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With the infrastructure to manage stormwater threats in cities becoming increas-

ingly expensive to build or repair, the design community needs to look at alterna-

tive approaches. Living roofs present an opportunity to complement ground- level 

stormwater control measures, contributing to a holistic, integrated urban water 

management system.

 This book offers tools to plan and design living roofs, in the context of effec-

tively mitigating stormwater. Quantitative tools for engineering calculations and 

qualitative discussion of potential influences and interactions of the design team 

and assembly elements are addressed.
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istered landscape architect in Vancouver and Berlin and a horticulturalist. Roehr 
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cant work being the ground- breaking water sensitive living roof design of the 

DaimlerChrysler project Potsdamer Platz in Berlin, Germany.
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Chapter 1: Introduction

1.1 Why Worry about Water? Water as a driver for living roof 

implementation

Water is crucial for life on earth. It is our most precious resource. In many parts of 

the world, water scarcity causes immense hardship for human, animal and plant 

life. The extent of these areas is steadily increasing (International Water Manage-

ment Institute 2000; Rijsberman 2005; UN Water, Food and Agriculture Organi-

zation of the United Nations 2007). The quality of water has been degrading 

rapidly since the Industrial Revolution, a situation which has been accelerated by 

the immense increase in population over the last 40 years (Albiac 2009; Carr and 

Neary 2009; Nienhuis and Leuven 2001). In the Western world, concerns over 

water extend beyond basic infrastructure to now address the preservation of eco-

systems and ecosystem services. With increasing urgency, urban development 

professionals including architects, landscape architects, engineers and planners 

are researching and implementing various methods to recycle, store and reuse 

water, improve its quality, and protect or restore the natural resource base from 

which it is extracted (Margulis and Chaouni 2011; Planning Institute Australia 

2003).

 What we do with water use (how much) and its management (quality, where 

it ends up, and how fast it travels) at a local level always impacts a larger system, 

which in turn, feeds back to the availability and quality of water in our cities. Of 

the many forms that water takes, this book is concerned with urban stormwater 

runoff. It examines the role and design of living roofs to mitigate runoff ’s envi-

ronmental and infrastructure impacts, while creating productive urban spaces. 

Living roofs have to be seen from two sides: the pragmatic/technical side from an 

engineer’s point of view alongside the environmental, social and/or aesthetic/

experiential side from a designer’s point of view. Designers try to create a human 

experience resulting in a higher quality of life but this cannot happen without the 

engineer’s objective to protect water resources for creating and sustaining life.

 Urban stormwater runoff poses a suite of receiving water and infrastructure 

impacts that threaten public health and welfare as much as ecosystem services, 

but also offers an opportunity of a resource to be captured for beneficial uses. 
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The historic focus of an urban drainage system was to expediently remove or 

dispose of runoff so as not to disrupt urban activities, damage structures or 

threaten public safety. Expedient removal is no longer the only goal or cost. In 

some cases, it is not the goal at all. Almost every aspect of the hydrologic cycle 

(water’s distribution and flux in a watershed) is modified by urban development. 

In a natural forested condition, 10–20 mm of precipitation may be intercepted by 

the vegetated canopy and infiltrated (soaked) into the ground before stormwater 

runoff is generated at the surface. In an urbanized condition, runoff may be gen-

erated from as little as 2 mm of rain. Thus, in urban settings, flows are generated 

almost every time it rains, and pollutants are transported to receiving waters such 

as streams, rivers, lakes, estuaries, bays and harbors. Increased flow rates, runoff 

volumes and occurrence of runoff along with how quickly runoff is initiated con-

tribute to channel erosion and instability, which degrades both physical and bio-

logical habitat structure by a process known as hydromodification (US EPA 1993). 

Studies show that marked alteration of channel flow processes is associated with 

declining ecological health, or degradation of the physical channel attributes 

required for normal ecological functioning (Gippel 2001). Across the United 

States, receiving water quality has largely been considered “degraded” for 

decades; pollutants carried by urban runoff are largely discharged without treat-

ment. Altogether, hydromodification and pollutant loadings compromise aquatic 

habitat, infrastructure and property almost every time it rains.

 Reducing or avoiding impacts from “everyday” rainfall events is increasingly 

incorporated into policy, but has not historically been the focus. Since 2001, US 

state and municipal agencies in Portland, Philadelphia, Seattle, Atlanta, Chicago, 

New York, Pittsburgh, Washington State, California, Maryland, Vermont and Vir-

ginia have introduced policies and related design requirements. Significant legis-

lation enacted in 2007, Section 438 of the USA Energy Independence and 

Security Act, requires extensive on- site runoff control from “everyday” events for 

federal facilities undergoing new or redevelopment. Living roof technology is per-

fectly suited to mitigate these sorts of storm events.

 In many older cities, “everyday” stormwater impacts to receiving environ-

ments are exacerbated or even superseded by combined sewer overflows (CSOs). 

Combined sewers are intended to carry sanitary sewerage and stormwater runoff 

through the same pipes to a municipal wastewater treatment plant. In many 

major cities around the world, urban infill and densification now generate flows 

well exceeding the carrying capacity of the combined sewer network. By design, 

overflow points discharge untreated runoff and sanitary sewerage into receiving 

environments when the capacity of the sewer is exceeded during wet weather 

(e.g., rain or snowmelt). While the intention is to prevent overloading the munici-

pal wastewater treatment facility, and causing even greater volumes of untreated 

wastewater discharge, the impacts to local receiving environments can be devas-

tating. In Brooklyn, NY, modeling predicts CSO events to occur almost every time 

it rains, without intervention (City of New York 2008). In New Jersey, the state 

with the highest population density in the United States, as little as 5 mm of rain 



Introduction n

3 

regularly causes CSOs (NY/NJ Baykeeper.org 2013). Philadelphia is served by 164 

permitted CSO discharge points, serving 48 percent of the city (PWD 2011). 

While larger storms cause the greatest volume of CSO, smaller storms create the 

greatest number of CSO events. In many areas of the United States, these sorts 

of discharges are in violation of the 1972 Clean Water Act and its amendments 

(including the 1994 Combined Sewer Overflow Control Policy) and/or the Wet 

Weather Water Quality Act of 2000. In the Pacific Northwest, CSOs and runoff 

contaminants including the elevated temperature of untreated stormwater runoff 

threaten salmonids protected by the 1973 Endangered Species Act. Environmen-

tal regulation and impending lawsuits and/or fines, exacerbated by shifting public 

awareness and opinion, is causing municipalities and water utilities to invest sig-

nificant resources in reducing the frequency and volume of CSOs, and restoring 

degraded waterways.

 Upgrading buried infrastructure is increasingly found to be uneconomical and 

impractical compared to surface- level action. Rigid grey infrastructure (pipes, 

pumps, tanks and centralized treatment plants) lacks resilience. Alternatively, 

small and large cities around the world are developing or are already implement-

ing green infrastructure (GI) solutions for stormwater management. Although 

many definitions of GI have been proposed, a useful compilation is “Natural and 

engineered ecological systems which integrate with the built environment to 

provide the widest range of ecological, community, and infrastructure services” 

(greeningofcities.org 2012). The term green stormwater infrastructure (GSI) is 

specifically used to identify approaches for runoff management.

 Decisions defending GI and GSI adoption cite economics, inability to achieve 

technical objectives using grey infrastructure, and multi- functionality over and 

above provision of ecosystem services, particularly with respect to human health 

and social capital. Across the world, the two largest municipal investments in GSI 

were recently introduced in Philadelphia and New York City, specifically to 

address CSO control and receiving water quality improvement. After a compre-

hensive alternatives analysis, the Philadelphia Water Department (PWD) deter-

mined that traditional grey infrastructure would be “cost prohibitive while also 

missing the restoration mark.” Instead, the PWD is investing US$1.2 billion (2009 

net present value) in GSI and in excess of US$3 billion in GI over 25 years 

“towards greening the city as a means to provide specific benefits . . . while 

meeting ecological restoration goals” (PWD 2011: 3). Implementing GI across 

New York City is projected to eliminate $1.4 billion and defer $2 billion from the 

municipal government’s budget for state- mandated grey infrastructure projects 

(City of New York 2012).

 On a smaller scale, site or block- level initiatives are often instigated by munici-

palities in response to neighborhood complaints. Many successful stories and/or 

pilot projects are emerging from Seattle, Portland, Lancaster (Pennsylvania), New 

York City and Washington, DC where GI solutions for stormwater are integrated 

into street or intersection redevelopment to improve traffic and pedestrian safety. 

Addressing runoff problems at – or close to – the source with GI eases the 
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burden on the overall network and reduces the demand for inflexible grey infra-

structure and large downstream flood management facilities.

 GI fundamentally couples better community design with technological func-

tion. From a landscape architecture perspective, Fredrick Law Olmsted’s work can 

be seen as the genesis of design and planning that combines open space with 

infrastructure services. As the designer of New York City’s Central Park and the 

1893 Chicago World Exhibition, Olmsted was the most prominent North Ameri-

can landscape architect in the nineteenth century. He understood that accessibil-

ity to green public open space close to the polluted dense city centers would 

have tremendous health and social benefits for city dwellers. In Boston’s Emerald 

Necklace, Olmsted developed a park system connected by so- called “parkways.” 

These parkways (wide green path systems lined with trees) made the open spaces 

accessible to the visitors on foot, horses and carriages, but also provided storm-

water mitigation through an interconnected swale and lake system (Hellmund 

and Smith 2006). In the nineteenth century, Olmsted, Henry David Thoreau and 

John Muir were strong advocates that green open space would be very important 

for the physiological, physical and spiritual health of the city dweller (Fischer 

2010; Martin 2011; Thoreau 1851). Only recently this has been scientifically 

proven with rigorous experiments and peer- reviewed journal publications (Kellet 

and Rofe 2009; Kuo 2010; Ulrich 1984).

 Visual and physical access to GI is documented as being responsible for 

improvements in human mental and physical health; decreases in instances of 

crime; and other social benefits, such as fostering connection to place and 

increasing economic value (increased property values and economic activity) 

through the improved aesthetic appearance of neighborhoods (Coley et al. 1997; 

Cox 2012; Forest Research 2010; Kuo 2010; Wooley and Rose 2004). These 

potential benefits should motivate urban development professionals to advocate 

and integrate GI at all scales: regional and municipal masterplans, individual 

building lot designs, open spaces, and in new or retrofit projects. Precedent for 

widespread successful living roof implementation is found in Portland (Oregon), 

Linz (Austria) and Stuttgart (Germany) (Lawlor et al. 2006). Technology, urban 

design, planning, ecology and associated disciplines have evolved to provide a 

suite of tools that build upon Olmsted’s parkways. Infrastructure designed with a 

systems approach merges technical know- how with architectural design to suc-

cessfully create healthy urban environments.

 Within the context of GI, resilient urban stormwater solutions rely on a holistic 

approach to managing the hydrologic cycle and improving water quality. Green 

Stormwater Infrastructure (GSI), Low Impact Development (LID), Environmental 

Site Design (ESD), Water Sensitive Urban Design (WSUD), or Sustainable Urban 

Drainage Systems (SUDS) are common terms around the world to summarize this 

design approach. Regardless of the name, the design paradigm combines land- 

use planning with engineered stormwater control measures (SCMs) to create a 

functional landscape that minimizes changes to site hydrology and limits pollut-

ant discharges (e.g., Figure 1.1). Equal attention is paid to runoff quality and 
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Figure 1.1 
Living roofs: a tool and 
system component

quantity. From a philosophical and technical perspective, prevention (source 

control limiting runoff- or contaminant- generating surfaces) is more effective 

than a “cure” (capture and treat) (National Research Council 2009).

 Thoughtfully designed living roofs provide an excellent opportunity to effec-

tively prevent or significantly dampen runoff generation from the traditionally 

impervious rooftop, yet form does not always complement function. The land-

scape architect’s objective is to make these planted spaces visually attractive, 

accessible, noticeable (or invisible) and usable as well as maintainable from an 

environmentally responsible standpoint. Clients are heavily influenced by garden 

design magazine images in their perception of living roof appearance. Landscape 

architects are pressured to produce a “green” roof appearance foremost for the 

client, whereas lack of connection to the ground means that living roofs are 

extreme places, (hu)man- made and artificial – thus potentially requiring signifi-

cant intervention. Designers need to responsibly balance appearance with the 

long- term environmental benefits, where the premise of the living roof assembly 

and runoff mitigation capacity might (or should) override the appearance. Explor-

ing the interdependence of the visual impact and technical goals (namely storm-

water management) of a living roof is the premise of the design considerations 

suggested in this book.

1.2 opportunities for living roofs

While the premise of this book focuses on effective design of living roofs inte-

grated in an urban water system, we would be remiss to overlook mention of 

additional or complementary roles a living roof might fulfill. A review of almost 

any information on the benefits of living roofs list contributions such as extend-

ing the roof ’s life, energy demand reduction, urban heat island mitigation, 

Living Roof
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Reduces runoff velocity
and promotes in�ltration
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reduces contaminant 
concentrations and loads

Separate 
storm sewer 

Reduced sewer 
discharge

Receiving
water

Rain
Evapotranspiration

Evaporation

Evapotranspiration

Groundwater recharge



introduction n 

6 

Figure 1.2 
Living roof: a tool with 
multiple benefits

 promoting urban biodiversity, contributing to carbon neutral or mitigation strate-

gies, noise pollution (acoustics) dampening, social and amenity value, absorption 

of atmospheric pollutants, and stormwater runoff reduction. Indeed, living roofs 

are one of the few technologies that may provide multiple functions for environ-

mental management.

1.2.1 A stormwater control measure
In rural to suburban or urban transformations where land is readily available, 

holistic stormwater approaches often center around opportunities for runoff to 

soak (infiltrate) into the ground, usually via vegetated SCMs. Many cities currently 

aim to densify accommodation and office space in the downtown and regional 

cores, yet city boundaries still expand. In these dense urban areas ground- level 

SCMs may be impractical, ineffective, infeasible or cost- prohibitive. Land prices, 

poorly drained subsoils (due to repeated earthworks, shallow topography, high 

water tables or clay soils) and significant underground development (such as 

subways) are challenges for SCMs designed to discharge water into the ground. 

Conversely, rooftops provide productive opportunities for stormwater mitigation 

while creating amenity and architectural value.

 The greatest contribution of living roofs to stormwater control is the contribu-

tion to mitigating runoff hydrology. At the site or building scale, studies show 

that runoff is often eliminated altogether for small to medium sized precipitation 

events (usually considered < 25 mm of precipitation, but this figure depends on 

location). When runoff is generated, flow rates are substantially less than a com-

parable conventional roof surface and hydrograph (the variation of flow with 

respect to time in a storm event) timing is modified (Carpenter and Kaluvakolanu 

2011; Carson et al. 2013; Fassman- Beck et al. 2013; VanWoert et al. 2005; Vil-

larreal 2007; Villarreal and Bengtsson 2005). Even during large (> 25 mm) or 

back- to-back storm events, living roofs can provide measurable reductions in 

runoff potential, and reliable peak flow attenuation (Carpenter and Kaluvakolanu 
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Social amenity

Water
collection

Toilet
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Irrigation
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2011; Stovin et al. 2012; Voyde et al. 2010). Modifications to the timing of 

runoff compared to a conventional roof surface or direct rainfall is usually 

observed (Carter and Rasmussen 2006; DeNardo et al. 2005; Getter et al. 2007; 

Liu 2003; VanWoert et al. 2005).

 Detailed consideration of performance reveals that the specific magnitude of 

effects varies amongst reports, and even from the same living roof subjected to 

different characteristic storms. Comparing performance studies found in the liter-

ature is complicated by the observation that there is very little consistency in 

living roof design (Theodosiou 2009). Nonetheless, the evidence overall shows 

that living roofs’ manipulation of rainfall is likely to reduce the burden on storm 

or combined sewers that exceed capacity even in small events. Stormwater miti-

gation benefits increase with the proportion and location of roofs vegetated in a 

catchment or sewershed. At a site, city or watershed scale, effective GI is predi-

cated on a system of distributed measures (see Chapter 2). Individual component 

design, such as a living roof, is a fundamental contributor to the composite 

results.

1.2.2 An environmental comfort control
A living roof can operate as a “green” and “living” open space, due to its inher-

ently organic, multi- layered composition. The living roof performs as a useful reg-

ulator of exterior and interior thermal environments (Koehler et al. 2002). Interior 

temperature regulation is contributed by the number and insulative properties of 

a living roof ’s layers (Koehler et al. 2002). The living roof can help cool a building 

in warmer climates and decrease heat loss through the top of the building in 

colder climates. The vegetation and growing medium of a living roof can signifi-

cantly improve the microclimate in the immediate area of the living roof itself (up 

to 1°C), during both day and night (Banting et al. 2005; Umweltbundesamt 

2012), as solar energy absorption and water storage in the growing media 

increases humidity and cooling through evapotranspiration (US EPA 2008).

 In both cases, living roofs can help save energy that would otherwise be used 

for thermo- regulating units to achieve desirable interior thermal conditions 

(Berghage et al. 2010; Kumar and Kaushik 2004; Tanner and Scholz- Barth 2004). 

If peak energy demands (from air- conditioning systems, for example) are reduced 

in times of temperature extremes, power outages may be avoided. Prevention of 

power outages can in turn reduce the occurrence of heat stroke- related mortali-

ties in over- heated buildings. This was a significant driver behind Chicago’s living 

roof policy.

 Reducing the urban heat island effect through the use of living roofs has 

strong health implications for city dwellers, especially in the prevention of unprec-

edented and recurring increases in elderly and adult mortalities that was seen in 

Europe and the United States from high urban temperatures in the last few years 

(Corburn 2009; Kovats and Kristie 2006; Than 2012). A study in New York City 

found a reduction of the mid- day heat of about 0.4°C, if 75 percent of New 

York’s flat roofs were converted into living roofs (Rosenzweig et al. 2006). While 
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living roofs alone are unlikely to sufficiently regulate city- wide temperature, a 

large accumulation of living roofs in city centers could have a positive effect on 

the heat island effect (Umweltbundesamt 2012).

1.2.3 A social space for interaction and learning

In addition to its numerous measurable benefits, rooftops create opportunities 

for social, cultural and economic value. They can become the social spaces that 

form the backbone of cities; places that allow people to define themselves 

through their interactions with their fellow citizens (Watson 2006). All cities have 

vast amounts of underused roof space. Roof space is not “left over” space. 

Rather, as a building’s fifth façade, it is a productive space, one that can help 

replenish the social space deficit generated by dense urban development. It is 

also an educational space – a place of learning about the natural processes of 

the water cycle, food production and wildlife (Ashbury.ca 2013).

 Some living roofs are appropriate spaces for urban agriculture as well as a 

nurturing place for biodiversity protection. For example, following alarming 

reports of worldwide Colony Collapse Disorder, rooftops, including living roofs, 

are becoming popular venues for apiculture as a means to offset their disappear-

ance. Honeybees pollinate roughly 30 percent of our entire food stock (Douglas 

2010; Dupont 2007; Oldroyd 2007; Spivak 2013; Williams 2008). Other benefits 

in urban bee- keeping include educational value, and contributions to local food 

economies and cultures, including the hundred- mile diet (Matteson and Langel-

loto 2009; Poppick 2013; Satow 2013).

 As a living roof, the fifth façade can enhance viewshed value, particularly 

where ground- level green space is limited or beyond accessible or meaningful 

view. A viewshed is considered to be the full extent of the area from which the 

living roof is visible. For example, adjacent buildings that look over a living roof 

are contained within the viewshed, without being owners or occupiers of the 

building upon which the living roof is installed. Publicly accessible viewsheds are 

considered particularly important with respect to maintaining aesthetics, to 

ensure ongoing support for a living roof project. As an architectural surface, 

living roofs allow freedom in design ranging from “wild” habitat to a rigid archi-

tectural scheme. Depending on its location in the city and the context of the city 

to the surrounding landscape, the living roof ’s manifestation should consider eco-

logical, environmental, architectural and social points of view.

1.3 ClassifiCations

Living roofs are commonly divided into two basic types derived directly from a 

German classification: extensive or intensive living roof.

 An extensive living roof is defined in this book as:

A single or multilayered living roof system (drainage, growing media, and plants) 

designed individually or as composite, manufactured system. The growing media 
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Figure 1.3 
Typical living roof 
assembly

(substrate) depth may be 25–150 mm, while the surface may be either level or graded 

with low topographic features. Extensive living roofs are vegetated with typically low 

growing plants. In general extensive living roofs are not irrigated, except in climates with 

long summer drought periods, during the establishment period, on very steep roof 

slopes with exposed aspect, or where aesthetics demand perpetual “green.” Extensive 

living roofs are sensitive to foot traffic, and therefore vegetated areas should be 

protected from direct contact (except for maintenance). The aim is to create a resilient 

system to manage stormwater runoff, with relatively low requirements for maintenance, 

including fertilizer, irrigation or weeding.

An intensive living roof is defined as:

A multi- layered system (drainage, growing media and plants) designed individually or as 

a composite, manufactured system. The substrate depth is usually >150 mm, either 

levelled or with variable topographic features. Although they are vegetated, they may 

also incorporate hard landscape features like paving and structures like pergolas. 

Vegetation allows and includes the whole palette of plants from herbaceous plants, to 

shrubs and trees. Regular irrigation is usually required for intensive living roofs to protect 

the more expensive resource (e.g., trees) or enable adequate production (e.g., urban 

agriculture). Intensive living roofs’ main application rests in the creation of a full garden 

or landscape lying above a built structure, and are synonymous with rooftop gardens.

In this book, we focus on technical and architectural design of extensive living 

roofs. As will be explicitly detailed in Chapter 3, extensive living roofs can provide 

adequate capacity to manage runoff from “everyday” rainfall events that pose a 

significant threat to receiving water health. Conversely, the complexity of the 

construction, increased structural burden, and the potentially higher maintenance 

of an intensive living roof make a less convincing tool for stormwater mitigation.

1.4 funCtional Components

A living roof typically consists of multiple layers (Figure 1.3), each of which plays 

an important role in the overall system function. The basic function of each layer 
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and its relative vertical position in a living roof assembly is described here, while 

the specific design considerations are explored in detail in Chapter 4.

1.4.1 Waterproofing layer
The purpose of the waterproofing layer is to protect the structure and underlying 

building from water damage. It is usually a synthetic membrane. A well- installed 

and reliable waterproofing layer is critical for any building, whether or not a living 

roof is installed atop. Over the long term on a non- greened roof, leaks usually 

result from mechanical breakdown of the membrane induced by UV exposure or 

flexing from freeze–thaw cycles, or accidental physical compromises (holes, cuts) 

by service, installation, and maintenance work on rooftop infrastructure. A prop-

erly designed and installed living roof should address each of these potential 

compromises, by providing a physical insulating layer of protection above the 

waterproofing membrane. Anecdotally, there is a 90-year- old living roof in 

Germany that has never replaced the underlying membrane. A more conservative 

estimate frequently heard is that a living roof system that fully covers the water-

proofing membrane should at least double its useful life.

1.4.2 Root barrier
Protecting the integrity of a building’s waterproofing membrane is the highest 

priority during the installation and long- term operation of a living roof system. 

While avoiding plants with aggressive root structures (such as bamboo) is an 

important line of defence, a physical or chemical root barrier provides another 

layer of protection. In some cases wind- blown seeds may introduce plants with 

aggressive roots, for example birch seedlings, and may be overlooked by mainte-

nance crews. The additional cost of a root barrier is considered small compared 

to costs of repairing potential damage. Often, the root barrier is integrated into 

the waterproofing layer to reduce separate layers and construction cost.

1.4.3 Moisture retention layer (optional)
A supplemental moisture retention layer or layers can enhance plant health and 

stormwater retention. Direct physical contact between the held moisture and the 

growing medium and/or plant roots is critical for functionality. Stored moisture 

accessible by plant roots will reduce the duration and/or severity of plant stress 

during extended periods between rainfall or irrigation events. Rainfall captured in a 

moisture retention layer will contribute to evapotranspiration (ET) rather than direct 

runoff, if the retained water is in direct contact with the growing medium and/or 

plant roots. Moisture retention layers are therefore best placed at the base of the 

root zone, between the growing medium and the geotextile separation layer. Con-

versely, moisture retention layers or materials placed in the upper zone of the living 

roof cross- section may reduce root development through the growing media 

profile, thus compromising the stability of plants in a usually windy environment.

