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Preface

Conventional stormwater systems in cities were designed to quickly drain the stormwater runoff from urban areas to
minimize flooding. However, this hydrologically efficient system of gutters and big pipes was also very efficient in
transferring contaminants and sediment to receiving creeks and waterways. This invariably caused a substantial reduction
in their ecological health, and a destruction of their stream morphology by erosion and/or sediment smothering. Stormwater
is essentially a diffuse pollution source and, as such, it is much more challenging to manage than point sources such as the
discharge from sewage treatment plants and factories.

Over the last few decades Australia has invested many hundreds of millions of dollars into sewage treatment to reduce
the contaminant loads into the bays and estuaries that surrounded most of its major cities. The attention of society is now
turning to urban creeks and rivers that provide such important ecosystem services to their communities. Many of these
waterways have been straightened and lined with concrete to make them more efficient conduits to transport the extra
rainfall runoff from rapid urbanization.

Urban society has also developed the aspiration to be more locally self-sufficient and to protect the remaining natural
urban ecosystem, involving effluent reuse, stormwater capture and reuse, rainwater tanks, combined with more energy-
efficient technologies. Hence the concept of water sensitive urban design (WSUD) started to take off in Australia in the
1990s, with new ways of designing and building suburbs, which do not rely on the direct drainage of runoff from
impervious surfaces to waterways. Moreover, there was an emphasis on alternative urban water supplies, renaturalization
of water courses and associated riparian areas, and installing vegetative technologies that not only looked attractive in the
urban street, but also delivered a much-improved stormwater quality.

Given the connectedness of the global community, it’s not surprising that this WSUD concept emerged in other
countries of the world, although each had their own nomenclature and drivers. Hence the terms: best management practices
(BMPs), green infrastructure (GI), integrated urban water management (IUWM), low impact development (LID), low
impact urban design and development (LIUDD), source control (SC), stormwater control measures (SCMs), sustainable
urban drainage systems (SUDS), Sponge City, and experimental sewer systems (ESS). The specific drivers for this
innovation also varied between countries, with North America initially focusing on water quality improvement, while
much of Europe was driven by the need to reduce local flooding and overflows from their “combined sewers,” which carry
both stormwater and sewage. Australia focused on water quality protection, waterway ecosystem protection, and littoral
zone conservation, while other countries, such as China, are facing urban water shortages that somewhat perversely are
accompanied by regular flooding, and impaired stormwater quality.

Even though these approaches are comparatively new, we find ourselves today with a wide range of WSUD tech-
nologies, design models, descriptive terms, driving objectives, guidelines, regulations, effectiveness metrics, and economic
values as part of societies’ journey to urban sustainability.

WSUD approaches are implemented in existing and new developments to address impacts from climate change,
urbanization, and population growth. Incorporating WSUD as a mainstream practice in urban developments can play a
significant role in the transition from the current water, wastewater, and stormwater systems to a more sustainable paradigm
including mitigating impacts from climate change and urbanization. WSUD systems can deliver multiple benefits including
water supply, stormwater quality improvements, flood control, landscape amenity, healthy living environment, and
ecosystem health improvement of urban waterways.

So, if we know so much about WSUD, why do we need to write another book on it? The answer we think is in the vast
store of data, information, and social drivers that can make distilling “the knowledge” a very difficult task for the student,
the water practitioner, and the urban planner.
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It is also important to understand what WSUD cannot do, especially for protection from low-frequency flooding events
and the high erosion losses and stream degradation that can occur during civil construction before WSUD measures are
implemented. The challenge is getting the right mix of hydrology with water quality and design aesthetics to protect, or
restore, the natural functioning of a complex urban water ecosystem, which helps create a sense of place for new urban
communities.

In this book, we aim to provide a holistic overview of WSUD technologies, their applications, and successes using
Australian and international studies (mainly North America and Northern Europe). The book has 27 chapters, each written
by different authors, and has been divided into several themes. These chapters are described in brief to provide overview of
the associated themes.

1. HISTORY OF WSUD AND WSUD APPROACHES

Chapter 1 sets the scene for water sensitive urban development, both historically and geographically. It considers the
evolution of ecologically sustainable stormwater management in Europe, North America, United Kingdom, Asia,
Australia/NZ and introduces terms used in those countries, such as LID, SuDS, Sponge City, and GI. A key underlying
principle of WSUD/LID is to emulate the natural hydrology of a site by using decentralized management measures.
However, the drivers for adopting WSUD can be quite different between countries, and includes: sewer overflow pro-
tection, flood management, access to green space, water quality protection, waterway ecosystem protection and littoral
zone conservation, and stormwater harvesting and reuse.

Chapter 2 focuses on the WSUD technologies used in Australia. Avoidance measures (such as permeable pavement)
avoid the generation of contaminated stormwater runoff from allotments. Mitigation measures (including gross pollutant
traps, swales, bioretention basins, wetlands, and smart street trees) are typically implemented to detain and treat stormwater
runoff. The selection of technologies is heavily influenced by the preferences of local authorities and site-specific con-
siderations such as soil type and slope and existing assets. Despite over 20 years of WSUD practice in Australia, there is
still much to be learned about the performance of many of the treatment technologies, as installed in the field. Nonetheless,
simple visual assessment of healthy plant growth is a very useful criterion of the operational effectiveness of vegetated,
treatment devices.

2. STORMWATER QUALITY

Chapter 3 discusses the chemical and microbiological characteristics of stormwater and the types and efficacies of typical
stormwater quality mitigation measures. Catchment characteristics including stormwater and wastewater infrastructure,
land-use activities, traffic characteristics, and climate are key influencers of water quality. The authors give a detailed
description of pollutants’ build up and wash off processes, and how these may be modeled. Detections of pharmaceuticals,
human pathogens, and human-specific biomarkers in stormwater from catchments with separate sewers highlight the need
for further research on pollutant transport processes.

3. DESIGN GUIDELINES AND REGULATIONS

Chapter 4 discusses the international, national, regional, and local planning and design guidelines that have been developed
by various agencies for the sustainable implementation of WSUD/LID systems. These guidelines help water professionals
to plan, design, and implement these approaches based on urban development requirements, water quality and hydrology
criteria, catchment characteristics, local climatic conditions, local regulations, and environmental and community
considerations.

Chapter 5 reviews WSUD policy and regulation in Australia and internationally. Case studies from Australia, Europe,
the United States, and Singapore show how the mix of policies, incentives, regulation, capacity building, and institu-
tional perceptions at various levels impact the institutional culture and context in each jurisdiction. Municipal gov-
ernment has typically been the key agent for WSUD implementation. However, collaboration is required across
discipline areas and stakeholders to support and empower local government and community in the implementation of
WSUD.
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4. POTENTIAL FOR WSUD

Chapter 6 reminds us that most WSUD features are designed to be multifunctional elements that provide benefits to runoff
volume, peak flow rate, water quality, and stream ecology. The systems are also intended to reduce flooding and peak flows
from small and frequent storms. Critical parameters for successful flood mitigation performance are detention storage size,
the portion of catchment impervious area connected to the storage, and the rate at which the storage is emptied. Their
efficacy to reduce flooding and peak flows from larger, less frequent storms at the broader catchment scale has yet to be
confirmed.

Chapter 7 discusses the use of GI stormwater controls such as rain gardens, swales, and porous pavement to alleviate
the magnitude and frequency of combined sewer overflows (CSO). Although many modeling studies have demonstrated
the potential of large-scale use of these controls for CSO reduction, there have been few monitoring efforts. This chapter
reviews two such large-scale projects in the United States, which monitored the performance of retrofitted GI in combined
sewer catchments with areas of 8e40 ha.

Chapter 8 examines the impacts and magnitude of sediment loads generated during the construction phase of subdi-
vision and compares this with the loads generated during the operational phase of developmentdtraditionally the major
focus of WSUD in Australia. Without application of erosion and sediment control measures, sediment export from the
construction phase is orders of magnitude greater than the sediment export from unmitigated operational-phase runoff.
Even with application of conventional best practice measures, the construction-phase loads are still equivalent to nearly a
decade of operational-phase sediment exports. The author recommends that much greater emphasis should be placed on the
construction phase in regulation and research.

Chapter 9 introduces the role of stormwater and roof water harvesting for beneficial use as part of an integrated WSUD
approach to urban development. An effective scheme must combine sufficient rainfall, a suitable catchment, opportunities
for diversion and storage, adequate demands, and water treatment suitable for the proposed end uses. Other issues dis-
cussed include stormwater contamination, validation and verification, and governance issues. However, the main im-
pediments for operators to develop harvesting schemes with regulatory and financial confidence are the uncertainties with
the long-term operation, governance, and compliance requirements.

5. ECOLOGICAL HEALTH COVERING IMPACTS AND BENEFITS FROM WSUD

Urban development changes the hydrology of catchments (including runoff volume, frequency, and peak flow) and the
transport of sediment, nutrients, and pollutants. Consequently, it has a degrading impact on urban stream morphology and
in-stream biota. A key question is whether, and to what extent, WSUD can prevent these changes. Chapter 10 suggests that
WSUD can restore hydrology at small scales; however, restoration at the catchment scale is much more challenging, and
there is limited evidence that existing techniques are effective. Chapter 11 finds that even when WSUD measures are
implemented to help restore more natural flow patterns, degraded water quality can have an overriding influence on stream
ecosystem health.

Chapter 12 discusses the changes to stream morphology and the opportunities for WSUD to ameliorate the impact.
WSUD has been successful in reducing pollutant loads and providing some reductions in flow volume. However, current
practice has commonly failed to arrest the geomorphic degradation of streams, due in part to the fact that WSUD has rarely
been applied at a catchment scale, sufficient to mitigate the increased magnitude and frequency of runoff from connected
impervious areas.

In Chapter 13 we learn that engineered urban lakes primarily increase amenity and property values and provide a flood-
mitigation purpose. The failure of many urban lakes to remain in a healthy ecosystem usually stems from poor design and a
lack of runoff pretreatment. Once a lake changes to a degraded state, it is very difficult to recover the initial healthy state.

6. WSUD ECONOMICS AND OPTIMIZATION

Economic assessment of WSUD investments is challenging. Data shortages and the broad range of nonfinancial benefits
provided by WSUD make it difficult to rigorously quantify economic benefit. Chapter 14 provides a framework to
overcome these difficulties. Costebenefit analysis (CBA) transparently provides a decision-maker with a decision metric
for proceeding with an investment, or otherwise. Total Economic Value (TEV) identifies and categorizes all benefits
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accruing from an investment, including environmental and social benefits that may be difficult to quantify. A remaining
challenge to rigorous economic assessment is the data availability of environmental and social benefits produced by
WSUD investments.

Chapter 15 discusses how optimization methods can be used to plan and design WSUD schemes to achieve the best
outcomes and identify system trade-offs between a range of economic, social, and environmental indicators. Two case
studies consider the selection, sizing, and layout of WSUD components for water quality improvement and stormwater
harvesting. Future developments in optimization are also discussed.

7. WSUD IN INTEGRATED URBAN WATER MANAGEMENT AND URBAN PLANNING

Chapter 16 outlines a case study from Melbourne, Australia, where water industry experts discuss the practical infra-
structure and urban planning processes to achieve the vision of IUWM and WSUD. Effective coordination of policy
development, strategy, planning, and implementation of WSUD approaches is required to overcome the primary barriers to
achieving these visions.

Chapter 17 focuses on the lessons from South Africa in WSUD and GI, planning, application, and implementation. It
describes the need for context-driven design guidelines and for emerging middle class South Africa to become familiar
with WSUD approaches, the importance of social benefits, and the integration of WSUD into mainstream spatial planning.

WSUD is currently applied at the local municipal level, with much of the current planning and design-related WSUD
material focused on stormwater harvesting, management, and maintenance-related issues such as greening roads and street
verges, open space areas, and a cities’ landscape features. Chapter 18 highlights the opportunity for WSUD to contribute to
and enhance urban sustainability through the relatively new concepts of healthy and liveable cities, which can be used to
promote sustainability and provide economic and social benefits to communities.

8. URBAN HEAT ISLAND AND GREENING THE CITY

Urbanization can lead to the development of the urban heat island effect, whereby public health and thermal comfort are
adversely affected. Chapter 19 provides examples from various climates to illustrate how the application of GI (including
parks, street trees, green roofs, and green walls) and WSUD approaches can be effective in mitigating increased urban air
temperature.

Chapter 20 reviews the key elements of resilient green roof and living wall systems. Green roofs and living walls are
becoming an important component of WSUD systems and provide many environmental, economic, and social benefits
such as: reduced temperatures both inside and outside of buildings, reduce building energy usage, improved air quality, and
reduced pollution levels. This chapter will assist urban planners and designers in developing resilient GI for cities,
particularly those located in dry climates.

Chapter 21 provides a European perspective on the use of novel urban water systems in greening and cooling the urban
environment. Although WSUD design principles usually focus on stormwater management, this chapter provides examples
of the integration of urban wastewater into WSUD.

9. CAPACITY BUILDING AND COMMUNITY PERCEPTION FOR WSUD

As the stormwater components of WSUD have gained traction, large numbers of SCMs have been constructed as new
assets. However, failure to appropriately maintain and operate these WSUD assets runs the risk of reducing public support
for the implementation and adoption of WSUD approaches. Chapter 22 describes the challenges, operation, and main-
tenance requirements, and an eight-step process is described to develop WSUD asset management plans for the ongoing
operation and maintenance of SCMs as a mainstream activity in local authorities.

Capacity-building programs are a critical component for the successful delivery and operation of WSUD systems. As
WSUD systems are comparatively new, different skills for their planning, design, operation, and maintenance are required,
and the associated capacity building programs are still evolving. Chapter 23 uses a case study from South Australia to
follow the process of developing a business case and implementing a capacity building program. Successful capacity
building results in the efficient delivery of assets, an improved return on the investment, and reduces the risk of asset
failure.
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The community can easily recognize the improved aesthetics, greenspace, and recreational amenity features of above
ground WSUD systems. However, there is a need to educate the community about the benefits of other less visual out-
comes such as water quality improvement and flood mitigation. Chapter 24 explores five dimensions of people’s attitudes
to, and engagement with, WSUD systems: visibility; recreation and other amenity; economic benefits for residents; place
attachment; and social capital and community engagement. Interventions that increase awareness of WSUD benefits
strengthen social capital within a community and helps support WSUD over the long term.

10. WSUD POST IMPLEMENTATION ASSESSMENT AND CASE STUDIES

Postimplementation assessment of developments designed with WSUD features is essential to learn from on-ground
implementation of such systems to better inform future developments. Chapter 25 describes a case study from Kansas
City, Missouri, USA, where a linear regression model was developed and verified with field data using a limited palette of
SCM installations. The model was demonstrated to reliably estimate stormwater removal/capture by SCMs in the
catchment. The performance of SCMs over a range of rainfall events during a 3-year monitoring period was shown to be
effective in preventing CSO and supported the efficacy of green solutions in reducing urban runoff.

Chapter 26 provides a precinct-scale case study of an infill development near Perth, Western Australia. The devel-
opment implemented a range of sustainable water, energy, and urban greening initiatives in a medium density site of mixed
building typologies. Understanding the delivery process and learnings from the on-ground implementation experience are
an important factor for the success of future such developments.

Chapter 27 provides Australian and international case studies of some leading edge WSUD approaches and discusses
the challenges and benefits from implementing WSUD. The findings reinforce the importance of WSUD being integrated
across different urban functions, stakeholders, and levels of government. The benefits of WSUD often extend beyond the
primary objective of improved urban stormwater management, reflecting the multifunctional nature of many WSUD
approaches. Case study findings can be used to refine standards and guidelines, build confidence in the WSUD approaches,
and help build public understanding and engagement in the benefits of WSUD. The studies also identified the importance
of using economic instruments that reflect the true cost of different stormwater management approaches, thereby helping
create financial incentives for the adoption of WSUD.

Ashok K. Sharma
Ted Gardner
Don Begbie
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Chapter 20

The Role of Green Roofs and Living
Walls as WSUD Approaches in a
Dry Climate
Simon Beecham1, Mostafa Razzaghmanesh2, Rosmina Bustami1 and James Ward1

1Natural and Built Environments Research Centre, University of South Australia, Adelaide, SA, Australia; 2ORISE Fellow at US Environmental

Protection Agency, Edison, NJ, United States
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ABSTRACT
The addition of green infrastructure, including green roofs and living walls, into buildings is part of a new approach to urban design
aimed at resolving current problems associated with built environments. Green roofs and living walls are becoming an important
component of water sensitive urban design systems, and their use around the world has increased in recent years. Green roofs can cover
the impermeable roof areas that densely populate our urban areas, and through doing so, can provide many environmental, economic,
and social benefits. In addition to roofs, there are a number of bare walls that have the potential to be transformed into vegetated, living
walls. Living walls can potentially improve air quality, reduce pollution levels, reduce temperatures inside and outside of buildings,
reduce building energy usage, and improve human health. Despite such benefits, both green roofs and living walls are relatively new
technologies, and there are several research gaps and practical barriers to overcome before these systems can be applied more widely.
Furthermore, specific design criteria need to be developed for a range of climatic conditions to develop resilient green infrastructure.
Consequently, several field experiments comprising both intensive and extensive green roof test beds, as well as living walls, have been
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recently established. In these recent research studies, stormwater quality and quantity, hydrological behavior, plant performance, and
thermal benefit have been investigated. The findings of these studies can be used to identify the key elements of resilient green roof and
living wall systems.

