area is commonly
used as a metric to assess vulnerability to extreme heat

events and UHI (Uejio et al, 2011).

Extrapolating from these results, it follows that if
impervious surface is a reliable indicator of increased
vulnerability to UHI, then a decrease in the percentage
of impervious surface in a given area (and a relative
increase in pervious surface) can be an equally

reliable indicator of resilience to UHI. ‘Perviousness’
is used as an indicator of environmental resilience

in the Baseline Resilience Index developed by the
Hazards & Vulnerability Research Institute at the
University of South Carolina (Cutter, 2015), and
‘impervious surface intensity’ (measured as the percent
of effective pervious area) is used as an indicator in
the holistic sustainability framework developed by

the Design Centre for Sustainability at the University

of British Columbia (DCS, 2009) which aims to
reduce impervious surfaces to at most 40% or less of
an area, with an ideal target of less than 10% (which
corresponds to an effective pervious area of 60%< and
90%< respectively). ‘Percent of impervious surface’is
also utilized as an indicator in resilience assessments
such as the Disaster Resilience of Place (DROP)
model developed by Cutter et al (2008) where a
reduction in impervious surface (and a corresponding
increase in pervious surface) positively contributes to
resilience, and is recommended as a potential indicator
of overall habitat and ecosystem functioning by the
EcoDistricts Toolkit developed by the Portland
Sustainability Institute (2011).

For these reasons, the RNDT utilizes ‘effective
pervious area’ (which measures the percentage of a
total site area that is designed to infiltrate, capture,
and/or store rainwater) as an indicator of urban
resilience.
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Habitat

Connectivity

Habitat connectivity refers to the extent to which
different ecological areas are interconnected to
create a single continuous habitat for wildlife, and
can be defined as “the degree to which a landscape
facilitates or impedes the movement of organisms
among resource patches” (Tischendorf & Fahrig,
2000, pg.7). Habitat connectivity has been shown to
improve the resilience of ecological communities in
numerous ecological contexts (Olds et al, 2012). The
reverse of this relationship also applies: fragmentation
and decreased connectivity between ecological areas
has negative implications for ecological resilience,

biodiversity, and overall wellbeing (Thrush et al, 2008).

Biodiversity in cities is generally perceived to be an
important environmental goal of urban planning
(Ahern, 2013), and facilitating urban biodiversity is
one way in which cities can become more sustainable
and resilient (Oke, 2017). Urban ecosystems and
biodiversity can provide a range of unique services
which directly enhance urban resilience (Oke, 2017;
McPhearson et al, 2015). Wetlands and mangroves
tor example, provide habitat to a diversity of
ecological life, but can also enhance disaster resilience
by mitigating the risk of storm surges and coastal
flooding (McPhearson et al, 2015). Similarly, urban
torests and parks provide ecological habitat to a wide
range of flora and fauna species (Fong, 2010), but
can also reduce the impacts of UHI and enhance
urban air quality (Nowak & Heisler, 2010; Kurn

et al, 1994), as well as positively benefiting human
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physical and mental health which in turn boosts social
and psychological resilience (Braubach et al, 2017).
The known association between greenspace (which
can often contain a rich range of flora and fauna
biodiversity (Fong, 2010)) proximity and real estate
prices may even contribute to a more stable real estate
market, thereby enhancing local economic resilience

(McPhearson et al, 2015).

A key prerequisite for biodiversity is habitat
connectivity, and the movement of organisms between
different habitats is deemed to be crucial for ecological
performance and persistence (Olds et al, 2012). As
articulated by Correa Ayram al (2016), “the integrity
and functionality of ecosystems and the maintenance
of biodiversity and ecosystem services are made
possible by the flow of organisms, materials, energy,
and information across landscapes” (pg.8). Habitat
connectivity, area, and quality have been identified by
Hodgson et al (2009) as fundamental components of
ecological conservation, and each of these components
has the potential to positively interact with and benefit
the other. For instance, enhancing habitat quality and
area can enhance habitat connectivity (Hodgson et

al, 2011; Hodgson et al, 2009), and increasing habitat
connectivity can positively contribute to overall
habitat quality (Perlman & Milder, 2005). For this
reason, habitat connectivity has been used widely

as an indicator of ecological health and biodiversity,
both in conservation management (Lindenmayer et
al, 2000), and in holistic models such as that created
by Rueda (2012) which measures the “connectivity of
urban green corridors” (calculated as the amount of
urban green corridor section area as a percentage of
total street section area, where ideally more than 10%
of total street area is a green corridor). ‘Ecological
connectivity’is explicitly referenced in the Mercy

Habitat connectivity can be deﬁned as “the degree fo
which a landscape facilitates or impedes the movement of
organisms among resource patcbes "
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Corps Urban Resilience Measurement manual as a Tramc Design Speed

useful indicator for quantifying resilience in urban

systems (Mercy Corps, n.d.).

For these reasons, the RNDT has adopted a ‘habitat Ir%creased automobile sPee(.i on highwa}ls is as.S(?ciated
with a greater rate of wildlife-automobile collisions.

'This negatively impacts habitat connectivity, as high-
speed roads create a deadly division for wildlife trying
to move between different ecological patches (Tejera
et al. 2018). Conversely, slower traffic speeds increases
habitat connectivity by allowing wildlife to more safely
move from one ecological area to another (Beckmann

& Hilty, 2010).

connectivity’ metric as a resilience indicator. This
metric takes into account the interconnectedness of
habitat patches (such as parks and urban greenspaces)
and corridors (such as green streets) by performing

a weighted calculation of continuous habitat area,

with greater connectivity between different habitat
segments produced a higher overall resilience score.
Our research has highlighted the importance of several
design features which impact on habitat connectivity
in the built environment. These include traffic design
speed (Tejera et al, 2018), tree canopy coverage (() )
(Rueda, 2012; Ignatieva et al, 2011), effective pervious Tree Canopy A)
area, (Singh et al, 2010; Perlman & Milder, 2005) and

conservation area (Hodgson et al, 2009).

Increasing tree canopy coverage along streets enhances
habitat connectivity, by creating continuous urban
ecological corridors which different wildlife species
may use to move from one ecological patch to another

(Ignatieva et al, 2011). As Rueda (2012) describes:

Increased traffic speeds on highways creates a potentially lethal barrier for wildlife trying to move between different ecolocigal patches. Image sourced from

Jerry Coyne.
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“trees are a major vegetal element that can impact C ons ervation Area

on a city’s climate and when organized along street
sidewalks, they become a structural element of the
urban ecosystem’s biodiversity” (pg.80).

Conservation areas which link different ecological
patches through green corridors can improve habitat
connectivity by creating a continuous ecological

space (Perlman & Milder, 2005). Such corridors
Eﬁective PerViouS Area are a fundamental part of ecological health, as they
create a potentially continuous habitat for wildlife,
which reduces ecological vulnerability and enhances
redundancy and resiliency in ecological systems
(Perlman & Milder, 2005). Prioritizing habitat
quality and area in conservation efforts is a key way to
improve habitat connectivity (Hodgson et al, 2009).