 Moisture retention layers may be made of synthetic materials or natural fibers. 

Suitable natural fibers, fabrics or mats may be made from some types of peat, 
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sphagnum, coir, wool, jute or felt. Foams and other synthetic moisture retaining 

materials are emerging in the marketplace. Retention layers have variable longev-

ity and are likely to become less effective over time as they decompose. Protect-

ing the material from UV exposure, such as by placing it at the base of the 

growing medium, should help to extend its useful life.

1.4.4 Drainage layer
A distinct drainage layer under the growing medium promotes free drainage to 

the roof outlets (scuppers and downpipes). Separate drainage layers are often 

made from synthetic mats or rigid boards, with a bonded (attached) geotextile, 

and may also contain a root barrier. Alternatively, granular material such as a 

lightweight coarse aggregate (e.g., pumice) or non- reactive recycled materials 

may be used. In this case, a separate geotextile should still be placed between 

the drainage layer and the growing medium.

 While the drainage layer itself does not provide waterproofing, it provides 

physical protection from shovels or other gardening implements that might 

damage waterproofing during planting or maintenance. Many drainage layers 

are made of synthetic mats (egg crate or spider web shaped) providing in excess 

of 50 percent of their material volume as airspace. These mats provides air circu-

lation for plant roots, and an evaporation zone to keep roof insulation of inverted 

living roof assemblies dry (see Chapter 3). A drainage layer prevents free water 

on the roof, minimizing potential freezing damage in cold environments.

1.4.5 Geotextile separation
The geotextile helps to hold  the growing medium in place, preventing it from 

compromising the effectiveness of the drainage layer. The geotextile does not 

typically act as a filter for pollutant capture. A geotextile bonded to a synthetic 

drainage layer tends to be more easily installed than a separate geotextile layer 

(which would likely be required if an aggregate drainage layer is specified).

1.4.6 Growing medium
The growing medium is perhaps the most important functional component of a 

living roof system in terms of stormwater management. It is sometimes called sub-

strate or engineered media. The growing medium provides the main “sponge” for 

rainfall storage on the rooftop. Water captured by the growing medium is subse-

quently returned to the atmosphere via ET, rather than becoming runoff. Even 

when the moisture (rainfall) storage capacity is full, encouraging a tortuous flow 

path through the growing media (rather than across the surface) reduces the veloc-

ity of runoff compared to the rainfall intensity or a conventional roof ’s runoff.

 Over and above stormwater benefits, the growing medium supports plant 

vitality physically and nutritionally. The growing medium continually contributes 

to energy demand mitigation because it provides thermal mass when wet, and 

insulation when dry. In many cases, it can be used to provide ballast against wind 

uplift.
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1.4.7 Vegetation
The ability of living roofs to provide multiple technical functions is created by or 

enhanced with the presence of a healthy, dense plant community. The system’s 

resilience in continuing to capture rainfall even when subjected to storms occur-

ring in close succession is greatly enhanced by plant transpiration: this is the “T” 

in ET. Many academic studies have demonstrated the influence of a living roof ’s 

plant community in enhancing ET, and the importance of the promoting ET in the 

urban water balance (DiGiovanni 2013; DiGiovanni et al. 2013; Rezaei 2005; 

Starry 2013; Voyde 2011; Voyde et al. 2010; Wadzuk et al. 2013).

 ET is also a cooling process. Energy in the form of heat is used to convert 

stored liquid water from the growing medium (i.e., captured rainfall or irrigation) 

into water vapor. This creates a cooler microclimate immediately above a living 

roof ’s surface. Anecdotally, open windows above a living roof benefit from cooler 

breezes. Other evidence demonstrates increased efficiency of air conditioning 

units with intakes located in close proximity to the plant canopy: less energy is 

needed to further cool the air, thus mitigating energy demand.

 Healthy plants contribute to acceptance or appreciation of a living roof by 

those within its viewshed, regardless of a living roof ’s technical intent. Vegeta-

tion transforms the typical greyness of conventional roof surfaces, and provides 

endless opportunities to actually “design” open space. Viewing plants was 

shown to enhance patients’ recovery rate after operations, compared to 

viewing brick or concrete walls. Living roofs allow access to green for people 

with restricted mobility and helps them to stay mentally fit (Kuo 2010; Ulrich 

1984).

 Plants promote urban biodiversity as a source of pollen, a refuge and food 

source for insects, and a cooler surface for resting birds (compared to a conven-

tional roof ). They can contribute to green corridors connecting urban green 

spaces, enabling pathways for migration of flora and fauna.

 Finally, plants help maintain stability of the living roof system. They provide 

protection against growing medium erosion from rain and wind. Plant roots 

create a matrix to hold the growing medium in place, while also helping to main-

tain its porosity and permeability over the long term.

1.5 three fundamental ConCepts

Of all of the potential benefits offered by living roofs, effective stormwater man-

agement may be one of the easiest objectives to achieve, provided system and 

component characteristics are well understood by the design team, product sup-

pliers, installers and maintenance teams. This leads to three fundamental princi-

ples governing our framework for living roof design.

1.5.1 System component
Living roofs are one component of a holistic system for urban stormwater man-

agement. The living roof must be acknowledged as operating within a specified 
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area of a large hydrological system, and must be intended to contribute to it or 

mitigate negative human impacts on it.

1.5.2 Dynamic life- cycle
Living roofs are dynamic, living systems. Each roof ’s appearance and function 

responds to change in climate and vegetative processes. Its success is predicated 

on a well- researched understanding of climate, appropriate component specifica-

tion, and a maintenance regimen that responds to the needs of the design objec-

tives, client needs or expectations, and site biology. Extensive living roofs should 

be expected to “live” for decades.

1.5.3 Artificial landscape
Living roofs are an engineered, constructed system. Everything ranging from their 

components and structure (what they are) to their utilitarian and experiential 

function (what they do) must reflect the timescales and physical scales in which 

they operate. That is, plant and growing media selection must be made to match 

climate conditions. Decisions with respect to form (e.g., intensive or extensive 

living roof, landscape over structure, etc.) must best suit the desired social or 

functional use and intended physical scale and typology (residential or commer-

cial, single- lot or multiple- occupant, etc.).

1.6 book methodology

Applying living roofs to the urban environment can be considered at multiple 

scales: building lot, city block, city- wide, sewershed or watershed. This book pri-

marily discusses the design and implementation of a living roof applied to a 

single building lot. At this scale, a living roof likely has a significant effect on 

stormwater management and the client or landscape architect has the most 

influence over the design than at any other scale.

 This book explains how to analyze, plan, apply and integrate technical and 

non- technical aspects of living roofs. It does not specifically address policy instru-

ments. Throughout the book, we aim to provide guidance for a living roof project 

to ensure minimum levels (or better) of stormwater management are realized 

based on current research. Design enhancements over and above minimum rec-

ommendations are discussed, which will likely have better outcomes, while creat-

ing aesthetically desirable living roofs. We hope this book promotes meaningful 

living roof implementation that contributes toward holistic urban water 

management.

 Chapter 2 offers insights into common regulatory drivers for urban stormwa-

ter runoff, and a technical perspective on how a living roof “works” to control 

runoff. Detailed summaries of academic studies on the stormwater performance 

of living roofs, and how design influences performance, are presented.

 Chapter 3 focuses on the planning process. It identifies the roles of various 

stakeholders in any living roof project, highlights topics for stakeholder discussion, 
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and why clearly defining project objectives facilitates the design and implementa-

tion process. Technical elements of planning, for example, calculating potential 

runoff, are also addressed.

 Chapter 4 centers on the actual living roof design process by considering 

technical specifications for each of the functional layers, incorporating architec-

tural elements and amenity value, and promoting long- term success by design 

to facilitate maintenance. For each of these topics, the potential interactions 

between stakeholders (with a particular emphasis on the landscape architect 

and the stormwater engineer) and opportunities to enhance outcomes are 

explored.

 Chapter 5 offers case studies to help communicate various aspects of plan-

ning and design, and the importance of the interactions between stakeholders to 

successfully achieve project objectives.

 Closing remarks in Chapter 6 consider future directions to advance under-

standing of the science of living roofs, and their role in holistic integrated urban 

water systems.
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Chapter 2: The role of living roofs in 
holistic stormwater management systems

Regardless of the growing public awareness of the environmental impacts of 

stormwater runoff, government regulation defining requirements for stormwater 

management remain the most significant driver or potential limitation for design 

and installation of all stormwater control measures (SCMs).1 At the time of this 

writing, many municipalities are found to be in the midst of a paradigm shift for 

design of stormwater controls. The shift to green stormwater infrastructure (GSI) 

provides an opportunity for living roofs where green infrastructure (GI) is embraced, 

and where design manuals offer computational procedures for runoff calculations, 

but creates challenges where regulatory agencies are slower adopters. A discussion 

of the regulatory context is warranted, as it forms the basis for the technical 

objectives adopted by the stormwater designer. It also forms a framework, or set of 

rules, against which a building or broader development proposal is evaluated in 

terms of creating and mitigating runoff potential.

 In GSI, stormwater “management” includes on- site retention to limit runoff 

volumes, temporary detention to further reduce peak flows, and source control 

to prevent discharge or provide treatment to reduce discharged amounts of a 

range of contaminants. These can be further defined as:

•	 Rainfall	or	runoff	that	is	designed	to	infiltrate	into	the	ground,	evapotranspire	

to the atmosphere, or harvest for reuse is considered to be retained. The net 

volume of runoff that would otherwise discharge from a site to a sewer or 

stream is reduced with stormwater retention. Living roofs, bioretention, 

permeable pavements, cisterns with plumbing for reuse, and some swales are 

considered retention SCMs. Even where bioretention or permeable pavement 

systems have underdrains, significant retention can be provided.

•	 Rainfall	 or	 runoff	 that	 is	 captured	 and	 slowly	 allowed	 to	 drain	 into	 the	

receiving environment is considered detained. The flow rate of runoff is 

mitigated, but the total volume of the discharge is not altered. Ponds,2 basins 

and constructed wetlands are typical detention SCMs. In some cases, 

detention alters the time to peak flow.

•	 Self-	mitigating	 surfaces	 that	 prevent	 runoff	 or	 contaminants	 from	 being	

generated at a site are often considered source controls. Living roofs and 
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permeable pavement are examples of hydrologic source controls, as surface 

runoff simply does not occur for many storm events. Sometimes other SCMs, 

such as bioretention and swales, are considered at- or near-source controls if 

they are installed close to the point of runoff or contaminant generation, such 

that runoff is well- managed before discharging off- site.

•	 Treatment usually refers specifically to managing contaminants. Contaminants 

found in stormwater runoff vary in chemical, biological and physical 

composition, as well as concentration. Where water quality is a concern, the 

appropriate SCM for a given site should be selected at least in part based on 

the mechanism(s) it provides for removing or reducing contaminant(s) specific 

to the site or receiving environment. For example, sediment is usually removed 

well enough by gravitational settling, which can be provided by a pond or a 

simple grassed swale, or by filtration through a filter medium such as in 

bioretention. Hydrocarbons, on the other hand, float. Heavy metals such as 

zinc and copper will often sorb to a filter medium. Nitrogen removal usually 

requires an anoxic (devoid of oxygen) environment, a narrow temperature 

range, and a fair amount of time. Pathogens are destroyed by exposure to 

ultraviolet rays from the sun. In the context of living roofs, the fundamental 

question to consider with respect to water quality is: what, if any, is the source 

of contaminants? This is explored in more detail in Section 2.6.

2.1 THe urban waTer balance in municipal regulaTions

The integrity of aquatic ecosystems relies in part on a balanced distribution of 

water amongst the components of the hydrologic cycle. In undisturbed environ-

ments, precipitation (rain, snow, sleet, etc.) is intercepted by a vegetated canopy 

or soaked into the ground. Water captured by foliage is returned to the atmos-

phere directly by evaporation, or travels along plant elements as stemflow, ulti-

mately to seep into the ground near the base of the plant. The larger portion of 

precipitation that passes through vegetation will infiltrate through the ground 

surface to recharge deep groundwater supplies, or travel through shallow soil 

layers towards streams to recharge base (dry weather) flow. Evaporation from the 

upper soil layers and from open water in surface depressions combined with 

transpiration from plants (together, known as ET) return significant amounts of 

temporarily stored water to the atmosphere. In an undeveloped setting with sig-

nificant vegetative cover, and gentle land slope, a relatively small fraction of the 

total precipitation becomes surface runoff, which makes its way overland to 

receiving waters such as streams, rivers, lakes, estuaries, harbors and coastal 

environments.

 Urban development has offset nature’s typical distribution of water. Whereas 

nature provides uneven topography that stores water in localized depressions for 

evaporation and recharge, site grading with human development eases construc-

tion and long- term use. Often, little open space is left for infiltration. What open 

space is preserved or created is usually disturbed; construction to create parks, 
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yards, gardens, reserves and convenient topography alters the pre- developed 

condition and integrity of the soil structure, often compacting it, thereby reduc-

ing infiltration capacity (Pitt et al. 1999, 2008; Simcock 2009). The vegetated 

canopy is significantly reduced, and in many cases, completely eliminated, along 

with it the natural interception and ET the canopy previously provided. The 

“sponge” of the natural environment is replaced by impervious surfaces such as 

roads, rooftops, parking lots and disturbed, compacted soils that readily and 

rapidly shed water as surface runoff.

 As the hydrologic cycle’s components of interception, infiltration, ET and other 

surface runoff abstractions decrease, for the same amount of precipitation, the 

volume of surface runoff must proportionally increase to maintain the overall 

water balance within a catchment. This increased runoff volume travels through 

hydraulically efficient urban drainage systems (roofs, gutters, streets, piped storm 

sewers and concrete canals), further exacerbating potential receiving water 

impacts due to the increased rate and efficiency with which it travels. There is a 

possibility of creating even greater peak flows when the post- development flows 

from different tributaries converge in the main receiving water or sewer (Fergu-

son 1998; USEPA 2004). Along the way, pollutants are entrained in the runoff. 

As the extent of development increases, so too do the potential impacts. 

Watershed- specific conditions influence ecosystem integrity, but research has 

shown that stream quality impacts can occur with as little as 10 percent impervi-

ous area (Schueler et al. 2009).

 GSI promotes the components of the hydrologic cycle that are most substan-

tially compromised by traditional forms of Western urban development (Figure 

1.1). Design to promote ET, infiltration, stormwater reuse and other abstractions 

emerge as critical elements to achieve management goals that more closely repli-

cate pre- developed conditions. Practically, the ability to design for, or implement, 

each of these functions is constrained in the urban environment. For example, 

hydrologically “tight” in- situ soils (such as clay), areas with significant infill, the 

presence of underground utilities (including subways), or brownfields/redevelop-

ment sites with contaminated soils create challenges for feasible (or sensible) 

infiltration. The confined space of downtown areas or central business districts 

may limit rainwater harvesting and reuse options. As extensive living roofs are 

not typically limited by ground- level GSI constraints, they emerge as essential 

contributors to restoring or maintaining the hydrologic cycle.

2.2 an engineer’s perspecTive on quanTiTaTive sTormwaTer 
design objecTives

Across the board, the majority of regulations apply to only new or redevelop-

ment projects that exceed some minimum level of land disturbance or increase 

in impervious area. Across the world, the vast majority of urban stormwater 

runoff discharges untreated into receiving systems and ultimately to receiving 

waters.
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 The increase in surface runoff and its associated pollutants from developed 

catchments triggered regulatory intervention in many Western countries and the 

introduction of urban stormwater management techniques known as best man-

agement practices (BMPs). For example, on a widespread basis in the United 

States, treatment of runoff- borne pollutants (e.g., sediment, nitrogen, phospho-

rus, zinc and other heavy metals, and pathogens) using BMPs was introduced in 

the 1990s with amendments to the Clean Water Act that created the National 

Permit Discharge Elimination System. Likewise, Auckland, New Zealand, intro-

duced a stormwater discharge permit system for local development projects in 

response to the 1991 Resource Management Act. Similar requirements are not 

(yet) consistently found throughout the entire country. The European Union’s 

2000 Water Framework Directive set goals and implementation plans to achieve 

and protect water quality and aquatic system integrity amongst surface, coastal 

and ground waters. Few national programs address runoff problems from exist-

ing development; the Total Maximum Daily Load program in the United States is 

one such example typically resulting in watershed- scale retrofit solutions.

 The emerging goal of GSI is to mimic, as much as possible, the hydrological and 

water quality processes of natural systems as rain travels from the roof/runoff 

source to the receiving water. Land- use planning techniques must be coupled with 

engineered interventions (i.e., SCMs) to achieve these goals. Regulations and 

permits are often accompanied by technical design protocols (criteria, guidance 

and standards) administered at the city, state or regional level. To determine the 

dimensions and hydraulic features of any SCM, an engineer calculates the runoff 

generated from isolated storm(s) of a specified magnitude(s) (a “design storm”), or 

a sequence of storm events (a “continuous simulation”) according to regulatory 

conditions. Quantitative objectives must establish the engineering design point(s). 

The fundamental question is: how much rain should be captured by a living roof?

 Throughout a wide range of climates, rainfall analysis yields surprisingly simi-

larly shaped spectral frequency curves. For a given location, this type of curve 

relates the depth of rainfall to the frequency with which it or larger events has 

occurred (measured as a percentile) based on historical records. For example, in 

Figure 2.1, 90 percent of the time, rainfall is 25 mm, or less (i.e., the 90th percen-

tile event is 25 mm). Conversely, only 10 percent of the time do storms occur that 

are greater than 25 mm. The larger storms produce more runoff on a storm- by-

storm basis, but occur less frequently. Design to control “everyday” events (such 

as those that occur up to 90 percent of the time) means the majority of runoff 

from individual storms is controlled.

 Rainfall spectral frequency analysis typically shows a sharp curvature (e.g., a 

knee or inflection point), normally between the 75th and the 95th percentile 

rainfall depth. Quantitatively, if a stormwater solution retains the rainfall from 

up to the 75th–95th percentile rainfall depth, a large proportion of the total 

annual runoff volume and pollutant loads will also be controlled (NRDC 2011). 

The classic economic theory of diminishing returns applies: capturing larger, less 

frequent events requires larger SCMs that occupy more space, and/or more 



Holistic stormwater management systems n

23 

Figure 2.1 
Example rainfall 
frequency spectrum for 
Minneapolis, Minnesota 
(Rainfall spectrum 
retrieved from Minnesota 
Pollution Control Agency 
[2013]. Indication of 
approximate impacts are 
superimposed by this 
book’s authors).

extensive land use restrictions, altogether increasing cost for marginally 

increased benefit.

 In hydrologic terms, the 75th–95th percentile events are considered small to 

medium sized storms, for which living roofs are very effective at controlling the 

runoff volume and peak flow rate (Section 2.5.1). Since the vast majority of all 

rainfall events are in this category, living roofs can make a large contribution to 

planning for comprehensive stormwater management. In some receiving environ-

ments, this may suffice for regulatory compliance. Elsewhere, living roofs should 

be seen as a complement and mechanism to reduce the size of conventionally 

designed ground- level or subsurface SCMs.

2.3 TecHnical cHallenges imposed by municipal sTormwaTer 
codes

Quantitatively, addressing the range of stormwater impacts from frequently 

occurring rainfall events presents a significant departure from conventional SCM 

and drainage design procedures embedded in many municipal codes. Living roof 

design professionals face an uphill battle where regulatory requirements enforce 

only historical perspectives on stormwater management, or where quantitative 

GSI design procedures have not yet been adopted.

 Conventional stormwater management approaches apply an end- of-pipe 

design approach to capture and treat urban runoff, once generated, with little 
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incentive for providing runoff retention at the source of runoff generation. 

Typical municipal regulations have aimed to limit peak flows, requiring deten-

tion of runoff from larger, relatively infrequent rainfall events, such as the 2–10 

year annual recurrence interval (ARI)3 events. The intent is to prevent erosion 

and mitigate flood risk. In terms of the rainfall spectral frequency analysis 

(Figure 2.1), these storms are usually larger than the 95th percentile event. The 

two- year ARI event was established as a design objective by simplifying research 

attempting to identify the frequency of occurrence of critical storms that were 

thought to determine the size and shape of the receiving streams (Brown and 

Caraco 2001; Leopold et al. 1964; MacRae 1991; MacRae and Rowney 1992; 

McCuen 2005; Roesner et al. 2001; USEPA 2004). Additional levels of deten-

tion are usually required to attenuate peak flows from the 25–100 year ARI. 

Managing runoff from these storm events aims to protect property and prevent 

loss of life.4

 Recent studies are demonstrating that the typical “one- size-fits- all” manage-

ment approach of peak flow control with retention or detention ponds has not 

been entirely effective for mitigating the impacts of hydromodification and urban 

runoff (Bledsoe et al. 2012). For example, the frequency of runoff from an urban 

catchment has been identified as a key contributor to stream ecosystem degradation 

(Walsh et al. 2009). Reducing runoff volumes by retaining runoff on- site, and 

considering runoff timing and duration is also required. Where CSOs are a 

problem, the most effective solution is to simply keep runoff out of the sewers. 

These are all benefits afforded by living roofs.

 Nonetheless, while living roofs are an active area of research regarding storm-

water performance, focus has largely been on characterizing retention, rather 

than quantifying the processes contributing to detention. Even where GI is philo-

sophically embraced or incentivized, updating regulatory- endorsed stormwater 

design protocols and calculation tools tends to lag. The designer may find it com-

plicated to present a compelling case for living roof implementation where only 

detention of larger storm events is required by the permitting authority. This book 

provides quantitative methods to address at least some of these challenges, but 

acknowledges the early state of understanding the science behind, and develop-

ing predictive tools for, living roof hydrology.

2.4 How a living roof “works” To conTrol sTormwaTer runoff

The living roof ’s primary role in urban stormwater management is to prevent 

runoff generation from rooftops. A living roof re- introduces some of the natural 

“sponge” that is lost to impervious surfaces. In terms of the hydrologic cycle, 

living roofs store precipitation for subsequent ET. In terms of typical stormwater 

management goals, living roofs provide retention and detention, and effectively 

increase the time of concentration, delaying runoff peaks and lowering runoff 

discharge rates. These characteristics are related: rainfall retention almost always 

coincidentally mitigates potential peak flow rate, and delays its timing.



Holistic stormwater management systems n

25 

 On the scale of an individual living roof, when rainfall begins, a small amount 

that strikes the foliage is intercepted. During very small events (e.g., less than a 

couple of mm), all rainfall may be intercepted (Berretta et al. 2014). As rain con-

tinues, water percolates into and begins to wet the growing medium. In theory, 

significant quantities of water should not begin to discharge from the living roof 

until the field capacity of the growing medium is filled. According to soil scien-

tists and geotechnical engineers, field capacity measures the quantity of water 

stored by a medium against gravity drainage (Figure 2.2). During small rainfall 

events, negligible (if any) runoff occurs and most of the precipitation captured by 

the living roof eventually returns to the atmosphere by ET, slowly, once rain 

ceases. For larger storms (in theory) rainfall in excess of the field capacity follows 

a tortuous flow path through the pore space of the growing medium to eventu-

ally discharge through the drainage layer, leading to the roof ’s gutters and 

downspouts.

 The premise that a living roof provides a threshold minimum water storage 

capacity, and discharges any water inputs larger than this threshold provides a 

static interpretation of what is really a hydraulically complex, dynamic system. It is 

thought that mechanisms of water retention and detention in a living roof 

change according to climate and rainfall patterns (for example, intensity in a 

given event and frequency of events), states of plant vigor and root development, 

roof slope, and composition of the growing medium. Runoff may be initiated at 

moisture contents below the field capacity due to heterogeneity in the growing 

media (Stovin et al. 2013). Researchers worldwide are currently studying these 

phenomena, but universal rules or models to quantify these important influences 

have not yet been established.

 For any given rainfall event, the ability of a living roof to retain rainfall 

depends on the available water storage capacity. That is, how dry is the growing 

media compared to its total potential water storage capacity? Available storage is 

dictated primarily by ET rates, and the elapsed time, atmospheric and plant con-

ditions since the last rain, as well as by water- holding characteristics of the media 

itself. In turn, ET is influenced by water availability (see Section 2.6), and how 

easily plants can physically access the stored water. Agronomists and horticultur-

alists measure plant available water (PAW) as the amount of moisture stored in a 

growing media between the field capacity and the permanent wilting point 

(Figure 2.2). Some moisture is retained by soils below the wilting point; this 

hydroscopic water is tightly bound to the soil particles. It is unable to be extracted 

by plant roots, and thus not available for transpiration.