Keywords: Green Infrastructure; Green Roofs; Green Roof Hydrology; Living Wall; Low Impact Development; Stormwater Quality;
Water Sensitive Urban Design; Thermal Performance.

This chapter will describe several experimental and modeling studies that have been conducted on both living walls and
green roofs. In terms of field experiments, the quality and quantity of runoff from both intensive and extensive green roofs
are discussed, as is the use of fertilizers in green roof and living wall systems. In terms of modeling applications, the effects
of different scenarios of adding green roofs to a typical urban environment are explained using industry available tools
such as the commonly used ENVI-met software (Huttner and Bruse, 2009). Finally, in terms of green roof and living wall
design, methods of optimizing plant performance are described including plant selection, media type and depth, irrigation
management, and other important design factors. In addition, opportunities to recycle and reuse outflow water from green
roofs and living walls for end uses such as irrigation and toilet flushing are explored using current design standards.

This chapter should assist urban planners and designers in developing resilient green infrastructure models for cities
with dry climates around the world.

20.1 WATER SENSITIVE URBAN DESIGN

Over recent decades, the hydrologic cycle of water has changed significantly because of continuous changes in Australian
green spaces from forest or similar vegetation to urban environments (ANZECC, 2000). Australia is one of the most
urbanized countries in the world with 85% of its inhabitants living in towns or cities (Skinner, 2006). The growth rate of
urbanization has led to changes of green spaces with large impervious areas such as roofs, car parks, roads, highways, and
paving. This in turn has led to changes in the urban hydrologic cycle. In an investigation by Razzaghmanesh et al. (2012),
various studies from Europe, North America, Asia, Australia, and New Zealand were compared to understand how green
roofs could be adapted to meet water sensitive urban design (WSUD) objectives in Australia. It was found that green roofs
are used as an important WSUD infrastructure around the world, but that this technology is very much in its infancy in
Australia. Furthermore, specific design criteria needs to be developed for the wide range of climate conditions found in
Australia. WSUD, however, is not a single technology but rather it is a systems approach (Beecham, 2003). Australian
cities have developed guidelines on developing water-sensitive cities. For example, the Adelaide 30-year Plan (South
Australia Government, 2010) articulates a vision for the Adelaide community beyond 2037. The purpose of the plan is to
promote Adelaide as a city that is recognized worldwide as livable, competitive, and resilient to climate change. Generally,
WSUD can be used as a strategy for incorporation across a wide range of urban development scales, including residential
homes, roads, vehicle parking areas, subdivisions, multistorey units, commercial and industrial areas, and public land.
Green roofs, living walls, permeable pavements, and wetlands are some of the commonly used WSUD technologies that
aim to improve water quality reduce flood risk, and enhance biodiversity in urban areas (Fig. 20.1). There is also a concept

FIGURE 20.1 One Central Park in Sydney Australia with its 1200 m2 of living wall.
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known as blue roofs which is an unvegetated system designed to retain water above an impermeable membrane, either
temporarily or permanently. Blue roofs can provide a number of benefits including storage of rainfall to reduce runoff
impacts, and storage for reuse purposes such as toilet flushing and irrigation. Because of the risk and consequences of
leakage into buildings, blue roofs are seldom used in practice, and are considered beyond the scope of this chapter.

20.2 GREEN ROOF AND LIVING WALL CONCEPTS

20.2.1 Extensive green roofs

Extensive green roofs are those in which the depth of the growing media is generally <150 mm, although Table 20.1
provides different definitions of green roof depth from various authors (Berndtsson et al., 2010; Fassman and Simcock,
2012). Extensive green roofs are lightweight structures with drought-tolerant, self-seeding vegetated cover. The vegetation
has to cope with little or no irrigation during the roof’s operational life. Generally, they are constructed on roofs with slopes
up to 33%. Because of their relatively low weight, it is often possible to retrofit them on existing structures without
installing extrastructural support. Fig. 20.3(a) shows a schematic of a typical extensive green roof.

20.2.2 Intensive green roofs

Intensive green roofs are those where the growing media depth is generally >150 mm and are often covered with shrubs,
grassed areas, and occasional trees (FLL, 2002). They are usually installed on flat roofs (Fig. 20.2). Regular maintenance,
such as watering, weeding, and fertilizing, is needed to keep intensive green roofs alive (Berndtsson et al., 2008). They can
also be used as amenity areas. Fig. 20.3(b) shows a schematic of a typical intensive green roof.

20.2.3 Categorization of green walls

Green wall is a general term for a vertical wall covered in vegetation. Other terms for plants grown on vertical landscaping
include vertical greenery system, vertical garden, green vertical system, vertical green, bioshader, and vertical landscaping.
It is commonly agreed that these can be divided into two categories according to the installation and growing methods for
these systems. These categories are green façades and living walls (Dunnett and Kingsbury, 2008; Köhler, 2008; Manso
and Castro-Gomes, 2015; Safikhani et al., 2014a) (see Fig. 20.4).

In direct green façades, the vegetation is rooted in the ground and grows vertically on the wall. For indirect green
façades, climbing plants grow vertically on trellises, cables, or mesh support systems without attaching to the surface of the
building (Fig. 20.5). A living wall on the other hand is a building envelope system where plants are planted and irrigated on
a structure attached to the wall without relying on a ground level rooting media (Fig. 20.6). Popular systems include living
walls with modular boxes, felt pockets, planter boxes, and hydroponic systems. Green façades have received more
attention in Europe (Dunnett and Kingsbury, 2008; Pérez et al., 2014), whereas living walls are generally more popular in
Asia (Pérez et al., 2014).

TABLE 20.1 Green Roof Nomenclature Based on Media Thickness, as Described by Various Authors

Intensive (mm) Extensive (mm) References

>150 �150 Fassman-Beck et al. (2013) and Fassman and Simcock (2012)

150e1200 50e150 Kosareo and Ries (2007)

>500 e Köhler et al. (2002)

150e350 30e140 Mentens et al. (2006)

>100 <100 Hien et al. (2007)

>300 e Berndtsson et al. (2006)

>100 20e100 Graham and Kim (2005)

Modified from Berndtsson, J.C., Bengtsson, L., Jinno, K., 2010. Runoff water quality from intensive and extensive vegetated roofs. Ecological Engineer-
ing, 35, 369e380.

The Role of Green Roofs and Living Walls as WSUD Approaches in a Dry Climate Chapter | 20 411



Apart from being aesthetically pleasing, green walls provide environmental, social, and economic benefits which are
attributed to their design, plant choice, density of vegetation, and location. Examples of these environmental, social, and
economic benefits are listed in Table 20.2.

Investigations into green façades have taken place since the 19th century, but there has been an increasing number of
guidelines and other publications since the 1980s (Köhler, 2008). It has only been since the early 2000s that studies have

FIGURE 20.2 Intensive green roof at the Fairmont hotel in Singapore.

FIGURE 20.3 Schematics and photos of (a) an extensive (depth � 150 mm) green roof profile and (b) an intensive (depth > 150 mm) green roof profile
(Razzaghmanesh, 2015).
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begun into living walls. There are a number of factors to consider in selecting a suitable green wall. Initial installation and
maintenance costs for green façades are lower than for living walls, making them a more economical choice. However,
living walls offer a wider selection of plants and are often considered more aesthetically pleasing than green façades.
Living walls also have the capacity to provide instant cooling upon their installation, whereas green façades may take
several years to colonise the entire wall (Dunnett and Kingsbury, 2008; Ottelé et al., 2011; Perini and Rosasco, 2013).

Recent studies have confirmed that both green façades and living walls can mitigate the urban heat island (UHI) effect
by creating a microclimate. One of the key benefits of green walls over other shading devices is the capability of plants to
repartition solar radiation and sensible heat into latent heat during the transpiration process (Scarpa et al., 2014). In
addition, green walls act as a layer of insulation, thereby reducing building heating demand in cooler climates.

Green walls

Green façades

Direct green
façades

E.g., ivy/
traditional green

walls

Indirect green
façades

E.g., trellis, cable,
or mesh support

Living walls

Modular

E.g., modular boxes,
felt pockets,

planter boxes

Vegetated mats

E.g., felt systems,
hydroponic

FIGURE 20.4 Types of green walls.

FIGURE 20.5 Green façade at the Hotel Boss in Singapore.
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In various green façade studies, the maximum surface temperature differences between a green façade and a bare
control wall were 15.2�C in Lleida, Spain (Pérez et al., 2011), 11.3�C in Nagoya, Japan (Koyama et al., 2013), 12.6�C in
Chicago, USA (Susorova et al., 2014), and 9.9�C in Bangkok, Thailand (Sunakorn and Yimprayoon, 2011). Similar
positive temperature differences have also been measured for living walls compared with bare control walls. For example,
in the Mediterranean climate of Adelaide, South Australia (Fig. 20.7), the maximum temperature difference recorded
between a living wall and a control wall was 14.9�C in the summer of 2015 (Razzaghmanesh and Razzaghmanesh, 2017).
In experiments conducted in Italy a maximum temperature difference of 20�C was recorded between a living wall and its
bare control wall (Mazzali et al., 2013).

Both experimental and modeling studies have shown that living walls provide more cooling benefits compared with
green façades, including providing instant cooling to the building surface following its installation (Jaafar et al., 2013;
Ottelé et al., 2011; Perini and Rosasco, 2013; Safikhani et al., 2014b; Wong et al., 2010). In humid, tropical Singapore,
living walls were up to 7�C cooler than green façades (regardless of the percentage of green cover) (Wong et al., 2010),
whereas in Malaysia living walls were 0.5e1.5�C cooler than a green façade (Safikhani et al., 2014b).

A simulation exercise for Mediterranean climates showed that green façades/living walls could save up to 43% of the
cooling energy costs. It was shown also that a living wall with planter boxes could reduce heating energy demand by up to
6% compared with only a 1% saving for green façades (Ottelé et al., 2011).

Mazzali et al. (2013) demonstrated that a living wall’s overall outgoing heat flux was measured at �87 W/m2 compared
with the incoming heat flux of 30 W/m2 on its bare wall. This measured difference in net energy flux from the wall is
presumably due to the significant shielding effect of the green cladding that reduces the amount of incoming energy from

FIGURE 20.6 Living wall at the Marina Barrage in Singapore.

TABLE 20.2 Environmental, Economic, and Social Benefits of Green Walls

Category Benefits

Environmental Temperature reduction from shading
Improved air quality
Carbon dioxide sequestration from photosynthesis
Sound attenuation
Improved flora biodiversity in urban areas

Economic Reduced energy demand and increased energy efficiency of buildings
Suitable for retrofitting projects

Social Increased human health and well-being
Improved building esthetic

Hui, S.C.M., Zhao, Z., 2013. Thermal regulation performance of green living walls in buildings. In: Joint Symposium 2013: Innovation and Technology
for Built Environment, Hong Kong, pp. 1e10; Safikhani, T., Abdullah, A.M., Ossen, D.R., Baharvand, M., 2014a. A review of energy characteristic of
vertical greenery systems. Renewable and Sustainable Energy Reviews 40, 450e462; Sheweka, S., Magdy, A.N., 2011. Living walls as an approach for a
healthy urban environment. Energy Procedia 6, 592e599.
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the sun. It is also due to other factors, including the type of vegetation, the latent heat of evaporation, and the reflection
coefficient for solar radiation. In a Mediterranean climate, their experiment recorded a 12e20�C surface temperature
reduction on sunny days and a 1e2�C temperature reduction on cloudy days. This demonstrated yet again the potential of
green walls to mitigate the UHI effect, at least locally.

The installation and maintenance costs of green wall systems can be expensive, as confirmed by cost-benefit analyses
undertaken by several researchers. Installing and maintaining living walls costs approximately US$150/m2 compared with
US$45/m2 (in today’s costs) for green facades (Perini and Rosasco, 2013). However, some unquantifiable benefits such as
increased flora biodiversity, aesthetic values, and UHI mitigation, were not included in the analysis.

A lifecycle assessment by Ottelé et al. (2011) for different green wall types indicated that direct green façades are the
most economically sustainable, followed by modular pot living wall systems (Fig. 20.8).

20.3 GREEN ROOF ELEMENTS

The outer layer of a green roof system consists of vegetation. In theory, almost any plant species could be used for green
roof applications, providing they are suited to the climatic region, grown in a suitable substrate, and are given adequate

FIGURE 20.7 Experimental living wall at the University of South Australia.

FIGURE 20.8 Modular box-type living wall in Xi’an, China.
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irrigation (Oberndorfer et al., 2007; Rowe et al., 2012). Wind stress resulting from eddy formation around tall buildings
may need to be accounted for in the selection of plants. Visibility and accessibility are other selection criteria. Although
Sedum remains the most commonly used genus for green roofs in cold climates, the range of green roof vegetation is wide.
Researchers have tested many herbaceous and woody taxa under various rooftop conditions since the 1980s (Durhman
et al., 2004; Monterusso et al., 2005).

Heinze (1985) compared combinations of various Sedum species, grasses, and herbaceous perennials, planted in two
substrate depths in simulated roof platforms. Slow-growing sedum performed well in thin substrates. Grass and herbs had
better performance in deeper substrates. It should be noted that Sedum is classified as a weed in many states of Australia.

20.3.1 Growing media

Growing media is the supporting layer for vegetation in a green roof system. The media should be lightweight, well
drained, have good moisture storage capacity, and should be able to resist biological breakdown over time (Getter and
Rowe, 2006). An optimum growing media is: 80%e90% (by volume), of lightweight inorganic aggregate (LWA), and
10%e20% organic matter (OM). LWA provides a porous media for water and gas exchange, whereas the OM provides
nutrient supply and retention, as well as promoting a rootzone ecology essential for plant growth (Friedrich, 2005; Fassman
and Simcock, 2012).

A commonly used standard for growing media properties is the FLL (Forschungsgesellschaft Landschaftsentwicklung
Landschaftsbau) guideline (FLL, 2002). Other standards for various countries are listed in Table 20.3. Note that the
inorganic matrix can include scoria, ash, pumice, sand, coir, pine bark, chemically inert porous foams, and recycled
materials such as crushed bricks and roof tiles.

20.3.2 Root barrier

Root barriers are often used in green roofs to protect the roof’s waterproofing membrane (Fig. 20.9) from plant root growth.
The most common type of root barrier is a thin polyethylene sheet, laid over the waterproofing membrane. This may not be
required if the waterproofing membrane is certified as root-resistant. The root barrier must also be resistant to the humic
acids produced when plants decompose. Separation sheets are sometimes installed between the waterproofing layer and
root barrier to provide additional protection and to separate materials that are not compatible (Green Roof Australia, 2010;
Carpenter, 2014).

20.3.3 Drainage layer

The primary role of a green roof drainage layer is to remove the excess water from rainfall as quickly as possible, and to
refill external storages for future irrigation use. Basically, green roof drainage systems can be divided into two classes:
aggregate drains and geocomposite drains. These may be combined or used separately in conjunction with the drain outlets
(Wingfield, 2005). Aggregate drainage layers less than 100 mm in depth should be freely drained. With deeper layers,
drainage restriction (by textural layering) can be used to increase the water-holding capacity of the overlying media. A
number of granular materials considered suitable include gravel, lava and pumice, expanded clay and slate, and recycled
materials such as crushed roofing tiles or bricks.

Geocomposite drains are any drains composed of two or more materials, one of which is a geosynthetic (Carpenter,
2014; Wingfield, 2005). Geocomposite drains may also include heavy duty high-density polyethylene with excellent load-
bearing capacity to retain and drain water (Fig. 20.10). Depending on the product chosen, the drainage layer can often take
the weight of a pedestrian or even vehicular traffic, with a design life of 50 years.