Increasing effective pervious area by establishing
vegetation in urban areas can create ecological patches
and corridors, which improves habitat connectivity
(Singh et al, 2010; Perlman & Milder, 2005).
Increasing pervious area will also increase natural
infiltration of polluted stormwater runoft, which can
itself reduce the amount of contaminants entering
different ecological habitats (including waterways) and
the frequency and intensity of flood events, which can
benefit overall ecological health (Arnold Jr & Gibbons,
1996).

¢«

Trees are a major vegetal element that can impact

on a citys climate and when organized along street

sidewalks, they become a structural element of the
urban ecosystems biodiversity.
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Habitat Provision

Habitat provision is crucial for the wellbeing and
resilience of non-human ecosystems and lifeforms
(Hodgson et al, 2009). Habitat provision is a
fundamental prerequisite for biodiversity in cities,
and is perceived to be an important environmental
goal of urban planning (Ahern, 2013). Ecological
habitat provision and the biodiversity this facilitates
has numerous benefits for urban resilience, primarily
by providing a range of unique ecosystem services
(Oke, 2017; McPhearson et al, 2015). Wetlands and
mangrove habitats for instance, home to a range of
aquatic and bird communities, can enhance disaster
resilience by mitigating the risk of storm surges and
coastal flooding (McPhearson et al, 2015), whilst
urban forests and parks can reduce the impacts of
UHI and improve urban air quality (Nowak & Heisler,
2010; Kurn et al, 1994) and positively benefit human
physical and mental health, which in turn boosts social
and psychological resilience (Braubach et al, 2017).
'The known association between greenspace proximity
and real estate prices may even contribute to a more

stable real estate market, thereby enhancing economic
resilience (McPhearson et al, 2015).

Given these diverse range of benefits, it is apparent
that habitat provision, biodiversity, and ecological
health can contribute meaningfully to urban resilience.
Indicators measuring ecological habitat quality have
been used in resilience models such as UN-Habitat’s
flagship City Resilience Profiling Tool (UN-Habitat,
n.d.), and ‘protecting terrestrial and aquatic habitat’

is a guiding principle of the holistic sustainability
tramework developed by the Design Centre for
Sustainability at the University of British Columbia
(DCS, 2009), which adopts an indicator measuring
‘natural habitat preserved, restored, enhanced, or
created’ (with a minimum threshold of 20% of total
land area). ‘Biodiversity’ and ‘wetland acreage and loss’
(both functions of quality habitat provision) are used
as indicators in the likes of Cutter et al (2008), and

an ‘index of urban parks functionality’ (which aims

to evaluate the potential of urban parks to provide
habitat for a maximum variety of birds) is used as an
indicator in the Ecological Urbanism model developed

by Rueda (2012).

Providing and maintaining ecological habitat is crucial for the wellbeing of plant and wildlife communities, and can help foster the unique ecosystem services
these communities may provide. Photo by the author.
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Green Space
Proximity

Proximity to urban green space has a host of positive
implications for urban resilience. For instance,
proximity to green space has been demonstrated

to be strongly related to human health (Ekkel &
Vries, 2017). Living closer to urban parks have been
associated with better mental health outcomes (Sturm
& Cohen, 2014), and lower stress levels (Thompson
et al, 2012). For women, proximity to greenspace

associated with higher levels of physical activity,
especially amongst young adults (Kaczynski et al,
2009), which in turn has innumerable human health
benefits including reducing the risk of cardiovascular
disease, certain types of cancer, obesity, hypertension,
and depression (Warburton et al, 2006). Proximate
greenspace also provides a forum for informal social
interaction, which can enhance sense of community
(Kuo et al, 1998) and positively impact residents’
psychological wellbeing (Kawachi & Berkman,
2001). Exposure to greenery is considered to be a
key component of healthy childhood development
(Vanaken & Danckaerts, 2018; Taylor et al, 2006),

and proximity to greenspace is especially important
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Exposure to greenery is considered to be a key component of healthy childhood development. Image by Evangiidnd via Shutterstock.

has been associated with more stable blood pressure
levels during pregnancy (Grazuleviciene et al, 2014)
and lower rates of depressive symptoms (Reklaitiene
et al, 2014). Proximity to green parks has also been

for children, who are not able to travel to travel as
easily or as far as their adult counterparts (ARUP,

2017). Additionally, he association between greenspace

proximity and increased real estate prices may even



contribute to a more stable real estate market, thereby
enhancing economic resilience (McPhearson et al,

2015).

'The potential for greenspace proximity to contribute
to urban resilience is well established in the literature
(Braubach, 2017; Colding & Barthel, 2013), and access
to greenspace (for which proximity is often used as a
key metric) is used as an indicator for urban resilience
in holistic models such as the climate change resilience
model developed by Sivell et al (2008). Proximity

to greenspace is also utilized as an indicator by the
Ecological Urbanism model developed by Rueda
(2012), and a requirement for 90% of dwelling units to
have a green space within an 800m walking distance

is outlined in as one of the prerequisites for LEED
(v4.1) certified neighbourhoods (U.S. Green Building
Council, 2019). Other studies have adopted smaller
walking distance buffers as a threshold of proximity

to greenspace, including Sturm and Cohen (2014)
who use a 400m walking distance threshold in order
for greenspace to be considered as within a proximate
“short walking distance”, whilst Toftager et al (2011)

use an even shorter proximity threshold of 300m on
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the grounds that there is “a steep decline in the use
frequency of recreational facilities with increasing
distance, especially over the first 300m” (pg.742). The
400m walking distance used by Sturm and Cohen
(2014) coincides with the 0.25mile (approximately
400m) pedestrian walkshed radius that is generally
considered within the literature to indicate ‘proximity’
for a walker (Evangelopoulos, 2014; Miyake et al 2010;
Babey et al, 2007), and is emphasized in the public
open space health and wellbeing guidelines developed
by Villanueva et al (2015), which recommend that at
least 95% of dwellings should have access to a small
(0.3-0.5ha) and medium (0.5-1.5ha) neighbourhood
park within a 400m distance. The Vancouver Greenest
City 2020 Action Plan (City of Vancouver, 2015) also
uses a 400m distance threshold for determining city-
wide access to greenspace.

Accordingly, the RNDT has included ‘greenspace
proximity’as an indicator of urban resilience, which
measures the percentage of GFA within 400m of a
greenspace. Some of these common threshold values
are summarized in table .

Source Greenspace proximity target
LEED (2019) <800m
Sturm and Cohen (2014) <400m
Evangelopoulus (2014) <400m
Villanueva et al (2015) <400m
City of Vancouver (2015) <400m
Miyake et al (2010) <400m
Babey et al (2007) <400m
Toftager et al (2011) <300m
Rueda (2012) <200m
RNDT <400m

Table 7 above depicts a variety of greenspace proximity targets used within the literature.
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Green Street
Frontage

From enhancing ecological habitat connectivity (City
of New Westminster, 2016) and boosting human
wellbeing (Ulmer et al, 2016; Kuo, 2015), to reducing
rates of nearby crime (Donovan & Prestemon, 2012),
regulating pedestrian thermal comfort (Kong et al,
2017; Lin et al, 2008), and increasing the economic
value of nearby properties (Pandit et al, 2013; Wolf,
2007), green streets contribute to urban resilience
goals at numerous levels (Staddon et al, 2018). The
ecosystem services offered by green streets also have
important implications for resilience against hazards
such as flooding and UHI (City of Toronto, 2017), and
numerous cities (including Seattle, Portland, Chicago,
and Los Angeles) have adopted incentives programs
to encourage the creation and maintenance of green
streets. For these reasons, the RDNT has included
green street frontage (measured as the percent of
building gross floor area which fronts onto a green
street) as an indicator of urban resilience. Components
of the built environment that are influenced by, or
interact with green streets, include traffic volume,
traffic design speed, curb-to-curb width, sidewalk
width, softscape, and effective pervious areas. A brief
exploration of these components is provided below.