 Regardless of the nuances behind day- to-day variation, the net volume of 

runoff is primarily reduced by rainfall captured within the pore space of the 

growing medium. A growing medium’s water storage capacity is finite, yet is the 

most critical characteristic to promote stormwater retention and sustain plant life 

(Fassman and Simcock 2012). It is derived from characteristics of the media itself 

and its installed depth, and is influenced by the underlying drainage layer (or its 

absence). The water storage capacity may be manipulated or “engineered” by 
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Figure 2.2 
States of soil moisture

design to some extent; this is addressed in Chapter 4. For most living roofs, the 

growing medium’s water storage capacity is less than saturation, the latter condi-

tion is a technical definition whereby all pore space is occupied by water (Figure 

2.2), and thus can be measured as the porosity of the medium. Due to implica-

tions for structural loading, surface erosion and drowning of plant roots, living 

roof growing media should be designed so that it cannot physically achieve 

saturation.

 The materials comprising the drainage layer may or may not influence runoff 

detention. Laboratory testing in the UK showed that runoff patterns through 

several types of synthetic drainage layers were similar to the runoff pattern across 

a simulated bare roof deck (Vesuviano and Stovin 2013). Vertical flow through 

the growing media has been found to dominate the living roof ’s influence on 

runoff detention (Bengtsson 2005; Vesuviano et al. 2014). On the other hand, a 

granular (aggregate) drainage layer may enhance peak flow control, as runoff 

has to flow through a porous media to reach the gutter. Studies have not yet 

documented whether this leads to a meaningful difference in overall system 

detention, and thus advice for design choice.

 A common hydrologic premise holds that a longer distance for water to travel 

results in a longer time to reach the peak flow rate, and possibly a lower magni-

tude of peak flow. Whether the orientation of a living roof ’s drainage path with 

respect to the location of gutters and downspouts influences peak flow attenua-

tion or runoff timing has only been investigated to a limited degree. For living 

roofs subject to the same storm events, a field study measured lower peak flows 

from living roofs where runoff traveled several meters through the drainage layer 

than from living roofs where the horizontal distance to the gutter was only 
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approximately 1 m (Fassman- Beck et al. 2013). On the other hand, the UK labo-

ratory study of synthetic drainage layers found that the delay in runoff timing 

was independent of the distance to the gutter (Vesuviano and Stovin 2013) and 

a field study in Sweden concluded length did not influence the runoff temporal 

distribution (Bengtsson 2005).

 Since a living roof typically captures only the precipitation falling directly on its 

surface, the extent to which the system can reduce a site’s total runoff depends 

on the scale of the living roof in relation to the total site area. With lot- line to lot- 

line development, as in a central business district or downtown, a living roof 

might eliminate site runoff altogether for the small storm events, and alleviate 

pressure on combined sewers for all events. As the extent of living roof coverage 

throughout the city’s core increases, there is an increasingly pronounced positive 

effect on the sewershed. Where the building is only one element of a site’s devel-

opment, the presence of a living roof should reduce the footprint of ground- level 

SCMs needed to satisfy overall site stormwater requirements.

2.5 sTormwaTer performance expecTaTions

Research documenting the stormwater control performance of living roofs is 

rapidly growing, with a substantial increase in publication rate since 2010. The 

most popular topics in living roof research appear to be (in order) thermal 

effects, runoff quality and hydrology (Li and Babcock 2014). Useful reviews and 

consolidation of research publications with an emphasis on stormwater 

performance began with Getter and Rowe (2006); Berndtsson (2010) proposed 

likely influences on discharge water quality, while Li and Babcock (2014) 

updated developments in understanding living roof hydrology. Living roof 

research in the stormwater context gained greater attention and momentum in 

the United States from frequently cited experimental studies at Penn State Uni-

versity (Berghage et al. 2007) and the University of Georgia (Carter and Rasmus-

sen 2006), among others. Since these studies quantifying retention and 

detention performance, more attention has been focused on understanding the 

science driving hydrologic processes and generally characterizing water quality 

in living roof systems.

 Empirical performance measurements are obtained through field studies (full- 

or pilot- scale) and scaled laboratory experiments. Field studies quantify the 

“true” response of a living roof to rainfall, yet the variability of roof design and 

rainfall patterns complicates the ability to translate empirical results to another 

location or living roof. Field studies are typically resource- intensive, thus individual 

studies are often limited in the number of storms or systems for which 

performance is assessed. In the laboratory, the experimentalist can more easily 

isolate specific factors to quantify their influence on performance, but is rarely 

able to extrapolate to the inherent variability of the natural condition. In the 

following section, emphasis has been placed on reporting field measurements 

found in peer- reviewed journal articles and reports, as much as possible.
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2.5.1 Hydrologic studies at building scale
Field monitoring of full and pilot scale extensive living roofs show a substantial 

contribution to site runoff volume control, with studies across the United States, 

Germany, Belgium, Sweden and New Zealand reporting approximately 50–80 

percent of precipitation retained over extended periods of data collection (Bergh-

age et al. 2007; Carson et al. 2013; Carter and Rasmussen 2006; Fassman- Beck 

et al. 2013a; Getter et al. 2007; Gregoire and Clausen 2011; Hathaway et al. 

2008; Mentens et al. 2006; Monterusso et al. 2004; Stovin et al. 2012; Villarreal 

and Bengtsson 2005). A notable exception was measured at 36 percent retention 

from a system in New York City primarily comprised of synthetic water retention 

mats and only 32 mm of growing media (Carson et al. 2013). Interpreting percent 

retention statistics must account for the duration of the study, or more specifi-

cally, rainfall characteristics, as the mathematics of calculating a percent differ-

ence can create bias. Stovin et al. (2012) comment that because of the frequency 

with which runoff is fully retained, percent difference statistics of either retention 

or peak flow reduction are somewhat meaningless. Many small events arbitrarily 

elevate  statistics, and vice versa. Time of year of the study is important as periods 

with relatively higher or lower rainfall and ET will also be reflected in individual 

event performance (Section 2.6 discusses ET in detail) (Berretta et al. 2014; 

Schroll et al. 2011; Wadzuk 2013). That being said, the importance of seasonal 

performance variability depends on interpretation. In Auckland, New Zealand, 

winter event retention was maintained at 66 percent, which is still considered 

significant in terms of stormwater management (Fassman- Beck et al. 2013a).

 In general, excellent performance for small storm events is usually observed, with 

reduced retention in very large, infrequent events (Carpenter and Kaluvakolanu 

2011; Carson et al. 2013; Carter and Rasmussen 2006; Fassman- Beck et al. 2013a; 

Stovin et al. 2012; Teemusk and Mander 2007). High performance variability is typi-

cally reported on an event- to-event basis, with most studies ranging from less than 

10 percent or up to 100 percent retention for individual events. Many studies iden-

tify a minimum threshold event smaller than which runoff was never observed, 

regardless of climate conditions. Due to the infrequency of occurrence of storms 

larger than ~25 mm, few studies have thoroughly characterized performance for 

conventional design storm magnitudes. A living roof test plot in the UK retained 50 

percent of the annual rainfall, but 30 percent of rainfall for storms larger than the 

one- year ARI (Stovin et al. 2012). Results are relatively consistent with performance 

of four pilot and full- scale living roofs in Auckland, whose average per- event reten-

tion efficiency decreased by about 20–40 percent for storms greater than 25 mm 

(but showed significant variation amongst sites) (Fassman- Beck et al. 2013a). From 

three full- scale living roofs in New York City, a combination of seasonal retention 

performance and storm size was influential for events 10–40 mm, but not for events 

with greater or less rain. It is noted that only about 5–10 percent of observed events 

were greater than 40 mm (Carson et al. 2013).

 As with rainfall retention, a wide range of peak flow reduction efficiencies 

have been reported, likely in response to variation in climate, conditions on the 



Holistic stormwater management systems n

29 

Figure 2.3 
Runoff volume and peak 
flow frequency spectrum 
for a living roof in 
Auckland with average 
growing media depth of 
60 mm (adapted from 
Fassman et al. 2013)

day of the storm event, and living roof design between studies. Peak flow reduc-

tion reported in literature from an individual living roof ranges from 31 to 100 

per cent (Berghage et al. 2007; DeNardo et al. 2005; Fassman- Beck et al. 2013; 

Hathaway et al. 2008; Uhl and Schiedt 2008). Peak flow should always be well 

mitigated (even during large storms) as high retention capability means there is 

simply less water to discharge, and adequately designed permeability ensures 

rainfall percolates through the growing medium, slowing it down, rather than 

flows across the vegetated surface (Fassman and Simcock 2012).

 Fassman- Beck et al. (2013) found that the frequency spectrum of peak flows 

and runoff volumes discharged from four living roofs in Auckland were less than 

the frequency spectrum of rainfall (Figure 2.3). In other words, runoff from the 

living roofs occurred much less frequently than rainfall, thus effectively achieving 

the objective of preventing rooftop runoff generation. Long- term data sets incor-

porating multiple field sites in New York City and Auckland (Carson et al. 2013; 

Fassman- Beck et al. 2013a), as well as a short- term study of test plots in College 

Station, Texas (Volder and Dvorak 2013) showed empirically that precipitation 

was a strong predictor of runoff retention. As- yet mostly unpublished data com-

piled from Chicago, multiple sites in North Carolina, multiple sites in Michigan 

and Portland (OR) show similar trends (personal communication Carpenter 2013; 

Hunt 2013; Kurtz 2013).

 The increased depth of an intensive living roof does not strictly correspond to 

increased stormwater control. Retention performance depends more specifically 

on the growing media’s available water- holding capacity, which results from a 

combination of its composition and depth, followed by ET and the frequency 

spectrum of rainfall events. Figure 2.1 demonstrated that the majority of individual 
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events produce relatively little rainfall. In Auckland, 80 percent of 396 events 

were less than 15 mm of rainfall, while 90 percent of events were less than 

25 mm over 28 months  of monitoring. These events were shown to be satisfac-

torily retained by extensive living roofs with appropriately designed growing 

mediums providing water- holding capacities in excess of ~11–20 mm. When 

monitored concurrently there was no statistical difference in four- month cumula-

tive retention efficiencies amongst these living roofs ranging ~60 mm–150 mm 

growing media depth (Fassman- Beck et al. 2013a).

 From these four extensive living roofs in Auckland, storms less than approxi-

mately 10 mm did not produce meaningful runoff (more than a couple of mm). 

In comparison, Palla et al. (2011) identified that storms less than 8 mm did not 

produce runoff from a 200 mm intensive living roof in Genoa, Italy. A comparison 

of median per event retention for storms greater than 25 mm at these sites shows 

that there is no substantial difference in performance, particularly when variabil-

ity is taken into account (Table 2.1). Ultimately, the increased initial and long- term 

costs associated with intensive living roofs are not justified in terms of stormwa-

ter management.

 Assembly design characteristics such as the presence/absence of water reten-

tion cells or fabrics, effects of irrigation, and roof slope have only minimally been 

investigated, with inconsistent results amongst studies (Getter et al. 2007; Hatha-

way et al. 2008; VanWoert et al. 2005; Villarreal and Bengtsson 2005). Intuitively, 

a steeper slope should provide faster drainage and less detention. Qualitative 

observation of sloped living roofs indicates less water is retained near the ridgeline 

compared to eaves, with clear impacts for plant health (Fassman et al. 2013). Any 

single factor alone may not have an influence on stormwater mitigation, but the 

combination of slope and media depth or composition, for example, may be 

important. Other assembly influences may include quality control during construc-

tion and long- term changes in media physical and chemical composition (Durhman 

et al. 2007; Fassman et al. 2013; Griffin 2014). Only a single study to date has 

compared concurrent monitoring of a modular tray system against a built- in-place 

assembly (Carson et al. 2013). The researchers hypothesized that the modular tray 

system’s constricted drainage design enhanced retention performance by limiting 

Table 2.1  Empirical evidence from one intensive and four extensive living roofs: median (standard deviation) large storm 
per event retention*

Rainfall depth range (mm) % retention per event according to growing media depth (mm)

200 (intensive) 150 (extensive) 100 (extensive, two sites) ~60 (extensive)

25–69 51 (36) 48 (19) 31 (25), 58 (16) 49
>70 11 (8) 39 (29) 22 (27), 32 n/a

Note
*  Performance statistics for the intensive roof are in reference to rainfall, whereas the extensive roofs are in reference to runoff from a 

conventional roof surface. The latter case would provide slightly lower percentage retention than compared to rainfall. Data from 
Fassman-Beck et al. (2013a) and Palla et al. (2011).
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the influence of preferential flow paths through the growing media, compared to 

the built- in-place system. Whether these variables have a meaningful or predicta-

ble impact on assembly stormwater performance has yet to be concluded.

 Altogether, retention and detention performance reported as percent differ-

ences from input rainfall or a conventional roof surface monitored concurrently 

provide valuable evidence encouraging planning- level decisions in favor of living 

roof installations. However, these sorts of metrics are less useful in developing a 

rigorous approach for assembly design for stormwater management. Researchers 

are now more deeply investigating the mechanics of retention and detention. As 

a start, understanding the influences of specific growing media composition and 

its related pore- and particle- size distributions should prove beneficial for 

manipulating retention and detention performance (Berretta et al. 2014; Liu and 

Fassman- Beck 2014; Vesuviano et al. 2014; Yio et al. 2013).

2.5.2 Water quality
Basic characterization of living roof discharge (runoff ) quality is even less well 

understood than its hydrology. Empirical studies of living roof discharge water 

quality are difficult to compare and consolidate on a consistent basis. Methods 

used to collect data vary, as do data analysis and presentation. The (usually) 

exceptional hydrologic performance for the smaller, frequently occurring storms 

poses great challenges for water quality researchers who are often externally 

constrained by limited durations of funding; few events produce enough dis-

charge to physically collect a sample or enough of a sample to satisfy analytical 

requirements for water quality. Indeed, the academic literature to date reports 

field studies where typically 3–10 storm events were sampled, with most unfortu-

nately at the lower end of the range, while the upper end would be considered a 

reasonable monitoring program for most SCMs.

 Unlike most ground- level SCMs, a living roof usually “treats” only the rain 

falling directly over its surface, which begs the question of an appropriate point 

of comparison or assessment. Metrics for stormwater quality characterization 

may include comparisons to either incoming rainfall, or runoff from a conven-

tional roof surface, or simply the runoff ’s water quality in isolation. Comparison 

to drinking water quality standards is inappropriate, unless evaluating intent as a 

potable water source. In general, numerical water quality limits for stormwater 

discharges are highly uncommon; but there is growing interest in understanding 

SCM discharges in relation to in- stream quality or thresholds for aquatic or 

human health impacts. Most often, SCM treatment potential is assessed in com-

parison to incoming untreated runoff and consistency of treated discharge 

quality. In the case of living roofs, comparison to a conventional roof surface’s 

discharge water quality may be the most valuable metric at present, if it is 

assumed that the building will be constructed at a given site, regardless of a 

potential living roof.

 Roof runoff water quality is highly variable, whether from a conventional roof 

surface (Clark et al. 2008; Lamprea and Ruban 2011; Wicke et al. 2014), or a 
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living roof (Aitkenhead- Peterson et al. 2010; Berndtsson et al. 2009; Carpenter 

and Kaluvakolanu 2011; Fassman- Beck and Simcock 2013; Gregoire and Clausen 

2011; Seidl et al. 2013). The most common stormwater pollutants monitored are 

those for which environmental authorities typically express concerns:

•	 Total	suspended	solids	(TSS):	TSS	is	a	measure	of	particulate	pollutants	defined	

by the analytical method, without specific composition. TSS is considered 

ubiquitous in urban runoff; its control is almost universally required where 

stormwater quality regulations are in place. In itself, there can be many receiv-

ing environment and infrastructure impacts.

•	 Nutrients	 including	 nitrogen	 and	 phosphorus:	 nutrients	 can	 contribute	 to	

eutrophication, among other receiving water impacts. The growing media’s 

organic matter and excess fertilizer are the predominant sources of nutrients 

in living roof runoff. Plants and atmospheric deposition may also contribute to 

a roof ’s nutrient discharge. Specific forms of nutrients (e.g., nitrate, nitraite, 

ammonia- nitrogen or phosphate- phosphorus) pose unique receiving water 

concerns.

•	 Heavy	 metals	 including	 zinc	 and	 copper:	 heavy	 metals	 are	 toxic	 to	 aquatic	

organisms at low concentrations. In a roof environment, the most likely 

sources of heavy metals are building materials (e.g., drainage features, flash-

ing, edging, mechanical services, etc.) and adornments (e.g., cladding), fungi-

cides, herbicides or pesticides (that may also be present in the organic 

material). More generally, zinc and copper are prevalent heavy metals in urban 

runoff from vehicular tire and brake wear, and building materials.

Assessment of whether water quality of a living roof ’s discharge is a concern 

depends on whether the concentration or total mass of a pollutant is being con-

sidered. Total mass, or load, of pollutant is the product of concentration and 

runoff volume. For the same total mass of pollutant, low runoff volume will cor-

respond to a higher concentration relative to a high runoff volume and lower 

concentration. Chronic, cumulative discharges of the total mass of stormwater 

pollutants are generally the focus of regulation, however aquatic organisms 

respond to in- stream concentrations.

 In the living roof literature, the majority of studies that reported TSS concen-

trations indicated that neither living nor conventional roofs discharged elevated 

concentrations compared to good in- stream water quality, nor were there signifi-

cant differences between the systems (Fassman- Beck and Simcock 2013; Mendez 

et al. 2011; Seidl et al. 2013). Carpenter and Kaluvakolanu (2011) found total 

solids (not TSS) concentrations from highest to lowest in order of living roof 

runoff, a gravel ballast roof and a conventional asphalt roof, with a direct correla-

tion between the size of the rainfall event and TSS mass released. Wanielista et 

al. (2007) did not identify any significant trends in TSS amongst living roofs.

 For nitrogen concentrations, when compared against rainfall concentrations, 

living roofs have been shown to absorb inputs in some cases (Berndtsson et al. 

2009; Bliss et al. 2009), whereas others found living roof runoff to have a higher 
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nitrogen concentration compared to rainfall (Aitkenhead- Peterson et al. 2010; 

Berndtsson et al. 2006; Gnecco et al. 2013; Hathaway et al. 2008; Teemusk and 

Mander 2007). With the exception of living roofs in Auckland, Paris and Singa-

pore (Fassman- Beck and Simcock 2013; Seidl et al. 2013; Vijayaraghavan et al. 

2012), when compared against conventional roof runoff, living roofs in Michi-

gan, North Carolina, Florida, Pennsylvania, Manchester (England) and Estonia 

have been shown to either absorb nitrogen, or at least not discharge more (Bliss 

et al. 2009; Carpenter and Kaluvakolanu 2011; Hathaway et al. 2008; Mendez et 

al. 2011; Teemusk and Mander 2007; Wanielista et al. 2007).

 Phosphorus monitoring studies largely conclude that living roofs are a source 

of phosphorus when compared to either rainfall or conventional roof runoff 

(Berndtsson et al. 2006, 2009; Fassman- Beck and Simcock 2013; Gnecco et al. 

2013; Hathaway et al. 2008; Seidl et al. 2013; Wanielista et al. 2007). The 

notable exception appears to be Carpenter and Kaluvakolanu (2011), who found 

phosphate concentrations in living roof runoff were lower than those for the 

conventional asphalt and gravel ballast roofs, albeit not with statistical signifi-

cance. It is commonly reported that phosphorus concentrations are quite sub-

stantially elevated amongst any comparison presented.

 Heavy metals, namely zinc and copper, appear to not discharge at concentra-

tions of substantial concern from the living roofs monitored for these parameters 

(Fassman- Beck and Simcock 2013; Gnecco et al. 2013; Seidl et al. 2013). In each 

of these studies, researchers hypothesized that the presence of zinc or copper in 

building materials (e.g., flashing and cladding) were likely sources of metals in 

runoff, rather than the living roof itself (although in the case of Auckland there 

were also suspicions about contributions from the growing media). Again, the 

presence of a compound in runoff does not by definition imply a receiving envi-

ronment problem, which seems to be the case with regard to zinc and copper in 

living roof discharge, with the little evidence available to date.

 Substrate composition, fertilization practices, roof age and the presence or 

absence of vegetation have been consistently identified as parameters influ-

encing runoff water quality, but their specific influence has not been fre-

quently measured. Indicators for growing media physico- chemical properties 

to prevent nutrient leaching have been hypothesized based on agricultural 

rules of thumb, but require significantly more data to test the suitability 

(Fassman- Beck and Simcock 2013). In addition, for each study, spatial differ-

ences in the dry deposition of dusts and atmospheric aerosols (usually catego-

rized based on local zoning, e.g., industrial, residential or commercial, or 

external influences such as traffic intensity, etc.), supplemental irrigation and 

climate/drought factors may contribute to runoff quality differences. Even 

within studies, difficulties were encountered interpreting water quality results 

due to contrary or inconclusive results from different runoff events. Relatively 

short duration studies (and thus limited sampling) render it difficult to confi-

dently characterize living roof discharge water quality, or assess the effects of 

system establishment or aging.



Holistic stormwater management systems n 

34 

 Quite substantial additional research is needed regarding living roof water 

quality. Excellent advice for stormwater quality monitoring campaigns is found 

from the freely available International Best Management Practices website (www.

bmpdatabase.org). The website also provides statistical summaries of SCM water 

quality performance, and the (USA) National Stormwater Quality Database which 

is likely the largest and most up- to-date database of untreated runoff water 

quality, consolidated according to land use.

 Nonetheless, some general trends of living roof water quality may be suggested 

as a starting point, but certainly significant additional research is necessary. Nitro-

gen does not seem to be a prevalent issue, although “improvement” compared to 

conventional roof runoff is marginal. Phosphorus is potentially problematic in 

phosphorus- sensitive receiving environments, as even significant retention is 

unlikely to offset the total mass of phosphorus discharged because the concentra-

tions are quite substantially elevated. In this case, living roof runoff should be 

routed through an at- grade SCM capable of reducing phosphorus, such as biore-

tention, or harvested for reuse. Bioretention with an internal water storage zone 

would also supplement nitrogen improvement (see for example, Brown et al. 2009 

for design guidance). In the case of heavy metals, the significant long- term hydro-

logic control means that covering, replacing or substituting a metal roof with a 

living roof would likely reduce the long- term mass loading from the site.

 Uncertainty around living roof water quality is high, and assembly influences 

are largely not understood. If it is assumed that a building will be constructed 

regardless of the presence of a living roof, the pertinent question is whether a 

living roof ’s discharge will be of comparable or better quality to a conventional 

roof surface, noting that conventional roof surfaces generally do not provide any 

water quality improvement, and generate substantial volumes of runoff. In CSO 

areas, the potential receiving water quality could improve with living roof installa-

tions, as they will reduce the frequency and volume of CSO discharges simply by 

keeping runoff from the rooftops out of the combined sewer. Ultimately, in terms 

of stormwater impacts, living roofs should primarily be considered as a tool for 

runoff volume and peak flow reduction, with some associated benefit in contam-

inant mass reduction, rather than as a specific water quality control tool.

2.6 evapoTranspiraTion

ET plays a significant role in a living roof ’s day- to-day functionality. ET encom-

passes evaporation directly from the growing media and transpiration by plants. 

It is the process by which a living roof “empties” stored water (retained rainfall), 

thereby enabling the system to capture the next rainfall event. Over the long 

term, relative variations in day- to-day ET may not have a significant influence on 

the metric of annual performance (DiGiovanni et al. 2013; Stovin et al. 2013; 

Voyde 2011). On the other hand, ET will influence the extent to which back- to-

back storm events may be retained, or partially retained by a living roof system, 

as well as the overall appearance and health of the plant community.

http://www.bmpdatabase.org
http://www.bmpdatabase.org
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Figure 2.4 
Plants decrease ET rate 
exponentially as the 
amount of water stored 
in the growing medium 
depletes (data based on 
laboratory experiments 
beginning with healthy 
turgid plants by Voyde 
[2011]; figure adapted 
with permission from 
Afoa [2014])

 The rate of ET at any given moment is a function of the plants’ metabolism 

(which usually differs amongst species), air and growing medium temperature, 

relative humidity, solar radiation, wind speed and water availability. Amongst 

these factors, water availability (specifically the amount of water stored in the 

growing medium in this case) has the most pronounced effect on living roof ET. 