20.3.4 Insulation layer or protection mat

Protection mats are often used to protect the building’s waterproof membrane from damage during installation of the green
roof. The most common materials used are water-permeable, hard-wearing, and dense synthetic fibers, polyester, and
polypropylene. Protection matting is installed directly on top of the waterproofing layer for root-resistant membranes or on
top of the root barrier layer, providing further protection against root penetration, as well as doubling as a separation sheet
(Green Roof Australia, 2010).
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TABLE 20.3 Tests for Developing Local Recycled Growing Media in Different Climates

Researchers Country Purpose Materials

Tests or

Targets Standards

Molineux
et al. (2009)a

United
Kingdom

Characterizing
alternative recycled
waste materials for
use as green roof
growing media in
the United Kingdom

Crushed red brick, clay
and sewage sludge,
paper ash, carbonated
limestone

l pH
l Particle size

distribution
l Loose bulk

density
l Particle

density
l Leachate

analyses

1. Particle size
distribution: BS EN
933-2:1996

2. Loose bulk density and
void spaces: BS EN
1097-3:1998

3. Particle density and
water-holding capacity:
(BS EN 13055-1:2002)

4. Leachate analysis: BS
EN 12457-3:2002

Fassman and
Simcock
(2008, 2012)

New
Zealand

Development and
implementation of
locally sourced
extensive green roof
substrate in New
Zealand
Moisture
measurements as
performance criteria
for extensive green
roof substrates

Blend of 70% 4e10 mm
pumice, 10% 1e3 mm
zeolite, 15% pine bark
fines plus mushroom
farm waste, and 5% peat
and installed at a depth
of 70 mm
70% v/v 4e10 mm pum-
ice, 10% v/v 1e3 mm
zeolite, and 20% organic
matter at a 100 mm
depth are recommended
to maintain plants
without irrigation
(excluding drought
conditions) and
minimize weeds while
preventing runoff from
storms with less than
25 mm of rainfall

l Retention of
a design
storm

l Wet system
weight

l Dry bulk
density

l Minimum
target
permeability

l Minimum
plant cover

1. FLL (2002, 2008):
German guidelines for
green roofs

2. AS/NZS 1170

Rayner
(2010)

Australia Choosing substrates
for Australian green
roofs

Gravels, sands, topsoil,
scoria (various grades),
crushed clay brick,
bottom ash (enviroagg)
products, pumice,
perlite, recycled
plastics (chips and
beads), light expanded
clay granules, foam
flakes (urea formalde-
hyde) and vermiculite

l Porosity
(air-filled
porosity)

l Permeability/
hydraulic
conductivity

l Water-
holding
capacity

l Particle size
distribution

1. Australian Standards:
AS 3743 Potting Mixes

2. FLL Guidelines (2002,
2008): German
guidelines for green
roofs

aThe addition of organics also significantly reduced the pH of the recycled aggregates making growing conditions for plants more favorable in these
substrates.

FIGURE 20.9 Installation of a roof barrier sheet in an experimental green roof in Australia. The drainage layer is the black open matrix.
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20.3.5 Roof structure

It is generally possible to install a green roof on any roof type irrespective of the material and slope, subject to safety and
load-bearing considerations. However, green roofs are generally installed on concrete roof decks because of structural
integrity, ease of design, durability, and amenity considerations (Carpenter, 2014). As described by Munby (2005), it is
often quite difficult to obtain as-constructed structural drawings for existing buildings, especially for those over 10 years
old. A structural survey is therefore recommended in the majority of cases to determine a building’s roof load-bearing
capacity before designing the retrofit of a green roof (Castleton et al., 2010).

20.4 LIVING WALL ELEMENTS

There are several factors to be considered in determining the choice of green wall, especially in dry climates. This includes
their design and performance, as well as installation and maintenance costs. The choice of green wall type (green façades or
living walls) will very much affect installation and maintenance costs. Perini and Rosasco (2013) took into consideration
the yearly maintenance costs of pruning and irrigation. They found that annual pruning of green façades will generally
begin 4 years after installation. However, the environmental and social benefits of living walls were found to start
immediately on installation. Selection of plant species and growing media are among the core considerations in designing
green wall structures. These have to be carefully evaluated to suit the location and environment of the green wall, thus
maximizing the benefits delivered by the system.

Installation and maintenance of green façades are generally less complicated than living walls; therefore, the following
sections will briefly discuss green façades but will focus more heavily on living wall elements.

20.4.1 Vegetation

Vegetation plays the critical role in any green wall system. While nonvegetative building cladding only contributes to
shading, the thickness of vegetation combined with transpiration processes contribute to both shading and temperature
regulation of a building and its microclimate. Plant selection depends largely on the building orientation and climatic
conditions including local weather. Evergreen and native plants are often preferred for minimum maintenance and to
prolong the lifetime of the system. The canopy cover, canopy thickness, and plant morphology are among the factors
contributing to the cooling benefits of green walls (Cameron et al., 2014; Manso and Castro-Gomes, 2015; Stav and
Lawson, 2012). Other associated variables that contribute to thermal cooling benefits include vegetation height, leaf
reflectivity, and leaf emissivity (Stav and Lawson, 2012).

Flexibility in plant selection allows the creation of attractive patterns, colors, texture, and thickness (Manso and
Castro-Gomes, 2015). Such systems are generally more popular with designers and building residents. Living walls offer a
wide selection of growing methods and plants, unlike green façades, which are limited to climbing plants. Perennial and
native plants usually minimize maintenance and irrigation needs for living wall installations (Perini and Rosasco, 2013;
Mårtensson et al., 2014). A living wall system with low water usage is often preferable in terms of its lifecycle performance
(Natarajan et al., 2014).

FIGURE 20.10 Example of a synthetic green roof drainage material showing the raised 3D structure creating drainage channels. The material is high-
density polyethylene.
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Drought-tolerant succulent carpets have also been used in living wall applications following their successful use in
green roofs (Manso and Castro-Gomes, 2015). However, as living walls are vertically orientated they are not well suited
for succulent plants, which often require near horizontal growing surfaces. A “decision tree” developed by Perini et al.
(2013) recommended evergreen shrubs for living walls, while evergreen climbing species were preferred for green façades.

20.4.2 Growing substrate

Research into the selection of growing media in living walls is limited. Selection of a substrate media is important because
it influences plant root growth and the subsequent growth of the living wall plants (Jørgensen et al., 2014; Weinmaster,
2009). Popular substrates for living walls include rock wool, coir, peat, and potting soil (Weinmaster, 2009), as well as
hydroponic media, which supply nutrients through the irrigation water. Lightweight materials are generally preferred
because of the increasing weight of growing vegetation.

20.5 GREEN ROOF HYDROLOGY

An important strategy in sustainable urban drainage systems and WSUD is “at-source” runoff control (Berndtsson et al.,
2010; Roehr and Fassman-Beck, 2015). Green roofs are viewed as a best management practice to attenuate peak runoff
flows in urban areas (Palla et al., 2010). Therefore, one of the more important issues in green roof studies is their hy-
drology. The following section describes recommendations on green roof hydrology based on previous studies.

20.5.1 Rainfall and runoff relationship in green roofs

Most researchers have used the water mass balance equation to study the hydrologic behavior of green roofs (Mentens
et al., 2003). A steady state form is given by (Vilareal and Bengtsson, 2005)

Pþ I� E� Q� Dþ DS ¼ 0 (20.1)

where, P, precipitation, E, evapotranspiration, Q, runoff, D, deep percolation, DS, water storage in the system, and I, irri-
gation (summer irrigation if need be).

By neglecting D, as deep percolation rarely occurs in green roof systems, the equation becomes

Q ¼ Pþ I� E� DS (20.2)

In most water balance studies of green roofs, the main objective is to estimate the various components of this equation.

20.5.2 Runoff comparison between green and conventional roofs

Green roofs provide a substantial opportunity to reduce both runoff volume and peak discharge from roofs (Fassman-Beck et al.,
2013). The most significant differences between the outflow hydrographs from conventional roofs and green roofs are the peak
flow and the time of runoff movement on the surface (Berndtsson et al., 2010). Fig. 20.11 shows the rainfall and conventional
roof and green roof runoff as measured by Razzaghmanesh and Beecham (2014) from an experiment in Adelaide, Australia.
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FIGURE 20.11 Cumulative rainfall together with conventional roof and green roof runoff hydrographs.
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20.5.3 Retention capacity of green roofs

Hydrological studies of green roofs, especially studies focusing on water retention in green roofs, began in Germany
several decades ago (Mentens et al., 2006). There has since been rapid growth of the green roof industries in both Germany
and North America. In a study of two green roofs undertaken in Portland, Oregon, USA, by Hutchinson et al. (2003) the
precipitation retention was calculated as 100% in the ( non snow) warm seasons and 69% on average.

Voyde et al. (2010) studied the hydrology of a green roof in Auckland (NZ) and found, a 66% retention of precipitation
over a one year period. They concluded that, regardless of rainfall properties, green roofs can significantly reduce runoff
and in particular the maximum runoff rate. For some rainfall events green roofs could retain 82% of average rainfall and
reduce peak flows by up to 93%.

Four extensive green roofs and three conventional (control) roofs were investigated by Fassman-Beck et al. (2013) in
Auckland, New Zealand, over a 2-year period. Runoff reductions of over 50% were measured from green roofs with
substrate depths of 50e150 mm and >80% plant coverage. Runoff rarely occurred from storms with <25 mm of rainfall.
Peak discharge rates were 60%e90% less than those from conventional roofs, and did not vary seasonally.

20.5.4 Rainfall events

Rainfall is one of the most important factors in the water mass balance equation. In this section, rainfall characteristics such
as design rainfall intensity, duration, and frequency are discussed. As Mentens et al. (2006) discussed, according to the
German guideline (FLL, 2002), a design rainstorm is defined as an event having rainfall of 300 L/s/ ha during 15 min,
equivalent to 27 mm in 15 min. Furthermore, peak runoff during design rainstorm events is defined as the amount of runoff
during the last 5 min of rainfall (FLL, 2002).

Carter and Rasmussen (2006) found an inverse relationship between the depth of rainfall and the percentage of rain
retained. For small storms (<25 mm), 88% was retained, for medium storms (25e75 mm), 54% was retained, whereas for
large storms (>75 mm), 48% was retained. The moisture conditions of the roof materials before the storms were not given.
Similarly, Simmons et al. (2008) found that all small rain events (<10 mm) were completely retained by the green roofs.
However retention also depends on rainfall intensity.

Villarreal-Gonzalez and Bengtsson (2005) found that water retention by green roofs depended to a large extent on
rainfall intensity. The lower the intensity, the larger the retention. For a rainfall intensity of 24 mm/h and roof slopes of 2
and 14 degrees, retention was 60% and 40% of the simulated precipitation, respectively. As rainfall intensity increased to
80 mm/h, the retention reduced to 21% and 10%, respectively. Considering the high permeability of the green roof media,
this response was unexpected. However, Bengtsson (2005) also found that the water storage capacity of a green roof was
related to the rainfall intensity and that the vertical percolation process through the growth media dominated the
rainfallerunoff relationship. In a 24-month study by Razzaghmanesh and Beecham (2014) in Adelaide, Australia, the
experimental intensive and extensive green roofs were able to retain 100% of all the rainfall from 1-year Average
Recurrence Interval (ARI) events with a duration of less than 7 h (Fig. 20.12).
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FIGURE 20.12 Monitored rainfall-runoff events compared with Adelaide’s Intensity-Duration-Frequency curve (IDF curves).

420 Approaches to Water Sensitive Urban Design



20.5.5 Effect of design parameters on green roof hydrological performance

In this section, the influence of parameters such as slope, substrate material and depth, and vegetation cover on green roof
hydrology is discussed, based on published studies from various countries with different climates.

20.5.5.1 Slope

The published literature is inconclusive regarding the effects of slope on green roof hydrology. Some researchers argue that
an increase in slope can cause an increase in green roof runoff. Others posit there is no relationship between slope and
water retention in green roofs (Berndtsson et al., 2006; Mentens et al., 2006). On the other hand, others believe higher roof
slopes reduce outflow and improve the water retention properties of green roof systems (Köhler et al., 2002). Generally,
studies on the effect of slope on green roofs have been combined with examining the effect of other factors. VanWoert
et al. (2005) tested the effects of two slopes, 2% and 6.5%, and growing media with 2.5, 4.0, and 6.0 cm depths for a range
of rainfall events. The test beds with 2% slope and 4 cm media depth had the greatest mean retention at 87%. They
concluded that outflow runoff is decreased with less slope and deeper growing media. Similar results were reported by
Getter et al. (2007) who constructed green roof beds with four slopes (2%, 7%, 15%, and 25%) and found the maximum
retention value (86%) was in the 2% slope roof. Moreover, time for runoff initiation increased and peak discharges reduced
for all slopes.

20.5.5.2 Vegetation

The amount of transpiration from green roofs depends on the local climate and the type of vegetation. Some studies have
been undertaken to examine the plant species and/or their combinations to improve the performance of green roofs.
Dunnett et al. (2008) examined the influence of vegetation composition on runoff in two green roof experiments. In the first
experiment, an outdoor lysimeter was used to investigate the quantity of runoff and evapotranspiration from trays con-
taining 100 mm growing media, and a combination of grasses and forbs with bare substrate. In their second experiment,
conducted in a laboratory, simulated rainfall was used to understand how much water was retained by different vegetation
types. In both cases, a combination of vegetation worked best in terms of water retention. In another study, Schroll et al.
(2010) monitored runoff from conventional roofs with impervious surfaces, roofs with a half-impervious surface area, and
a vegetated roof. During winter rainfall events, vegetation had no influence on roof water retention. In contrast, in summer
periods, vegetated roofs retained more water than the other two roof types.

20.5.5.3 Substrate

Substrates or growing media are another important factor in the design of green roofs in that they can improve the water
retention performance of these systems.

Beck et al. (2011) evaluated changes in water discharge quality and quantity from an extensive green roof after adding
biochar, which is a carbon-based soil amendment promoted for its ability to retain nutrients in soils. Green roof trays with
and without biochar were planted with Sedum or ryegrass and subjected to two sequential 74 mm/h rainfall events using a
rainfall simulator. The 7% biochar treatment showed increased water retention, reduced peak runoff rates, and a significant
decreases in the discharge of nitrogen, phosphorus, and dissolved organic carbon.

20.5.6 Hydrological modeling of green roofs

Carter and Jackson (2007) observed that there were few studies that have examined the impact of green roof applications
on the hydrology of an urban catchment. Consequently, they used local green roof rainwater retention data to model the
hydrologic effects of green roofs in an urban catchment at a variety of spatial scales. Spatial analysis identified areas of the
catchment where green roofs would significantly reduce the fraction of total impervious area. Subsequent hydrological
modeling demonstrated that appropriately located green roof implementation could significantly reduce peak runoff rates,
particularly for small storm events.

Palla et al. (2012) developed a conceptual linear reservoir using a simple mechanistic (HYDRUS-1D) model to
simulate the hydrologic behavior of green roof systems in an urban environment at the University of Genova, Italy. This
model was calibrated and validated using data collected from an experimental green roof site. The hydrographs from the
hydrologic model reproduced, with acceptable accuracy, the experimental measurements, as confirmed by the Nashe
Sutcliffe efficiency index being generally greater than 0.60. Indeed, they concluded that the layered roof structure and each
green roof component could be designed to improve the hydrologic process. The mechanistic model, based on a single
porosity approach, was able to adequately describe the variably saturated flow within the thin stratigraphy.
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20.6 STORMWATER QUALITY

The quality of discharges from green roofs is important as it is often reused or discharged to receiving waters. Previous
studies have shown that stormwater quality can be a major challenge for green roof designers. This section summarizes the
results of previous studies that have investigated green roof water quality.

20.6.1 Green roof water quality

A green roof can act as a sink for the contaminants that occur in rainfall such as nitrogen and phosphorus species. An
investigation of water quality in the outflows from green roofs was started in Germany some time ago and continued by
other researchers. NO, NO2, NO3, NH3, TKN, TN, and NH4 are various forms of nitrogen which are often investigated in
green roof systems. For green roofs, the PO4 forms of total phosphorus (Tot-P) are often studied because PO4 is the most
bioavailable form. Anions, cations, and OM are examples of other commonly studied constituents, as shown in Table 20.4.
The growing media of green roofs, applied fertilizers, applied water for summer irrigation, and air pollutants are the major
sources of green roof pollutants.

20.6.2 Factors affecting water quality

Berndtsson et al. (2010) concluded that the factors potentially influencing green roof runoff quality can be summarized as
follows:

l Type of material used (composition of soil, material of drainage and/or underlying hard roof material, pipe material);
l Soil thickness;

TABLE 20.4 Summary of the Water Quality Constituents Measured in Green Roof Outflows Across the World

Region Country Researcher Nutrients Cations Anions

Heavy

Metals

Organic

Matter

Europe Sweden Berndtsson et al. (2006,
2008), Berndtsson et al.
(2010)

NO3, NH4, PO4,
Tot-N, Tot-P

Cr, Fe,
K, Mn

Cd, Cu, Pb,
Zn

DOC

Germany Steusloff (1998) Cd, Cu, Pb,
Zn

Köhler et al. (2002) NO3, PO4 Pb, Cd

Estonia Teemusk and Mander
(2007)

Tot-P, Tot-N, PO4,
NO3, NH4

Ca, Mg SO4 BOD,
COD

North
America

USA Monterusso et al. (2004) NO3, Tot-P

Hathaway et al. (2008) TKN, NO3, NO2,
NH3, Tot-N, Tot-P,
and OP

Bliss et al. (2009) P, Tot-N SO4 Pb, Zn, Cd COD

Alsup et al. (2010) Cu, Fe,
Mn

Cr, Ni, Pb,
Zn, Cd

Carpenter and
Kaluvakolanu (2011)

NO2, P, TSS

Gregoire and Clausen
(2011)

TKN, NO3 þ NO2,
NH3, Tot-P, and PO4

Cd, Cr, Pb,
Zn

Canada Van Seters et al. (2009) Tot-P, PAH Ca, Mg

Australia Australia Razzaghmanesh et al.
(2014a), Beecham and
Razzaghmanesh (2015)

NO3, NO2, NH3,
PO4

B, Ca,
K, Mg,
Fe

Na, Cl Cd, Cu, Pb,
Mn, Mo and
Zn
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l Type of drainage;
l Maintenance/chemicals used (including fertilizers);
l Type of vegetation and seasonal growth pattern;
l Dynamics of precipitation;
l Wind direction;
l Local pollution sources; and
l Physicochemical properties of pollutants.