Traffic Volume

Automobile induced air and noise pollution is known
to increases with traffic volume (Rakowska et al,
2014; Tang & Wang, 2007). Green streets can act

as a screen to mitigate the impacts of traffic-related
noise (Huddart, 1990) and air pollution (Tong et al,
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2016). For air pollution, this is primarily achieved

by physically trapping pollutants through carbon
sequestration and storage in trees. Noise pollution

is reduced by physically screening and dampening
vehicular related noise, and reducing how far this noise
can travel.

Trafhic Design Speed

Increased traffic speed are generally correlated with
higher rates of emissions (Owen, 2005), although the
relationship between vehicular speed and emissions
rate is U-shaped rather than linear (Krzanowski et al,
2005; Bel & Rosell, 2013). Speeds between 60-80km /
hour generally have the lowest emissions, with speeds
outside this range corresponding increasingly high
emissions rates (Krzanowski et al, 2005).

Green streets can act as a screen to mitigate the
impacts of traffic related emissions (Staddon et al,
2018; Tong et al, 2016) and some of the effects of
traffic related noise pollution (Huddart, 1990). In
regards to automobile-induced noise pollution (which
typically receives less attention than emissions and
air pollution), the ability of green streets to dampen
and reduce traffic noise has positive implications for
human wellbeing, which is detrimentally effected by
traffic-induced noise pollution (Goines & Hagler,
2007), and for ecological health, which is also
detrimentally impacted by traffic noise pollution
(Halfwerk et al, 2011; Siemers & Schaub, 2010).
Street trees reduce noise pollution through both
deflection and absorption (as opposed to hard design
features which tend to only deflect noise), and the
noise reduction performance of street trees generally
increases with tree height up until around 10-12m
(GreenBlue Urban, 2015). The effectiveness of street
trees is closely related to canopy vegetation, and for
most effective noise reduction, street trees should be

Street trees reduce noise pollution through both deflection and
absorption, as opposed to hard design features which tend to only
deflect noise.
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located as close to the source of noise (the road) as

possible (GreenBlue Urban, 2015).

Softscape (%)

Curb-tO—CllI‘ b Wldth Green streets increase the amount of vegetation
and other softscape design features in an area. As
Decreasing street width can potentially reduce the well as provided an aesthetic value, this can enhance

total amount of impervious area in a
neighbourhood, which in turn reduces
the amount of stormwater runoff. This
mitigates flood risk, and enhances the
resilience of the built environment to
flood hazards (Cook, 2007). Reduced
street widths may also provide
opportunities for additional street tree
planting, by creating a wider verge.

Narrower streets have also been
associated with increased safety and
a lower number of vehicular and
pedestrian collisions (Cook, 2007). A
study in 1997 for example found that
in Longmont (Colorado), a typical
residential street with a width of 36
feet has annual accident rate 487%
greater than that for a comparable
24-foot wide street (Swift, 1997).
'These findings present a strong

case for pairing narrow streets with
green street design, in order to
reduce human vulnerability to trafhic
accidents in the built environment,
and ultimately improve the resiliency
of communities to traffic hazards.

Sidewalk width

Conversely, increasing sidewalk width
provides more space for green design
features, which can in turn increase
the amount of green street frontage

(Beatley, 2011). Narrow sidewalk

. o . Green streets can positively impact urban resilience in a host of ways, including by enbhancing
widths also limit the amount of green urban deSIgn by traffic, reducing the urban heat island effect through evapotranspiration and by providin

interventions that can be implemented without
impeding pedestrian flow.
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resilience against UHI by providing shade, and by benefit pedestrian user experience. In addition to
regulating the thermal environment through increased  these functional services, the vegetation inherent in
evapotranspiration and lowered sensible heat flux green streets has the potential to provide a plethora of
being reemitted from absorbent urban surfaces benefits to human health (Kuo, 2015). For example,
(Staddon, 2018; Taha, 1997; Kurn et al, 1994). the presence of streetscape greenery and urban tree

Softscape design features may also absorb and deflect ~ canopy has also been associated with reduced stress

traffic noise pollution (GreenBlue Urban, 2015) and (De Vries et al, 2013) and improved mental health

filter air pollutants (Kuo, 2015), which can positively ~ (Sugiyama et al, 2008) amongst residents, and a greater

-ecological connectivity, creating a screen that can mitigate the air and noise pollution caused

g shade, and boosting human mood and wellbeing. Image by Ted McGrath via 8-80 Cities.

amount of neighbourhood tree coverage
in urban areas is positively related to
improved pedestrian wellbeing and
experience (Ulmer et al, 2016).

Effective Pervious

Area

Green streets, facades, and roofs
increase the amount of pervious
urban surface in an area, which has
significant potential to reduce storm
water runoff and mitigate flood risk
(EPA, 2009; Roehr et al, 2008). This
in turn enhances urban resilience to
these potential hazards. These benefits
are amplified if green streets result in
a narrowing of the curb-to-curb road
width (and therefore an additional
reduction in the total impervious
surface conducive to surface flooding

(Cook, 2007)).

By increasing the amount of pervious
area within a streetscape, green streets
provide an opportunity to filter storm
water of pollutants (EPA, 2009). This
reduces the amount of pollutant storm
water entering streams and other
aquatic habitat and damaging aquatic
communities (Girling & Kellett,
2005). Consequently, by increasing
the amount of pervious area in a
streetscape, greenstreets simultaneously

provide a host of human and ecological co-
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Street Level Air
Quality

Atmospheric pollution presents a significant global
challenge, and is a key driver behind anthropogenic
amplified climate change (Seinfeld & Pandis, 2016;
Ramanathan & Feng, 2009). In addition to the
climatic effects of air pollution, this phenomenon

is also a huge detriment to ecosystem and human
health (WHO, 2018). More than 4.2 million annual
premature human deaths globally are attributed to air
pollution, with 91% of the world’s population living
in areas that exceed the WHO air quality guidelines
(WHO, 2018). A number of recent reports have
suggested that outdoor air pollution will likely become
the main environmental cause of premature human
death over the coming decades (OECD, 2012). The
negative effects of air pollution are not only limited to
human life however, and have been shown to have a
wide range of detrimental implications for ecosystem
health and biological diversity right across the food
web (Lovett et al, 2009). Studies of mice exposed to
traffic related air pollution in Brazil for instance show
an increased rate of tumors (Reymao et al, 1997), and
exposure to urban air pollution has conclusively been
demonstrated to be damaging to plant life, and vital
plant functions such as photosynthesis (Kulshrestha &
Saxena, 2016; Lovett et al, 2009).