Several studies measuring living roof ET have demonstrated that it is highest 

when the growing medium is wettest. In several laboratory experiments begin-

ning with well watered conditions, the rate of ET was shown to decrease expo-

nentially as the system dries (Figure 2.4) to rates similar to that of evaporation 

from unplanted growing media (Rezaei 2005; Starry 2013; Voyde 2011), while 

field experiments confirm the general decreasing trend between natural storm 

events (DiGiovanni 2013; Wadzuk 2013; Yio et al. 2014).

 Several succulents (sedums are a variety of succulents) have been shown to 

transpire at moisture contents below the nominal permanent wilting point in 

living roof experiments (Starry 2013; Voyde 2011). The moisture is harvested 

from water stored in plant stems and leaves (a defining characteristic of succu-

lents), enabling survival during extended dry periods (Voyde et al. 2010). This 

additional water storage potential is more important in terms of plant resilience 

and structural loading than day- to-day stormwater management.

 Altogether, studies confirm that transpiration is a significant component of 

overall ET; when water is available, and climatic conditions are favourable (namely 

low relative humidity and adequate solar radiation) ET from planted systems 
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exceeds evaporation from an unplanted growing medium. During very dry 

periods, ET occurs at a rate similar to evaporation from bare surfaces.

 Studies that investigated ET on shorter timescales (i.e., hourly measurements) 

show that ET can be affected by the environmental conditions as they change 

throughout the day (Rezaei 2005; Starry 2013; Voyde et al. 2010; Yio et al. 

2013). This means that if the sun comes out even for a few hours between rain-

fall bursts, and other ambient conditions are not oppressive (relative humidity can 

be a significant inhibitor of ET), some small amount of storage capacity may be 

recovered on a relatively short timescale. However, during a storm event, the 

actual magnitude of hourly ET is generally quite a bit smaller than the typical 

amount of rainfall (Stovin et al. 2013).

 Most studies agree that plants such as succulents adjust their metabolism as 

water becomes limiting and/or plants become stressed to conserve water for future 

use. This is one of the primary adaptations of many succulent species that render 

them generally well- adapted to the droughty living roof environment. In some cases, 

this behavior implies Crassulacean Acid Metabolism (CAM), in which plants take up 

CO2 at night, to metabolize it during the day with stomates closed thereby reducing 

plant water loss (Wolf 1960). The opposite is known as C3 photosynthesis, whereby 

plants take up CO2 during daylight with open stomates, thereby rendering the plant 

more susceptible to transpiration water losses (due to higher energy [radiation] from 

sunlight). Some individual sedum species exhibit CAM exclusively; some do not 

exhibit it at all, while other species have the ability to shift between CAM and C3 

(Berghage et al. 2007; Starry et al. 2014; Voyde 2011). Starry et al. (2014) explore in 

detail factors contributing to CAM in sedum species, and a review of the plant 

metabolism literature in the living roof context. From a stormwater engineering 

standpoint, quantifying the rate at which ET decreases as water becomes limiting is 

more important than the observance of a specific metabolic pathway.

 Daily measurements of living roof ET vary amongst studies of sedum- planted 

extensive living roof assemblies. Voyde (2011) measured maximum ET values for 

days when water was readily available at 1.5–5.4 mm/day whereas days with 

water- limited conditions resulted in 0.0–0.7 mm/day under both laboratory and 

field conditions in Auckland. Over the course of one year’s monitoring of a field 

site in New York, DiGiovanni et al. (2013) reported average daily ET ranging from 

approximately 0.5 mm/day during winter months to a maximum of about 

3.5 mm/day during June. In Sheffield, UK, Berretta et al. (2014) identified average 

moisture loss rates of approximately 1.5–1.8 mm/day for dry periods in May and 

July, when the growing media’s initial moisture content was high (i.e., good 

water availability), versus average moisture loss rates of 0.1–0.8 mm/day when 

the initial moisture content was low in March, April and July. It is important to 

recognize that the average ET rate reported for a dry period depends on the 

duration of the dry period; long interevent times allow for more drying, but the 

actual ET rate will be low toward the end of that period contributing to an overall 

lower average metric. Conversely, a short interevent time yields a higher average 

rate as relatively more water is available for the period (Berretta et al. 2014).
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 Each of the field studies mentioned here also investigated suitability of 

common ET models (equations) to predict field measured living roof ET. ET is 

rarely, if ever, directly measured in urban environments, rather it is calculated 

from one or more well- known “potential” ET models developed from agricultural 

sciences for crop production. Potential ET refers to the amount of ET that theo-

retically would occur if water were plentifully available, for example for irrigated 

crops, whereas actual ET refers to the rate at which water is lost under existing 

conditions. ET is a microscale process, thus the climate conditions in the immedi-

ate vicinity of the living roof are important, with emphasis on relative humidity, 

solar radiation and wind speed. DiGiovanni et al. (2013) specifically identified 

that potential ET data from a regional weather station failed to capture actual 

daily ET dynamics (possibly due to the difference in microclimate of the living roof 

versus a weather station several kilometres away). Likewise, Voyde (2011) con-

cluded that none of 11 assessed models provided satisfactory prediction of actual 

daily ET even using site- specific climate measurements. In studies that identified 

periods of water limiting conditions, agricultural ET models overestimated actual 

ET (Berretta et al. 2014; DiGiovanni et al. 2013; Voyde 2011). On the other hand, 

these same studies, as well as Wadzuk et al. (2013), showed that variations of 

the Penman- Monteith equation provide very good predictive capability for long- 

term estimates when accounting for periods of water limiting conditions.

 In agriculture, typical applications of ET models include crop coefficients to 

adjust for species’ specific water use rates. Agricultural ET models have been 

derived for and verified on plants operating with C3 photosynthesis, thus it is 

questionable whether they can reflect the dynamics of living roof plant metabo-

lisms. Berretta et al. (2014) and Rezaei (2005) determined that with site- specific 

climate measurements, some models could be calibrated using crop coefficients 

derived for some living roof assemblies, while Voyde (2011) did not. Wadzuk et 

al. (2013) observed the deficiency of common ET models in replicating field 

measurements arose from the omission of accounting for growing media mois-

ture conditions. Rather than a crop coefficient, Stovin et al. (2013) determined 

that a Soil Moisture Extraction Function (SMEF ) proposed by Zhao et al. (2013) 

could reasonably match living roof ET experimental data reported by Berghage et 

al. (2007) and Voyde et al. (2010). Through the SMEF, the ratio of available 

growing media moisture to the maximum water- holding capacity (field capacity) 

adjusts ET model estimates from common agricultural models in keeping with 

observations that ET decreases as water becomes limiting. When applied in a 

continuous simulation, the overall water balance model provided excellent results 

to predict storm event and long- term stormwater retention.

 Altogether, the question of appropriate quantification of living roof ET is yet 

to be resolved. Certainly variation amongst species and climate conditions are 

factors to consider, but in an engineering context, it appears that the most influ-

ential parameter is available growing media moisture at any given time, followed 

by favorable climatic conditions (Schroll et al. 2011; Stovin et al. 2012; Voyde 

2011; Wadzuk et al. 2013). Significant additional research is required in this area, 
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but it seems that the model proposed by Zhao et al. (2013) and calibrated by 

Stovin et al. (2013) presents a promising approach for stormwater engineering 

applications.

2.7 Hydrologic models

Models are the most useful tool for assessing many potential scenarios for the 

same system. However, models are ultimately mathematical representations of 

the natural processes. That is, for a minute- by-minute or hour- by-hour input of 

rainfall (or runoff ), mathematical equations predict how much of, or how quickly, 

the incoming water becomes discharge from an SCM. Some models also predict 

how the water is distributed within different compartments of the SCM’s water 

balance. Greater detail in model formulation does not necessarily equate to a 

more accurate result. Common scientific advice is that models are only as good 

as their underlying assumptions, and the quality of the data for new applications. 

Models that are calibrated and verified against observed field or laboratory data 

are considered to provide the most reliable outcomes, compared to other models. 

In engineering planning applications, the simplest model that gives an acceptable 

outcome (e.g., a successful recreation of observed data) is typically considered 

the “best.”

 The discussion in the following sections focuses on models that have shown 

some potential ability to be generalized for living roof applications, with emphasis 

on those with calibration and verification with field data. It does not review all 

models that have been published.

2.7.1 Living roof water balance
The water balance described at the watershed scale (Section 2.1) can also be 

applied at the site scale. A water balance, or hydrologic budget, accounts for all 

sources and fluxes of water in a defined system by balancing the inputs and 

outputs of water with water storage. Theoretically, the hydrologic budget is the 

most complete accounting of water distribution in a living roof system. Most of 

the time, water input to the living roof is only from precipitation, but it could also 

include irrigation or runoff from other non- greened rooftop areas. Inputs are 

either stored in the substrate and evapotranspired, or become runoff. When 

terms are organized to calculate runoff from a living roof, the water balance 

takes the form:

QR = P + I + R – ET – ∆S (2.1)

Where QR = living roof runoff, P = precipitation, I = irrigation, R = run- on from non- 

greened rooftop areas or building facades, ∆S = change in storage and ET = eva-

potranspiration. As per common practice in hydrology, each term is expressed as 

a depth, which is interpreted as the depth of water occurring over (for 

precipitation) or from (for runoff ) each unit area of the living roof. In other words, 

the total volume of runoff (or any other term) is obtained by multiplying the 
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runoff depth, QR (mm or inches) (or appropriate term), by the roof area (e.g., m2 

or ft2), with appropriate unit conversions.

 Predicting runoff using a water balance lends itself well to continuous simula-

tion, but can also be simplified for a design storm approach. In SCM design, his-

toric records are assumed accurate predictors of future precipitation. These data 

are usually available through public records and often freely accessed online. Irri-

gation (if applicable) is (or should be) controlled so that it does not exceed 

storage capacity. The storage capacity represents the potential for precipitation 

retention (volume control) at any time. For living roofs, it is often estimated as 

the difference between the maximum water storage capacity (e.g., the PAW) and 

the amount of storage actually occupied (i.e., the initial moisture condition).

 ET between rainfall events is the process which restores storage capacity and 

thus plays an integral role in living roof stormwater retention efficiency. Quantify-

ing ET remains the most significant challenge in applying Equation 2.1 to predict 

living roof runoff. ET from a living roof varies widely amongst plant species, 

climate conditions and water availability, as mentioned in Section 2.6. Climate 

data has become relatively easy to obtain online, and will often include ET. These 

ET data should be applied with caution to living roofs, as the calculations may or 

may not appropriately account for the living roof growing environment, meta-

bolic adaptations of living roof plants, or the timescale of the intended runoff 

simulation (Berretta et al. 2014; DiGiovanni et al. 2013; Starry et al. 2014; Voyde 

2011). As discussed in Section 2.6, living roof ET is the subject of significant aca-

demic research in recent years.

2.7.2 Operationalizing the water balance
Engineers often apply some version of a water balance to model SCMs using the 

concept of a bowl that fills and slowly drains, or overflows when capacity is 

exceeded. In living roof applications, several published models represent the 

“bowl” as the growing media whose water- holding capacity can be measured by a 

laboratory test of moisture storage (or field capacity). When there is more rain than 

the “bowl” can capture, the excess water percolates through the growing media 

to become runoff in the drainage layer and through to the roof ’s downspouts. A 

minimum media water content (because of gravity drainage or drying between 

storm events) is often set as the media’s nominal permanent wilting point.

 While a relatively simple water balance ignores the physics of water movement 

through a living roof, its ability to model long- term and event- based retention 

from one year’s observations of the field performance of a UK living roof test plot 

has been successfully demonstrated (Stovin et al. 2013). In this model, the 

system’s water balance was calculated using an hourly time step, the growing 

media was considered as a single model element, and the only parameter 

requiring calibration was the media’s maximum water- holding capacity, which 

was set to 20 mm. A living roof- specific ET model was incorporated, which 

included a SMEF function to reduce actual ET compared to potential ET, as the 

moisture stored in the media became depleted during dry weather periods.
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 A computationally more intensive, but not necessarily more accurate, model 

was calibrated and verified for a full- scale extensive living roof in Portland, OR 

(She and Pang 2010) and Auckland, New Zealand (She et al. 2010). Up to ten 

parameters were required as input or determined as calibration parameters for 

the Auckland site. Upper and lower bounds of moisture storage were assumed 

similarly as above, and ET was assumed to decrease exponentially during dry 

periods. A modified form of Green- Ampt infiltration was used to predict the rate 

of water movement through the media, advancing toward the drainage layer. 

During a rain event, the conventional Green- Ampt model assumes that there is a 

sharp horizontal boundary (a “wetting front”) between the wet growing media 

initially near the top of the media profile, and drier media in the deeper profile. 

Saturated conditions are assumed above the wetting front, while below it the 

media is at a moisture content dependent on antecedent conditions (determined 

by ET between events). Setting the upper bound of moisture storage at the field 

capacity modifies the Green- Ampt method in this model to allow for runoff to 

occur from the system without it reaching saturation, albeit violating the meth-

od’s theoretical underlying assumptions. As it rains, the wetting front advances 

vertically downwards toward the drainage layer based on physical properties of 

the media. Green- Ampt infiltration has also been embedded in the living roof 

routine of the US EPA’s Stormwater Management Model (SWMM) version 5.1, 

which has the capability to automatically integrate living roofs into wider 

watershed development simulations. Its current formulation has yet to be tested 

in the academic literature. SWMM 5.1 is discussed in more detail in Section 3.5.

 In the field, a living roof should only operate under unsaturated flow condi-

tions because the growing media’s coarse texture and large pore size prevents 

physically achieving saturation while providing very high permeability compared 

to rainfall intensity (Section 4.1). Unsaturated flow occurs at rates always less 

than saturated flow, but the actual rate depends on the moisture content, thus 

adding another level of complexity to the problem. Unsaturated to saturated flow 

conditions in porous media can be described by Richard’s Equation, which is com-

putationally demanding. The Richard’s Equation is operationalized for event- 

based simulation in one-, two- or three- dimensions in software packages such as 

HYDRUS (Šimůnek et al. 2012) and SWMS_2D (Šimůnek et al. 1994). Hilten et al. 

(2008) successfully calibrated HYDRUS 1-D to simulate runoff from a 37 m2 living 

roof in Georgia, United States. The authors noted limitations imposed by a lack 

of data for storms greater than 50 mm and a poor ability to represent the 

growing media composition. Palla et al. (2012) concluded HYDRUS 1-D was suc-

cessful in reproducing retention, peak flow and overall hydrograph shape for 

several events from a 350 m2, 200-mm deep living roof in Genoa, Italy. For the 

same living roof, SWMS_2D was deemed suitable to reproduce the growing 

media moisture content, and the runoff hydrograph shape, volume and timing 

(Palla et al. 2011).

 Implicit in the application of the Green- Ampt method or the Richard’s 

Equation is that water movement through living roof growing media is assumed 
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to behave similarly to flow through natural soils. The latter has been extensively 

studied, but the former is only beginning to be explored experimentally. Physical 

and hydraulic properties of the engineered living roof (and bioretention) media 

are different from those of natural soils. For example, compared to soils, living 

roof media generally have coarser particles (and particle size distributions), higher 

porosity and higher saturated hydraulic conductivity (Ks). Thus adapting models 

developed for natural soils to systems with engineered media must be 

approached with caution, as some parameter values may not be appropriate, or 

the underlying model assumptions may be invalid.

2.7.3 Detention models
The majority of modeling and experimental research has focused on the retention 

ability of living roof systems. Indeed, runoff retention (reduction in total volume 

discharged) always enables detention (reduction of peak flow), as there is physically 

less water to discharge from the system, as was discussed in Sections 2.4 and 2.5. 

Nonetheless, significant permitting objectives revolve around detention 

performance. Stovin et al. (2013) observed that in practice, runoff may be initiated 

before field capacity is reached due to heterogeneity in the growing media 

(including composition, root development, compaction, etc.). This would cause 

differences in modeled flow rate and timing (i.e., detention) in water balance 

approaches for retention performance as described in Section 2.7.1 and 2.7.2.

 Runoff water balance models alone may or may not account for detention 

effects of the growing media, depending on model structure, and thus the ability 

to predict peak flow rates of a living roof ’s discharge. The modified Green- Ampt 

model tested in She and Pang (2010) and She et al. (2010) verified relatively 

good agreement of modeled and measured peak flows from both sites for which 

the model was calibrated, as did the HYDRUS 1-D model by Hilten et al. (2008). 

Kasmin et al. (2010) introduced a single storage- routing model that was refined 

by Vesuviano et al. (2014) to isolate detention influences of the growing media 

and a synthetic drainage layer. The living roof assembly model’s refinement was 

underpinned by laboratory experiments measuring growing media layer detention 

(Yio et al. 2013) and drainage layer- specific modeling (Vesuviano and Stovin 

2013).

 Ultimately, most currently available, stand- alone synthetic drainage layers 

provide little flow resistance, as is their design intention (Bengtsson 2005; Yio et 

al. 2013). Drainage layers integrated into synthetic modular trays are not 

considered in the same category. Where designed for free flow, the need for a 

stand- alone synthetic drainage layer’s discrete inclusion in a living roof model is 

questionable.

2.8 discussion

Studies documenting annual, seasonal or other longer- duration performance in a 

comparison against rainfall amounts or conventional roof runoff (e.g., reporting 
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a percentage change) are useful for providing macro- scale expectations for 

watershed management, and contribute invaluable evidence that living roofs 

“work” to efficiently manage stormwater. In contrast, technical requirements and 

objectives for stormwater design usually requires predictive capability to meet a 

specified level of discharge under a limited set of climate conditions. 

Unfortunately, measures of percent- change or capture efficiency may be of 

limited use to a stormwater design professional without greater investigation 

linking operational conditions to performance.

 Typically, the regulatory agency requires the hydrologic and hydraulic design 

of an SCM to limit the peak discharge (outflow) rate or flow volume to that 

which occurred before the development took place, or some variation thereof. 

The starting point for determining the footprint of an SCM is calculations to 

quantify the flows before and after development. Mathematical models repre-

senting the hydrologic and hydraulic processes serve as tools to quantify the 

effect of the SCMs and demonstrate compliance with regulatory requirements. 

Section 3.8 discusses the most common calculation and modeling approaches 

currently in practice for stormwater management and drainage design.

 To date, a few models have been successfully calibrated and verified against 

field data, with significantly varying levels of computational input requirements. 

Selection of an appropriate model depends on the question requiring an answer. 

Where only the runoff from a rooftop is of interest, a living roof specific process 

model is helpful, provided adequate data are available. Where the living roof is 

part of a treatment train, or one component of several SCMs across a site, 

compatibility of the process model with the site stormwater model may be 

logistically problematic, and thus prohibitive for common usage. Likewise, issues 

of time and scale are relevant. For efficiency and responsibility of practice, the 

simplest model appropriate to the level of detail required or data available (either 

site- specific or from the literature) should always be chosen. For example, city- 

wide conceptual planning strategies requires significantly less detail compared to 

final engineering design for actual sizing of individual SCMs and their installation. 

In the former case, simple(r) assumptions of net retention or detention per event 

may be adequate (assuming event- to-event variability is reasonably considered), 

while in the latter, a process based model may be a better choice, depending on 

locally relevant (or comparable) data availability and confidence.

 As each living roof creates a unique combination of growing media character-

istics, plant palate and root structure, detailed modeling of one living roof ’s 

behavior may not be transferable to another living roof. At the same time, the 

differences from system to system may not result in significant performance dif-

ferences in the context of the more general stormwater design objectives. It is 

only through development and testing of many living roofs that the influence of 

design variables will be understood, and a generic living roof model may be 

accepted for universal application.
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noTes

1 Various terminology is found to refer to a collective suite of technologies to mitigate 
runoff impacts. In the United States, the term “SCM” is currently promoted by the Water 
Environment Federation and American Society of Civil Engineers/Environmental and 
Water Resources Institute (2012) in lieu of the historic term “best management practice” 
(BMP). In the UK, “sustainable urban drainage systems” (SUDS) prevails, while 
“stormwater devices” are employed in New Zealand.

2 The term “retention pond” may provide some confusion in this context. A “retention 
pond” refers to a basin with a permanent pool of water, as opposed to a detention basin 
which is dry between storm events. In either case, there is usually no significant mechanism 
designed to reduce runoff volume, as both act as a bowl that fills and drains during a 
storm event. In a retention pond, some evaporation may occur between storm events, but 
the quantity is generally insignificant compared to the total amount of storm flow.

3 The calculation of an ARI reflects the probability of a rainfall depth’s occurrence (or it 
being exceeded) in any given year. For example, a two- year ARI has a one in two, or 50 
percent, chance of occurring in any given year. The spectral frequency analysis (percentile 
calculations) reflects an ordered ranking of rainfall depths. The calculations provide 
different platforms for analysis and interpretation of long- term historical rainfall data.

4 A historical perspective on the evolution of typical stormwater management objectives is 
found in Chapter 2 of Fassman- Beck et al. (2013).
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Chapter 3: Planning considerations

In this chapter the important relationship between early involvement and 

collaboration of the entire living roof project team contributes to the success of 

the design, construction and long- term maintenance of the project. Section 3.1 

presents the consultants, their roles and responsibilities, and the path of 

communication between them and the client. Section 3.2 presents a step- by-step 

planning process that ultimately leads to the design and maintenance topics 

covered in the remaining sections of the chapter. These topics include the 

experiential (planting design) and functional aspects of the roof in terms of 

meeting project goals (stormwater management, amenity space, promoting 

biodiversity, etc.); understanding physical and contextual constraints (structural 

either extensive or intensive roof, climatic, and building- service related either 

warm or inverted roof assembly); and the technical and mathematical tools 

required to achieve these goals, overcome constraints and make informed design 

decisions. Early meetings and effective communication during project planning 

between the client and design consultants to prioritize objectives and understand 

potential contradictions ultimately will help streamline the design process and 

ensure outcomes.

3.1 Planning Process

3.1.1 Professionals’ engagement
Consultants involved in a living roof project include landscape architects, 

architects, civil and stormwater engineers, building service planners, 

horticulturalists, ecologists, and landscape and building contractors. Table 3.1 

summarizes the role of each consultant in a living roof project. While not every 

professional listed in Table 3.1 will be part of the initial design conversations, 

early coordination and continuous communication amongst the professionals 

regarding all phases of the project reduces future costs and the need for 

significant and potentially difficult changes. Early collaboration helps crystallize 

the objectives of the living roof project and is thus instrumental in the creation of 

a successful living roof.
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3.1.2 Communication tools
The planning process relies on a continuous and systematic means of communi-

cation. This process involves a combination of text, calculations and drawings. 

Design or concept drawings are used to communicate overall design ideas and 

schema. These evolve into construction drawings and specifications, which are 

the primary graphic and written communication tools during the construction 

phase of a project. They define the roles of individual members of the design 

team, client, contractor and maintenance team. During the creation of the con-

struction drawings by the planners, early planning decisions can be reviewed to 

ensure that they function. This is key in avoiding future problems of all sorts, 

from integrity of the waterproofing membrane to designing within allowable 

loading to success of the planting. As German designers say: “paper is patient.” 

In other words, developing and refining design ideas and calculations on paper 

first is cheaper than trying to find solutions later on site.