20.7 GREEN ROOF VEGETATION GROWTH FACTORS

20.7.1 Vegetation diversity

Green roofs often provide a harsh and stressful growing environment which only a limited range of plant species are able to
tolerate. However, ecological theory suggests that highly diverse or species-rich vegetation might be more resistant and
resilient to severe environmental stress (Nagase and Dunnett, 2010). To assess this hypothesis, a complex experiment was
set up to investigate the influence of vegetation diversity on plant survival following an imposed drought. Twelve species
were selected from the three major taxonomic plant groups commonly used for green roofs (forbs, Sedums, and grasses)
and planted in combinations of increasing diversity and complexity, overlaid with three watering regimes. Greater sur-
vivability and higher visual rating occurred with a diverse plant mix under dry conditions (irrigated every 3 weeks).
Drought tolerance in Sedums was superior to that of forbs and grasses, which in turn were little different to each other. It
was recommended that irrigation may be unnecessary if Sedum species alone are used for an extensive green roof, as they
can survive more than 3 weeks without watering, in UK growing conditions. However, if forbs or grasses are used,
frequent irrigation is required to maintain good visual quality.

Oberndorfer et al. (2007) explained that climatic condition is also one of the major factors influencing selection of green
roof plants. The nature of rainfall and extreme temperatures may restrict the use of certain species or it may necessitate the
use of irrigation. Native plants are generally considered ideal choices for landscapes because of their adaptations to local
climates. However, many native plants appear to be unsuitable for conventional extensive green roof systems because of
the harsh environmental conditions, and typically shallow substrate depths. Local policies for biodiversity and nature
conservation may affect the establishment of locally distinctive and representative plant communities. Monterusso et al.
(2005) found only 4 of the original 18 native prairie perennial species remained growing in the 10 cm substrate after
3 years. In comparison, all nine nonnative species of Sedum thrived. In addition, Dunnett et al. (2008) reported that the
most commonly used green roof vegetation is a mix of predominantly exotic (nonnative) Sedum (stonecrop) species that
have very low maintenance requirements. The species used were generally low growing carpeting plants that were drought-
resistant and capable of growing on thin substrate depths. They concluded that green roof vegetation with greater structural
and species diversity may provide different benefits than Sedum-dominated roofs.

20.7.2 Substrates

Oberndorfer et al. (2007) argued that the depth of the substrate has a significant effect on vegetation diversity and the range
of suitable species. Substrate depths between 20 and 50 mm have rapid rates of desiccation and high diurnal temperature
variations. However, they can still support simple Sedumemoss communities. Increasing substrate depths to 70e150 mm
supported a more diverse mixture of grasses, geophytes, alpines, and drought-tolerant herbaceous perennials, but these
were also more vulnerable to weed invasion.

In another study by Rowe et al. (2012), the effect of green roof media depth on Crassulacean plant succession was
investigated over 7 years in south central Michigan, USA. 25 succulents (various species of Graptopetalum, Phedimus,
Rhodiola, and Sedum) were grown in three media depths (25, 50, and 75 mm). Deeper media depths generally produced
greater survival rates and better coverage (Bates et al., 2013).

20.7.3 Suitable plants for Australian green roofs

Williams et al. (2010) suggested that a major barrier to the widespread uptake of green roofs in Australia, and regions with
similar dry climates, is the lack of plants that can both survive and be aesthetically attractive under local climatic
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conditions. To survive in temperate northern hemisphere climates, green roof plants need to be adapted to heat, cold, sun,
wind, and water deficit, and be tolerant to some root inundation (Snodgrass and Snodgrass, 2006). Similar criteria will
apply to roofs in southern hemisphere cities, although the plants will generally not be required to tolerate freezing con-
ditions. However, plants will often be required to have much greater tolerance to longer, and more extreme, periods of
water-deficit stress. While Sedums are widely used in northern hemisphere green roofs, there are concerns about their
suitability for southern hemisphere countries. Some Sedum species can switch their photosynthetic pathway from C3 to a
C4 crassulacean acid metabolism (CAM) during periods of water stress (Borland and Griffiths, 1990; Castillo, 1996). This
allows the plants to open their stomata at night and store carbon dioxide for subsequent photosynthesis during the day. This
reduces water loss and increases water use efficiency. However, Sedum species have a relatively weak CAM potential
(Castillo, 1996; Razzaghmanesh et al., 2014b,c) and may need relatively low temperatures, either during the day or at
night, to perform CO2 exchange when water stressed (Kluge, 1977).

In recommending suitable plants for south eastern Australian climates, Farrell et al. (2012) evaluated the effects of
severe drought (113 days without water) on the growth, water use, and survival of five succulent species (Sedum
pachyphyllum, Sedum clavatum, Sedum spurium, Disphyma crassifolium, and Carpobrotus modestus) planted in three
different green roof growing media with different water-holding capacities. Water use determined survival under severe
drought conditions, with the higher water use species (D. crassifolium and C. modestus) dying at least 15 days earlier than
Sedum species, which are conservative water users. Farrell et al. (2012) found that to maximize survival, green roofs in
continuous or seasonally hot and dry climates should be planted with species that have high leaf succulence and low water
use, in substrates with high water-holding capacity.

In the tropical climate of Queensland, Australia, Perkins and Joyce (2010) found that the native plants Myoporum
parvifolium (creeping myoporum) and Eremophila debilis (winter apple) and the exotic plant, Sedum sexangulare
(tasteless stonecrop), displayed the greatest survival rates and coverage on an extensive green roof.

20.8 THERMAL PERFORMANCE OF GREEN ROOFS

In urban environments, vegetation has largely been replaced by dark and impervious surfaces such as asphalt, road
highways, and roofs (Oberndorfer et al., 2007). This brings more serious environmental problems such as flooding and
UHI effects (Carter, 2011). The UHI effect is expressed as higher urban temperatures due to the repartitioning of solar
radiation into sensible heat rather than the latent heat emboded in evapotranspiration (Bacci and Maugeri, 1992).
Consequently, towns and cities are significantly warmer than their surrounding suburban and rural areas, particularly at
night. The UHI effect depends principally on the modification of energy balance, as well as the effect of urban canyons
(Landsberg, 1981), the thermal properties of building materials (Montávez et al., 2000), the substitution of green areas with
impervious surfaces that limit evapotranspiration (Takebayashi and Moriyama, 2007; Imhoff et al., 2010), and decreases in
the urban albedo (Akbari and Konopacki, 2005).

Many studies have established a correlation between an increase in green areas and a reduction in local temperatures
(Takebayashi and Moriyama, 2007), suggesting the augmentation of urban vegetation as a possible mitigation strategy for
the UHI effect. As densely urbanized areas have few residual spaces that can be converted into green areas, one solution is
to convert conventional dark, flat roofs into vegetated areas. Approximately 20%e40% of the impervious area in an urban
environment is occupied by roofs (Akbari et al., 2003; Carter and Jackson, 2007; Kingsbury and Dunnett, 2008).

Increasing the fraction of vegetated surfaces in urban areas is associated with increasing albedo (Solecki et al., 2005),
which is the reflection of incoming short-wave radiation away from a surface. A regional simulation model using a
uniformly distributed green roof coverage of 50% showed temperature reductions as great as 2�C in some areas of Toronto,
Canada (Bass et al., 2002).

20.8.1 Urban heat island effects

UHI effects have a significant impact on building energy consumption and outdoor air quality (Mirzae and Haghighat,
2010). There are several approaches to study the UHI effect, including multiscale models, empirical observations, and
simulation techniques. Because of the complexity of UHI effects, multiscale modeling is not generally feasible. Instead,
observations or theoretical approaches have most often been employed. However, the causes of UHI effects differ in
different climates, and even with different city features. Therefore, general conclusions cannot be made based on limited
empirical monitoring data. With recent progress in computational tools, simulation methods have often been used to study
UHI effects.

424 Approaches to Water Sensitive Urban Design



20.8.2 Available numerical models

There are two common numerical models used for urban microclimate studies and particularly UHI investigations namely:
RayMan (Matzarakis et al., 2007) and ENVI-met (Huttner and Bruse, 2009). ENVI-met is a three-dimensional non-
hydrostatic model for the simulation of surfaceeplanteair interactions. It is often used to simulate urban environments and
to assess the effects of green infrastructure on urban and built environments. It is designed for microscale applications with
a typical horizontal resolution of 0.5e10 m and a typical temporal resolution of 24e48 h, with a time step of 1e5 s. This
resolution enables the analysis of small-scale interactions between individual buildings, surfaces, and plants. The RayMan
model estimates the radiation fluxes and the effects of clouds and solid obstacles on short-wave radiation fluxes. The
model, which takes complex structures into account, is suitable for utilization and planning purposes at both the local and
regional scales.

20.8.3 Green roof mitigation of urban heat island effects

Susca et al. (2011) evaluated the thermal effects of vegetation at both the urban and building scales. The UHI effect was
monitored in four areas of New York City, USA, and an average temperature difference of 2�C was found between the
most vegetated and the least vegetated areas. Green roofs showed a potential for decreasing the use of energy for cooling
and heating and, as a consequence, reducing peak energy demands.

In another study by Alexandri and Jones (2008), a two-dimensional microscale model was used to study the thermal
effects of covering the building envelope with vegetation for various climates and urban canyon geometries. The effect of
temperature decreases on outdoor thermal comfort, and energy savings were investigated and it was found that plants on
the building envelope can be used to ameliorate the UHI effect. From this quantitative research, it was shown that there is
potential for lowering urban temperatures when the building envelope is covered with vegetation. It was also shown that air
temperature decreases at roof level can be up to 26.0�C with an average daytime decrease of 12.8�C. At ground level,
decreases in temperature reached up to 11.3�C maximum with an average daytime decrease of 9.1�C. Overall the hotter
and drier a climate is, the greater the effect of vegetation on urban temperatures. However, it has been pointed out that
humid climates can also benefit from green surfaces, especially when both walls and roofs are covered with vegetation. For
example, Alexandri and Jones (2008) recorded an 8.4�C maximum temperature decrease for humid Hong Kong. Tem-
perature decreases due to vegetation are primarily affected by the amount and geometry of the vegetation itself rather than
by the building orientation in street canyons, in hot periods. If applied to the whole city scale, green roofs can mitigate
increased urban temperatures and, especially for hot climates, bring temperatures down to more comfortable levels. They
can also reduce energy cooling costs for buildings by 30%e100%.

Skelhorn et al. (2014) tested seven green space scenarios that might be applied at a block or neighborhood level and
investigated the resulting microclimate changes that can be achieved through such applications for Manchester, a city in
temperate North West England. The research employed ENVI-met to compare the changes in air and surface temperatures
on a warm summer’s day in July 2010. The modeling demonstrated that, even in in temperate cities, a 5% increase in
mature deciduous trees can reduce mean hourly surface temperatures by 1�C over the course of a summer’s day.

Perini and Magliocco (2014) investigated the effects of several variables that contribute to the UHI effect and outdoor
thermal comfort in dense urban environments. The study was conducted using the three-dimensional ENVI-met model.
The effects of building density (% of built area) and canyon effect (building height) on potential mean radiant temperature
and Predicted Mean Vote (PMV) distribution were quantified. PMV is a method of describing thermal comfort. The in-
fluence of several types of green areas (vegetation on the ground and on roofs) on temperature mitigation and on comfort
improvements was investigated for different atmospheric conditions and latitudes in a Mediterranean climate. It was found
that vegetation on the ground and on roofs mitigated summer temperatures, decreased the indoor cooling load demand, and
improved outdoor comfort. The results of this study also showed that vegetation is more effective in environments with
higher temperatures and lower relative humidity.

Coutts et al. (2012) explained how the combination of excessive heating driven by urban development, low water
availability, and future climate change impacts could threaten human health and amenity for urban dwellers. They
reviewed the literature to demonstrate the potential of WSUD to help improve outdoor human thermal comfort in urban
areas and support climate sensitive urban design (CSUD) objectives within the Australian context. They further argued that
WSUD provides a mechanism for retaining water in the urban landscape through stormwater harvesting and reuse while
also reducing urban temperatures through enhanced evapotranspiration and surface cooling. It was also shown that WSUD
features are broadly capable of lowering temperatures and improving human thermal comfort and, when integrated with
vegetation, have the potential to meet CSUD objectives. However, the degree of benefit (the intensity of cooling and
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improvements to human thermal comfort) depends on a multitude of factors including local environmental conditions, the
design and placement of the systems, and the nature of the surrounding urban landscape.

The ability of two types of extensive and intensive green roofs to reduce the surrounding microclimate temperature was
monitored by Razzaghmanesh et al. (2016). The results showed that green roofs have significant cooling effects in summer
time and could behave as an insulation layer to keep buildings warmer in the winter. Furthermore, different scenarios of
adding green roofs to the Adelaide urban environment were investigated using the ENVI-met model. The scenario
modeling of adding green roofs in a typical urban area supported the hypothesis that this can lead to reductions in energy
consumption in the Adelaide urban environment. In addition, an increased use of other WSUD technologies, such as green
walls and street trees, together with the adoption of high-albedo materials is recommended for achieving the optimum
efficiency in terms of reducing urban temperatures and mitigating UHI effects.

20.9 CONCLUSION

Green roofs and living walls are increasingly important components of WSUD systems and have become widely used
around the world in recent years. Green roofs can cover current impermeable roofs that densely populate our urban areas
and by so doing, can provide many environmental, economic, and social benefits. Despite such benefits, green roofs are
relatively new in regions with a dry climate, and there are several research gaps and practical barriers to overcome before
these systems can be applied more widely. Furthermore, specific design criteria need to be developed for both green roofs
and living walls for a range of weather conditions to develop climate-resilient systems. Improving water quality is one of
the objectives of WSUD. However, some WSUD components, including green roofs and living walls, might indeed act as
pollutant sources particularly during the early years of plant establishment. Nitrogen, phosphorus, potassium, chloride, and
heavy metals have all been detected in both green roof and living wall outflow samples collected in several studies. These
are believed to be largely sourced from applied fertilizers, the growing media components, or irrigation water application.
Even so, pollutant concentrations in the outflow from green roofs and living walls are normally within the recommended
ranges for nonpotable reuse such as toilet flushing and urban irrigation, but are seldom within the guideline ranges for
potable consumption. Some of the environmental and social benefits of green roofs and living walls derive from the se-
lection of aesthetically pleasing plants.

In the design of green roof systems in a dry climate, the size of the plants, the combinations of green roof layers, and the
time of planting should all be taken into consideration. Stormwater quantity control is another main objective of WSUD.
Regardless of the configuration, both extensive and intensive roof profiles can retain significant volumes of stormwater
runoff. The peak attenuation of the recorded events is usually in the range of 15%e100%. This indicates that green roofs
can, if designed appropriately, serve as effective source control structures. Intensive green roofs have generally displayed
more capacity for retaining water, which is important in dry climates where the retained water may reduce the need for
supplementary irrigation.