'The concept of urban resilience offers a holistic
tramework for addressing air pollution at the city scale
(Cariolet et al, 2018). A city that is resilient to air
pollution is one that is able to eftectively reduce air-
polluting emissions, decrease concentrations of these
emissions, and decrease exposure to these emissions
(Cariolet et al, 2018). A key indicator of resilience to
air pollution at the neighbourhood design level then,
is the street level air quality. Consequently, the RNDT
has adopted an indicator on ‘street-level air quality’in
the design phase, which measures the percentage of
GFA fronting a street with a poor air quality score.
Air pollution has been used as an indicator in other
holistic models within the literature, such as the

WILUTE model of urban sustainability developed by
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Zhao et al (2013) and the Ecological Urbanism model
developed by Rueda (2012), which measures the
percentage of a population exposed to emission levels

of NO2 and PM10 less than 40 pg (micrograms) /m?>.

Traffic volume, speed, trucking routes, fleet
composition, and transit stations were identified in

our research as important design features which may
influence street level air quality (Rakowska et al,

2014; Bates-Frymel & Jennejohn, 2013; Transport

for London, 2011; Krzanowski et al, 2005; Lewis-
Workman & Brod, 1997). A brief discussion of each of

these components is provided below.

Traffic Volume

Traffic volume is negatively associated with street level
air quality (Rakowska et al, 2014). Increasing traffic
volume corresponds to a greater amount of emissions
and air pollutants produced by vehicles, which in

turn worsens the overall street level air quality. Major
roads with traffic volumes greater than 15,000 regular
vehicles per day are considered to have a significant
influence on street level air quality, which in turn
detrimentally impacts human health (Bates-Frymel &
Jennejohn, 2013; Brauer et al, 2012). Table 8, adapted
from Brauer et al (2012) (a recent Canadian case study
on traffic related air pollution and health), gives an
indication of the typical traffic volumes experienced on

different road types.

Road classification | Annual average daily trafhic
Volume (AADT)

Local 6,500

Collector 9,000

Main 15,000
Secondary highway 18,000

Primary highway 21,000
Expressway >115,000

Table 8: Traffic volumes above 15,000 (such as those seen on main roads,
highways, or expressways) are considered to have a significant detrimental
effect on street level air quality.
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Trafhic Design Speed

Increased traffic speeds are generally correlated with
higher rates of atmospheric-polluting emissions
(Owen, 2005), although the relationship between

vehicular speed and emission rates is typically
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The relationship between emissions of key traffic related air pollutants and
vehicle speed is typically considered to be U-shaped rather than linear. Image
sourced from Krzanowski et al (2005).

U-shaped rather than linear (Krzanowski et al,

2005; Bel & Rosell, 2013). That is to say, speeds
between 50-80km per hour generally have the lowest
rate of emissions, with speeds outside this range
corresponding to increasingly high rates of emissions
and a subsequent decline in street level air quality
(Krzanowski et al, 2005). This U-shaped relationship
between traffic speed and emissions has been described
elsewhere (e.g. Nechyba & Walsh, 2004) and seems to
be generally accepted within the literature, although
the speed that produces the least emissions (i.e. the
trough of the ‘U’) varies depending on the emission

type.

Trucking Routes

Freight trucks are typically heavy duty diesel vehicles,

and are significant emitters of particulate matter (PM)

and nitrogen oxides (NOx). Both types of emissions
negatively impact street air quality and human health
(Bickford et al, 2013; Lee, 2011). A recent study of
London (UK) for example found that, 57% of NOx
and 25% of PM, , emissions from road transport come
from heavy vehicles such as trucks (Transport for
London, 2011), highlighting the significant impact
trucking routes can have in detrimentally impacting
street level air quality.

Fleet composition

Heavy vehicles such as trucks produce significantly
more air polluting emissions than light vehicles such
as cars, with most trucks producing more than 10
times the PM produced by cars (Bates-Frymel &
Jennejohn, 2013). A fleet composition with a high
proportion of heavy vehicles then will produce greater
amounts of air pollutants that will lower the overall
street level air quality.

Assuming equivalent vehicular sizes (such as two
equally sized cars for example), the relationship
between engine type (diesel versus petrol) and
atmospheric pollution is not so clear cut. Petrol
engines for instance, have been found to have lower
emission rates of NO, and PM, | relative to diesel
engines, but have higher rates of CO and Benzene
(Tang et al, 2019). Increasing the number of electric
vehicles in a fleet however, has been demonstrated to
reduce total traffic emissions (Alam et al, 2018) and
improve street level air quality.

Transit Stations

Increasing transit infrastructure and usage has the
potential to improve urban street level air quality
by reducing automobile usage and the associated
atmospheric pollution caused by this mode of
transportation (Lewis-Workman & Brod, 1997).



Heavy vebicles such as trucks produce significantly more air polluting emissions than light vehicles such as cars, with most trucks producing more than
10 times the PM produced by automobiles. This makes trucking routes a particular hotspot for traffic related air pollution. Photo taken on Clark Drive (a
Vancouver trucking route) by the author.

A recent study of London (UK) found that, 57% of NOx
and 25% of PM, emissions from road transport come from
heavy vebicles such as trucks ( Transport for London, 2011 ),
highlighting the significant impact trucking routes can have
in detrimentally impacting street level air quality.



150

Healthy Environments | Street Level Air Quality

Reference

Alam, M. S., Hyde, B., Dufly, P., & McNabola, A. (2018). Analysing the
Co-Benefits of transport fleet and fuel policies in reducing PM2. 5 and
CO2 emissions. Journal of cleaner production, 172, 623-634.

Bates-Frymel, L. & Jennejohn, D. (2013). Reducing Exposure

to Traffic Emissions (staff report). Retrieved from http://www.
metrovancouver.org/services/air-quality/AirQualityPublications/
ReducingExposureToTrafficEmissionsProject.pdf

Bel, G., & Rosell, J. (2013). Effects of the 80 km/h and variable
speed limits on air pollution in the metropolitan area of Barcelona.
Transportation Research Part D: Transport and Environment, 23, 90-97.

Bickford, E., Holloway, T., Karambelas, A., Johnston, M., Adams, T,
Janssen, M., & Moberg, C. (2013). Emissions and air quality impacts
of truck-to-rail freight modal shifts in the Midwestern United States.
Environmental science & technology, 48(1), 446-454.

Brauer, M., Reynolds, C., & Hystad, P. (2012). Traffic-related air
pollution and health: a Canadian perspective on scientific evidence
and potential exposure-mitigation strategies (Doctoral dissertation,
University of British Columbia).

Cariolet, J. M., Colombert, M., Vuillet, M., & Diab, Y. (2018). Assessing
the resilience of urban areas to traffic-related air pollution: Application in
Greater Paris. Science of the Total Environment, 615, 588-596.

Krzyzanowski, M., Kuna-Dibbert, B., & Schneider, J. (Eds.). (2005).
Health effects of transport-related air pollution. WHO Regional Office
Europe.

Kulshrestha, U., & Saxena, P. (Eds.). (2016). Plant Responses to Air
Pollution. Springer.