 Regular meetings and constant drawing updates with a systematically fol-

lowed addendum structure are made extremely convenient by today’s online 

communications technology (email, cloud sharing, etc.). Constant communica-

tion facilitates all aspects of the project process, helping to avoid post- 

construction failures and consequent legal issues. Sudden late changes to 

decisions made in the planning stage can alter the overall appearance and func-

tion of the roof and living roof assembly. For example, if the architect lowers the 

previously agreed- upon, specified height of the parapet, and the change is not 

communicated to all design consultants involved, the proposed living roof assem-

bly height may not provide the necessary clearance height above the growing 

medium. Alternatively, if the architect raises the parapet height, the vegetation 

may not be visible from grade after plant establishment. This may contravene 

initial design aspirations either desired by the client or required by the urban 

authority. This example highlights the importance of communicating design 

changes immediately between all design consultants. Ignoring immediate 

Table 3.1 List of professionals and their main area of engagement in a living roof project

Budget Client

Design •  Architect/Landscape Architect
•   Civil/Structural/Stormwater/Mechanical/Electrical Engineer, 

Building Envelope Consultant, Code Consultant
•  Building Service Planner
•  Horticulturalist
•  Ecologist (sometimes)
•   Roof/Landscape Contractor and/or Living Roof Specialist 

Provider (sometimes)

Construction •   Building/Landscape/Roof/Living Roof/Propagation (mainly 
in North America) Contractors with sub-contractors

Facility Management •  Maintenance Professionals
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 communication is the most common “fault” and is a legal grey zone, for which 

all design consultants could be made responsible if liabilities are claimed.

3.2 The sTeP- by-sTeP Process for Planning

The planning process for designing a living roof should ideally be visualized 

taking place around three consecutive planning meeting tables:

1 “the planning table,” which includes all professionals (referred to as design 

consultants) responsible for design of the roof;

2 “the construction management table,” which includes all professionals 

responsible for coordination and execution of the construction;

3 “the facilities management (maintenance) table,” which includes all 

professionals involved in maintaining the living roof. The construction 

management and the facility management table can be assembled only after 

the bidding process has been completed for the construction of the living 

roof.

3.2.1 Tasks at the planners’ meeting table

Setting project objectives, choosing the members of the project team, allocating 

responsibilities, clarifying program scale and formulating contracts are the first 

discussions at the design consultant table (Figure 3.1). Among these topics, 

clearly identifying and communicating project goals is critical to its long- term 

success. Typical choices of project objectives include, but are not limited to, 

stormwater mitigation, outdoor amenity space, urban agriculture, biodiversity, 

energy demand mitigation, or a combination thereof. Living roofs are rarely 

designed to optimize all the beneficial functions that living roofs are capable of 

performing. The client will present his/her aspirations for the project. The design 

consultant team will present the client with suggestions on how to facilitate the 

client’s design goal(s), as well as ways in which to improve the quality of the 

design agenda, by perhaps adjusting  the project goal(s) or  couple  it/them with 

another. For example, if the client voices a desire to pursue stormwater manage-

ment goals, the design team should consider how the project fits into the context 

of the surrounding urban environment. The project might be part of a group of 

living roofs that reduce the stormwater runoff impact on the local receiving envi-

ronment or the project’s reduced runoff might need further mitigation on- site or 

in an at- grade, public open- space amenity, like a park or garden.

  Holistic  sustainable  design  measures  should  be  considered.  Some  project 

objectives can hinder or compromise the function of other. For example, water 

quality goals of stormwater management may conflict with the soil nutrient 

requirements of urban agriculture. A few experimental rooftop farms show 

potential in satisfying demands for local food production (Caruso and Facteau 

2011; Gittleman  2009; McGuinness et al. 2010; Novelli 2012; NYC.gov 2012; 

Philpott 2010). These farms need to be irrigated and fertilized, and even if 
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organic fertilizer is used, discharge may carry high nutrient content (phosphorus 

and nitrogen). This can be a potential problem for freshwater receiving environ-

ments, if discharged without treatment.

 The roof area can also be used for the generation of renewable energy, using 

solar energy to generate electricity with either photovoltaic cells for the building 

(including irrigation pumps or automatic leak detection devices in the water-

proofing  membrane)  and/or  the  city  grid,  or  solar- water  heating  collectors  to 

create hot water for the building. Additionally, wind turbines can be installed on 

the roof to generate renewable energy, although in cities they are considered 

problematic for various reasons, including lack of efficiency, noise and aesthetics 

(Dutton et al. 2005; Wilson 2009).1 In any case, these additional structures must 

be installed above the living roof vegetation to avoid a large reduction in storm-

water mitigation capacity.

 The evolution of design should never conflict with the roof ’s performance 

objectives. For example, logistical aspects of living roof design (including access 

to services, like water and electricity, as well as maintenance access and 

maintenance access safety, i.e., location of guardrails, roof tie- off points, etc.) 

should take place in conjunction with planting design, because the design 

elements  in  question  may  interfere  with  the  planting  performance  and/or 

experiential design.

3.2.1.1 Client involvement in planning process

Informing the client regarding all aspects of the project is an important responsi-

bility of the design consultant team described in codes of architects’ and land-

scape architects’ professional associations. The design consultant team should 

consult the client for developing project objectives and roof design, to clarify 

expectations and avoid misunderstandings, especially regarding budget and the 

appearance and maintenance of a living roof after it has been constructed. The 

client should be regularly informed with presentations by the design consultant 

team about the planning and construction process, explaining the following 

topics:

•  How  design  objectives  have  been  implemented.  For  example  stormwater 

runoff performance, year- round appearance of living roof, e.g., vegetation 

cover, color, height or balancing design elements to ensure adequate 

rainwater capture to fill roof- irrigating cisterns while maximizing “greened” 

area.

•  What  changes  are  occurring  during  the  planning  process.  For  example,  if 

modification of the roof structure is needed to accommodate the intended 

plant palette, or if a proposed cistern must be enlarged to hold enough water 

to irrigate the roof during the dry periods, which has implications on space 

and loading of the building structure.

•  How  the  project  is  detailed,  for  example  to  describe weathering,  durability 

and ecological footprint of materials.
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•  How  construction  cost  are  changing  during  all  the  stages  from planning  to 

construction – e.g., the estimated construction cost and ongoing and long- 

term maintenance cost.

•  How construction monitoring is taking place, with emphasis on assuring that 

waterproofing isn’t compromised during construction, and materials are 

delivered as specified.

3.2.1.2 Formulation of the design contracts

When the design consultant team is established, contracts between the client 

and the design consultants are made. The contracts state the responsibilities of 

each professional for their allotted task. In many cases, one consultant acts as 

lead (often the architect), and is responsible for subcontracting the other profes-

sionals, and is also the primary point of contact with the client, in both the 

design and construction phases of the project. The client must understand that 

the project lead acts on the client’s behalf to coordinate and oversee planning, 

construction, maintenance and contract formulation. Alternatively, the client may 

contract all consultants individually, in which case all consultants report directly to 

him or her. In each scenario, specific responsibility for who designs which part of 

the roof assembly must be allocated. Depending on the scenario, it is the respon-

sibility of the lead consultant or client to hire other design consultants, such as 

structural engineers, envelope consultants, mechanical engineers, horticulturalists 

and ecologists.

 Contracts should also define the liabilities and responsibilities of professionals 

that will occur during the construction period. The definition of responsibilities 

will be more comprehensive when the specifications and construction drawing 

package is issued, as these documents will give specific instructions to the con-

tractor for construction. During living roof construction, it is common for the on- 

site project manager, architect and landscape architect to take on overall 

responsibility and liability. The engineers and any other design consultant 

professionals involved must take responsibility for aspects included only in their 

scope of work. In North America, living roof specialist contractors and companies 

can deliver a complete living roof system, including the waterproofing membrane 

and warranty for the whole assembly. In Europe, living roof companies are 

generally suppliers only to the landscape contractor building the living roof.

 In terms of liability, one of the most crucial elements of the roof is the integrity 

of the waterproofing membrane. The design team must deliver a watertight 

assembly. In a retrofit scenario, the architects, building envelope consultants and 

specialty roof installers must assess the age and durability of the existing 

membrane. Depending on its condition, it may require replacement. A 

waterproofing membrane is more easily protected during construction with an 

inverted roof assembly then with a warm roof assembly. The insulation floating 

above the waterproofing membrane protects the membrane against sharp 

objects during construction. A warm roof assembly (Sect. 3.3.3) is more sensitive 

to sharp objects as the insulation is below the waterproofing. In this situation, 
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Figure 3.1 
The planning table: tasks 
and communications 
links

the architect and the envelope consultant are responsible for both the insulation 

and the membrane, as the architect and the envelope consultant are generally 

responsible for layers up to and including the membrane. If the waterproofing 

membrane is compromised, the insulation will require complete replacement 

because its insulative properties will be lost if it becomes waterlogged. The 

architect and the envelope consultant could become financially liable in this 

situation. Responsibility for integrity of the insulation does not lie completely with 

the architect in an inverted assembly but also includes the landscape architect, 

roofing installer, landscape contractor and on- site project manager.

 In addition to appointing a project lead and defining liabilities, the contract 

should include the following points:

•  Assignment of  tasks  – who will  coordinate with whom and  regarding what 

aspect of the project? For example, a coordinated effort is required between 

the architect, building envelope consultant and mechanical engineer in order 

to design the location and number of roof drains. This is because the 

architect’s primary objective in the design of the roof is to maintain the 

integrity of the building envelope. The location, size and number of roof 
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drains can influence stormwater mitigation performance, thus a hydrologic 

engineer should also be consulted if stormwater management is a design 

objective (it is noted that the presence of the living roof does not reduce a 

requirement for roof drains).

•  Allocating responsibility for planning approval. The contract will stipulate who 

will oversee that the project complies with, for example, local living roof poli-

cies; health, safety and fire regulations; stormwater policies; local ecological 

policies (e.g., biosecurity issues or protections), and policy available for the 

building of living roofs. Local codes and by- laws often require stormwater to 

be either mitigated on- site or be temporarily detained to reduce the burden 

on the existing sewer/stormwater system or local receiving waters. For this sit-

uation, the design consultant team should apply a set of stormwater calcula-

tions to estimate if the living roof complies with these local by- laws. These 

calculations may be required by local authorities to receive planning permis-

sion for the proposed design.

•  Assigning responsiblity for overseeing installation of extra roof equipment and 

technology. For example, cistern installation for artificial irrigation has to be 

coordinated by the architect, structural and mechanical engineer, and land-

scape architect, as they will determine the location of the cistern in or on the 

building. The requirements of any renewable energy systems should be inte-

grated into the contract to achieve minimum footing dimensions, appropriate 

infrastructure protection, and minimum additional loads on the living roof.

3.2.2 Tasks at the construction management planning table

The second set of discussions occurs around the construction management table 

(Figure 3.2). They will revolve around tasks including project supervision and 

drawing approvals. These discussions and tasks are taken on by design and 

construction professionals, and sometimes the client, and include to:

•  Define overall supervision tasks to ensure that all planning tasks are accounted 

for. Tasks are overseen by the on- site project manager, who coordinates all 

professionals at this stage. For example, the on- site project manager ensures 

that the designed perforations (drain locations and roof vents) are carried out 

to specifications and are proven to be watertight before a living roof is 

installed.

•  Decide  how  and  who  is  supervising  the  site.  Overall,  the  on- site  project 

manager supervises the project. Work onsite must also be regularly inspected 

by the architects, engineers and landscape architects, and records of site 

inspections must be documented. The design consultants will also perform 

regular site inspections during all stages of construction. The integrity of the 

waterproofing membrane, especially, requires supervision of multiple 

professionals (see Chapter 4 regarding methods of testing waterproofing).

•  Approve working drawings and specifications. Before construction can begin, 

landscape contractors need to review the design consultant- designed and 
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Figure 3.2 
The construction 
management table: tasks 
and communication links

engineer- approved construction drawings and specifications. The design 

consultants must also review shop drawings produced by the trades, including 

mechanical,  electrical  and  specialized  roofing  installers.  Obvious  but  often 

forgotten drawings by design consultants and trades have to specify roof 

materials and construction details that adhere to current construction and 

material standards and comply with local health and safety regulations.

3.2.3 Tasks at the facility management planning (maintenance) table
The facility management planning table may take place when construction of the 

roof is under way (Figure 3.3). Discussions regarding plant maintenance should be 

completed ideally in concert with plant selection, and certainly before plant 

establishment begins, to identify provisions for upkeep of the living roof system. 

The on- site project manager is responsible for coordinating the professional 

contractors for the establishment phase maintenance. During establishment, the 

landscape architect, on- site manager and/or  living roof provider will perform roof 

monitoring. The long- term maintenance may be carried out by a local contractor or 

a building facilities maintenance crew that is employed by the building owner or 

strata (if the project is a private multi- ownership building, such as a condominium).

 The client (sometimes), design professionals and contractors need to write 

two maintenance manuals for the living roof – one for plant establishment which 
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Figure 3.3 
Facility management 
planner’s table: tasks and 
communication links

should be contracted to the living roof construction company for liability reasons, 

and one for long- term maintenance of the vegetation and other components of 

the roof which can be contracted out to either the construction firm or another 

living roof maintenance company.

 The following topics should be considered for both maintenance manuals:

•  Regular maintenance during establishment phase and long- term maintenance 

by trained professionals, with a site- specific introduction and a commitment 

to maintaining the roof according to the manual. Where stormwater 

management is a design objective, restrictions on the composition, timing and 

frequency of fertilizer application needs to be specifically defined because of 

its potential implications for runoff water quality.

•  Definition  and  the  required  type  of  maintenance  to  keep  the  living  roof 

healthy,  functioning  and  aesthetically  acceptable.  Maintenance  includes 

irrigation system servicing; drain function and cleaning; winterizing of 

irrigation systems in cold climates to avoid pipe rupture due to freezing 

temperatures; monitoring and eradication of erosion damage; mowing or 

cutting of the roof plants; deliberate weeding of invasive species, pioneering 

or randomly- appearing plants, to maintain the planting concept; inspecting 

the integrity of the safety system for maintenance crew.

ARCHITECT

CLIENT

Interconsultant relationship

Tasks

LEGEND

Interconsultant relationship

Consultant/team relationship

Consultants

LANDSCAPE ARCHITECT

FACILITY
MANAGEMENT

PLANNER’S
TABLE

CONTRACTOR

Maintenance control
strategy

Budget

Site monitoring and living
roof maintenance strategy

Budget

Maintenance control
strategy

Budget
Maintenance control

strategy

Budget



Planning considerations n

57 

3.3 Key eleMenTs for collaboraTiVe Planning

Living roof scenarios include the construction of a new building project, where 

the living roof is designed into the project from the outset and the retrofit of a 

conventional roof, where a living roof is constructed above an existing roof 

structure. At the outset of designing a living roof, both new and retrofit types 

follow similar planning considerations. In both roof scenarios, the architect, with 

the approval of the client, supplies concept drawings of the proposed or existing 

roof and its structure to the landscape architect, structural, mechanical engineer, 

envelope consultant and roof installer. It is important that all consultants work 

together from the outset of the project.

3.3.1 Building structural capacity

Structural loading is one of the main factors controlling the feasibility, cost and 

design of a living roof, whether the project is a new or retrofit living roof. Assess-

ing a roof ’s structural capacity requires early coordination among the design con-

sultants, as it is often the most limiting design factor thereby affecting almost all 

other elements of a living roof project. Planning a living roof should be a 

collaborative process to ensure building and public safety while satisfying living 

roof project objectives. Otherwise, unnecessary extra planning cost and reduction 

in design freedom may occur, as the example of Potsdamer Platz explains.

 The Potsdamer Platz in Berlin showcased a significant living roof component 

in the multi- building project. Objectives of this project were to collect and recycle 

stormwater, reduce runoff and enhance the newly developed urban space with 

visual richness, including varied vegetation from shrubs to large trees. While the 

project was successful on these fronts, the living roof design did not reach its full 

potential in terms of rooftop experience because a landscape architect was not 

consulted from the inception of the design. This occurred because the architects 

and structural engineers neglected to inform the client regarding the necessity of 

the landscape architect. The architects and structural engineers had designed and 

calculated the load- bearing capacity of the roof on most of the buildings without 

including living roof designs and their loads. Consequently, a desire to save costs 

in structural reinforcement (having not been worked into the budget) limited the 

point load capacity prescribed by the structural engineer. This in turn limited the 

use of trees, other intensive vegetation, and other design features that 

structurally behave as point loads. Freedom of planting design was undermined, 

and consequently, many opportunities were missed in creating a varied rooftop 

experience.

 New extensive living roofs can be accommodated in building design for a 

minor additional cost. In many cases, the weight of an extensive living roof is 

similar to the weight of a ballasted roof. Retrofit projects need to consider fore-

most the bearing capacity of the structure. Due to structural loading require-

ments, only extensive living roofs are typically suitable for retrofit installation. 

Such considerations also bear on pairing structure with function: for example, it 
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is often unwise to use existing architecture for the purposes of urban agriculture, 

which necessitates the deep growing media (roughly 200 to 600 mm) of an 

intensive living roof assembly (Peck and Kuhn 2001).

  In  some  cases,  such as Chicago’s City Hall,  buildings are planned  for  future 

additional  stories  or  use  of  roof  space  changes  (for  example,  car  parking/

helicopter pads are removed). These buildings are structurally well- suited toward 

a living roof retrofit. Creative thinking for Chicago’s City Hall resulted in a living 

roof with topography varying from a few centimetres to ~45 cm, and supports 

trees, without additional structural support.

 Initial planning of either new or retrofit living roof begins with a licenced 

structural engineer determining the structure’s load bearing capacity. Structural 

design must ensure the roof withstands the supplementary dead (static) loads from 

the living roof assembly and the live (dynamic) loads from the fluctuating mass of 

the water, vegetation and, potentially, people. Live and dead loads are the two 

classifications of gravity loads taken into consideration when calculating the struc-

tural capacity of a roof. Live loads constitute any fluctuating or peripheral elements 

to or on top of a structure. Dead loads constitute the weight of all static elements 

that are essential to the structure itself. In New Zealand, live and dead loads are 

referred to as imposed action and permanent action, respectively. Structural design 

also includes wind uplift. Consideration of wind can result in higher loads at the 

parapet area, if the roof assembly needs to be held in place by concrete pavers or 

heavy gravel. In the retrofit case, the engineer will determine how much loading 

can be added to the existing bearing capacity of the roof. Extra structural 

reinforcement may be required to support a prospective living roof.

 Structural drawings are required by the landscape architect to assess the 

potentially variable capacity of the roof ’s structure – including details of the roof 

slab thickness or material, or cantilevered design. These elements influence 

feasibility of point and distributed loadings (e.g., sculptures and trees versus 

growing media and low- growing vegetation). If a new roof is built, an 

architectural roof plan and structural drawings should be readily available from 

the client or architect. For retrofits, existing architecture and structural drawings 

may be more difficult to obtain, particularly in digital format. If plans for an exist-

ing building cannot be located, the architect or structural engineer should create 

a current roof plan. This ensures that everyone is working with up- to-date 

information.

3.3.2 Drainage considerations
The presence of any living roof does not compromise the need for ensuring 

positive drainage. In other words, stormwater runoff must be able to discharge 

off the roof without creating standing (ponded) water. Living roofs are not 

restricted to near-“flat” (non- sloped or non- pitched) roofs. Living roofs may be 

feasible on roofs up to a slope of approximately 10–15° without significant 

modifications to the assembly compared to a “flat” roof installation (Section 

4.6.1).
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 The location and number of gutters and drains ensures efficient discharge of 

the stormwater from the roof, which is a safety issue. Although the living roof 

will produce less runoff than from a conventional roof, surface drainage will still 

be required to prevent drowning plants and to avoid ponding. Drainage 

calculations are typically found in building codes with minimum rules for 

compliance. In the retrofit scenario, additional drainage may be required, 

depending on the design, but additional drains should be avoided. This is 

because the coordination of additional drains may be problematic for the spaces 

immediately below the roof (where drains travel down a building through ceilings 

and walls). Dropping ceiling heights may not be feasible because of headroom 

issues, and existing walls may not be wide enough to accommodate additional 

drainpipes. If additional drainage is required, gutters may be a more practicable 

solution, as they remain exterior to the building. In the new project scenario, roof 

drain allocation is significantly less problematic, as the location of drains can be 

made to correspond strategically with the architectural elements below. For more 

information on the design of drainage channels and gutters see Section 4.6.3.

 The location and method of drainage influences the aesthetic appearance of 

the new and retrofit living roof surface. A gutter will appear as a linear structure, 

either through or around the planting. Drains will develop a pattern on the roof 

surface with visible inspection chamber lids. Both should be integrated into the 

living roof surface design of both soft and hard landscapes. Gutters should be 

integrated into the paved maintenance or gravel strip areas to aesthetically blend 

in with similarly- colored materials. Drains with inspection chamber lids should be 

screened with planting. The structural and mechanical engineers together with 

the architect, landscape architect and roof installer have to design the roof in 

such a way that the increased load is carried by the roof in an extreme rain event, 

and be able to remove the excess water quickly. As an alternative on a new roof, 

multiple drainage points with alternating roof slopes can remove the stormwater 

and therefore balance out the load.

 Generally, clients will favor lower drain counts to minimize installation and 

maintenance cost. Each penetration of the roof ’s waterproofing membrane is a 

potential weak point. Sealing the interface between the perforations/protrusions 

(Figure 3.4) and the roof provides the most difficult waterproofing challenge. 

Altogether minimizing the number (while complying with relevant building codes) 

and determining the appropriate placement of roof drains can be addressed by 

the design consultant team together with roof installers.

 The number and location of perforations through the roof on a new roof and 

retrofit, such as air conditioning vents or an elevator machine room, require 

address, as their accessibility needs to be ensured. Since perforations are in most 

cases fixed on retrofits, their locations can have implications on the roof ’s overall 

aesthetics. Both the hard and soft surface design of the living roof may have to 

be designed to accommodate roof perforations.
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Figure 3.4 
Protrusions and 
perforations

3.3.3 Assembly design
A built- in-place assembly is typically designed by the architect, with input from the 

envelope consultant, landscape architect, structural engineer and specialized living 

roof installers. The assembly’s component layers, and their order, thickness and 

material density, are the foundation of the living roof and affect its performance 

and visual success. In North America, most specialty living roof suppliers offer 

minimum assembly criteria, which may be tailored to suit site- specific conditions. 

The assembly also influences many important properties of the building below, 

including its internal and external temperature, and acoustic insulation capabilities.

 The functions and properties of the different layers influence the thickness 

and weight of the assembly. When designing the assembly, the design objective, 

i.e., stormwater runoff reduction and plant survival, should determine the 

selection of the different layers in the assembly. In the case of stormwater runoff 

reduction, the assembly has to retain or detain precipitation levels depending on 

the specific climate where the living roof is located. The arrangement and the 

properties of the different layers of the roof assembly will affect the amount and 

duration of stormwater it can retain.

 A roof assembly is characterized as either a “warm” or “inverted” (also 

known as “cold”) roof (Figure 3.5). The roof type is generally proposed by the 
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Figure 3.5 
Warm and inverted roof 
cross-sections

architect. The warm versus inverted nomenclature refers to the location of the 

insulation in reference to the waterproofing layer. In the warm roof scenario, 

the insulation is below the waterproofing membrane. Water drains through the 

growing medium and runs along the drainage layer that sits on the waterproofing 

membrane to the roof drain locations.

 In the inverted roof scenario, the insulation is installed above the waterproofing 

membrane. Water drains through the growing medium. A portion of the water 

then runs above the insulation to the drainage points. The remaining water drains 

vertically through the gaps between the insulation layer boards, and then runs 

above the waterproof membrane to drain locations. Because the insulation must 

remain dry (to avoid the loss of its insulative properties), the assembly, especially 

the drainage layer, has to be partially designed to promote air circulation. The 

drainage layer acts as an air circulation zone between the insulation and geotextile 

layer allowing evaporation to reduce sogginess in the insulation layer. Alternatively, 

the insulation can be sandwiched between an additional air circulation layer and 

the drain mat. This allows air circulation on top of and below the rigid insulation.
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  Much of  the success of a  living  roof  lies with not only proper planning, but 

also in a strong, comprehensive design of the elements that lie beneath the 

assembly of the living roof. Table 3.2 presents a summary of important questions 

to ask for each roof element below the assembly, and the immediate implication 

of the roof element in the context of the entire living roof project.

3.4 PlanTs

There are many different notions of what is aesthetically acceptable to the 

surrounding urban context, and this issue generates a great deal of discussion 

among design and municipal review panels (Abrams 2009; greenroofs.org 2010). 

Positive public perception has been shown to be more favorable towards carefully 

designed living roofs presenting a variety of plant structures and colors (Fernandez- 

Cañero et al. 2013). Sedum- dominated or mixed perennials also garnered favor 

over grasses, which appeared “messy” (Jungels et al. 2013). Ultimately, the design 

Table 3.2 Living roof building element checklist for new roofs and retrofits

Roof element Questions to ask Implication

Structure strength •   Can the roof withstand both dead 
(static) and live (dynamic) loads, 
including water, vegetation, wind 
uplift and people?