Both green roofs and living walls are able to mitigate the UHI phenomenon. In various macroscale studies, the addition
of green roof areas reduced electricity consumption. This is a very important strategy with respect to developing low
carbon, resilient, and livable cities. A longitudinal study over a 5e10-year period would be ideal for examining the
changing performance over time of green roofs and living walls. In addition to better understand plant growth mechanisms,
further investigations using monoculture plantings might provide important information to understand individual plant
water requirements, water use efficiencies, evapotranspiration rates, and cooling potential.
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BIOENV routine, 235
Biofilm coverage, 275
Biofilters, 67, 259
biofilters/bioretention basins, 63e64, 64f

Biofiltration, 67
stormwater, 133e134

Biogas production, 440
Bioretention
component, 64
“end-of-life” case study, 464e465
pits, 578
SCMs, 524
stormwater, 133e134
systems, 38e40, 131e132, 457, 459f, 463f

Biota, 231
Blackwater management, 434
Blackwater module, 440
Blue infrastructures, 442, 447
Blue roofs, 410e411
Blue-green infrastructures, 447
Blunder Creek tributary (WSUD treatment),

231e232
Blunder Creek WSUD site, pH and

impacts of iron precipitate at,
239e242

box plots, 240f
BMPs. See Best management practices

(BMPs)
BORG (Multiobjective EAs), 307
BrayeCurtis similarity matrix, 235
“Bridging Program Manager” project, 489
Britain, SUDS, 6
Brushy Creek, 218, 218f
Buffer strips, 461, 461f
Building and Sustainability Index scheme

(BASIX scheme), 11
Building Code of Australia (BCA), 547
Building thermal performance,

improved, 571
Business planning/strategic direction, 490

C
Caffeine, 51e52, 59
California Water 21 reuse scheme, 505
CAM. See Crassulacean acid metabolism

(CAM)
Canada, LID, 4e5
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Capacity building, 476e486
assessing needs of industry, 481e482
benefits of WSUD capacity building, 479
future of WSUD capacity building,

492e494
lessons learned (2000e15), 482e486
needs of capacity building, 481
objectives, 477e478
South Australia case study, 486e492
targeted WSUD capacity building, 482,

483te485t
tools and techniques, 478e479
ways to build capacity, 479e481
for WSUD, 475e476

Capacity building programs (CBPs),
475e476, 482

Capacity factor (CF), 55e56
Capital costs (CAPEX), 290, 488
Carbon-based soil amendment, 421
Catastrophic ecosystem change, 274
Catchment

changes, 220
details, 189
flow regimes restoration at catchment scale,

222e224
land uses past and present, 186
level model prediction, 534e535
outflow pipe measurement, 527
outlet, 318
prediction model, 533e534, 533t
runoff attributes, 272
water balance, 210e213

Catchment management authority (CMA),
318e320, 323f

Catchment model prediction, 535e537
mass balance, 536f
monitored sites compared to average

catchment SCM, 536t
SCM watershed-wide capture analysis, 537t

CBA. See Costebenefit analysis (CBA)
CBD. See Central business district (CBD)
CBPs. See Capacity building programs

(CBPs)
CEA. See Cost-effectiveness analysis (CEA)
Cellular systems, 194e195

Atlantis Flo-Tank cellular storage
installation, 195f

Central business district (CBD), 383
Centralized infrastructure approach, 435
CF. See Capacity factor (CF)
Channel erosion, 257
Channel evolution model, 251, 253f
Channel form and function in urban

catchments
implications of channel form and function

changes, 255
stream channels product of catchment

inputs, 250e251
urbanization impacts
on channel morphology, 252e253
on geomorphic functioning, 251

variability in stream response, 253e254
Channel incision, 251
Channel morphology

urbanization impacts on, 252e253
WSUD systems for protection and

rehabilitation of, 258e261
Channel reconfiguration approaches, 250
Chao Phraya river delta, 19
Chartered Institution of Water and

Environmental Management, 140
Chemical oxygen demand (COD), 36
China, Sponge Cities, 16e18
Choice experiment, 509
Choice modeling method, 296
Cholera, 432
Cincinnati GI demonstration project, 146e152

Cincinnati State Technical and Community
College, 146

Cincinnati Zoo, 146e147
Clark Montessori High School, 148
observed flow reductions at project

locations, 148e152
Cincinnati State Technical and Community

College, 146, 148t
Cincinnati Zoo, 146e147, 149f, 150t, 151f
CIRIA. See Construction Industry Research

and Information Association (CIRIA)
City of Gold Coast, 43
City of Salisbury, 12e13
City State Continuum for urban water

management, 121f
Civil construction phase, 250
CLABSA. See Clavegueram de Barcelona S.

A (CLABSA)
Clark Montessori High School, 148,

150f, 151t
Clavegueram de Barcelona S. A

(CLABSA), 9
Clean Water Act (CWA), 101
Cleansing reedbed, 311
Climate, 210

adaptation, 449
sensitive planning, 449

Climate change, 255e256, 435,
448e449, 493

adaptation, 448e449
impact on pollutant processes, 56
potential impacts on WSUD devices

performance, 67e69
scenarios, 312e313

Climate change and consequences for water
cycle (KLIWA), 448e449

Climate changeeconsequences, risks, and
adaption (KLARA), 448e449

Climate sensitive urban design (CSUD),
425e426

CMA. See Catchment management authority
(CMA)

Coarse sediment forebays, 457, 457f
COD. See Chemical oxygen demand (COD)
Collinear data treatment, 530
Combined sewer overflow (CSO), 131, 140

full-scale monitoring of WSUD/GI benefits
for CSO control, 144e158

green infrastructure integrated into CSO
control strategy, 141e144

stormwater in CSO management plans, 158

Combined sewer system (CSS), 571e572
Combined sewers, 2, 140, 140f

case study of combined sewer system
initiatives, 143t

stormwater control measures to reduce flows
to, 141e144

Common pool resources, 513e514
Communal roofwater harvesting, 179, 180f
Communications, 491

to increase awareness, 505
on WSUD
community centers, 515
engagement beyond development, 515
internal communication, 514
orientation for new residents, 514

Community
centers, 515
education and support, 112
engagement, 479, 500, 505
governance, 517
groups functioning, 516e517
and industry engagement, 556
integration, 281
surveys, 509
through social capital, 513e514
bore, 548e549
estimated water savings, 548
governance considerations and potential

issues, 549
WTP
for recycled water use in Sydney, 295t
for stormwater reuse, 294e295
for waterway health improvement and

water quality indicators, 294
Comparative costs of storage types,

196, 196t
Compliance

levels and industry performance, 168
and liability, 204

Constructed waterbodies, 269e270
Constructed wetlands, 64e67, 66f, 460, 460f

or bioretention basins, 174
Construction Industry Research and

Information Association (CIRIA),
479e480, 482

Construction phase, 163
measures to permanent WSUD

infrastructure, 173e174
sediment loads, 166e168

Continuous simulation, 127, 127f
Control catchment, 132
Control measures, 166e168
Conventional detention systems, 124e125
Conventional management, 166e168
Conventional roofs, 419
Conventional stormwater drainage systems

impact streams, 256, 256f
ConvGrey system graywater separation, 439
Cooks River Sustainability Initiative (CRSI),

479, 481
Cooling effect

of urban greening
green roofs, 389e392, 390f
green walls, 393e394
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park cool islands, 389
trees, 387e389

of waterbodies, 386
Copenhagen Strategic Flood Masterplan

(2013), 447
Cost-effectiveness analysis (CEA), 289e290
Costebenefit analysis (CBA), 288e290,

301f
using TEV framework, 288e290

Crassulacean acid metabolism (CAM),
423e424

Critical flow (Qcritical), 261
CRSI. See Cooks River Sustainability

Initiative (CRSI)
Cryptosporidium parvum, 51
CSO. See Combined sewer overflow (CSO)
CSOs. See Combined sewer overflow

(CSOs)
CSS. See Combined sewer system (CSS)
CSUD. See Climate sensitive urban design

(CSUD)
Cultural change, 473, 492
Customer funding, 490
CWA. See Clean Water Act (CWA)

D
DAnCE4Water. See Dynamic Adaptation for

enabling City Evolution for Water
(DAnCE4Water)

Darwin Harbour Strategy (2009e15), 100
Data
acquisition, 556
requirement for planning and design of

WSUD systems, 84, 84t
sources, 189

Decentralized “green” SCMs, 523e524
Decentralized urban design, 8
Decision tree, 419
Decision variables, 312
Decision-making process, 354e355
Decreased initial loss, 219
DELWP. See Department of Environment,

Land, Water and Planning (DELWP)
Demography, 448
Dengue fever, 500
Department of Environment, Land, Water

and Planning (DELWP), 336
Department of Primary Industries Parks

Water and Environment
(DPIPWE), 99

Design approaches, 435
Design guidelines (DGs), 80, 81te83t, 545
Detentions, 2e3
basins, 271
stormwater, 134
systems, 123

for management of flooding and peak
flow, 124e127, 125fe126f

Development Facilitation Act (DFA), 357
DGs. See Design guidelines (DGs)
Discrete rainfall events, 526
Dissolved oxygen (DO), 235e238, 238f,

272e273

Distributed and end-of-catchment WSUD
solutions, 128

Distributed real-time control technologies
(DRTC technologies), 158

Distribution and plumbing, 200e201
Distribution systems, 352e353
Disused quarries, 192, 192f
Diversification

of urban wastewater streams, 438e441
of water types for urban water supply,

441e442
Diversion systems, 189e190
Diversity in place attachment, 511e512

Harbrow Grove Reserve WSUD features,
511f

DO. See Dissolved oxygen (DO)
Domestic rainwater tanks, 292
Domestic wastewater streams, 434
Downpipe diverters, 31
Downstream waterway, 258
DPIPWE. See Department of Primary

Industries Parks Water and
Environment (DPIPWE)

Drainage
controls, 164
layer, 416, 418f
network, 220
schemes, 340
systems, 122
changes, 220e221

Drained city, 121
Drought tolerance, 423
DRTC technologies. See Distributed real-

time control technologies (DRTC
technologies)

Dry climates, 501e503
WSUD approaches in
green roof and living wall concepts,

411e415
green roof elements, 415e418
green roof hydrology, 419e421
green roof vegetation growth factors,

423e424
living wall elements, 418e419
stormwater quality, 422e423
thermal performance of green roofs,

424e426
water sensitive urban design, 410e411

Dynamic Adaptation for enabling City
Evolution for Water
(DAnCE4Water), 189

Dynamic state water quality monitoring, 280

E
EAs. See Evolutionary algorithms (EAs)
East Asia, LID in, 14e19
ECHAM5, 312e313
Ecologically sustainable development

(ESD), 370
Economic(s). See also Water sensitive urban

design (WSUD)deconomics
analysis, 297
capitals, 476

considerations for residents and
communities, 509e510

context on economic framework, 289
evaluation, 494

Ecosystem
health, 231, 279e281

EHP, 279e281
services, 447

Ecosystem Health Monitoring Program
(EHMP), 280e281, 281f

Ecosystem Health Paradigm (EHP), 270,
279e281

Edgars Creek, 375
EHMP. See Ecosystem Health Monitoring

Program (EHMP)
EHP. See Ecosystem Health Paradigm (EHP)
Electrical conductivity, 239, 240f
Embedded density savings, 547
Embedded water efficiency gains, 547
Empirical exponential wash-off function,

55e56
Empowering local government as

implementer, 111e112
End-of-catchment WSUD solutions, 128
End-of-pipe stormwater management

practices, 5
Energy
ConvGrey system graywater separation for

energy recovery, 439
flux in urban area, 382, 383f
gains, 382
losses, 383
module, 440

Engineered water systems, 369
Engineered-driven approach, 435
Enhanced Vegetation Index (EVI), 510
Enterococci, 51
ENVI-met software, 394e396, 425
Environmental flows, 296
Environmental Planning and Assessment Act

(1979), 11
Environmental Protection Act (1994), 171
Environmental shocks, 492e493
EPA demonstration project for green

infrastructure, 153e158
Kansas City green infrastructure monitoring

results, 154e158
Ephemeroptera, Plecoptera, Trichoptera

(EPT), 231, 235, 243e245
taxa diversity, 243e245

Epilimnion, 272
EPT. See Ephemeroptera, Plecoptera,

Trichoptera (EPT)
Erosion
processes, 164, 165f
of riverbanks, 251

Erosion and sediment control (ESC), 26,
28, 163

compliance levels and industry
performance, 168

construction-and operational-phase sediment
loads, 166e168

construction-phase measures to permanent
WSUD infrastructure, 173e174
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Erosion and sediment control (ESC)
(Continued )

design standards and innovation,
168e170

erosion processes and management
approaches, 164

management hierarchy and potential
impacts, 164

regulatory approaches, 171
roles, responsibilities, and contracts,

171e172, 172f
ESC. See Erosion and sediment control

(ESC)
Escherichia coli, 51
ESD. See Ecologically sustainable

development (ESD)
Esthetic water, 191
Estimated water savings, 546e548
ET. See Evapotranspiration (ET)
EU LIFE program, 9
Eucalyptus camaldulensis, 375
Europe, 105e110

Germany, 107e110
lessons from, 110
policy context, 105e107
SUDS, 5e9

European environmental policy, 572
European sewer systems, 432
European urban sewer system, 435
European Water Framework Directive

(WFD), 105
Eutrophication, 274, 275f
Evapotranspiration (ET), 210, 383

from green roofs, 391, 392f
and surface energy balance, 391

Event-based simulation, 127
EVI. See Enhanced Vegetation Index (EVI)
Evolutionary algorithms (EAs), 304,

307, 309
Ex-house water savings, 547
Extended rainfall, 435
Extensive green roofs, 426
Extreme events, 492e493

F
Face-to-face training, 480
Faster response to rainfall, 214, 216f
Federal Nature Conservation Act, 108
Ferrous iron oxidation, 241e242
Fitzgibbon Potable Roofwater Harvesting

(PotaRoo) scheme, 183, 184f
Flat Bush Structure Plan, 568
Floating wetlands, 43
Flood and flow management, 122e123

inlet basin and bypass mechanism, 123f
wetland at maximum capacity with

overflowing berm, 122f
Flood control

in Augustenborg, Malmö, Sweden,
128e129

in Birmingham, UK, 129
Flood management, 76, 123e128

detention and retention systems for
management, 124e127

distributed and end-of-catchment WSUD
solutions, 128

event-based and continuous simulation, 127
major/minor approach to urban drainage,

123e124
structural and nonstructural WSUD, 128

Flooding/flood
frequency and magnitude, increased, 219
increased number and magnitude of flood

peaks, 216e218, 217t
mitigation, 508

infrastructure, 292
and peak flow

control, 128
detention and retention systems for
management, 124e127

and peak flow management, 120e121
protection, 291e293

issues, 451
in WSUD implementation and stormwater

management, 121
Floral/faunal indicators, 280
Flow and rainfall monitoring, 144e146

dry weather flow pattern for dry weekdays,
145f

observed combined wet weather flow, 145f
stormwater runoff after dry weather base

flow, 145f
Flow magnitude, 223
Flow regime restoration, 222

at catchment scale, 222e224
design of monitoring studies, 224
designing WSUD interventions, 223e224
maintenance and performance over
time, 224

modeling studies, 222
monitoring studies, 223

Flow regimes
change, 220e221
urbanization effect on, 213e220

Food production, 506e507
FOREST site, 239e241
Fountains, 504
France, Techniques alternatives, 9
Frequent storm flood and peak flow

management, WSUD for, 131e134
infiltration measures, 131e132
rainwater tanks, 132e133
stormwater

bioretention and biofiltration,
133e134

detention, 134
Friends of Lochiel Park group, 516
Full-scale monitoring of WSUD/GI benefits

for CSO control, 144e158
Cincinnati GI demonstration project,

146e152
EPA demonstration project for green

infrastructure, 153e158
flow and rainfall monitoring in

demonstration projects, 144e146
Funding, 490

adoption of mix of financial instruments
funding models, 112

G
GAR. See Green Area Ratio (GAR)
GCMs. See Global circulation models (GCMs)
Gen Y house, 545
Genetic algorithm, 307, 326
Geocomposite drains, 416
Geomorphic agent, stormwater as effective,

255e256
Geomorphic dynamism, 263
Geomorphic functioning, urbanization

impacts on, 251
German Federal Water Act, 107e108
Germany, 107e110

Berlin city, 108e110
decentralized urban design, 8
financing, 108
imperviousness fee in, 572
drivers for adoption of WSUD

approaches, 572e573
key findings, 574
WSUD approach, 572
WSUD implementation process,

573e574, 574f
key lessons, 110
policy and institutional context, 107e108

GI. See Green infrastructure (GI)
Giardia duodenalis, 51
Giralang/Gungahlin paired catchment

study, 220
Global circulation models (GCMs), 312e313
Gnangara and Jandakot mounds, 543
“Golden set”, 321, 323
GoldSim, 188
Good asset management, 456
Google Earth, 494
GPTs. See Gross pollutant traps (GPTs)
Grass swales, 131e132
Gravel-dominated streambeds, 261
Gray infrastructure, 385, 447
Graywater

management, 434
module, 440
stream, 439

Green Area Ratio (GAR), 109
Green façades, 411, 413f
Green Growth philosophies, 14
Green infrastructure (GI), 3, 75, 88, 121,

141, 146t, 148t, 151fe152f, 153t,
156fe157f, 382, 385e386, 442,
443t, 447, 510, 563

approaches, 572
effectiveness, 395te396t
EPA demonstration project for, 153e158
integrated into CSO control strategy,

141e144
interface with WSUD and, 351e352

Green landscapes, 501e503
Green roof hydrology, 419e421

design parameters effect on green roof
hydrological performance, 421

slope, 421
substrate, 421
vegetation, 421

modeling of green roofs, 421
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rainfall and runoff relationship in green
roofs, 419

rainfall events, 420
retention capacity of green roofs, 420
runoff comparison between green and

conventional roofs, 419
Green Roof Tax Abatement program, 571
Green roof(s), 131e132, 389e392, 390f,