Lee, G. (2011). Integrated modeling of air quality and health impacts of
a freight transportation corridor. University of California, Irvine.

Lewis-Workman, S., & Brod, D. (1997). Measuring the neighborhood
benefits of rail transit accessibility. Transportation Research Record,
1576(1), 147-153.

Lovett, G. M., Tear, T. H., Evers, D. C., Findlay, S. E., Cosby, B.].,
Dunscomb, J. K., ... & Weathers, K. C. (2009). Effects of air pollution on

ecosystems and biological diversity in the eastern United States. Annals
of the New York Academy of Sciences, 1162(1), 99-135.

Nechyba, T. J., & Walsh, R. P. (2004). Urban sprawl. Journal of economic
perspectives, 18(4), 177-200.

Seinfeld, ]. H., & Pandis, S. N. (2016). Atmospheric chemistry and
physics: from air pollution to climate change. John Wiley & Sons.

Rakowska, A., Wong, K. C., Townsend, T., Chan, K. L., Westerdahl, D.,
Ng, S., ... & Ning, Z. (2014). Impact of traffic volume and composition
on the air quality and pedestrian exposure in urban street canyon.
Atmospheric Environment, 98, 260-270.

Reymio, M. S. F,, Cury, P. M., Lichtenfels, A. J. F. C., Lemos, M.,
Battlehner, C. N., Conceigio, G. M. S., ... & Bohm, G. M. (1997). Urban
air pollution enhances the formation of urethane-induced lung tumors in
mice. Environmental research, 74(2), 150-158.

Ramanathan, V., & Feng, Y. (2009). Air pollution, greenhouse gases
and climate change: Global and regional perspectives. Atmospheric
environment, 43(1), 37-50.

Rueda, S. (2012). Ecological Urbanism. Retrieved from https://
www.vitoria-gasteiz.org/wb021/http/contenidosEstaticos/adjuntos/
es/80/86/38086.pdf

Transport for London. (2011). Stricter emissions standards for central
or inner London: A provisional assessment of potential feasibility and
effectiveness.

Tang, J., McNabola, A., Misstear, B., Pilla, F., & Alam, M. (2019).
Assessing the impact of vehicle speed limits and fleet composition on air
quality near a school. International journal of environmental research and
public health, 16(1), 149.

WHO. (2018). Air Pollution. Retrieved from https://www.who.int/
airpollution/en/

Zhao, P., Chapman, R., Randal, E., & Howden-Chapman, P. (2013).
Understanding resilient urban futures: a systemic modelling approach.
Sustainability, 5(7), 3202-3223.



Noise Pollution

As centres of human interaction, movement, and
industry, sound is a daily component of urban

living (Aitkinson, 2007; Burgess, 2015; Goines &
Hagler, 2007; Stansfeld & Matheson, 2003). When
sound reaches a certain threshold of intensity and/

or duration however, it can quickly become noise
that is detrimental to human health and wellbeing
(Burgess, 2015; Goines & Hagler, 2007). Within

the literature, “noise is defined as unwanted sound”
(Goines & Hagler, 2007, pg.287). The causes of urban
noise pollution can be varied, although road traffic

is typically the most widespread of these (WHO,
2011). Other common sources include industrial and
manufacturing activities, construction, and aeroplanes

(Singh & Davar, 2004).

One of the most pervasive negative impacts of
excessive noise to human health is noise-induced
hearing loss (NIDCD, 2019). Other common negative
health effects include stress, high blood pressure, sleep
disturbance, a reduction in productivity, and a general
diminishing quality of life (Singh & Davar, 2004).
Sound levels less than 70db do not cause hearing
damage irrespective of exposure duration, whereas
exposure to loud sound in excess of 85db for more
than 8hrs can be damaging (Goines & Hagler, 2007).
Very loud sounds, such as those between 90-110db, are
dangerous over a much shorter timeframe (30mins or
more), and sounds in excess of 130db can be dangerous
and painful irrespective of duration (Burgess, 2015)).
For a tangible example of these sound levels, a 20db
sound is comparable to leaves rustling, a 60db sound
comparable to a dishwasher, an 85db sound to the
noise of a heavy truck on a busy road, and a 140 db
sound to a gunshot (Burgess, 2015; Goines & Hagler,
2007). It is recommended that to protect the majority
of people from being annoyed, sound pressure levels
should not exceed 50db near living environments
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during the daytime and 45db at nighttime (Berglund
& Lindvall, 1995). This number coincides with the
guidelines for community noise specified by the
WHO, which emphasis the need to “limit the noise
events exceeding 45 dB” (Schwela, 2001, pg.196).

Some of the aforementioned detrimental eftects of
noise can cause a range of further negative health
implications themselves. High quality uninterrupted
sleep for instance, is perceived as a cornerstone of
healthy physiological and psychological functioning
(Goines & Hagler, 2007), and environmental noise is
considered to be one of the most widespread causes

of disrupted sleep globally (Stansfeld & Matheson,
2003). In turn, frequent sleep disruption has been
linked to a host of negative health outcomes, including
hypertension, colorectal cancer, dyslipidemia,
cardiovascular diseases, increased stress responsivity,
reduced quality of life, emotional distress, mood
disorders, and cognitive performance and memory
deficits (Medic et al, 2017). A recent study undertaken
by the World Health Organization (2011) estimates
that in terms of annual DALY’ (disability adjusted life
years) lost in Europe alone due to the health effects

of noise pollution, 61,000 years are lost due to heart
disease, 45,000 years for cognitive impairment of
children, 903,000 years for sleep disturbance, 22,000

years for tinnitus, and 587,000 for annoyance.

Within the literature, children are perceived as being
especially vulnerable to the negative health effects of
noise (Van Kamp & Davies, 2013; Goines & Hagler,
2007). A study by Shield & Dockrell (2008) for
example found that external noise had a significant
negative impact on classroom performance, whilst a
study in France (Mir, 2008) among 10-year-old school
children found an association between exposure to
noise and fatigue, headaches, and stress (based on
cortisol levels). During 2001, it was estimated that
approximately 12.5% of American children aged
6-19 had impaired hearing in at least one ear (Niskar

et al, 2001). It is also likely that the adverse effects

The WHO estimates that at least 1 million healthy Iife years are lost
each year in western Europe alone as a consequence of tmﬁ‘ic related

noise.
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of sleep disruption caused by noise pollution are
“more pronounced amongst youth, given the level
of plasticity and rapid rate of development in young
brains” (El-Sheikh et al, 2013, pg.282)

Due to the numerous serious health implications

of noise pollution, the RNDT uses ‘noise pollution’
(which measures the amount of GFA which fronts

a street with a low noise quality score) as a resilience
indicator. Similar metrics have been adopted elsewhere
by holistic resilience assessment frameworks. Rueda’s
(2012) Ecological Urbanism model for instance
utilizes an indicator on ‘acoustic comfort’ which
measures the percent of a population which is aftected
by sound levels less than 65db, whilst the Community
Wellbeing Framework developed by Markovich et al
(2018) utilizes an indicator which measures the extent
to which a “project employs noise reduction materials
and measures to reduce ambient noise levels (50db for
large public spaces, 40db for general spaces, and 30db
for quiet spaces)” (pg.56). The CityLab Action Guide
recommends aiming for 55db sound levels at the
outdoor fagade, with a maximum sound level outdoors
at the facade of 70db (Sweden Green Building
Council, 2018). These thresholds coincide with those
described in the literature in relation to human

health effects (Burgess, 2015; Goines & Hagler,
2007). Although there is a general consensus that
incorporating design features which minimize noise
pollution as much as possible is optimal for human
health and wellbeing, table 9 provides a brief visual
summary of some of the aforementioned accepted
thresholds for ‘low-noise’.