•   Building structural integrity

Roof slope •   Roof slope provides positive 
drainage?

•   What is the impact of differential 
settling on low-slope roofs (if any)?

•   Standing water can create a 
structural burden

•   Ability to drain water from the roof 
by gravity may be compromised

Waterproofing •   What is the quality and condition 
of the waterproof membrane and 
does it need to be replaced?

•   How long is the warranty? (The 
financial implications of the 
warranty may affect product 
selection)

•   Avoid water leakage
•   Protect internal building from 

moisture ingress

Perforations/protrusions/drainage 
features

•   Location and number of drainage 
points and/or gutters?

•   Ability to cluster perforations?
•   Types? (e.g., air conditioning vents 

versus machine room access)

•   Waterproofing challenge
•   Clear access for long-term 

maintenance
•   Random locations can compromise 

aesthetics and increase costs of any 
retrospective waterproofing

Maintenance access and rooftop 
safety

•   Physical access?
•   Irrigation supply and operation (for 

plant establishment or long-term 
success)?

•   Safety features to prevent need for 
harnesses?

•   Safe location for temporary storage 
(plants, crates, rolls of drainage 
mat, etc.), especially in areas with 
higher load capacity?

•   Costs of long-term maintenance 
are related to health and safety, 
and method of access

•   Cost increases if specialist training 
or access equipment is needed
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Figure 3.6 
Well grown versus poorly 
grown vegetation 
depends on design 
objectives and 
comprehensive planning

consultant team has to consider the pros and cons of the appearance of the 

vegetation in relation to other living roof design objectives (e.g., biodiversity, roof 

maintenance or roof accessibility).

 A healthy or “unhealthy,” weedy or non- weedy, appearance is usually the 

most noticeable feature on a living roof (Figure 3.6). It is often the final goal of 

a living roof planning process and how “success” of a project is determined, 

regardless of other objectives. A healthy “looking” roof is not necessary to 

achieve other performance objectives. A green looking roof supported by over- 

irrigation and over- fertilization may compromise resilience, stormwater and 

maintenance objectives. Some weeds may contribute to an effective transpiring 

cover.

 A perennially healthy appearance may be one of the design requirements, 

especially if the living roof is visible from the ground and/or from other buildings. 

If aesthetics are not a concern, then a healthy appearance may not be required, 

as long as the other design objectives for the roof are fulfilled. To achieve the 

goal of apparent plant health, and/or desired aesthetics, the vegetation cover on 

living roofs has to be designed from a combined technical, aesthetic and horticul-

tural point of view. Plant species selection is important, as it influences the overall 

construction needs (i.e., depth of growing medium), requirement for supplemen-

tal artificial irrigation, maintenance needs, resistance to insect damage and 

disease, stormwater mitigation performance, and the year- round aesthetic 

appearance of the living roof if visible from other buildings or at- grade.

3.4.1 Planting design – a dynamic life- cycle
An extensive living roof is built on top of a man- made structure without physical 

connection to pervious soil at- grade. Consequently, various contextual conditions 

result on a living roof which are much more extreme than at- grade. The condi-

tions to which a living roof must be resilient or suited to include, but are not 

limited to, the following:

a a confined “growing” space, particularly confined rooting depth;

b an engineered growing media and drainage layers, the growing media layer is 

often too thin, too hot and too low in organic matter, too droughty, devoid of 

micro- organisms and too infertile for many plants to survive or maintain an 

aesthetic appearance;

c rapidly and widely fluctuating climate with strong, turbulent winds, heat and 

cold, particularly on taller buildings in cities;

Well grown Poorly grown Designated non-planted area
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d often unprotected exposure against strong winds, heat and cold on top of 

buildings;

e a dynamic environment: plants and substrate change over time as plants 

thrive, die and decompose, nutrients (or acid rain or salt spray) are added or 

leached, and levels of organic matter fluctuate.

3.4.2 Planning considerations for plant selections
Living roofs are artificial landscapes, and as such impose specific constraints on 

the vegetation planted. Maintenance, climate tolerance, ET, accessibility, erosion, 

aesthetics, biodiversity and xeriscaping influence plant viability.

3.4.2.1 Plant maintenance demand

Maintenance plays a crucial role in the design process of a living roof. Every living 

roof needs regular maintenance over its life span, as do conventional roofs. The 

maintenance of an extensive living roof is typically more frequent until a resilient 

cover is established. Thereafter, maintenance frequency ranges from weekly to 

yearly or bi- yearly, depending on the design objective of the living roof and the 

length of time a roof is designed to last (typically twice as long as bare membrane 

or ballast roofs). Weekly maintenance is appropriate for a frequently used, 

publicly accessible area of mown grass and annual flowerbeds that require 

mowing, irrigation and seasonal replanting. An annual autumn maintenance may 

be typical of an established living roof overlooked from a distance (or not at all). 

For such sites, maintenance visits are required to check that drainage points are 

clear so stormwater flow is unimpeded; to remove plants with aggressive root 

systems that can potentially damage the roof membrane, e.g., birch seedlings; 

and to ensure overall living roof cover has not been compromised, exposing the 

membrane.

 Common failures related to maintenance (or lack thereof ) include, but are not 

limited to:

•  lack of density of vegetation coverage – this might mean supplemental plant-

ing and/or irrigation in the summer months;

•  pestilence;

•  inadequate drainage due to clogging of drains and gutters, which can lead to 

flooding or diminished stormwater management performance through higher 

than anticipated runoff volumes;

•  irrigation system malfunction, leaks or clogging of nozzles, which can lead to 

plant failure;

•  insufficient weeding of  taproot2 and other undesired plants (especially if the 

designer’s planting concept needs to be static), leading to plant area failure 

and unnecessary mechanical pressure on the root barrier.

The best prevention of failure in the maintenance and monitoring phase is to hand 

the project over exclusively to trained living roof gardeners and plant ecologists.
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3.4.2.2 Tolerance of plants to climate (temperature, precipitation and water 

demand)

The location of a living roof within a certain climatic zone as well as the 

conditions induced by a building’s microclimate has a strong impact on the 

vegetation’s growth, survival and continual thriving.

 Dry hot climates (as in Arizona, for example) need plants with a high water- 

holding capacity in their biomass and low transpiration rates (e.g., cacti), if the 

living roof is not irrigated. Semi- cold arid climates like Spain with medium water- 

holding capacity and medium transpiration rates need xeriscaping (e.g., various 

orchid and herbaceous species). Plants need to be tolerant to frost and/or freeze–

thaw and extreme temperatures of roof microclimates. Water logging and root 

rot is generally avoided in wet climates. This is because the growing medium is 

designed to be extremely porous so that the weight of the living roof assembly is 

kept at a minimum. Different climatic zones likely need different roof construction 

assemblies, including varying growing media depths, different water- holding 

capacity growing medias and specific plant species (ASTM 2008; Roehr and Kong 

2010; Stovin et al. 2013).

 The climatic and contextual factors need to be considered as early as the plan-

ning stage and more closely investigated in the design stage, as they largely 

control aesthetic appearance, physical functionality and effectiveness in stormwa-

ter mitigation (ANSI/SPRI 2010). Interventions to overcome the effects of adverse 

climates may be associated with increased maintenance (irrigation, fertilization, 

plant replacement) and decreased resilience.3

MICROCLIMATE CONTExT

Plants on extensive living roofs have to withstand more extreme weather/climate 

conditions than plants at ground  level on natural  soils  (Getter and Rowe 2008; 

Roehr and Primeau 2010). These include rapid fluctuations in temperature (hot 

and cold), radiation and wind exposure, drought, and in maritime or oceanic cli-

mates, salt spray. Climatic conditions are most extreme and most variable on tall 

buildings in city centers, as large amounts of concrete and hard surfaces increase 

temperature, decrease humidity, deflect and concentrate winds (Blake et al. 

2011; Fertig 2010; Fifth Creek Studio 2012). Microclimates  in cities can change 

dramatically over very short distances depending on sun and rain shadows and 

reflected radiation. The wind- tunnel phenomenon caused by medium- to high- 

rise buildings increases the ET rate of plants by reducing boundary layers over the 

plant canopy (Theodosiou 2009).

 Annuals and taller herbaceous perennial and biennial plants are not generally 

recommended as a dominant component of low- maintenance living roofs or 

roofs where a large irrigation supply (either natural or artificial) is unfeasible 

(Snodgrass and Snodgrass 2006). This is partly because these plants have a 

higher moisture demand and greater rooting depth requirement than hardy suc-

culents. They also experience dormant periods, and therefore provide little aes-

thetic  benefit  during  winter/early  spring.  Dunnett  and  Kingsbury  (2008) 
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recommend careful use of desert annuals on living roofs, primarily to populate 

the roof with some vegetation cover (more for the public’s than for the roof ’s 

sake) in the first year while perennials are establishing. Annuals, like geophyte 

bulbs, avoid drought through dormancy, and provide intense bursts of spring and 

early- summer color.

EROSION CONTROL THROuGH PLANTS AND FABRICATED MATERIALS

Wind and surface water flowing across a living roof can cause erosion that 

suppresses plant growth, decreases moisture storage, exposes irrigation pipes, 

and provides sites for weed invasion. Plants that bind to the living roof surface by 

rooting from nodes or rhizomes help prevent erosion. An expansive horizontal 

root system also stabilizes the growing medium against surface stormwater flow 

(Dunnett and Kingsbury 2008).

 Areas susceptible to erosion should be mapped by the structural and 

stormwater engineer in the planning phase. Wind turbulence and concentration 

can be reduced by many design solutions, including edge orientations, parapet 

designs and other strategies. A properly designed growing medium should 

entirely prevent surface flow, with the exception of steep roofs. Drainage of large 

roofs and areas with complex slopes usually include surface drains within the 

roof, such as on the Vancouver Convention Centre (British Columbia, Canada) or 

the California Academy of Sciences (San Francisco, California) living roofs. Steeply 

sloping roofs usually use additional anchoring of the growing medium, either 

permanent (plastics and geogrids) or temporary (coir baskets and logs)4 (see 

Section 4.6.1).

 Erosion control mats (often coir, but can be made from permanent materials) 

can increase the resistance of surfaces to erosion. This has the benefit of main-

taining undisrupted stormwater flow and also prevents birds from pulling out 

plugs. Permanent materials such as stone mulches can also be used, and in areas 

of  greatest  concern  (at  corners,  for  example),  pavers  may  be  used.  However, 

where used extensively, stone mulches and pavers may compromise overall 

stormwater runoff retention. As an alternative to conventional pavers, 

interlocking punctuated concrete pavers can be filled with substrate and planted 

with cuttings or plugs. Of course, the loads generated by these areas have to be 

integrated into the structural calculations of the roof.

3.4.2.3 Aesthetic appearance throughout the seasons

The year- round appearance of vegetation needs to be considered for viewed 

areas of living roofs, as plants have a continuously changing lifecycle. The 

different states of “aesthetic” appearance (i.e., color of flowers, fruits, leaves and 

stems, plant growth), over the course of the changing seasons and years have to 

be  considered by  the  landscape  architect  and/or horticulturalist when  selecting 

plants. Even a healthy roof may appear brown and “dead” from a distance if the 

overall foliage colors are browns, reds and yellow. This effect can be exacerbated 

by the color of any mulch used, particularly during plant establishment. Sedum 
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roofs (see Section 4.3.4) can change color dramatically as different species flower 

yellow, white, pink or red, and leaf color changes from green to red or purple.5 

Aesthetics also change with the closeness of view, and with the person viewing 

the roof.

 The types and frequency of maintenance also affects aesthetics of a roof. 

Removal of dead flower stalks and leaves can expose underlying fresh growth. 

For example, planting plans can reveal successively taller flowers as spring 

progresses to late summer. In this way, the senescent flowers of early- flowering 

species are hidden by later- flowering plants.6 Maintenance of planting patterns 

established using single species or cultivars requires removal of non- conforming, 

adventive plants. More resilient patterns can be based on plant height supported 

by variation in moisture supply or depth of growing media.

3.4.2.4 Plant biodiversity

Living roofs today should consider biodiversity objectives in their design concept 

phase. Roofs with a diversity of plant species present a varied resume of benefits 

to the environment, such as a more favorable climate for the sustenance of 

invertebrates and vertebrates (Lee et al. 2014). The biodiversity of interest should 

be specified if possible. In most climatic contexts, it is easier to attract native 

insects or honeybees than to cultivate native plants, particularly for thin, highly 

drought- stressed living roofs. Certain plant species do well because of their natural 

growing environment in dry, shallow media or even on rock outcrops (Farrell et al. 

2013). As Farrell et al. (2013) caution, selecting plants solely on their drought- 

tolerance may be an attractive solution, but consideration of more diverse plant 

selection is recommended. This idea is widely championed (Brenneisen 2006; 

Dunnett and Kingsbury 2008; Gedge 2003; Snodgrass and McIntyre 2010) with 

Dr. Stephen Brenneisen as one of the pioneers and leading proponents of living 

roof  biodiversity.  His  research  has  focused  intensively  on  invertebrate  and  plant 

communities on living roofs in Basel, Switzerland. Brenneisen’s designs (Brenneisen 

2006) have been adapted in the United Kingdom by Dusty Gedge in London 

(Gedge 2003), Dr. Nigel Dunnett, and others in Sheffield to encourage the use of 

living roofs as environments for increasing biodiversity (Dunnett and Kingsbury 

2008). Their designs have built upon Brenneisen’s primary principle of varying the 

depths of media, by varying particle size and chemical composition, as well as 

proximity to drainage features. Gedge and colleagues at the London Biodiversity 

Partnership found local plant and insect biodiversity was enhanced if substrates 

were stored at ground level before installation (Gedge 2003). Application of 

techniques to enhance biodiversity is demonstrated in many small- scale living 

roofs (Dunnett et al. 2011). Common techniques include the use of local plants as 

well as devices that trap water, logs, stones or wooden features to increase habitat 

diversity, particularly for insects. However, as Snodgrass and McIntyre (2010) warn, 

designing habitats on roofs is challenging, as the designers must have a 

comprehensive understanding of the wildlife intended to inhabit that space. 

Furthermore, each native green roof is unique (2010).
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 Taller, green herbaceous species may be seen in general as being more 

biologically diverse and simultaneously most successful in providing a visual 

reprieve from urban environments (Lee et al. 2014). As Lee et al. (2014) point 

out, the association of height and green with biodiversity is a misconception. If a 

primary function of a living roof is to provide both biodiversity as well as an urban 

escape, it is possible to select species that are similar in appearance but 

biologically diverse. The study implies that because categorizing certain types of 

vegetation can be misleading, plant selection must be carefully researched and 

an ecologist consulted, especially if biodiversity is a project goal.

 The value placed on using local soils has been tempered with the difficulty in 

ensuring such soils meet specified drainage, stormwater retention and weight 

characteristics, as well as the increased need for intensive early maintenance to 

remove  unwanted weed  species.  Hence,  local  soils  are more  typically  used  on 

small, private, non- commercial living roofs or as part of a pre- vegetated sod. This 

is another case where, given that specific biodiversity is an objective, the 

landscape architect or team lead should engage an appropriately- skilled 

ecologist.

3.4.2.5 Native and exotic (non- native) plants

Due to constantly intensifying globalization, plant species are increasingly moved 

around the world, creating a challenge for any living roof planning team to select 

the appropriate species for the roof. Even more challenging in this situation is the 

ability to discern between indigenous and non- indigenous species. The authors 

propose consideration of several ideas.

 Non- native, aka exotic, plant species may provide little biodiversity and habitat 

creation.  However,  native  plants  do  not  necessarily  mean  they  are  better  at 

providing biodiversity, especially if they do not thrive in the thin growing medium 

on the roof. Plant selection should depend on plant design objectives of the living 

roof  and  assurance  of  a  relevant  maintenance  regime.  However,  it  is  more 

important to consider a plant species’ adaptability and suitability for the harsh 

growing conditions of the roof environment.

 In the end, the availability of water and rooting depth are strong indicators of 

whether  any  particular  plant  will  survive.  On  experimental  living  roofs  in 

Auckland, New Zealand, where retrofit conditions limited assembly design, the 

shallow (50–70 mm) non- irrigated growing media sustained only one out of ten 

native species originally planted in terms of number of plants and extent of 

coverage (Fassman et al. 2010). On the other hand, at the same time and on the 

same systems, a variety of sedum species produced greater than 85 percent cover 

after only two years. Plant succession is inevitable without external intervention. 

A  seven- year  study  in  Michigan,  united  States,  found  that  the  diversity  of 

succulents declined from 25 initially planted varieties to only seven varieties. 

Succession was more rapid in 25 mm and 50 mm depth growing media than in 

75 mm depth growing media (Rowe et al. 2012). For projects where a regular 

maintenance  regimen  is not possible or  feasible,  and/or where only a  very  thin 
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growing media layer can be installed (i.e., retrofit) it is best to simply use the 

hardiest species, which to date seems to mean sedums.

 This strategy differs from information available in the literature to date. 

Dunnett  and  Kingsbury  (2008),  for  example,  suggest  two  design  scenarios  for 

non- native and native plants. In one scenario they propose, native species are 

planted, which in most cases benefits wildlife and biodiversity. The second 

strategy restricts the plant palette to introduced species, which have been 

cultivated locally  for a  long time (Dunnett and Kingsbury 2008). This  is a viable 

alternative, as these plants will have adapted to local climate and soil conditions. 

This palette will include plants from the following habitats: mountain, high- 

latitude  environments,  coasts  and  semi- desert  (Dunnett  and  Kingsbury  2008; 

Snodgrass and Snodgrass 2006). Additional information on plant selection is 

provided in Chapter 4.

3.4.3 Supply form: cuttings, plugs, mats and lead time
The installation completion time of the living roof ’s growing medium will dictate 

what planting method can be used, as it also affects establishment (growing) 

time. Cuttings (small pieces of a plant, large enough to develop roots) and plugs 

(cuttings with an established root system) are the most common and tested 

planting methods of extensive living roofs (Snodgrass and Snodgrass 2006). Gen-

erally, the establishment period for plugs is a bit longer (about 1–2 months, 

depending on the location) than that of the cuttings (which occurs from the last 

frost in spring to late summer). Each species has a unique establishment time, 

which is dependent on a number of factors, including locational and regional 

climate, as well as the plant’s classification as native or imported. If a precise 

planting pattern is prescribed by the landscape architects, plugs can be distrib-

uted more precisely than cuttings, as they are larger.

 Cuttings are often used to propagate pre- grown “mats” intended for full cov-

erage  and  instant  aesthetics. Mats  are  usually made  from  coconut  coir  or  jute 

fabrics, with an embedded plastic mesh and a minimal amount of growing 

media. The mat is rolled like a carpet or sod, which enables rapid installation. 

Supply may require ~6 months’ lead time, but a mat should arrive on- site within 

day(s) of installation, as extended rolled storage damages plants. Not all plants 

will propagate from cuttings, so plant selection should be thoroughly researched 

to ensure a suitable match for the conceptual design intent.

 Nursery containers are very rarely specified, as the root systems of the plants 

appropriate for container growth are, in most cases, too deep for the shallow 

media depth on an extensive living roof. In some cases, container plants are 

grown for living roof installations specifically. These varieties may be appropriate. 

They are also sometimes used as accent plants for aesthetic purposes, or in light 

forms of urban agriculture, such as culinary plantings.

  Mats and containers create extra weight on the roof. They can also introduce 

unspecified and unwanted growing media and unwanted seeds and plants. 

Cross- contamination can occur simply by mixing the mat’s growing media with 
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the roof ’s desired growing media and seeds, which are specified by the horticul-

turalist for the roof ’s particular climatic conditions. It may compromise the desired 

aesthetic and create an additional maintenance burden.

3.4.4 Ready- made extensive living roof assemblies
As the proprietary markets for living roofs have grown, so too have offerings of 

ready- made or ready- to-install extensive living roof assemblies. One alternative is 

a typically modular system of interlocking rigid trays that integrate the growing 

medium and drainage mechanisms that are set atop the roof ’s waterproofing 

membrane. Other  forms  include  natural  fiber  baskets  or  pouches  that may  be 

placed over an external drainage layer. Biodegradable modules likely require 

external mechanisms to hold them in place, as the container’s edges are likely to 

break down over time.

 In all ready- made assemblies, the vegetation is either “pre- planted” or “pre- 

grown,” where the latter provides instant full vegetative coverage upon installa-

tion. For pouches, plants grow through the pouch. Over the long term, modular 

assemblies that provide a hydraulic connection between elements (e.g., the 

growing medium and/or plant  roots  can  access moisture  in  adjacent  elements) 

may maintain healthier plant communities. Pre- grown assemblies are likely more 

resilient to damage, from wind and rain erosion, for example, as well as from 

birds hunting for insects beneath plants that have not yet developed strong 

roots.

 The higher initial cost of a ready- made system may be offset by rapid installa-

tion. Advantages of providing an instant aesthetic, and the ability to swap poorly 

performing elements provide some reassurance for risk- averse clients (Snodgrass 

and McIntyre 2010). Modules also suit small retrofit applications as they can be 

carried up stairs and elevators, and placed over existing membranes of high 

quality.

 There is relatively little data to date in the academic literature documenting 

stormwater management performance of ready- made assemblies (Carson et al. 

2013; Gregoire and Clausen 2011). As long as a modular extensive living roof 

forms continuous and substantial coverage of the roof ’s surface area, it is cur-

rently assumed that the stormwater retention and detention performance would 

be on par with a continuous built- in-place extensive living roof.

 At all costs, the living roof ’s designers should endorse environmentally benign, 

natural material over manufactured material to reduce embodied energy of the 

assembly. However, if budget, time restraints, or other contextual factors impose 

a design ultimatum between a limited plant selection and no plants at all, the 

authors suggest employing manufactured solutions, providing they comply with 

the roof’s design objectives.

3.4.5 Horticulturalist’s checklist
The horticulturalist should look for the following characteristics when selecting 

plants for the specific project geographic location and building:
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•  adaptability to harsh climatic conditions, particularly high wind and radiation 

(if not shaded);

•  drought- resistance  through  low water demand  (if not  regularly  irrigated), or 

drought avoiding (through summer dormancy);

•  benefits to desired wildlife and biodiversity;

•  resistance to pest and disease;

•  acceptable maintenance requirements (meets budget and client expectations);

•  adaptability to shallow growing media depth with very hot and very cold root 

temperatures;

•  tolerance of low fertility;

•  provision of acceptable aesthetics;

•  selection  of  fast- establishing  plants  and  long- lived  plants.  The  horticulturalist 

should produce a plant design for the living roof that will live for over 20 years.

See Section 4.3 for further information on planting design for living roofs.

3.5 stormwater calculations

Selection of a stormwater calculation methodology is usually arbitrarily dictated 

by regulatory requirements and codes. From a regulatory perspective, a living 

roof is just one tool amongst a variety of possibilities for managing stormwater. 

For consistency and ease of the planning and approval process, a single 

framework  for  determining  the  effects  of  SCMs  is  usually  adopted  at  the 

regulatory level. Indeed, in reference to water resources planning and hydrology, 

a report by an American Society of Civil Engineers (ASCE) task committee states: 

Professional practice rests on acceptance of results and methods by approving jurisdictions. 

Practical application requires something that ‘works’ routinely for specific areas and 

situations, implying technical credibility and authoritative origins. . . . Accordingly, many 

day- to-day practices rely on the authority of accepted manuals, handbooks, or textbooks, 

and not necessarily current scientific investigations or recent data.

(Hawkins et al. 2009: 60)

Hawkins et al. (2009) also recognizes that changes are slow to be adopted into 

professional  practice  or  jurisdictional  guidance.  Here  again,  challenges  are 

imposed on stormwater planning incorporating GI technologies, despite 

champions in research, practice and planning communities.

 A review of several stormwater calculation methods commonly adopted by 

regulatory agencies is presented in the following sections with respect to how a 

living roof might fit into each framework, along with their respective benefits 

and limitations. These methods are used by stormwater professionals for 

submitting permit applications, or demonstrating compliance with technical 

stormwater control requirements, and might influence architectural and structural 

design in a living roof project. While in some cases accuracy may be questionable, 

or not yet proven, the living- roof-specific methodologies offered here should be 
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considered as a starting point to facilitate technology adoption within existing 

stormwater engineering frameworks. As the body of knowledge linking design 

to operation grows through research and practice, revision, redevelopment or the 

introduction of altogether better estimators is anticipated and welcomed.