398, 410e415, 411t, 412f
categorization of green walls, 411e415
elements, 415e418

drainage layer, 416
growing media, 416
insulation layer or protection mat, 416
roof structure, 418
root barrier, 416

intensive, 411
mitigation of urban heat island effects,

425e426
New York City, United States, 569, 569f

drivers for WSUD adoption, 571
key findings, 571
WSUD approach, 570e571, 570f
WSUD implementation process, 571

runoff comparison with conventional roofs,
419, 419f

thermal performance, 424e426
available numerical models, 425
green roof mitigation of urban heat island
effects, 425e426

urban heat island effects, 424
vegetation growth factors

substrates, 423
suitable plants for Australian green roofs,
423e424

vegetation diversity, 423
and walls, 33e34
water quality, 422, 422t

Green spaces, 436
Green vegetation, 433
Green walls, 393e394
categorization, 411e415, 413f

environmental, economic, and social
benefits of green walls, 414t

experimental living wall, 415f
living wall at Marina Barrage in
Singapore, 414f

modular box-type living wall, 415f
Green4Cities project, 444
Greenfield developments, 340e342
alternative water supply in, 342
livability in, 341e342
stormwater management in, 340e341

Grey infrastructure, 523e524
Grid pavement systems, 32
Gross pollutant traps (GPTs), 35e37, 64,

65f, 563
Gross pollutants, 35
Groundwater, 548
water, 441

Group housing site, 545
Growing media, 416, 417t
Growing substrate, 419
Gully baskets, 35, 456

H
Hamburg Water Cycle (HWC), 439e440,

440f
Harbrow Grove case, 513
Harvest stormwater

potential uses of, 182e185
in urban environment, 179e182

HE. See Hydrologic effectiveness (HE)
Health benefits, recreation and, 505e506
Heat island effect, 437f
Heat mitigation strategies, 385e386
Hedonic pricing method, 295, 509e510
HES. See High-efficiency sediment (HES)
High efficiency sediment basins, 28, 28f
High-efficiency sediment (HES), 169, 170f,

173e174, 174f
High-resolution thermal mapping, 388
“Hot spots”, 436, 448
Household roofwater harvesting, 180f
Housing design, 29
Hoyland St bioretention system, 471, 471f
Huaihe River, 16
Human capitals, 476
HWC. See Hamburg Water Cycle (HWC)
Hydrologic effectiveness (HE), 169f

of sediment basin, 167
Hydrology, 232e236. See also Green roof

hydrology
cycle of water, 410e411
impact, 221e222
of WSUD, 202

restoration, 209e210
studies, 420
variables calculated from daily flow data,

234te235t
Hydrosocial contract, 501, 542
Hypolimnion layer, 273
Hysteresis effect, 274

I
IDPs. See Integrated Development Plans

(IDPs)
Implementation of WSUD, 91, 102, 486,

499e500
Importing water, 221
In-house water savings, 547
Industrialization, 434
Industry engagement and knowledge

sharing, 556
community and industry engagement, 556
performance monitoring and data

acquisition, 556
resources, 556
waterwise development exemplar, 556

Industry performance of WSUD, 168
Infiltration, 141e142, 524e525, 534

measures, 131e132
systems, 124, 125f
trenches, 461

Inflow, poor quality of, 272
InfoWorks, 188
Infrared gas analyzer (IRGA), 392f
Infrastructure, 385

requirements/types of storage, 191e196
cellular systems, 194e195
disused quarries, 192
man-made lagoons, 192
MAR, 195e196
natural surface storages, 191
tanks, 192e194

and urban planning context
barriers to achieving IUWM/WSUD
vision, 334e336, 335t

combined IUWM/WSUD vision,
334, 334f

exploring barriers using Melbourne as
case study, 336e345

IUWM, 332e333
sources of information, 331e332
WSUD, 333e334

Infrequent storm flood and peak flow
management

design case studies for major flow control,
129e130

flood control
in Augustenborg, Malmö, Sweden,
128e129

in Birmingham, UK, 129
in Melbourne, Victoria, Australia, 129

natural flood management, 130
Sponge Cities, 130e131

Innovative strategies, 477
Institutional
arrangement evolution to promotes

technological innovation, 88e89, 89f
capacity, 481e482
capitals, 476
policy and institutional context, 104,

107e108
reform, 104e105
roles and responsibilities, 93, 101e102
setup, 105

Insulation layer, 416
Intact waterways, 27
Integrated Development Plans (IDPs), 357
Integrated Resource Management, 334
Integrated stormwater management, 573
Integrated urban water cycle planning and

management (IUWCM), 372
limiting factors for, 377e378

Integrated urban water management
(IUWM), 75, 331e333, 338f, 346t,
385e386, 399e400, 542, 563.
See also Stormwater management;
Urban water management

barriers to achieving IUWM/WSUD vision,
334e336, 335t

combined IUWM/WSUD vision,
334, 334f

infrastructure and urban planning context
for, 336e337

initiatives, 545e555
precinct approaches to, 542e543

Integrated Urban Water Scientific Expert
Panel (IUWSEP), 168

Integrated water cycle management,
331, 340
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Integrated water management (IWM), 288,
298, 331, 342e343, 376, 501

Intensive green roofs, 411, 412f, 426
Interactive Map, 494
Interes-I project, 444
Internal communication, 514
Internal redevelopment, 449
International Infrastructure Management

Manual, 467
“Internet of things”, 494
IRGA. See Infrared gas analyzer (IRGA)
Iron precipitates, 241e242, 241f
Irrigation system, 200
Irrigation water, 441
Island system, 438
Islandization, 438
IUWCM. See Integrated urban water cycle

planning and management (IUWCM)
IUWM. See Integrated urban water

management (IUWM)
IUWSEP. See Integrated Urban Water

Scientific Expert Panel (IUWSEP)
IWM. See Integrated water management

(IWM)

J
Japan, LID in, 15
Joint-Pareto optimal set, 321
Jurisdictional and governance considerations,

202e205
compliance and liability, 204
ownership and operation, 202
pays, 204e205
regulation and guidelines, 202e203, 203t
regulation of managed aquifer recharge,

203e204
water harvesting challenges, 202

K
Kalkallo water harvesting scheme, 184
Kansas City

green infrastructure monitoring results,
154e158, 156f, 157t

project, 153e158, 154t, 155f
Key performance indicators (KPIs), 490
Klimawandel und modellhafte Anpassung

project (KLIMOPASS project),
448e449

Knowledge sharing, 556
KPIs. See Key performance indicators (KPIs)
KREIS Project, 440
Kuras project, 444

L
Land

development, 163
drainage, 250
land-use planning, 91
use characteristics, 189

LandCorp, 544
Landscape architecture role, 450e451
Landscaping, 553e555

Large scale water projects, 500
Latin Hypercube Sampling methods, 530
Lead (Pb), 52
Leadership, 477, 481, 492
Leadership in Energy and Environmental

Design (LEED), 570
Legionella pneumophila, 56
LGAs. See Local Government Areas

(LGAs); Local government
authorities (LGAs)

Liability, 204
LID. See Low Impact Development (LID)
Lifecycle cost, 316e317, 488
Lightweight inorganic aggregate (LWA), 416
LINDO API, 306e307
Linear “big pipe in and big pipe out”

transfer model, 88
Linear parks, 505e506
Linear programming (LP), 304
Litter control, 29
LIUDD. See Low impact urban design and

development (LIUDD)
Living walls, 410e415, 410f

elements, 418e419
growing substrate, 419
vegetation, 418e419

Local government, 465, 468
representatives, 480

Local Government Amendment Act
(2005), 96

Local Government Areas (LGAs), 93, 373
Local government authorities (LGAs), 93,

179, 323f
Local scale, 382
Lochiel Park, Adelaide, Australia, 576e577,

577f
drivers for adoption of WSUD

approaches, 578
implementation process for Lochiel Park,

578e579
key findings, 579
WSUD approach, 577e578

Long Bay, North Shore, Auckland, New
Zealand, 563e564

key findings, 566
WSUD approach, 564e566

drivers for adoption of, 566
implementation process, 566

Low Impact Development (LID), 3, 75, 88,
121, 141, 334, 371e372, 525, 563.
See also Urban development

Bangkok, 19
East Asia, 14e19
Netherlands, 8
North America, 3e5
Phnom Penh, 19

Low impact urban design and development
(LIUDD), 3, 480e481, 563

New Zealand, 14
LP. See Linear programming (LP)
LWA. See Lightweight inorganic aggregate

(LWA)
Lynbrook estate, new urban setting,

374, 374f

M
Macroinvertebrate assemblage, 235

assemblage composition, 242e243, 245f
EPT taxa diversity, 243e245
patterns, 242, 243t

Macroinvertebrate Biotic Index (MBI), 255f
Macroinvertebrates, 231
Mainstream spatial planning, WSUD

integrated as part of, 363
Mainstreaming SCMs asset management,

471e473
Maintaining Vegetated Stormwater

Assets, 467
Maintenance budget, 465
Man-made lagoons, 192

man-made urban lake, 193f
5 ML lined and covered lagoon, 193f
water storage basin, 193f

Managed aquifer recharge (MAR),
195e196

Managed Aquifer Recharge and Stormwater
Use Options study (MARSUO
study), 201

Manukau City Council, 568
MAR. See Managed aquifer recharge (MAR)
Market-led systems, 377
MARSUO study. See Managed Aquifer

Recharge and Stormwater Use
Options study (MARSUO study)

Mawson Lakes, 504, 504f, 507,
512e513, 516

MBI. See Macroinvertebrate Biotic Index
(MBI)

MCA. See Multicriteria analysis (MCA)
MDS. See Multidimensional scaling (MDS)
Mean radiant temperature, 384, 387
Melbourne

conceptual framework used for Melbourne
case study, 337

implementation, 340e345
infrastructure and urban planning context for

IUWM and WSUD in, 336e337
policy development, 337e340, 338t
strategy and planning, 340
urban greening, 394

Melbourne Water (MW), 36, 91,
336e337, 341

nitrogen abatement value, 293e294, 293f
Mesoscale, 382
Mestranol, 59
Meteorological data, 189
Metropolitan Melbourne scale, 340
Metropolitan Sewer District (MSD),

144, 147f
Microbial decomposition of floating

macrophytes, 274
Microorganisms detected in untreated/

unmixed stormwater, 59, 61t
Microscale, 382
Millennium Drought, 500
Mitigation

flood, 508
measures, 26
options, 34e43
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Mk3.5, climate change scenarios, 312e313
MLR. See Multiple linear regression (MLR)
Model for Urban Stormwater Improvement

Conceptualization (MUSIC), 188
MUSIC integrated stormwater model, 309

Model validation, 532
Modern constructed waterbodies, 270
Modular systems development, 493
Molecular detection methods, 59
Monitored SCMs, 525
Mosquito breeding, 271
MS4s. See Municipal Separate Storm Sewer

Systems (MS4s)
MSD. See Metropolitan Sewer District

(MSD)
Multi-typology site, 544e545
Multicriteria analysis (MCA), 289e290
Multidimensional scaling (MDS),

235, 242
Multiobjective EAs, 307
Multiobjective optimization, 306
Multiple funders, 490
Multiple linear regression (MLR), 529e530
hybrid model, 531

Multistakeholder optimization problem
formulation, 320

Multiuse water Services (MUS), 6
Municipal Separate Storm Sewer Systems

(MS4s), 4
MUSIC. See Model for Urban Stormwater

Improvement Conceptualization
(MUSIC)

MW. See Melbourne Water (MW)

N
National Construction Code (NCC), 546
National Municipal Stormwater Alliance, 4
National Pollutant Discharge Elimination

System (NPDES), 101
National Research Council (NRC), 140
National Water Commission (NWC), 372
National Water Initiative, 91
National Water Quality Management

Strategy, 9, 202
Native wildlife, 555
“Natural Capital Committee” in United

Kingdom, 368
Nature/natural
areas, 468
environment, 555
flood management, 130
lake systems, 274
nature-based solutions, 447
surface storages, 191
water sources, 441
waterfront property, 270

NCC. See National Construction Code
(NCC)

NDVI. See Normalized difference vegetation
index (NDVI)

Nearmap, 494
Neighborhood scale, 382
WSUD system, 508

Net present value (NPV), 299, 309, 311

Net radiative flux (Qr), 383
Netherlands, LID/WSUD in, 8
netWORKS 4 project, 444
New South Wales (NSW), 95e96

WSUD, 11
New York City (NYC), 569
New Zealand, LIUDD, 14
New Zealand Resource Management Act

(1991), 14
NEWater recycling, 505
Nine minimum controls (NMCs), 140e141
Nitrogen (N), 231
NMCs. See Nine minimum controls (NMCs)
Non-Dominated Sorting Genetic Algorithm

II (NSGA-II), 307, 313, 317
Nonstructural WSUD for flooding and peak

flow control, 128
Nonuse values, 290
Normalized difference vegetation index

(NDVI), 399
North America, LID, 3e5

Canada, 4e5
United States of America, 3e4

North Shore City Council, 566
Northern Territory (NT), 91, 93, 99e100

NT Water Act 2004, 99
Novel urban water systems, 432

consequences and required changes,
447e451

existing challenges, 432e434
prospects for urban water management,

434e446
types, 438f

NPDES. See National Pollutant Discharge
Elimination System (NPDES)

NPV. See Net present value (NPV)
NRC. See National Research Council

(NRC)
NSGA-II. See Non-Dominated Sorting

Genetic Algorithm II (NSGA-II)
NSW. See New South Wales (NSW)
NT. See Northern Territory (NT)
Numerical models, 425
Nutrients, 445
NWC. See National Water Commission

(NWC)
NWI. See Australian National Water

Initiative (NWI)
NYC. See New York City (NYC)

O
Olympic Park, Sydney, Australia, 579

implementation process for Sydney Olympic
Park, 581

key findings, 581
WSUD approach, 579e581
drivers for adoption, 581
wetlands at Sydney Olympic Park, 580f

OM. See Organic matter (OM)
On-site detention, 124
One Planet Living (OPL), 544
Online forums, 494
Operating expenditure (OPEX), 291,

321t, 488

Operational phase, 164
sediment loads, 166e168

OPEX. See Operating expenditure (OPEX)
OPL. See One Planet Living (OPL)
Optimization models for WSUD, 304e309
Optimum selection and layout of best

management practice WSUD
components, 315e318

Organic carbon loading, high, 274
Organic matter (OM), 36, 416
Organic matter, 51
Organizational capacity, 481
assessment tools, 482
for WSUD, 477

Organized community group, 516e517
community governance, 517
community groups functioning, 516e517

Orthophosphates, 275
“Out of sight, out of mind strategy”, 435
Outcome-based regulation, 171
Outdoor thermal comfort, 384
Outflow monitoring, 526
Ownership and operation, 202

P
PA. See Porous asphalt (PA)
PAHs. See Polycyclic aromatic hydrocarbons

(PAHs)
Pareto Ant Colony Optimization

Algorithm, 321
Pareto front, 306, 306f
Pareto optimal front, 309
Pareto optimal solutions, 321
Parfitt Square, 129, 130f
Park cool islands (PCI), 389
Parks, 468
Passively irrigated gardens, 461, 461f
Pathogens, 51e52
PC. See Pervious concrete (PC)
PCA. See Principal component analysis

(PCA)
PCI. See Park cool islands (PCI)
Peak flow management, 76
Performance monitoring, 556
Performance-based standards, 168
Permeable interlocking concrete pavement

(PICP), 32
Permeable paving, 31e33, 131e132
Persistent stratification, 272e273, 273f
“Perth average water use” benchmark, 546
Perth Residential Water Use Study

(PRWUS), 546
Perth stakeholders, 542
Pervious concrete (PC), 32
Pervious pavements, 61, 63f
PET. See Physiological equivalent

temperature (PET)
Phnom Penh, LID, 19
Phosphorus (P), 231, 275
Physiological equivalent temperature (PET),

384e385
PICP. See Permeable interlocking concrete

pavement (PICP)
Piped sewer systems, 140
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Place attachment, 510e511
diversity in, 511e512
sense of pride, 513
shared value of water saving, 512e513

“Plan Melbourne”, 371, 394
Planning and Development Act 2, 98
Plants for Australian green roofs, 423e424
PMV distribution. See Predicted Mean Vote

distribution (PMV distribution)
Policy

barrier, 339
development, 337e340, 338t
and legislation level, 339e340
and regulation role in WSUD

implementation
Australia, 89e100
Europe, 105e110
institutional arrangements evolution,

88e89
lessons from case studies, 110e112
Singapore, 104e105
United States of America, 101e104
WSUD implementation around world, 89

Pollutant processes, 53e56, 53f
climate change impact on, 56
pollutant buildup, 53e55
pathways of photodegradation of

PAHs, 54f
pollutant wash-off, 55e56

Pollution load reduction, 293e294
Pollution of runoff, 437
Polycyclic aromatic hydrocarbons

(PAHs), 51
Porous asphalt (PA), 32
Port Phillip Bay Environmental Study

(1996), 12
Post implementation assessment of WSUD

approaches
field methods, 525e527
catchment outflow pipe measurement, 527
monitored SCMs, 525
rain data collection, 526
SCM inflow measurements, 526
SCM outflow measurements, 526e527

model framework, 528e535
catchment level model prediction,

534e535
catchment prediction model, 533e534
collinear data treatment, 530
data sets for unconnected SCM model I,