variables such as traffic volume and speed influence
noise pollution is important for assessing which street
will have likely have a low noise quality score in the
design phase. According to the City of Vancouver
Noise Control Manual (Wakefield Acoustics Ltd.,
n.d.), “average traffic noise levels along the edges of
busy arterial roads and highways can often reach 75-80
dB while maximum levels from passing heavy trucks
and buses and motorcycles can reach 90 to 100 dB —
levels that can cause temporary hearing degradation
over short exposures and permanent hearing loss

over more prolonged exposure” (pg.30), whilst urban
residential dwellings away from arterial/main streets
will typically be exposed to 24-hour average noise
levels of between 50-55 dB. Within the literature there
is unanimous agreement that increased traffic volumes
and vehicle speeds are both positively associated with
increased noise pollution (Subramani et al, 2012). In
some models, such as that created by Abo-Qudais
and Alhiary (2007), traffic volume is shown to be the
greatest determinant of noise pollution levels, with
around 88.5% of road noise level variations able to

be explained by changes in traffic volume. However,
the number of heavy vehicles within a fleet can also
significantly impact noise volume independent of
traffic volume (Abo-Qudais and Alhiary (2007).

'That is to say, if traffic volume remains constant

and the proportion of heavy vehicles within a fleet
increases, traffic noise will also significantly increase.
Additionally, other factors such as the gradient of

the road, the quality and type of road surface, and

the presence of stop signs and intersections may also
impact the noise pollution produced on a given road
independent of traffic volume (and to an extent, speed)

SN i (Subramani et al, 2012; Abo-Qudais and Alhiary,
threshold (dB) | 2007).
Marckovich et al (2018) 40 dB
However, based on the average traffic volumes
Schwela (2001) 45 dB associated with different road classifications used by
CityLab Action Guide (2018) 55 dB Brauer et al (2012) (a recent Canadian case study on
Rueda (2012) 65 dB traffic related air pollution and health) and the average

levels of noise experienced by Vancouver residences
living adjacent to difference road types described in
the City of Vancouver Noise Control Manual, table

10 provides an estimation of the average noise levels
associated with different traffic volumes in a Vancouver
context.

Table 9 above shows some of the low-noise thresholds adopted in different
frameworks within the literature.

Given that traffic is the greatest source of noise

pollution in cities (WHO, 2011), understanding how
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It should be emphasized that the noise levels reported
in the far right column of table 10 associated with
each road classification have been averaged over a 24-
hour period, meaning that these values would in many
instances be expected to be significantly higher during
certain times of the day such as the morning and

M. Poskitt

evening rush hour — especially on highways. Average
noise levels were also measured at residential dwellings
proximate to different road types, rather than directly
at the noise source (which again, would have given a
significantly louder value).

Road classification Approximate annual average Estimated 24-Hour Average
daily traffic Volume (AADT) ! [ Noise Level (dB) experienced by

nearby residential dwellings ?

Quiet suburban residential <6,500 45-50

Local / residential away from main 6,500 50-55

streets

Collector 9,000 55-60

Main road or minor highway 15,000-18,000 60-65

Primary highway 21,000 65-75

Expressway >115,000 >75

Table 10 provides an estimation of the average 24-hour noise level experienced by Vancouver residents in relation to traffic volume based on the Canadian-
specific road classification scheme used by Brauer et al (2012) 1, and the measurements of noise experienced in different residential environments described

within the ‘Vancouver Noise Control Manual’ .

Source Typical Noise Range (dB)
Emergency vehicle sirens 82-105
Motorcycles 67-87

Heavy tvrucks 66-84

Regular buses 66-83

Skytrain 66-80

Sports cars, or cars with unusually 68-87

loud exhaust systems

Tuble 11 (adapted from Wakefield Acoustics Ltd. (2015)) depicts the typical noise ranges associated

with different traffic-related noise sources in Vancouver, measured at the noise source.
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Public Open Space

As cities continue to grow and densify, open space
will become an increasingly important amenity

for facilitating livable and resilient neighborhoods.
For example, open space can place a crucial role in
facilitating social interaction and cohesion amongst
community members (Peters et al, 2010), which in
turn can enhance social ties and contribute to the
overall resilience of a neighborhood. Similarly, open
greenspace can provide a therapeutic environment
where residents can exercise, and which positively
benefits their mental and physical wellbeing (Finlay
et al, 2015; De Vries et al, 2013; Sugiyama et al, 2008;
Maas et al, 2006). This in turn benefits the physical
and psychological resiliency of community members,

as well as enhancing the economic resilience of a

city through reduced spending on public health.
Open greenspace can booster ecological connectivity
and habitat area, positively impacting biodiversity
(Ignatieva et al, 2011). Green open space has the
potential to mitigate the effects of UHI and the risk
of flooding and stormwater pollution, improving
resilience against such hazards (Nowak & Heisler,
2010; Byrne & Jinjun, 2009). Often, resilience
outcomes of public open space can be multifaceted
and complementary. The seawall in Vancouver for
example, “expertly blends hard resilience with everyday
recreational use” by providing an attractive amenity
space for people to walk, run, cycle, and socialise,
whilst simultaneously also acting as a flood protection

mechanism for Stanley Park (Peinhardt, 2019).

'The ways in which open space can contribute to

F T
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As cities continue fo grow in the future, open space will become an increasingly important amenity that can encourage urban resilience in numerous ways. Open greenspa



resilience are well explored within the literature
(Ni'mah & Lenonb, 2017; Fuentes & Tastes, 2015;
Urban Land Institute, n.d.). The City Resilience Index
created by ARUP and the Rockfeller Foundation for
instance, emphasizes the importance of open space in
contributing to the organization and social resilience
of a city, whilst Sharifi and Yamagata (2014) identify
the ‘provision of open space’as an important criteria
for assessing urban resilience. The “average share of
the built-up area of cities that is open space for public
use for all” is used as an indicator for goal 11 of the
Sustainable Development Goals developed by the
United Nations, which is to “make cities and human
settlements inclusive, safe, resilient and sustainable”
(United Nations, 2015). The CityLab Action Guide
uses ‘public spaces’ (which measures the safety,
accessibility, diversity, and connectivity of public
spaces, as well as setting a threshold of 15% of the

M. Poskitt

total built environment which should be dedicated to
open space) as an assessment indicator for sustainable
urban development in the design and planning phase
(Sweden Green Building Council, 2018), whilst

the EcoDistricts Toolkit developed by the Portland
Sustainability Institute (2011) uses the percentage

of residents who live within half a mile of parks and
public open spaces as a measure of neighbourhood

health and wellbeing. The Sustainable Development

framework created by the WCCD (World Council on

City Data) also uses an indicator which measures the
amount of public outdoor recreation space per capita
(WCCD, 2016), and the WHO has set a minimum

target of 9m? of open greenspace per person, with an

ideal value of 50m? per person (WHO, 2010).