 The discussion in the following sections presumes the reader is familiar with 

overall frameworks. It should not be interpreted as stand- alone methodology or 

a substitution for technical references, for example professional manuals of 

practice, authoritative textbooks, or regulatory- endorsed design guides.

3.5.1 Design objectives for single event design storms and continuous 

simulation

In planning stormwater systems, engineers use mathematical equations to model a 

system design’s influence on performance. Design objectives usually require 

calculations that show that runoff from a developed site incorporating land- use 

planning and SCMs mimics runoff from the pre- development or natural condition 

of the site, or satisfies an arbitrarily determined limit. The overall number of SCMs, 

and each individual footprint, shape and hydraulic configuration are dictated by 

satisfying the stormwater control objectives and physical site constraints. Some of 

the most common quantitative hydrologic control objectives include:

•  Match  the  post- development  peak  flow  to  pre- development  peak  flow  rate 

for a specific design storm(s) (a combination of rainfall depth or intensity and 

duration for a unique storm event). The 2- year, 10- year and 100-year, 24-hour 

ARI are among the most common design storms in the United States, as per 

the risk assessments anticipating damage to receiving waters, property and 

loss of life described in Chapter 2. Peak flow mitigation is the primary 

(perhaps sole) hydrologic objective in conventional stormwater management 

planning and found in the majority of municipal or state regulations.

•  Match  the  post- development  runoff  volume  to  pre- development  runoff 

volume for a specific design storm(s). This objective is typically aimed at 

small(er) depth design storms, such as the 75th–95th percentile events, and 

achieved by retention and reuse. It is found where GI is promoted. For 

example, Section 438 of the 2007 (uSA) Energies Independence and Securities 

Act requires on- site retention of the 95th percentile design storm from all 

federal facilities undergoing at least 464 m2 of new or redevelopment.

•  Retain x- mm of rainfall or runoff per event. Retrofit of GI in CSO communities 

is designed to alleviate pressure on over- capacity sewer networks, rather than 

matching pre- development conditions. For example, New York City and 

Philadelphia’s GSI plans call for engineered systems that retain the runoff from 

25 mm of rainfall (City of New York 2012; PWD 2009).

In terms of water quality treatment, the objective is usually to:

•  Capture  the  water  quality  volume  (WQV,  the  runoff  produced  by  the 

designated design storm for water quality treatment) in an SCM. The intention 
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here is to address the majority of annual flow volume and provide adequate 

time within an SCM for pollutant removal. The exact time or allowable release 

rate may not be specified. The WQV is often determined as the runoff volume 

produced by the 75th–95th percentile storm event (Section 2.2), or is 

sometimes simply given as ~12–40 mm of runoff.

Some jurisdictions include provisions for groundwater recharge to maintain 

aquifers consistent with a design storm approach. Living roofs cannot be used to 

satisfy groundwater recharge requirements as there is no hydraulic connection to 

the subsurface.

  Inherent  in  the design  storm approach  is  that  the performance of  the  SCM 

during the specified return frequency event(s) is considered in isolation – e.g., the 

2- year, 24-hour ARI or the water quality design storm. The time of year, implying 

seasonal variation of climate and/or performance, is not considered. It is assumed 

that the living roof is dry when rainfall begins, or a retention basin is empty and 

the full storage capacity is available. In reality, this may be an optimistic approach 

that overestimates actual retention performance on a day- to-day basis, but it is 

nonetheless common practice. Conversely, living roof champions may face unfair 

criticism claiming that this particular technology is less effective during periods of 

frequent wet weather. Further complicating the discussion, it has been shown 

that water storage predicted by measures of PAW estimate the maximum amount 

of stormwater retention on average for storms that exceed the PAW (Fassman 

and Simcock 2012).

 The characteristics of each design storm are derived from historic precipitation 

patterns, but the end result is a statistical agglomeration into a unique 

combination of rainfall depth and duration that is rarely observed, due in part to 

the enormous variability of actual event conditions. Demonstration of compliance 

with objectives in many cases requires only a total depth of runoff or the peak 

flow, rather than a temporal distribution of the result (i.e., a runoff hydrograph). 

It is recognized that design storms have been applied successfully in drainage 

design for decades, using, for example, curve numbers (CNs) or runoff 

coefficients to determine flow characteristics (Section 3.5.2 and 3.5.3).

 While not common in current practice, there is an increasing shift towards 

and endorsement of continuous simulation for stormwater design. A continuous 

simulation models a long- term time series of alternating periods of dry and wet 

weather. It accounts for ET, and thus how much water storage capacity in an 

SCM  is  actually  available  for  any  given  event.  Continuous  simulations may  be 

configured on a variety of timescales, considering anywhere from one- minute to 

daily time steps, with subsequent implications for input data requirements, 

accuracy and interpretation. Continuous simulation is helpful for evaluating 

quantitative design objectives such as:

•  Match  the  runoff  hydrograph  or  flow duration  curve  for  a  design  storm or 

series of storms. This approach is quite progressive, requiring consideration of 

peak flow, volume, duration and timing of discharges. To achieve these 
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outcomes in practice, comprehensive and complementary land- use planning 

and SCM installation with a GSI approach is required.

•  On  a  long- term  basis,  match  up  to  95  percent  of  the  flow  rate  frequency 

spectrum or runoff volume frequency spectrum between pre- and post- 

development. In other words, the frequency of occurrence of peak flows or 

runoff volumes of the most commonly occurring events must be equivalent 

pre- to post- development on a long- term basis, rather for every individual 

isolated storm.

•  Statistically assessing  the  range of hydrologic  responses  that may arise  from 

storms of similar depth and duration, but subject to contrasting antecedent 

conditions.

The significant advancement in SCM design by continuous simulation compared to 

the design storm approach is a theoretically more realistic understanding of system 

performance over a range of climate and storm conditions, perhaps leading to 

more resilient design. Arguably, two storms are rarely (if ever) identical in nature, 

therefore it is of little value to match the hydrologic characteristics of every event. 

On  the other  hand,  over  the  long- term, between pre-  and  post- development,  it 

should be reasonable to mimic occurrences of similar ranges of coupled occurrence 

and magnitudes of peak flows and volumes, i.e., with design for the frequency 

spectrum. The historic challenge of applying continuous simulation for stormwater 

design has been a lack of tools (software) and guidance to implement or interpret 

continuous simulation, or readily- available location- specific historic precipitation 

and/or ET data with appropriate quality and resolution. This is changing rapidly. At 

present, it is still a significant challenge to simulate the behavior or performance of 

individual GI SCMs on a comparable basis.

 Simulation models freely available in the public space and backed by 

government agencies tend to enjoy widespread use. The US Army Corps of 

Engineers  provides  HEC- HMS.  On  behalf  of  its  community  of  practice,  Seattle 

Public Utilities has developed a continuous simulation using the Western 

Washington  Hydrologic  Model  (WWHM,  a  locally  calibrated  version  of  the 

Hydrological  Simulation  Program- Fortran  [HSPF]).  The  uS  EPA  Stormwater 

Management  Model  (SWMM,  discussed  in  Section  3.5.4)  can  be  run  for 

continuous  simulation.  SWMM and HSPF have  long histories of  application  for 

drainage design – design of piped storm sewers and channels. In 2014, the US 

EPA released a desktop continuous simulation tool called the National Stormwater 

Calculator  (www.epa.gov/nrmrl/wswrd/wq/models/swc/).  This  tool  couples 

SWMM  with  online  databases  to  provide  location- specific  weather,  soils  and 

topography, among other information needed for basic site stormwater analysis 

and planning using continuous simulation. In WWHM, SWMM and the National 

Stormwater Calculator, recent development includes new routines or assumptions 

regarding GI SCMs. Despite generally good theoretical development, verification 

of these models, or more specifically GSI- related functions, to reproduce “real” 

field observations is in its infancy, although it is an active topic for research.

http://www.epa.gov/nrmrl/wswrd/wq/models/swc/
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 Whether using a design storm approach or continuous simulation, the engineer 

ultimately designs for assumed scenarios. Engineers design for probable conditions 

(e.g., the 95th percentile storm) or several individual storms known to have 

environmental, property, public health or infrastructure consequences (Section 2.2), 

which are ideally underpinned by risk assessments and cost–benefit analysis. In an 

ideal scenario, model selection should be based on providing the appropriate level 

of accuracy relative to the project’s objectives and available resources (including 

data and time). On the other hand, most often, the regulatory agency dictates the 

method required and the minimum design objective. A designer who chooses to 

use more advanced methods may face delays in the review and permitting process 

because they have used a “non- standard” approach.

3.5.2 “Curve Number” method (TR- 55)
Perhaps one of the most common frameworks endorsed by municipal agencies 

for calculating runoff is Technical Release (TR)-55, colloquially known as the 

“Curve  Number”  Method.  TR- 55  was  developed  by  the  Natural  Resources 

Conservation Service (NRCS) (formerly the Soil Conservation Service [SCS]) of the 

uS  Department  of  Agriculture  (uSDA  1986).  The methodology  is  incorporated 

into the (USA) National Engineering Handbook,  Part  630  Hydrology,  which  is 

periodically updated by the NRCS.

  Hawkins et al. (2009) provide a comprehensive, yet concise, analysis of the 

Curve Number (CN) method, and its continued relevance in water resources plan-

ning. The CN method or a derivative thereof is recommended by stormwater 

management design manuals in Alberta (Canada), Iowa, New Jersey, North 

Carolina and Auckland (New Zealand), among others (Alberta Environmental 

Protection 1999; Auckland Regional Council 1999; Center for Transportation 

Research  and  Education  2008;  New  Jersey  Department  of  Environmental 

Protection 2004; North Carolina Division of Water Quality 2007). The method is 

offered as an option for simulating runoff generation in commonly used 

stormwater design packages such as HEC- HMS and SWMM.

 TR- 55’s popularity amongst regulatory agencies lies in part in the simplicity of 

a method that provides reasonably accurate estimates of storm runoff (specifically 

runoff volume) for a given rainfall (Hawkins et al. 2009). The method introduces 

a CN, a quantitative representation of the relationship between land use, soil 

type and conditions as they relate to water movement, and the resultant 

potential for runoff to be generated from a given magnitude of rainfall. In the 

method, a set of equations calculates runoff volume as per:

Q =   (P – Ia)
2

 ________ 
S + P – Ia

  ; (3.1)

S =     1000 _____ 
CN

   – 10   × 25.4 (3.2)

Where Q is the unit runoff depth per catchment area (mm or inches), P is rainfall 

(mm or inches), S is the maximum potential water storage in the catchment  
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(mm or inches), and Ia is “considered the boundary between the storm size that 

produces runoff and the storm size that produces no runoff ” (NRCS 2004b: 

10–5). Physically, it consists of canopy interception, initial infiltration, surface 

depression  storage  and  potentially  ET  (uSDA  1986).  Equation  3.1  is  valid  for 

storms greater than a minimum threshold given by P > Ia, otherwise runoff is 

considered zero.

 A CN describes a generalized condition intended for design purposes, rather 

than reproducing the runoff from a specific historical (actual) rainfall record 

(Hawkins et al. 2009). The CN gives an indication of runoff potential for non- 

frozen soil; a high CN indicates high runoff potential while a low CN indicates 

low runoff potential. The value of CN ranges between 39 and 98 for urban land 

uses, increasing in magnitude with increasing impervious cover and/or decreasing 

capability for a soil to infiltrate water from the surface. Watershed studies have 

shown that the CN varies with rainfall depth (Hawkins et al. 2009), but in prac-

tice, only a single value is usually applied, as designers typically rely on informa-

tion provided by the NRCS (2004a: 9–9). The CN is selected from a table 

combining descriptors of the watershed’s condition including land use, its treat-

ment or condition, and characterization of the soil.

 In the context of the CN method, a living roof “replaces” a runoff source area 

described as an impervious surface (an unvegetated, conventional roof ) which 

would normally be a CN = 98.  Since  a  living  roof  is  considered  an  at- source 

control, the value of the living roof ’s CN has to date been based on an assumed 

hydrologic similarity to a natural surface in some regulatory guidance documents. 

For example, until a living roof design manual was introduced in 2013 (Fassman- 

Beck  and  Simcock  2013),  Auckland’s  general  SCM  design  manual  assigned 

CN = 61 (ARC 2003) which is equivalent to “open space in good condition” for 

hydrologic  soil  group B  soils  (uSDA  1986).  The Michigan  LID Manual  suggests 

CN = 65 for extensive living roofs if the design rainfall event is up to three times 

the moisture storage capacity of the living roof growing media. A CN for larger 

design storms is not specified (SEMCOG 2008).

 The National Engineering Handbook indicates the most reliable means of estab-

lishing the CN is through the analysis of storm rainfall and resultant runoff data 

(NRCS 1997), while ASCE  (Hawkins et al. 2009) tests several methodologies for 

determining a CN for sets of rainfall- runoff data.7 In recent years, researchers have 

been generating an ever- increasing amount of living roof performance characteri-

zation. While the number of data points pales in comparison to works cited by 

ASCE (Hawkins et al. 2009), an opportunity nonetheless presents itself to begin to 

assess potential CNs for living roofs applications based on observed data.

 Few published studies have estimated CNs for living roofs from empirical data. 

Applying a regression procedure based on TR- 55, Carter and Rasmussen (2006) 

derived a CN of 86 for a living roof in Georgia. In Michigan, Getter et al. (2007) 

calculated CNs by the same method to be 84, 87, 89 and 90 for living roof test 

plots with 2 percent, 7 percent, 15 percent and 25 percent slopes, respectively. 

Based on simulated rainfall events in the laboratory and prototype living roofs 
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with depths ranging ~25–100 cm, Alfredo et al. (2010) determined a CN range 

of 92–95.

  The  more  recent  advice  in  Hawkins  et al. (2009) provides an alternative 

method for determining the CN. Fassman- Beck et al. (in preparation) compiled 

data from 22 sources in the literature and some previously unpublished data to 

calculate CNs according to Hawkins et al. (2009). Data originated from extensive 

living roofs mostly from the United States including New York, Illinois, Pennsylva-

nia, North Carolina, Georgia, Michigan and Oregon, along with data from Auck-

land (New Zealand), Toronto (Canada), Sheffield (UK) and Genoa (Italy). In many 

cases, multiple extensive living roofs were monitored in each city or state. All sites 

were field studies subject to natural rainfall, while the living roof footprints 

ranged from test plot or garden shed- scale experiments (1–4 m2) to full- scale 

roofs (approximately 40–7,000 m2).  Monitored  roofs  ranged  from  “flat”  to  10 

percent  pitch,  with  one  site  at  25  percent.  One  pre- fabricated  modular  tray 

system was included. Full site descriptions and many of the data sets are found in 

Berghage et al. (2010), Carpenter and Isenberg (2012), Carpenter and Kaluva-

kolanu (2011), Carter and Rasmussen (2006), Fassman- Beck et al. (2013), Hatha-

way et al.  (2008), Hoffman et al.  (2010), Hutchinson et al. (2003), Kurtz et al. 

(2010), Palla et al. (2011) and Stovin et al. (2012). Researchers contributed addi-

tional or previously unpublished data for CN and runoff coefficient analysis for 

sites  in  Portland, Oregon  (Kurtz,  personal  communication 2013)  and Villanova, 

Pennsylvania (Wadzuk, personal communication 2014).

 Calculated CNs were organized according to Köppen Geiger climate zone.8 

Significant caution is advised in applying the resultant CNs, for several reasons. 

Table 3.3 summarizes the average result per climate zone, but site- to-site results 

varied, as evidenced by the standard deviations. This may reflect differences in 

living roof configuration and/or the significant differences in climate that may be 

observed within individual climate zones. For example, Stovin et al. (2013) used a 

validated hydrological model to demonstrate that retention performance for the 

same extensive roof configuration varied widely between four UK (Cfb) locations. 

Averaged CN presented in Table 3.3 are somewhat surprisingly high, given the 

exceptional retention performance evidence in the monitoring literature. Availa-

ble living roof data is relatively limited; only a few (at most) living roofs represent 

each climate zone (with the exception of Cfb). Most importantly, many individual 

sites provide relatively small data sets dominated by small events. The CN meth-

odology itself has been observed to be less accurate for storms that generate less 

than 12.5 mm of rainfall (uSDA 1986). Rainfall- runoff data from relatively larger 

events should be the focus of CN determination. Hawkins et al. (1985) concluded 

that CNs should be determined from storm events with rainfall (P) that is at least 

0.46 times greater than storage (S) in Equations 3.1 and 3.2. In fact, Hawkins et 

al. (2009) directly observe the potential for elevated CNs derived from small rain-

falls. As was described in Section 2.1, the majority of storms produce relatively 

small amounts of rain across a range of climates, thus biasing the living roof data 

sets toward small storm performance. The data limitation is further exacerbated 
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by relatively short monitoring programs (most are a few months, perhaps within 

a single season, or up to about one year), a consequence most often constrained 

by terms of grant funding. Considering the available data sets, the CNs in Table 

3.3 were determined using storms as small as 2 mm (with the exception of 

Genoa, which was 8 mm) and the majority of all events were less than 12.5 mm; 

therefore the average CNs are likely overly conservative.

 A further potential limitation arises from the assumption of Ia. Equations 3.1 

and 3.2 depend, in part, on an assumed relationship between the initial abstrac-

tion (Ia) and the total maximum catchment retention (i.e., storage, S) after runoff 

begins. The National Engineering Handbook states that an empirical relationship 

of Ia = 0.2S was found to provide the best fit for 50 percent of the data.9 This 

relationship became a procedural step and underlying assumption in TR- 55, and 

remains consistent instruction in applying CNs for agricultural or urban areas in 

NRCS (2004a). NRCS indicates that alternative relationships (versus Equation 3.1) 

should be derived for areas where the relationship Ia = 0.2S does not apply. 

Hawkins et al. (2009) provide compelling evidence that Ia = 0.05S, and go on to 

calculate new CNs for all land uses. In either case, Ia from a living roof may be 

Table 3.3 Runoff curve number according to Köppen Geiger climate zone

Köppen Geiger climate zonea Data origins (# of living 
roofs monitored)

% of data at each site with 
P/S > 0.46

Average CN 
(Std. Deviation)

Cfa New York City, NY (2)
Villanova, PA (1)

52, 45
45

92 (2)

Cfb Raleigh, NC (1)
Kinston, NC (1)
Goldsboro, NC (1)
Athens, GA (1)b

Sheffield, UK (1)
Auckland, NZ (4)

52
72
64
35
71
16, 28, 52, 18

90 (3)

Csa Genoa, Italy (1) 100 93

Csb Portland, OR (2) 37, 14 79 (13)

Dfa Chicago, IL (1)
State College, PA (1)
Southfield, MI (1)
Brownstown, MI (1)
Toronto, Ontario, CA (1)

9
27
52
70
57

90 (6)

Dfb East Lansing, MI (4) n/ac 88 (3)

Dfa/Cfad Pittsburgh, PA (1) 92 96

Notes
a  First letter (capital) indicates main climate (C = warm temperate, D = snow), second letter indicates precipitation (f = fully humid, s = 

summer dry), third letter indicates temperature (a = hot summer; b = warm summer; c = cool summer).
b  For consistent comparison, CN for the Athens, GA site was herein calculated using the Hawkins et al. (2009) methodology. Carter and 

Rasmussen (2006) used a different methodology for this site, resulting in CN = 86.
c  CN was determined directly by Getter et al. (2007) using the methodology provided by Carter and Rasmussen (2006). Original data 

was not available for recalculation herein.
d  Pittsburgh is characterized by multiple climate zones. Only 12 storm events contributed to the CN for this site.
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significantly greater. In fact, sites contributing to the results in Table 3.3 that 

returned the highest CNs empirically demonstrated field-measured Ia from 

> 6–10 mm (the amount of rainfall that was needed before runoff was 

generated); whereas the calculated Ia was significantly less at 2–6 mm. 

Nonetheless, in order for consistent application of the CN method for a given site 

or watershed, the CNs for all surfaces must be derived from consistent 

assumption of Ia. The CNs calculated for each site presented in Table 3.3 assumed 

Ia = 0.2S for consistency with most existing local stormwater design guidelines 

using TR- 55.

 Ample evidence from these and other studies indicates that there is a 

minimum threshold below which runoff is not produced from extensive living 

roofs, regardless of climate conditions (Bengtsson 2005; Carpenter and Kaluva-

kolanu 2011; Fassman- Beck et al. 2013; Palla et al. 2012; Stovin et al. 2012). 

More detailed inspection of the data from the 16 sites contributing to Table 3.3 

suggests that regardless of living roof configuration, meaningful runoff (more 

than a couple of mm) was not typically generated from living roofs in Chicago, 

New York City (two roofs), Villanova, North Carolina (three roofs) or Portland 

(two roofs) except for storms larger than approximately 20–25 mm of precipita-

tion. This should be acknowledged in planning considerations. In short, where 

planning requires the use of the CN method, a step function is suggested:

•  Runoff volume = 0 (i.e., CN ≤ 1) where:

P ≤ Sw

Sw = DLR × PAW

Sw ≤ 20 to 25 mm

•  Runoff volume for larger rainfall events, or for events that exceed the actual 

moisture storage capacity (Sw), is determined with a maximum of CN = 85. 

Despite calculated values in Table 3.3, an arbitrary maximum value of CN = 85 

is suggested based on the significant limitations of the CN method and availa-

ble data as described herein.

Where P = design storm depth (mm), Sw = maximum water storage in the growing 

media (mm) per unit area of living roof, DLR = finished growing media depth (mm), 

PAW = plant available water (percent) (Section 2.4). The calculations are explored 

in more detail in Section 4.1. Empirical evidence shows that at some point, 

further increasing media depth (DLR) does not correspond to an increase in water 

storage (Sw), or the threshold below which runoff is not generated.

 In applications where full runoff hydrographs (flow rate versus time) are 

needed for design, the process just described may introduce further deviation 

from the ability to mimic living roof hydrology. The unit hydrograph represents 

the base hydrologic response of a catchment to a unit input of rainfall (1 cm or 

1 in), and is a fundamental element to most runoff modeling computation. In 

most applications (e.g., in HEC- HMS), generalized forms of a unit hydrograph are 
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available for manipulation to a full catchment runoff hydrograph; however, these 

were derived from studies of runoff from a wide variety of natural land uses 

(Bedient et al. 2013; NRCS 2007). As the composition of the living roof system 

and flow path of rainfall through the system vary significantly from rain falling on 

a ground- level surface, existing generalized unit hydrograph models are not con-

sidered valid transformations. Only a single study has been identified to date that 

attempted to derive a living- roof-specific unit hydrograph (Villareal and Bengts-

son 2005).

 Altogether, application of the CN methodology to living roof systems should 

be approached with caution. The CN method should only be used where regula-

tory agencies insist on it. Again, the suggestions here are offered as a starting 

point to enable implementation. Somewhat more lenient CN values are sug-

gested for planning purposes to acknowledge the variability in results, and the 

wide range of benefits provided by living roofs beyond stormwater control. Criti-

cal to the living roof CN herein is the assertion that runoff is assumed to be equal 

to zero (i.e., CN ≤ 1) for storms less than the laboratory- measured water holding 

capacity of the growing media (Section 4.1.3).

3.5.3 Rational Formula
The Rational Method  is widely employed  in predicting peak  runoff  rates  in  the 

design of urban drainage systems. The method is most commonly attributed to 

Mulvaney (1851) in Ireland. It is a simple empirical formula relating the peak flow 

rate to the drainage area, the rainfall intensity and a runoff coefficient. In metric 

units, the Rational Formula is:

Qp = 0.0028 C i A  Equation 3.3

Where Qp is peak runoff rate (m3/s), C is the runoff coefficient, i is the constant 

rainfall  intensity  (mm/hr)  occurring  for  a  storm  with  duration  equal  to  the 

catchment’s time of concentration, and A is the effective (connected) area of the 

drainage basin (km2).  In  uS  Customary  units,  the  coefficient  of  0.0028  is 

dropped, and units are Qp (ft
3/s), i (in/hr) and A (acres).