529t
data sets for unconnected SCM model II,

529t
MLR and PCA, 530
model validation, 532
monitored site validation, 534
PCA, 530
SCM model equations, 532

results of catchment model prediction,
535e537

SCMs monitoring, field studies, and models,
524e525

Postevent feedback collection data, 479
Practice changes, 473

Precinct greening, 553e555
landscaping, 553e555
natural environment, vegetation, and native

wildlife, 555
Precinct residential development. See also

Low Impact Development (LID);
Urban development

biophysical context, 543e544
development site, 544
IUWM initiatives, 545e555
planning and urban design characteristics,

544e545
precinct approaches to integrated urban

water management, 542e543
Precinct Structure Plans (PSPs), 298, 376
Predevelopment flow regimes restoration,

221e222
impact on hydrology, 221e222
WSUD approaches, 221

Predicted Mean Vote distribution (PMV
distribution), 425

Prescriptive standards, 168
Primer-E Software package, 235
Principal component analysis (PCA),

232e235, 528e530
MLR and, 530
PCA and MLR hybrid model, 531

multiple linear regression coefficients for
Model I, 531t

multiple linear regression coefficients for
Model II, 531t

PC coefficient matrix for Model I, 531t
PC coefficient matrix for Model II, 531t

Probabilistic Urban Rainwater and
wastewater Reuse Simulator
(PURRS), 188

Process-based regulation, 171
Program evaluation, 479
Proprietary cartridge and media filters, 457
Proprietary gross pollutant traps, 457, 458f
Protection mat, 416
PRWUS. See Perth Residential Water Use

Study (PRWUS)
“Pseudonatural” aspect, 270
PSPs. See Precinct Structure Plans (PSPs)
Public Utilities Board (PUB), 104, 505
PURRS. See Probabilistic Urban Rainwater

and wastewater Reuse Simulator
(PURRS)

Q
QT. See Anthropogenic heat (QT)
Quality assurance/quality control

(QA/QC), 144
Quantifying stormwater runoff in urban

water balance, 185
Queensland, WSUD, 11

implementation, 96e97

R
Rain

data collection, 526
gardens, 61, 62f, 509

Rainfall
characteristics on stormwater quality and

quantity, 52e53
events, 53, 420
monitored rainfall-runoff events, 420f

faster response to, 214
increased rainfall intensity, 220
and runoff relationship in green roofs, 419

RainfalleStorageeDrain modeling
system, 15

Rainwater, 432, 434, 441
harvesting, 547e548
estimated water savings, 548
governance considerations and potential

issues, 548
systems, 572

management, 434
tanks, 29e31, 124, 124f, 132e133, 259,

457, 458f, 509e510
Rapid urban sprawl, 258
RCM. See Reliability centered maintenance

(RCM)
RDP. See Reconstruction and Development

Programme (RDP)
Reconstruction and Development Programme

(RDP), 355
Redlands City Council, 43
Regis Park, Auckland, New Zealand,

567, 568f
drivers for adoption of WSUD

approaches, 568
implementation process for Regis park,

568e569
key findings, 569
WSUD approach, 567e568

Regression equation, 532
Reliability centered maintenance (RCM), 463
Renewal SA, 577, 579
Republic of South Africa (RSA), 354
Residual loads from conventional

management and control measures,
166e168

Resilience, 280, 477
Resource Management Act 1991, 568
Resource Recovery Center (RRC), 440

semizentral concept with, 440e441, 441f
Resourcing, 491
Restoration

of flow regimes at catchment scale,
222e224

of predevelopment flow regimes, 221e222
water balance, 213

Retention, 3, 76
basins, 271
capacity of green roofs, 420
system for management of flooding and

peak flow, 124e127, 126f
techniques, 221

Revealed preference, 509
Revegetation, 555
Revised Universal Sediment Loss

Equation, 28
Revised Universal Soil Loss Equation

(RUSLE), 166
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Riparian
corridors, 27
vegetation, 272

Risk
assessment, 197
aversion, 336

River Murray, 311
Road Surface Stormwater Treatment

Manual, 15
Road verges, 553
Roadside soils, 51
Robust design, 31
Roof structure, 418
Roof Water-Farm project, 444
Roofwater, 178e181
harvesting systems, 30, 183

Root barrier, 416, 417f
RRC. See Resource Recovery Center (RRC)
RSA. See Republic of South Africa (RSA)
Runoff capture and diversion, 189e190
design considerations, 190, 190f
diversion systems, 189e190
opportunities, 190

Runoff frequency, 214e215
Runoff management, 434
Runoff relationship in green roofs, 419
Runoff volume, increased, 214
Rural water balances, 212e213
RUSLE. See Revised Universal Soil Loss

Equation (RUSLE)

S
SA. See South Australia (SA); Surface

area (SA)
Sand filters, 461, 462f
Sand-dominated streambeds, 261
SCC. See Sponge City Construction

(SCC)
SCMs. See Stormwater control measures

(SCMs)
Scoring system, 467
Screening level risk assessment, 280
SDFs. See Spatial Development Plans

(SDFs)
Securing funding process, 490
Sediment
basins, 460, 460f

design objectives, 169
controls, 164
pollution, 164
for stream protection and recovery,

262e263
supply considerations, 256e257, 257f
traps/sedimentation ponds, 64, 66f

Self-assessment of CBP impacts, 479
Semizentral concept with RRC,

440e441
Sense of community, 514
Sense of pride, 513
SEPP. See State Environmental Planning

Policy (SEPP)
SEQ. See South East Queensland (SEQ)
Service water, 441, 445e446
Sewage, 51e52

Sewer system overflow management
beneficial use of stormwater in CSO

management plans, 158
full-scale monitoring of WSUD/GI benefits

for CSO control, 144e158
SCMs to reduce flows to combined sewers,

141e144
SHAC. See Sustainable Housing for Artists

and Creatives (SHAC)
Shading effects, 394
Shared value of water saving, 512e513
SIGNAL2. See Stream Invertebrate Grade

Number Average Level 2 (SIGNAL2)
Simulation models for WSUD, 304e309
Singapore

institutional reform, 104e105
policy and institutional context, 104
stormwater reuse system, 179
transition challenges, 105
Water Reclamation Scheme, 505
WSUD/LID, 19

Single objective optimization, 306, 309
Sistemas Urbanos de Drenaje Sostenible

(SUDS). See Sustainable urban
drainage systems (SUDS)

Skills, 479, 491
Sky view factor (SVF), 389
Slope, 421
Smart Drain technology, 524
Smart metering, 547
Snowy Mountains Scheme, 500
Soakaway design, 131, 131f
Social capitals, 476

communication on WSUD, 514e515
community through social capital,

513e514
creating social diversity, 515e516
crucial role of organized community groups,

516e517
Social identity theory, 513
Software Workbench for Interactive, Time

Critical, and Highly self-adaptive
Cloud applications (SWITCH), 6

Solar radiation, 387, 387f
Sole funder, 490
SOPA. See Sydney Olympic Park Authority

(SOPA)
Source separation concept, 441
Source-limiting concept, 55, 55f
Source-separated wastewater streams, 434
South Africa

spatial planning context in, 356e357
WSUD in, 352e354, 353f, 362e363
application, 354e355
approaches to, 357e362
context-driven design guidelines and

considerations, 362
emerging African middle class, 362
integrated as part of mainstream spatial

planning, 363
socioeconomic growth subject, 362

South Australia (SA), 93, 96
Planning Policy Library, 96
WSUD, 12e13

WSUD CBP, 486e492
business case, 486e488
business planning/strategic direction, 490
communications, 491
funding, 490
governance, 489, 489t
lesson learning, 492
matching needs with capacity building
program, 488e489

resourcing, 491
Water Sensitive SA (2012e2014), 492

South East Queensland (SEQ), 270
South Korea, LID in, 15
Spain, SUDS in, 9
Spatial Development Frameworks, 354
Spatial Development Plans (SDFs), 355
Spatial planning, 360e362
context in South Africa, 356e357

Spatial Planning and Land Use Management
Act (SPLUMA), 354, 357

Special Area Rate, 549
Splash and sheet erosion, 164
SPLUMA. See Spatial Planning and Land

Use Management Act (SPLUMA)
Sponge Cities, 16e18, 130e131
Sponge City Construction (SCC), 574
implementation process for sponge

cities, 576
key findings, 576
policy, 576
WSUD approach, 575

drivers for adoption, 575e576
SPP. See State Planning Policy (SPP)
Springbank Waters, 511e513
SQIDs. See Stormwater quality improvement

devices (SQIDs)
SSC. See Suspended sediment concentrations

(SSC)
Stable Swamp Creek (URBAN treatment),

231e232
Standards Australia system, 377e378
State Environmental Planning Policy (SEPP),

11, 93
State Legislative Requirements, 377e378
State Planning Policy (SPP), 91, 96e97
State Policy on Water Quality

Management, 99
Stated preference approach, 509
Static state water quality monitoring, 280
Statistical model, 528e529
Steepest ascent method, 307
Stony Creek Rehabilitation Project, 510
Storing harvested stormwater
storage, 191

comparative costs of, 196, 196t
infrastructure requirements/types,
191e196

Storm Water Management Model (SWMM),
18, 525

SWMM5 model, 15
Stormwater, 3, 435, 441, 507. See also

Urban stormwater
basins, 271
biofilters performance, 68t
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Stormwater (Continued )
bioretention and biofiltration, 133e134
catchment and rainfall characteristic

influence, 52e53
chemical and microbial characteristics,

56e59
community WTP for stormwater reuse,

294e295
in CSO management plans, 158, 159t
detention, 76, 134
drainage system, 52, 468
as effective geomorphic agent
stormwater drainage systems impact

streams, 256
urban stream disturbance regime,

255e256
in Germany, 573
modeling, 525
planning, 4e5
pollutant
processes, 53e56, 53f
and sources, 51e52, 52t

regulations, 95
residence time, 273
treatment, 61, 274e276
aquatic nitrogen cycle, 276f
devices, 55
wetlands, 40

urbanization impacts on aquatic ecosystems,
50e51

WSUD and treatment approaches, 59e69
Stormwater control measures (SCMs),

10e11, 141, 142t, 222, 250,
257e259, 262e263, 456, 523e524

asset management for, 465
future of asset management, 469e473
low maintenance cost SCMs, 470e471
mainstreaming SCMs asset management,

471e473
inflow measurements, 526
lifespan of, 464e465
management, 469
model equations, 532
monitoring, field studies, and models,

524e525
operational and maintenance requirements

for, 461e464
outflow measurements, 526e527
to reduce flows to combined sewers,

141e144
green infrastructure integrated into CSO

control strategy, 141e144
requirement in city, and investment required

to maintenance, 469
types, 456e461

Stormwater harvesting, 76, 178e179, 222,
577e578

communal roofwater harvesting, 180f
household roofwater harvesting, 180f
managed aquifer recharge, 181f
off-stream storage, 181f
on-stream storage, 180f
optimum sizing of components of, 311e315
relevance to WSUD, 182

Stormwater management, 120e121, 352,
434, 549e553, 562, 580e581

devices, 330
in existing suburbs, 343e344
in greenfield developments, 340e341
to manage stream morphology, 258e262

improving your business case for
WSUD, 258

stream disturbance and informing WSUD,
261e262

WSUD systems for protection and
rehabilitation, 258e261

Stormwater pollution, 50, 293
avoidance, 27e34

downpipe diverters, 31
ESC, 28
green roofs and walls, 33e34
permeable paving, 31e33
preserving and maintaining waterways
and riparian areas, 27

rainwater tanks, 29e31
street sweeping and litter control, 29
urban design/housing design, 29

load abatement standards, 293
Stormwater quality, 76, 197, 271, 422e423

factors affecting water quality, 422e423
green roof water quality, 422
improvement, 76
and quantity management, 76

Stormwater quality improvement devices
(SQIDs), 278, 278f

Stormwater Quality Offset Program, 97
Stormwater runoff, 182e186, 250

alternative water sources and uses, 186
potential uses of harvested stormwater,

182e185
quantifying stormwater runoff in urban

water balance, 185
significance of catchment land uses past and

present, 186
water quality considerations, 186

Stratification, 273
Stream

channels product of catchment inputs,
250e251

disturbance and informing WSUD,
261e262

geomorphology, 250
hydraulics, 255
managing sediment for stream protection

and recovery, 262e263
morphology in urban catchments

channel form and function in urban
catchments, 250e255

managing sediment for stream protection
and recovery, 262e263

perceptions and practicalities of streams
in urban catchments, 263e264

sediment supply considerations, 256e257
stormwater as effective geomorphic agent,
255e256

stormwater management to manage,
258e262

variability in stream response, 253e254

Stream Invertebrate Grade Number Average
Level 2 (SIGNAL2), 280

Streambed mobilization, 261
Street sweeping, 29
Streetscapedhigh profiledgarden typology

bioretention system, 471, 472f
StreetscapedLow ProfiledGrass and Trees

typology bioretention systems,
471, 472f

Structural SCMs, 456, 462
“Structure Planning” process, 566
Structure plans, 394
Substrates, 421, 423
Suburb-scale case study, 298e299

analysis assumptions and inputs, 299
economic assumptions, 300t

quantifying benefits for case study, 299,
300te301t

results, 299
township context, 298e299

Suburbs, 342e345
alternative water supply in, 344e345
livability in, 344
stormwater management in, 343e344

SUDS. See Sustainable urban drainage
systems (SUDS)

SUDS Manual, 6
Sump, 544
Supportive administrative and regulatory

framework, 478
Surface area (SA), 316
Surface water, 441
Surfaceeplanteair interactions, 425
Suspended sediment concentrations

(SSC), 157
SUSTAIN model. See System for Urban

Analysis Integration model
(SUSTAIN model)

Sustainability Package, 545
Sustainable Community Rating tool, 375
Sustainable Housing for Artists and

Creatives (SHAC), 545
Sustainable Planning Act (2009), 171
Sustainable stormwater management, 553
Sustainable urban design, 435
Sustainable urban drainage systems (SUDS),

9, 75, 120, 140, 371e372, 563
Europe, 5e9

Sustainable urban water management
strategies, 477

Swales, 64, 65f, 457, 459f, 578
SWAMPS. See Swan Wetlands Aquatic

Macroinvertebrate Pollution Score
(SWAMPS)

Swan Coastal Plain, 543
Swan Wetlands Aquatic Macroinvertebrate

Pollution Score (SWAMPS), 280
SWITCH. See Software Workbench for

Interactive, Time Critical, and Highly
self-adaptive Cloud applications
(SWITCH)

SWMM. See Storm Water Management
Model (SWMM)

Sydney Catchment Authority, 95
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Sydney Olympic Park Authority
(SOPA), 581

System for Urban Analysis Integration
model (SUSTAIN model), 3, 525

T
Taiwan, WSUD in, 18e19
Talking Tanks concept, 30
Tanks, 192e194, 194fe195f
Targeted WSUD capacity building, 482
Tasmania, WSUD implementation

in, 99
Tasmanian Local Government Act

(1993), 99
Technical cooling, 446
Technical infrastructure planning, 432
Techniques alternatives, 9
Técnicas de Drenaje Urbano Sostenible

(TEDUS), 9
TEDUS. See Técnicas de Drenaje Urbano

Sostenible (TEDUS)
“Teething” problems, 517
Temporary construction water dam, 173
TEV framework. See Total economic value

framework (TEV framework)
Thermal comfort, 384, 399
Thermocline, 273
Third pipe system benefits to home,

507e508
TIA. See Total impervious area (TIA)
Timing, 224t
Tingalpa Creek (FOREST treatment),

231e232
TN. See Total nitrogen (TN)
Tot-P. See Total phosphorus (TP)
Total Daily Maximum Load, 4
Total economic value framework (TEV

framework), 288e290, 290f
consideration of alternative frameworks,

289e290
influence of context on economic

framework, 289
preferred framework, 290

Total impervious area (TIA), 252e253
Total nitrogen (TN), 35, 307
Total phosphorus (TP), 3, 35, 316, 422
Total suspended solids (TSS), 3, 35,

166, 306
Total water management, 331
Township context, 298e299
TP. See Total phosphorus (TP)
Traditional community parks, 505e506
Transpiration of trees, 388
Transport-limiting concept, 55, 55f
Trash racks, 456, 457f
Travel cost method, 509
Treatment trains, 61, 164
WSUD approaches functionalities and, 76,

78te79t
WSUD systems selection and, 80

Tree(s), 387e389
canopy cover, 295e296
pits, 62e63, 63f
preservation, 555

Treescaping, 387
Trenches, 131e132
TSS. See Total suspended solids (TSS)
TSSLoadRedn, 316
Typhus fever, 432

U
UBL. See Urban boundary layer (UBL)
UCL. See Urban canopy layer (UCL)
UHIE. See Urban heat island effect (UHIE)
Ultraviolet irradiation (UV irradiation), 197
Uncertainty model, 530
Underground sediment traps, 457
United States Environmental Protection

Agency (USEPA), 101
United States of America, 101e104

challenges to WSUD uptake, 102e104
institutional roles and responsibilities,

101e102
LID in, 3e4
policy and legislative context, 101

Unmitigated loads, 166
Upstream WSUD, 236e238
Urban and Regional Land Authority

(URLC), 374
Urban and rural catchments, 219, 219f
Urban area of Kansas City, 523e524
Urban atmosphere components, 382, 382f
Urban Biophysical Environments and