For these reasons, the RNDT has adopted ‘public open

space’ (which measures the amount of public open

ce for example can provide a calming and therapeutic environment where residents can exercise, relax, and socialize. Image sourced from One City.
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space per inhabitant) as a resilience indicator, with a
greater amount of public open space corresponding
to a better resilience score. Parks have been identified
as a key type of public open space that can positively
contribute to urban resilience.

Parks

Parks provide one form of public space with many
benefits for urban resilience. For instance, proximity

to green parks has been demonstrated to be strongly
related to human health (Ekkel & Vries, 2017). Living
closer to urban parks have been associated with better
mental health outcomes (Sturm & Cohen, 2014), and
lower stress levels (Thompson et al, 2012). Proximity to
green parks has also been associated with higher levels
of physical activity, especially amongst young adults
(Kaczynski et al, 2009), which in turn has innumerable
human health benefits including reducing the risk of
cardiovascular disease, certain types of cancer, obesity,
hypertension, and depression (Warburton et al, 2006).
In addition to these human health benefits which
booster the individual psychological and physiological
resilience of community members, urban parks provide
a setting for social interaction (Kuo et al, 1998) which
can strengthen community ties and enhance social
capital and resilience within a neighbourhood. Parks
also have the potential to improve local air quality

and regulating the atmospheric thermal environment
(Nowak & Heisler, 2010). This in turn enhances

urban resilience against external stressors such as

atmospheric pollution and UHI.

Synergies + Trade-offs:

Residential density

'The value of residential property proximate to open
public space increases in response to increased density
(Anderson & West, 2006). That is, in more dense
urban environments, proximity to open space becomes
an increasingly important amenity (Geoghegan, 2002).

As such, the preservation of open space is becoming
an increasingly important policy concern in many
densifying cities globally (Geoghegan, 2002).The
increase in value for residential properties proximate
to open space relative to density provides an economic
incentive for developers to include open space in

their developments, and for them to increase resident
density in their projects if sufficient demand exists in
order to capture an “open space premium’ for each
residential unit / household (Lewis et al, 2009).

Jobs density

Some forms of public open space, such as urban parks,
may increase job density in an area by providing
park-related employment opportunities (gardening,
maintenance, outdoor instructors etc.) (Walker,
2004). The usefulness of these jobs for teen and
youth employment opportunities in particular is
discussed within the literature (Lawson & McNally,
1995). Furthermore, If an urban public space is
trequently used by pedestrians, this has the potential
to enhance job density in an area further by creating
the demand for informal commercial activities

such as street vending (Kim, 2012). Although such
informal commercial activity has for the most part
been restricted from urban public spaces across
North America over the previous century, street food
globally is a significant industry (Jayasuriya, 1994)
and is an important source of employment in many
cities (Bhowmik, 2005).The city of Portland (USA)
provides a North American case study example of how
an informal food cart industry can thrive in urban
public spaces and increase job density within an area

(Newman & Burnett, 2013).

Land ownership (public or private)

Privatization of open urban space leads to increased
control over use, access, and behaviour (Nemeth

& Schmidt, 2011). This is often achieved through
increased surveillance, policing , and design features
which influence how a space can be used (Nemeth
& Schmidt, 2011) and who can use the space (Low,
2006).The privatization of urban space is seen by
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Often, public open space can produce resilience co-benefits. As described by Peinbardt (2019) for example, open spaces like the seawall in Vancouver can,
‘expertly blends hard resilience with everyday recreational use” by providing an attractive amenity space for people to walk, run, cycle, and socialise in, whilst
simultaneously acting as a flood protection mechanism for Stanley Park. Photo sourced from Discover Vancouver.

Due to the plethora of evidence linking urban open greenspace to improved health and wellbeing amongst community members, the World Health

Organization has set a minimum target of 9m’ of open greenspace per person in cities, with an ideal value of 50m’ per person. Image sourced from Pixabay
via_Journalist’s Resource.
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many within the literature as contributing to the
fragmentation of the city, and as a socially divisive and
exclusionary trend in many north American cities that
restricts social, economic, and cultural diversity (Kirby,
2008; Low, 2006; Austin, 1997; Loukaitou-Sideris,
1993), which in turn can limit social and economic
resilience.

'The privatization of urban open space has also been
linked to concerns over limiting democracy by taking
away places where the public can gather (Nasution
& Zahrah, 2012). Given that top-down authoritative

forms of government are often not as conducive

to resilience outcomes over the long term as more
community grounded co-creation approaches (Poskitt,
2017) such impediments on democracy can be viewed
as a potential constraint on community resilience. In
contrast, successful open space is freely accessible to
all people (Jacobs, 1965), encourages social interaction
(Whyte, 1980), and takes into account physical and
psychological comfort (Nasution & Zahrah, 2012).
Social and recreational usage of an open space is
highly contingent on the quality of the space (Gehl,
2011). Such features of successful open space may be
more common in public land ownership models than
in privatized space.
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Public Facilities

'The need for a wide range of high quality and
accessible public facilities for urban resilience is

well established in the resiliency literature, and

is emphasized in a range of holistic resilience

models (Rueda, 2012; Cutter et al, 2010; DCS,
2009). ‘Provision of public facilities’ and ‘proximity
to public facilities’ for instance are both used as
indicators in the holistic Ecological Urbanism model
developed by Rueda (2012), and the provision of
social infrastructure facilities (such as libraries,
museums, sports centres, health care centres, and
educational facilities) are a prerequisite for cities and
neighbourhoods seeking LEED certification (U.S.
Green Building Council, 2019). Public facilities have
also received attention in holistic disaster resilience

models such as that developed by Cutter et al (2010),

where ‘number of public schools per square mile’and
‘number of hospital beds per 10,000 population’are
both used as indicators of overall disaster resilience.
Similarly, the sustainability framework developed by
the Design Centre for Sustainability at the University
of British Columbia uses an indicator on ‘civic
amenity’, which measures the percentage of dwellings
within 400m of a civic amenity (including public
facilities such as schools, community centres, libraries,

places of worship, and childcare centres) (DCS, 2009).

Because of the fundamental importance of public
facilities to urban resilience, the RNDT has included
‘public facilities’ as a resilience indicator, which
measures the number of public facilities per inhabitant
within a 1200m buffer. Table 12 below provides a
summary of some of the proximity thresholds for
access to public facilities found in difterent holistic
resilient neighbourhood design frameworks within the
literature.

SOURCE INDICATOR |DEFINTION PROXIMITY
TARGET
Rueda (2012) Proximity to Public facilities include cultural and civic centres, 300-600m
public facilities | sports facilities, educational facilities, health centres,
and welfare / service centres.
DCS (2009) Civic amenity “Civic amenities include public facilities such as: 400m
proximity schools, community centres, libraries, public safety
offices, places of worship, recreational facilities, and
licensed childcare facilities”. (pg.26)
Markovich et al | Easy access “Project is within easy walking distance of arts, 400m !
(2018) to cultural cultural, leisure, and recreational facilities”. (pg.82)
destinations
LEED (2009) | Nearby “Diverse uses” here includes ‘civic and community 400m
neighbourhood | facilities’ such as places of worship, public libraries,
assets (defined as [ community or recreational facilities, social service
“diverse uses”) centres, and government offices that service.
EcoDistricts Housing is close | Here ‘daily needs’includes public facilities such as civic, | 800m
(2017) to facilities that | educational, and recreational centres.
offer a complete
set of daily needs
RNDT Public facilities | The number of public facilities per inhabitant within a | 1200m
1200m buffer.

Table 12 above shows the proximity thresholds for public facilities used by different holistic resilient design frameworks within the literature. It should be noted

that the 1200m threshold used by the RNDT (which is slightly higher than those values found elsewhere in the literature) has been recommended by the social
policy department of the City of Vancouver.

1’Easy walking distance” within the literature is typically considered to be about 400m (Evangelopoulos, 2014).
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Public facilities such as libraries and community centres are an integral component of a healthy and resilient neighbourhood. Photo of Trout Lake Community

Centre (Vancouver) sourced from the City of Vancouver.
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Communal Amenity

Space

Communal amenity spaces can contribute directly

to urban resilience by creating a space for people

to socialize, exercise, play, and relax — all of which
positively impacts the wellbeing of people and the
overall resilience of communities (Tavakoli, 2017).
Higher quality communal amenity spaces that are
tunctional and appealing to use attract more people
and encourage greater social interaction (Farida, 2013;
Willliams, 2005). For example communal amenity
spaces that are permeable and visible are more likely to
be perceived as ‘safe’, meaning people are more likely
to spend a greater amount of time there. This increases
the opportunity for social interaction (Monfared &
Hashemnejad, 2015), which in turn can enhance
social capital and contribute to community resilience.
Design features which enhance the quality of outdoor
communal amenity space include the presence of

and weather conditions (Mehta & Bosson, 2010;
Whyte, 1980).

For residential developments, the ‘Hey Neighbour!
study carried out by the City of Vancouver (2018)
found that shared amenity spaces such community
gardens, workshops, party rooms, shared kitchens,
courtyards, playgrounds, balconies, and rooftop patios
can be effective in encouraging social interaction and
increasing neighbourly connection, which contribute
to social resiliency. Building massing which creates

a central partially-protected shared amenity space
where social interaction can occur between neighbours
(such as an outdoor courtyard predominantly enclosed
by building massing) has also been demonstrated to
contribute to more sociable neighbourhoods (Abu-
Ghazzeh, 1999). In standard multi-family housing
developments, The Happy City Happy Homes toolkit
recommends creating sub-clusters within residential
developments where no more than 12 households
share a semi-private amenity space in order to facilitate
interaction and contribute to social capital amongst

residents (Happy City, 2017). The justification for this

Shared amenity spaces can contribute to resilience by creating an appealing space for human
interaction and socializing to occur, which can in turn strengthen social ties and build community
resilience. Photo sourced from Samantha Edwards via Now.

vegetation (Sullivan et al, 2004), appropriate seating
and resting options (Carmona, 2019), solar access
(Capeluto et al, 2006), and appropriate shade and
shelter from wind and rain during difterent seasons

is that a smaller number of households sharing an
amenity space can reduce feelings of over-crowdedness
and anonymity, and increase opportunities for regular



contact between neighbours which builds trust and
social capital (Happy City, 2017). Designing flexible
amenity spaces that allow the space to be used in a
variety of different ways is also recommended by this

toolkit (Happy City, 2018).

Due to the importance of community amenity spaces
in providing an anchor place for social capital to
flourish and contribute to the social resilience of a
community, the RNDT uses ‘community amenity
space’ (which measures the percentage of multi-family
GFA with communal amenity space) as a resilience
indicator. Similar indicators have been used in holistic

M. Poskitt

resilience assessments elsewhere such as in Sharifi and
Yamagata (2016), where ‘public spaces and communal
facilities’is discussed as an important criterion for
assessing urban resilience. The Community Wellbeing
Framework developed by Markovich et al (2018) also
uses several indicators at both the neighbourhood and
building scale to assess whether communal amenity
spaces have been provided for social interaction,
including a metric which assesses if a “project provides
a minimum of 0.4m2 per full-time occupant of
interior space for social gathering” and whether the
“project provides access to outdoor social gathering

space” (pg.47).

The Happy City Happy Homes toolkit recommends creating sub-
clusters within residential developments where no more than 12
households share a semi-private amenity space in order to facilitate
interaction and contribute to social capital amongst residents.
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Conclusion

Although the purpose of this document has largely
been to explore and describe the relationships between
built form and performance in a neighbourhood
design context, a parallel purpose has been to establish
the level of support within the literature for the
indicators used in the RNDT. In this respect, several
insights can be drawn from this research.

Firstly, this research has found that generally within
the literature there is a sizable body of support behind
each indicator and clear threads linking the indicator
to resilience outcomes. This provides an academic
grounding and validation for the choice of indicators
used in the RNDT] and ensures that the RNDT is

an objective and research-informed tool. Where an
absence of support was evident, some indicators were
dropped and new ones adopted. In this regard, the
research process behind the creation of this document
has at times been iterative, with research findings
shaping the choice of some indicators and/or metrics
and how these are used, which then set the scence for
further research.

For many indicators, such as greenspace proximity,
residential density, and noise pollution, quantitative
performance thresholds were able to be easily
identified within the literature and incorporated into
the RNDT accordingly. In some instances however,
identifying specific performance thresholds proved
more elusive. Partly, this may be because many of the
holistic resilience assessment frameworks referenced
within the literature tend to be post-occupancy

tools that focus on high-level relationships and
patterns rather than on specific design details and
benchmarks. Given that one of the inherent challenges

of identifying hard thresholds and cut-off points is
avoiding apparent arbitrariness, it is also plausible that
many researchers may be more likely to describe an
association or relationship between two phenomenon,
rather than describing a specific threshold at which
that relationship occurs, strengthens, weakens,
plateaus, or stops. Identifying that there is a positive
relationship between greenery and mental health for
instance, is one matter. Identifying whether there is
an optimal amount and type of greenery which can
maximize human wellbeing and whether there is a
cut-oft point at which the benefits of greenery for
human health subside or plateau are inherently more
difficult and detail-orientated questions which have
tended to receive less attention within the literature.

Moving forward, identifying meaningful and reliable
performance thresholds will continue to be a key
challenge for the RND'T. It is anticipated that future
pilot studies, ongoing comparison and alignment
with the results of post-occupancy assessments, and
actual usage of the RNDT to test different local
neighborhoods will be helpful in this respect, and
will enable continual refinement in how different
indicators and metrics are applied.

Finally, this research has shown that the relationships
between built form and resilience are abundant,
diverse, and complex. It is hoped that this document
will shed some light on these relationships, and be a
useful guide for those seeking to better understanding
and leverage urban design in order to improve the
performance of communities, neighbourhoods, and
cities.
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