Technologies Simulator
(UrbanBEATS), 189

“Urban blue space”, 386
Urban boundary layer (UBL), 382
Urban canopy layer (UCL), 382
Urban catchments, 120, 178, 210

channel form and function in, 250e255
perceptions and practicalities of streams in,

263e264
Urban climate, 384

modification, 382
vertical layer of, 382

Urban design, 29
principles, management, and role in WSUD,

276e279
contemporary design principles, 276
urban lake management, 278e279

shift in infrastructural design, 447
shift in planning, 447e451
climate change adaptation, 448e449
climate sensitive planning, 449
ecosystem services and nature-based

solutions, 447
landscape architecture role, 450e451

Urban Developer, 188
Urban development, 167, 270e272

WSUD role in, 367e371
living with and applying WSUD,

370e371
in new urban settings, 369e370
(urban) sustainability, 368e369

Urban drainage, major/minor approach to,
123e124

Urban environments, 132, 134,
179e182, 424

Urban Giralang catchment, 214
Urban greening, 344, 548
case study, 394e399
cooling effect of, 387e394
urban green projects, 444

Urban heat island effect (UHIE), 290,
381e385, 413, 424e426, 553

cooling effect
of urban greening, 387e394
of waterbodies, 386

effectiveness of GI, 395te396t
heat mitigation strategies, 385e386
moderating, 571
urban greening case study, 394e399
WSUD, 385e386, 399e400

Urban lakes as WSUD system
design steps, 277t
and ecosystem health, 279e281
factors impacting urban lake health,

271e274
causes in urban lake degradation,
272e274

consequences of urban lake
degradation, 274

and stormwater quantity, 271
and stormwater treatment, 274e276
and urban development, 270e271

Urban lakes/dams, 271
Urban microclimate, 449
Urban planning, 336, 371e373,

448e449
Urban runoff, 271
URBAN site, 232, 236e239, 242, 247
Urban stormwater, 330
harvesting, 183
management, 434
runoff, 255e256, 435

Urban Stormwater Improvement
Conceptualization, 10

Urban stream
disturbance regime, 255e256
ecology, 231

Urban water management, 434e446
balance, 185, 185f, 212e213
diversification of water types for urban

water supply, 441e442
interfaces and consequences for WSUD,

442e446
new handling of stormwater, 434e438

adiabatic cooling with rainwater, 436f
flooding of streets in Frankfurt/Main,
Germany, 437f

separation and diversification of urban
wastewater streams, 438e441

ConvGrey system graywater separation,
439, 439f

HWC, 439e440, 440f
Semizentral concept with RRC, 440e441,
441f

types of novel urban water systems, 438f
services, 476
systems, 562

Urban water management plans (UWMPs),
93, 98
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UrbanBEATS. See Urban Biophysical
Environments and Technologies
Simulator (UrbanBEATS)

Urbanization, 181, 209e210, 215t, 224t,
229e230, 230f, 250, 381e385, 387,
410e411

effect on flow regimes, 213e220
decreased initial loss, 219
faster response to rainfall, 214
increased flood frequency and

magnitude, 219
increased number and magnitude of flood

peaks, 216e218
increased runoff frequency, 214e215
increased runoff volume, 214

hydrology, 232e236
impacts
on aquatic ecosystems, 50e51
on catchment water balance, 210e213,

211t
on channel morphology, 252e253
on geomorphic functioning, 251
on low flows, 219e220

macroinvertebrate assemblages, 235
composition, 242e245

study sites and study design, 231e232
three gaged catchments, 232t

water quality, 235e242
Urbanized catchments, 178
UrbanReNet project, 449
URLC. See Urban and Regional Land

Authority (URLC)
US Federal Clean Water Act, 3
Use values, 290
USEPA. See United States Environmental

Protection Agency (USEPA)
UV irradiation. See Ultraviolet irradiation

(UV irradiation)
UWMPs. See Urban water management

plans (UWMPs)

V
Variability, 157
Vaughans Stream, 566
Vegetated SCMs, 456e462, 468
Vegetated swales, 37e38
Vegetation, 418e419, 421, 424, 555

debris, 51
diversity, 423

Verification, 197e200
Victoria

development, 374
Essential Services Commission, 339
urban greening, 394
WSUD, 12
examples, 373e374
implementation, 97e98

Victorian Planning Authority (VPA), 336,
373, 376

Victorian Planning Provisions, 338e339,
339f

Victorian State Environment Protection
Policy for Waters of Victoria, 12

Vigor, 280

Visibility, 415e416
of WSUD systems, 501e505

Visual analytics software packages, 321
VPA. See Victorian Planning Authority

(VPA)

W
W/D ratios. See Width-to-depth ratios (W/D

ratios)
WA. See Western Australia (WA)
WACC. See Weighted average cost of

capital (WACC)
WAPC. See Western Australian Planning

Commission (WAPC)
Warragamba Dam for Sydney project, 500
Wastewater, 441
Wastewater management, 352
Wastewater treatment works (WWTW), 355

threat of, 355
Water, 501e503

level variation, 272
management

functions, 330e331
inadequate funding and limited capacity
for, 354

inadequate integration between spheres
concerned with, 355

structure separation, 354e355
mass balance equation, 420
pollution, 575e576
resource value, 291
retailers, 336e337, 337f
shared value of water saving, 512e513
smart street trees, 43
squares, 447
streams, 432
supply, 289, 513e514

in existing suburbs, alternative,
344e345

in greenfield developments, 342
types diversification for urban water supply,

441e442
use and wastewater generation

data, 189
Water balance, 186e188, 187f, 213

comparison of rural and urban,
212e213

restoring, 213
impact of urbanization on catchment,

210e213
Water efficiency, 546e547

estimated water savings, 546e547
Water Environment Research Foundation

(WERF), 158
Water harvesting

integration into WSUD
benefits of water harvesting in WSUD
context, 201e202

hydrological impacts of WSUD, 202
opportunities, 201

potential of WSUD approaches
distribution and plumbing, 200e201
harvest stormwater in urban environment,
179e182

jurisdictional and governance
considerations, 202e205

opportunities to integrate water
harvesting, 201e202

relevance of stormwater harvesting to
WSUD, 182

runoff capture and diversion, 189e190
storing harvested stormwater, 191e196
stormwater harvesting, 178e179
stormwater runoff in urban context,

182e186
water treatment, 196e200
yield assessment, 186e189

in WSUD context, 201e202
Water Industry Competition Act (2006), 11
Water Infrastructure Planning, 336
Water quality, 235

community WTP for other water quality
indicators, 294

considerations, 186
DO, 236e238
electrical conductivity, 239
factors affecting, 422e423
guidelines, 96e97
parameters, 530
pH and impacts of iron precipitate at

Blunder Creek WSUD site,
239e242

temperature, 238e239
Water Reclamation and Management

Scheme (WRAMS), 580e581
Water Sensitive Cities (WSC), 3,

369e370, 501
Water sensitive design (WSD), 354e355

in South Africa, 357
Water Sensitive SA (WSSA), 486e487,

489e492, 493f
Water Sensitive Settlements (WSS), 19e20
Water sensitive urban design (WSUD), 3,

26, 59, 75, 88, 120, 141, 164, 167f,
182, 209, 231, 250, 270, 288, 331,
333e334, 338f, 346t, 367e368, 373,
384e386, 388e389, 410e411,
434e435, 450, 475e476, 542,
562, 564t

addressing stream disturbance and
informing, 261e262

African countries, 19e20
approaches, 26
approaches functionalities and treatment

train, 76, 78te79t
Australia, 9e14
avoiding stormwater pollution, 27e34
barriers to achieving IUWM/WSUD vision,

334e336, 335t
capacity building, 492e494
advancements in training, 494
benefits, 479
climate change, 493
economic evaluation, 494
extreme events and environmental shocks,

492e493
targeted, 482, 483te485t
technology and “Internet of things”, 494

598 Index



case studies, 311e323, 399e400,
502te503t, 563e581

challenges to WSUD uptake, 102e104
changes, 493e494
combined IUWM/WSUD vision, 334, 334f
communication on, 514e515
comparison of rural and urban water

balances, 212e213
components of good asset management, 456
data requirement for planning and design,

84, 84t
design criteria, 79e80
design guidelines, 80, 81te83t
developments, 323e326, 500
drivers and impediments to application,

373e376
Aurora estate, new urban setting,
374e375

Lynbrook estate, new urban setting, 374,
374f

WSUD and Victorian Planning
Authority, 376

WSUD examples in Victoria, 373e374
drivers for implementing, 27
economics

considerations for residents and
communities, 509e510

estimating WSUD investment project
costs, 290e296

overarching framework for, 288e290
shortcomings and challenges, 296e298
suburb-scale case study, 298e299

enhancers and detractors of virtuous cycle,
518e519

evolution of urban design principles,
management, and role in, 276e279

expected to contribute to flood and flow
management, 122e123

flood management concepts, 123e128
flooding in WSUD implementation and

stormwater management, 121
for frequent storm flood and peak flow

management, 131e134
implementation around world, 89
improving your business case, 258

comparison of costs for stream channel
restoration, 260t

infrastructure and urban planning context
for, 336e337

for infrequent storm flood and peak flow
management, 128e131

integrate water harvesting into, 201e202
intended to flood and peak flow

management, 120e121
interface

and consequences, 442e446
with green infrastructure, 351e352

limiting factors for WSUD, IUWCM, and
WSCs, 377e378

developments, 377
market-led systems, 377
State Legislative Requirements, 377e378

mitigation options, 34e43
Netherlands, 8

path to initial success, 466e469
building business case, 468
determining condition of existing

assets, 467
determining department responsibility for

maintenance, 467e468
determining on-ground work done by

contractors or in-house staff, 468e469
implementing and continually

improvement, 469
locating existing assets, 466e467
management, 469

physical causes of flow regime change,
220e221

catchment changes, 220
drainage system changes, 220e221
importing water, 221
increased rainfall intensity, 220

place attachment, 510e513
policy
and implementation in United States, 103t
regulatory, and financial instruments, 107t
and regulatory context across Europe,

106t
and support instruments, 92t

project portfolio optimization, 318e323
multistakeholder optimization problem

formulation, 320
recreation and other amenity
flood mitigation, 508
food production, 506e507
poor amenity, 508
recreation and health benefits, 505e506
third pipe system benefits to home,

507e508
regulatory challenges relating to, 356t
restoration
of flow regimes at catchment scale,

222e224
of predevelopment flow regimes,

221e222
restoring water balance, 213
role in urban development, 367e371
SCMs
asset management for, 465
future of SCMs asset management,

469e473
lifespan of, 464e465
operational and maintenance

requirements, 461e464
types, 456e461

simulation and optimization models,
304e309

simulation models, 307e309
traditional and optimization approaches,

304e307, 305f
use of optimization, 309

social capital and community engagement,
513e517

soft and hard WSUD measures, 369t
South Africa, 352e354, 353f, 357e363
application in South African context,

354e355
South Australia case study, 486e492

spatial planning context in South Africa,
356e357

stormwater harvesting relevance to, 182
structural WSUD for flooding and peak flow

control, 128
systems for protection and rehabilitation of

channel morphology, 258e261
systems selection and treatment trains, 80
systems type, 76
tools/systems and functions, 77t
and treatment approaches, 59e69

approaches in stormwater management,
61e66, 62f

biofilters/bioretention basins, 63e64, 64f
constructed wetlands, 64e66, 66f
GPTs, 64, 65f
pervious pavements, 61, 63f
philosophy, 59e61
potential impacts of climate change,
67e69

rain gardens, 61, 62f
sediment traps/sedimentation ponds,
64, 66f

swales, 64, 65f
treatment devices performance,
66e67, 67t

tree pits, 62e63, 63f
and urban planning, 371e373
impact of urbanization on catchment water

balance, 210e213
effect of urbanization on flow regimes,

213e220
visibility of WSUD systems, 501e505

communication to increase awareness, 505
WSUD-based flood control case studies,

128e134
WSUD/GI benefits for CSO control,

144e158
Water service providers (WSPs), 330
Water Supply City (WSC), 10, 369e370
limiting factors for, 377e378

Water treatment, 196e200
requirements, 197, 199t, 200f
risk assessment, 197
stormwater quality, 197
stormwater runoff, 196
systems, 197
validation and verification, 197e200

Water-Community Resource Evaluation and
Simulation System (WaterCress),
188, 307e309

Water-sensitive design approach, 333
Waterbodies, 43, 269, 276
cooling effect of, 386

WaterCress. See Water-Community Resource
Evaluation and Simulation System
(WaterCress)

Waterfowl, 42
“Waterplan 2” Masterplan, 447
Watershed, 144
in North America, 368

Waterway
health improvement, 293

community WTP for, 294

Index 599



Waterway (Continued )
preserving and maintaining, 27
restoration value, 295, 295f

Waterways Water Sensitive Urban Design
General Code (the Code), 94

Waterwise development exemplar, 556
Weed invasion, 34
Weighted average cost of capital

(WACC), 288
WERF. See Water Environment Research

Foundation (WERF)
Western Australia (WA), 333

policy framework, 93
WSUD, 14, 98e99

Western Australian Planning Commission
(WAPC), 98

Wet-sump style installations, 36
Wetlands, 40e43

treatment system, 122e123
WFD. See European Water Framework

Directive (WFD)
WGV, 543e544

community consultation, 548

implementation of IUWM initiatives, 556
stormwater management, 549
structure planning, 545
subdivision plan, 554f
water balance, 551f
water saving initiatives, 550t

WHE. See World Horticulture Exhibition
(WHE)

White Gum Valley suburb, 553
“Whole-of-council” budget, 468
Width-to-depth ratios (W/D ratios), 252
Willingness to pay (WTP), 294, 509
Wind flow in street canyon with trees,

388, 388f
World Horticulture Exhibition (WHE), 441
WRAMS. See Water Reclamation and

Management Scheme (WRAMS)
WRC. See African Water Research

Commission (WRC)
WSC. See Water Sensitive Cities (WSC);

Water Supply City (WSC)
WSD. See Water sensitive design (WSD)
WSPs. See Water service providers (WSPs)

WSS. See Water Sensitive Settlements
(WSS)

WSSA. See Water Sensitive SA (WSSA)
WSUD. See Water sensitive urban design

(WSUD)
WTP. See Willingness to pay (WTP)
WWTW. See Wastewater treatment works

(WWTW)

Y
Yangtze River, 16
Yarra River Action Plan, 480
Yield assessment, 186e189

analytical tools, 188e189
data sources, 189
scheme yield and water balance, 186
water balance, 187e188

Z
Zero Additional Maintenance WSUD (ZAM

WSUD), 470e471, 470f

600 Index


	The Role of Green.pdf
	20 -The Role of Green Roofs and Living Walls as WSUD Approaches in a Dry Climate
	20.1 Water sensitive urban design
	20.2 Green roof and living wall concepts
	20.2.1 Extensive green roofs
	20.2.2 Intensive green roofs
	20.2.3 Categorization of green walls

	20.3 Green roof elements
	20.3.1 Growing media
	20.3.2 Root barrier
	20.3.3 Drainage layer
	20.3.4 Insulation layer or protection mat
	20.3.5 Roof structure

	20.4 Living wall elements
	20.4.1 Vegetation
	20.4.2 Growing substrate

	20.5 Green roof hydrology
	20.5.1 Rainfall and runoff relationship in green roofs
	20.5.2 Runoff comparison between green and conventional roofs
	20.5.3 Retention capacity of green roofs
	20.5.4 Rainfall events
	20.5.5 Effect of design parameters on green roof hydrological performance
	20.5.5.1 Slope
	20.5.5.2 Vegetation
	20.5.5.3 Substrate

	20.5.6 Hydrological modeling of green roofs

	20.6 Stormwater quality
	20.6.1 Green roof water quality
	20.6.2 Factors affecting water quality

	20.7 Green roof vegetation growth factors
	20.7.1 Vegetation diversity
	20.7.2 Substrates
	20.7.3 Suitable plants for Australian green roofs

	20.8 Thermal performance of green roofs
	20.8.1 Urban heat island effects
	20.8.2 Available numerical models
	20.8.3 Green roof mitigation of urban heat island effects

	20.9 Conclusion
	References


	Preface.pdf
	Preface
	1. History of WSUD and WSUD approaches
	2. Stormwater quality
	3. Design guidelines and regulations
	4. Potential for WSUD
	5. Ecological health covering impacts and benefits from WSUD
	6. WSUD economics and optimization
	7. WSUD in integrated urban water management and urban planning
	8. Urban heat island and greening the city
	9. Capacity building and community perception for WSUD
	10. WSUD post implementation assessment and case studies


	Copyright.pdf
	Copyright

	Editors.pdf
	Editors

	Front-Matter.pdf
	Approaches to Water Sensitive Urban Design

	List-of-Contributors.pdf
	List of Contributors

	Index.pdf
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	Y
	Z