 The term “runoff coefficient” is defined as ratio of runoff to rainfall for a given 

time period. In most hydrology text books, the runoff coefficient is the ratio of total 

runoff volume over total rainfall (Cv), on either annual, seasonal or event basis. In 

some local design manuals and academic literature, the runoff coefficient is instead 

considered the ratio of the peak runoff to rainfall intensity (Cp), on specific event 

basis. In either case, the value of the runoff coefficient may vary significantly from 

event to event in practice, but this is rarely accommodated in design procedures. 

Similarly to the CN method, the value of the runoff coefficient is assumed to inte-

grate effects of land use, soil, slope, etc. Some jurisdictions endorse a fixed value of 

the runoff coefficient. Other design manuals, such as Colorado’s urban Drainage 

Criteria Manual  (uDFCD online) and textbooks,  such as McCuen  (2004), suggest 

increasing values of the runoff coefficient depending on either storm depth or soil 

type (specifically in reference to the infiltration potential of the soil), or both.
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 The Rational Formula is primarily intended for use in sizing drainage elements 

such as inlets and culverts (McCuen 2004). use of the Rational Formula is limited 

to predicting peak flow only, and thus may be applied for assessment of runoff 

detention. It is appropriate where approximate water balances are required, but 

not where the full runoff hydrograph, or total storm volume, is needed for design 

(Bedient et al. 2013). Numerical procedures for converting a Rational Formula 

peak flow to a runoff hydrograph (the Modified Rational Method) are found  in 

older hydrology textbooks and design manuals; however, more sophisticated 

calculation procedures are now widely accessible. In any case, the total volume of 

runoff from a storm event is not predicted by multiplying the Rational Formula 

peak flow, Qp, by the duration of the storm event.

  The FLL (2008) presents a range of Cv according to growing media depth and 

roof pitch. The FLL values for Cv were determined on small plots subjected to 

constant rainfall intensity, the latter of which is consistent with the underlying 

assumptions of the Rational method. The FLL procedure assumes that the critical 

rainfall duration is 15 minutes. To determine Cv, the FLL testing procedure 

requires media to be saturated and drained (over 24 hours) to establish initial 

conditions. The FLL explicitly states that the values for Cv are primarily for use in 

sizing pipes for vertical drainage in a manner consistent with municipal sewage 

system design, which is not necessarily the same as quantifying runoff detention 

performance.

 Table 3.4 includes results of Cp studies performed on living roof plots sub-

jected to simulated constant intensity rainfall events. The choice of simulated 

rainfall intensity appears to have a significant influence on results. Alfredo et al. 

(2010) demonstrate Cp decreases with increasing growing media depth, with 

rainfall simulating a 5- year, 6-min storm in New York. From similar size test 

plots, DeCuyper et al. (2005) found much higher runoff coefficients from the 

250-year, 15-min storm in Belgium. Variation in Cp was attributed to variations 

Table 3.4 Literature values: peak runoff coefficients for living roofs

Source Rainfall Living roof size and 
slope

Growing media 
thickness (mm)

Cp

DeCuyper et al. 
(2005)

Simulated 250-yr, 15-min storm 
in Belgium

Multiple Plots: @ 
7.5 m2

Slope: 2%

20
40
50
65
80

0.87
0.89 & 0.92
0.53
0.96
0.57 & 0.9

Alfredo et al. (2010) Simulated 5-yr, 6-min storm in 
New York

Plot: 0.74 m2

Slope: 2%
25
63

101

0.53
0.39
0.21

Moran et al. (2005) Field measured for ten storms 
with P > 38 mm

70 m2

Slope: 0%
75 0.50 (average 

for 10 events)

Carpenter and 
Kaluvakolanu (2011)

Field measured for 21 storms 
with 4 mm ≤ P < 75 mm

325.2 m2

Slope: 4%
102 0.11
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Figure 3.7 
Rational Formula 
volumetric runoff 
coefficients determined 
from 15 living roof 
studies from the United 
States, Canada, Italy, UK 
and New Zealand, 
organized according to 
Köppen Geiger climate 
zone

in growing media  thickness,  type and/or drainage  layer. Test plots under simu-

lated conditions are considered to be of limited use in interpreting field 

conditions.

 The volumetric Rational Formula coefficients (Cv) were investigated for 21 of 

the living roof studies described in Section 3.6.2 and Table 3.3. Empirical data for 

15 of the sites suggested that Cv increased with increasing rainfall depth, thus 

predictive relationships between P and Cv were developed using non- linear 

regression techniques for those sites (Fassman- Beck et al. in preparation). Results 

were organized into curves according to Köppen Geiger climate zones for Figure 

3.7. There was substantial variability in predicted Cv, evidenced by the standard 

deviations, as there were relatively few sites overall, and a wide range of factors 

that can affect day- to-day living roof hydrologic response (antecedent, storm and 

other climate conditions, growing media water- holding capacity, moisture 

content at the beginning of an event, vegetation vigor and density, etc.). Consid-

ering the regression results together with the standard deviations, the models 

appeared to reasonably predict the empirical observations for the purposes of 

generating generic runoff coefficients. Regression models follow empirical obser-

vations that runoff is reduced substantially, even in large events in many climate 

zones, which would likewise be reflected in a reduction in peak flow rate when 

Cv is applied in the Rational Formula.

 Despite a reasonable model fit amongst averaged site data, the significant 

site- to-site variation must be acknowledged. An individual regression model that 

fit the criteria was not identified for living roofs in Toronto, Sheffield, Raleigh, 

Goldsboro or Auckland (one site). As would be expected when the averaged 
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regression results were compared against these individual sites, the runoff coeffi-

cient simply does not systematically represent performance.

 Performance variability is not represented by a design storm approach using a 

simplified hydrologic model  intended for drainage design. The Rational Method 

is not intended to characterize performance per se of a complex system such as a 

living roof. Also similarly to the CNs in Table 3.3, the Cv values presented in Figure 

3.7 are offered only as a starting point to enable implementation where regula-

tory agencies rely on the Rational Formula.

3.5.4 US EPA Storm Water Management Model (SWMM)
The  uS  EPA’s  Storm Water Management Model  (SWMM)  is  one  of  the most 

widely used stormwater models (Burszta- Adamiak and Mrowiec 2013; Gironás 

et al. 2009). It is an open- source model freely downloadable from the US EPA 

website. It can be applied for single- event or continuous simulation scenarios. 

First introduced in the 1970s, SWMM enables site to watershed scale modeling 

including overland flow paths, surface runoff, storm and combined sewers, 

various conventional SCMs, and more. While predominantly used as a hydro-

logic modeling tool, it also has water quality simulation capability. SWMM pro-

vides a range of options for hydrologic modeling of many of the components. 

In other words, for developing at- grade runoff hydrographs, or pipe network 

discharge hydrographs, the user is not limited to a runoff coefficient, but may 

alternatively choose amongst more sophisticated theoretical or empirical 

models for runoff generation and transport. GI techniques were explicitly intro-

duced  in  model  algorithms  in  2010,  and  then  revised  in  2014  to  SWMM 

version 5.1.

  In SWMM 5.1, a living roof is considered a layered system including a surface 

layer, “soil” (growing media) layer and drainage “mat” (which would be consid-

ered a drainage layer as per the terminology in this book) (Figure 3.8). The user 

must input technical information characterizing the overall roof (namely slope), 

drainage mat (thickness, void fraction and roughness), and growing media. Char-

acterizing the growing media requires substantial technical information.

  SWMM  5.1  assumes  moisture  moves  vertically  through  the  growing  media 

according to the Green- Ampt infiltration model. The relative merits of Green- Ampt 

infiltration theory as applied to living roof systems were discussed in Chapter 2. 

Data needs for the growing media include: depth (allowable range 75–150 mm), 

porosity, field capacity, wilting point, hydraulic conductivity and suction head. These 

data are specific to the particular products used in a specific growing media. Their 

values will change amongst media of different compositions. Ideally, the growing 

media supplier would provide this sort of technical information. If they are not 

available, they should be measured in a laboratory. As physical characteristics of 

engineered media differ significantly from natural soils, living roof parameterization 

should not be assigned from literature values for natural soils.

  In  theory,  SWMM  assumes  that  the  moisture  content  of  the  media  must 

exceed the field capacity before runoff will be routed to the drainage mat, while 
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Figure 3.8 
Conceptual 
representation of a living 
roof in SWMM 5.1 
(adapted from Rossman 
2009)

at a maximum, the growing media will only dry to the wilting point by ET 

between storms. Rainfall that exceeds the field capacity eventually discharges 

through the drainage mat, and then to the roof ’s vertical drainage system (e.g., 

gutters and downspouts).

 Additional input data needs include climate conditions. For design storm 

simulations, only a precipitation depth and/or hyetograph  is needed. For con-

tinuous simulations, long- term historical precipitation records or derived pre-

cipitation patterns are needed, ideally in time steps of one hour or less. ET 

must also be specified. Either may be available from local weather stations. ET 

from weather station records is typically potential ET calculated from climate 

conditions and one or more models  such as Penman–Monteith,  rather than a 

direct  measurement.  In  SWMM,  a  user- specified  ET  rate  is  feasible.  As  dis-

cussed in Chapter 2, living roof ET is significantly influenced by available mois-

ture in the growing media, such that living roof ET may be significantly 

different from what is predicted by potential ET models. The method of ET cal-

culation has been shown to effect hydrologic models predicting per- event 

retention (DiGiovanni et al. 2013; Stovin et al. 2013), but does not appear to 

have a significant influence on the net effect on long- term water balances 

(DiGiovanni et al. 2013; Voyde 2011).

  SWMM output  includes  runoff hydrographs for  individual  storm events, and 

flow- rate or volume frequency spectrum curves (e.g., Figure 2.3), when run in 

continuous simulation. Continuous simulation enables performance characteriza-

tion that accounts for a wide range of climate factors, and acknowledges varying 

hydrologic response. An additional benefit of using a hydrologic model such as 

SWMM is the ability to integrate living roofs into a larger site or watershed scale 

model along with other SCMs.

  Studies to verify the accuracy of SWMM 5.1 GI SCM simulations are currently 

being pursued by many researchers. The conclusions of a few studies using earlier 

versions  of  SWMM  (Alfredo  et al.  2010;  Burszta- Adamiak  and Mrowiec  2013; 

Palla et al. 2008) are not necessarily applicable to version 5.1, as the algorithms 

in the model are different. Nevertheless, SWMM has a long and successful history 

with significant user engagement and a publicly accessible online listserv.

Surface layer

Rainfall ET

“Soil layer” = growing media

Drainage layerTo roof vertical
drainage

Overflow
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3.5.5 USA National Stormwater Calculator
The USA’s National Stormwater Calculator was publicly released in 2014 by the 

uS EPA.  The main  engine behind  the  calculator  is  SWMM 5, but  a number of 

features simplify building and running a continuous simulation. The model 

integrates with online databases to obtain local climate (rainfall and ET), soils and 

topographic information to automatically populate many of SWMM’s input data 

requirements. Details regarding site layout are provided by the user, but extend 

to relatively generic parameterization such as the fraction of total site area 

occupied by each land use, and the fraction of a given land use managed by a 

particular  SCM,  including  GI  SCMs.  The  user’s  manual  suggests  the  model  is 

appropriate for screening level analysis of small footprint sites up to several dozen 

acres in size with uniform soil conditions (Rossman 2014).

 Default settings are provided for all elements of a generic living roof system 

assembly. The depth of growing media and its saturated hydraulic conductivity 

only may be modified by the user. The model assumes a growing media porosity 

of 45 percent, which is not editable, but the instruction manual claims the model 

is not very sensitive to porosity value (Rossman 2014).

 While the model calculates hydrology in 15-minute increments, the output is 

agglomerated into daily statistics (rather than storm- by-storm) as peak flow or 

volume frequency spectrum curves. It also provides an analysis of behavior in 

extreme events and subject to several climate change scenarios.

 Again the benefit of a tool such as the National Stormwater Calculator is an 

ability to perform a continuous simulation, which in theory provides a more 

realistic characterization of performance according to a range of conditions. It 

models living roofs not only at the building scale, but they can be integrated into 

wider site or watershed design along with other SCMs. As it is a very new model, 

there are not yet any publicly available studies demonstrating calibration or 

validation of the National Stormwater Calculator specifically for living roofs.

3.5.6 Discussion: stormwater models
The CN method and the Rational Formula are simplified estimators of hydrologic 

response, but with proven histories in drainage design. The physical assumptions 

underpinning the methods do not reflect the hydrologically complex system such 

as a living roof. In reality, living roofs are significantly engineered, pseudo- 

pervious systems with constrained storage capacity and no physical connection 

to the ground. It is worth iterating that the CN method and the Rational Formula 

are intended for design to satisfy stormwater control objectives, as described in 

Section 3.1.1, rather than recreating historic flows.

  Hydrologic  models  capable  of  continuous  simulation  theoretically  provide  a 

more realistic picture of a stormwater system’s response, by accounting for varia-

ble climate conditions and their effects on the living roof – namely by accounting 

for the moisture content of the growing media/how much water storage is avail-

able at the onset of each rain event. They also provide a reasonable format for 

assessing performance; for example frequency spectrum curves for runoff volume 
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or peak flow (e.g., Figure 2.3) help to answer how well an SCM mimics a range 

of flow and climate conditions, rather than assessing the performance against a 

single isolated design storm (which may or may not ever occur in nature). Models 

such  as  SWMM 5.1,  the  National  Stormwater  Calculator  and WWHM  provide 

significant advances  in  stormwater modeling  tools  in  this  capacity. However,  to 

date, none of the algorithms within the models used to simulate flow through a 

living roof ’s growing media have been extensively verified against observed data. 

Likewise, assumptions regarding ET between storms influences model output. 

Thus, while the theoretical development is sound and has been well- proven for 

natural soils the accuracy specifically for living roof applications is as yet 

unknown.

 There are other software packages that model flow through porous media, 

which have been applied to model living roof performance at the building scale, 

as  were  described  in  Section  2.7.  These  include  HYDRuS  1D  (Šimůnek et al. 

2012) and SWMS_2D  (Šimůnek et al. 1994) which were successfully calibrated 

and  verified by Hilten et al.  (2008)  and Palla et al. (2011, 2012). Both models 

incorporate saturated and unsaturated flow processes according to the Richard’s 

Equation and complex pore size distributions, and can be run as continuous sim-

ulations. They potentially result in superior representations of individual storm 

event hydrographs, as well as predictions of changes in the growing media mois-

ture profile, but at a significant cost in model formulation. Likewise, researchers 

have created and field verified other simple one- dimensional models using non-

linear reservoir routing concepts (Kasmin et al. 2010; Palla et al. 2012) or a soil 

moisture balance (She and Pang 2010; Stovin et al. 2013), or coupled retention- 

detention functions (Vesuviano et al. 2014). Guo et al. (2014) present an 

analytical probabilistic model, but without verification against field observations. 

In terms of site stormwater planning and permitting, additional work would be 

needed to integrate the results of these models into a wider site development 

hydrologic simulation.

 There remains significant scope for investigation of factors influencing living 

roof hydrology, and the ability to mimic performance using mathematical equa-

tions in models. Feasibility of integrating new models into common practice may 

boil down to the scale of the project, available design consultant’s time, and ulti-

mately what is accepted by the permit review authority. Finally, the design that 

satisfies the regulatory agency’s criteria for minimum stormwater performance 

may not be the best assembly for long- term plant or biodiversity objectives.
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Table 3.5 Summary of selected hydrologic models commonly applied for living roofs

Model Basic approach for predicting 
living roof hydrology

Benefits Limitations

TR-55 Curve 
Number Method

The living roof “replaces” a 
runoff source area described as 
an impervious surface (an 
unvegetated, conventional 
roof) which would normally 
have CN = 98

•   Easy to apply, with hand 
calculation, spreadsheets, or 
integrated into various 
software packages

•   Widely accepted by 
permitting agencies

•   Potential to apply for design 
storms or in continuous 
simulations within software 
such as SWMM or HEC-HMS

•   Limited data available to 
develop robust CNs

•   Not intended to recreate 
measured discharge 
hydrographs

•   use of a single CN does not 
represent the day-to-day 
variability of living roof 
performance

•   unit hydrograph methods 
commonly used to transform 
runoff depth (volume) to 
hydrographs do not apply

Rational Formula The living roof “replaces” a 
runoff source area described as 
an impervious surface (an 
unvegetated, conventional 
roof) which would normally 
have Cv ≥ 0.9

•   Easy to apply, with hand 
calculation, spreadsheets, or 
integrated into various 
software packages

•   Widely accepted by 
permitting agencies

•   Limited data available to 
develop robust runoff 
coefficients (Cv)

•   Not intended to recreate 
measured discharge 
hydrographs

•   Should not be used to 
determine runoff volume

•   usually for design storms 
only

uS EPA SWMM 
5.1

Simulates water movement 
through the living roof using 
the Green-Ampt Infiltration 
model

•   Living roofs can be modeled 
at the building scale, or 
integrated into wider site or 
watershed scale simulations

•   Ability to run as design 
storms or continuous 
simulation

•   Open source code, freely 
available model

•   Significant data input 
required to set up and run 
model

•   Accuracy for living roof 
applications has not been 
verified

(USA) National 
Stormwater 
Calculator

Simulates water movement 
through the living roof using 
the Green-Ampt Infiltration 
model

•   Living roofs can be modeled 
at the building scale, or 
integrated into wider site or 
watershed scale simulations

•   Continuous simulation 
model

•   Freely available
•   Linked to online databases 

to automatically populate 
many data fields based on 
project location

•   Applicable only in the uSA
•   Accuracy for living roof 

applications has not been 
verified

•   Fewer site design options 
with less detail regarding site 
configuration compared to 
SWMM 5.1

HYDRuS Simulates water movement 
through the growing media 
using the Richard’s equation 
for variably saturated 
conditions

•   Accuracy has been 
successfully calibrated and 
verified for several living 
roofs

•   Potential to apply for design 
storms or in continuous 
simulations

•   Limited to building scale 
applications

•   Significant technical detail 
required to set up and run 
model
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noTes

1 Wind turbines on rooftops in cities are considered problematic for various reasons, 
including lack of efficiency, noise and aesthetics (Dutton et al. 2005; Wilson 2009).

2 Taproot plants are problematic plants that are difficult to eradicate due to their relatively 
straight- shaped, deep and downward- growing roots.

3  For a more comprehensive discussion see Snodgrass and McIntyre (2010).
4 If considering the embedded environmental footprint and life- cycle assessment of 

plastics, an argument could be made against the use of these materials in living roof 
assemblies. Plastic materials are most often the products of environmentally 
hazardous manufacturing processes, and are non- biodegradable. While the authors 
discourage the use of plastic materials we consider that for this application and at 
this point in time, plastics offer the best solution – in many cases, a living roof with 
plastic components is better than no living roof at all. This is historically a contentious 
issue and merits further discussion and consideration by practitioners and researchers 
alike.

5  Snodgrass  and McIntyre  (2010)  show monthly  changes  of  a Maryland  extensive  living 
roof.

6  See Dunnett  and Kingsbury  (2008)  for more  information on  the  impact of  seasonality 
and plant selection on living roof aesthetics.

7  The  uSDA  (1986)  methodology  and  continued  advice  in  the  National Engineering 
Handbook Part 630 is thoroughly investigated in ASCE (Hawkins et al. 2009). The latter 
provides  insightful  advice  on  benefits  and  limitations  of  the  NEH,  and  offers  practical 
solutions for determining CNs from a wide variety of possible data sets, supported by 
significant research.

8  Worldwide climate zone maps are found at http://koeppen- geiger.vu- wien.ac.at/, which 
are derived from Kottek et al. (2006) and Rubel and Kottek (2010).

9 The National Engineering Handbook Chp 10 reminds users that “Rainfall- runoff data do 
not fit the curve number runoff concept precisely” (NRCS 2004b: 10–5).
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Chapter 4: Integrating stormwater 
performance and architectural design

In this chapter, each of the following sections addresses the engineering and 

landscape architectural purviews for the design of individual elements of exten-

sive living roofs. The issues addressed highlight crucial requirements for stormwa-

ter control and its potential influence on architecture, and vice versa. Extensive 

living roofs influence the runoff hydrograph in multiple ways, but the main 

effects are retaining rainfall within the growing medium and detaining (slowing) 

runoff release rate.

 Living roofs are seen as a “green tool” in improving urban environments. In 

many instances, this claim is made without critically understanding how living roofs 

work, and what is involved in constructing and maintaining them. Each stage or 

action over the life- span of the living roof may influence how “green” the project 

really is. For example, the design phase should begin by carefully researching the 

available materials used to construct the living roof. Lighter and lesser amounts of, 

and locally sourced materials, may reduce cost and environmental (e.g., carbon) 

footprints. Another important design question is whether the implementation of 

certain materials, created from potentially toxic production processes, can be 

avoided without jeopardizing the living roof ’s design objectives.

 Components of the living roof system or any building materials that will come 

into contact with rainfall may pose an opportunity for pollutants to leach into 

runoff. For example, copper is a typical root barrier and fungicide, while both 

copper and zinc are common materials for building adornments. Runoff may 

carry either heavy metal into the receiving environment (Clark et al. 2008; 

O’Sullivan et al. 2012; Wicke et al. 2014) where it may cause harmful impacts on 

aquatic health, even at low concentrations.

4.1 GROWING MEDIUM

The composition of the growing medium is the foundation for the success of the 

extensive living roof vegetation, and effective stormwater capture. Today there is 

ever- increasing information available on the characteristics of growing mediums 

from Europe, North America, New Zealand and Australia. Many specialist suppliers 

have developed proprietary media blends in North America, Europe and Australia. 
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These recipes may be carefully guarded. Non- proprietary media may be equally 

effective, and new media may be developed. For example, in New Zealand, the 

lack of a proprietary market led to significant research on local materials, testing 

procedures, sourcing and supply, and installation techniques (Fassman and Simcock 

2012; Fassman et al. 2010, 2013; Fassman- Beck and Simcock 2013). Media trans-

port cost can be substantial, therefore often the most cost- effective supply will 

usually be from the closest source, particularly for the coarse materials that makes 

up the bulk of a medium.

4.1.1 Composition
Vegetation- based SCMs such as extensive living roofs and bioretention typically rely 

on engineered media to achieve consistent, baseline stormwater management out-

comes. Plant evapotranspiration (ET) provides an additional, but variable, contribu-

tion to stormwater management depending on climate and available moisture. 

Engineered media refers to a blend of materials that would not be naturally found 

as a unique mixture, while the individual components may be naturally sourced or 

manufactured. Physical and hydraulic properties of engineered media, and the 

ability to support vegetation, differ substantially from most natural soils. Engineered 

media for extensive living roofs should be comprised of 80–95 percent (measured 

by volume, noted as percentage v/v) lightweight aggregate (LWA) and 5–20 percent 

v/v resilient organic matter. Use of standard aggregates (e.g., sand) leads to much 

heavier roofs requiring greater structural support.

 In Europe, expanded clay is the most common form of LWA, whereas 

expanded shale or expanded slate is used in North America, and expanded perlite 

is sourced from Australia. Expanded minerals are manufactured aggregates, and 

often used in lightweight concrete as well as other horticultural applications. To 

expand the raw mineral, it is fired in a rotating kiln at high temperatures, causing 

internal moisture to vaporize and escape. The result is a porous, low density, 

high- strength, ceramic- like LWA. Volcanic deposits in North America’s Pacific 

Northwest, Iceland, France, New Zealand and Australia provide naturally sourced 

pumice and some sources of scoria, lava and zeolites that are LWA that do not 

require supplemental expansion.

 There is growing interest in the use of recycled materials as media compo-

nents. In the UK, researchers have studied the potential to recreate ground- level 

habitat using recycled demolition materials for the growing medium (Bates et al. 

2009, 2013; Olly et al. 2011). Materials such as recycled brick and crushed con-

crete are not lightweight, but where supplies are abundant, the approach sup-

ports sustainable reuse of materials (Fentiman and Hallas 2006). Other recycled 

products investigated for use include recycled rubber chip or tire crumbs, polysty-

rene, recycled plastic beads, and fly ash (clinker) from coal- fired power stations. 

Some companies use plastic foams or recycled foam rubber chip as part of a 

growing media. Most sands are not lightweight (compared to natural or manu-

factured LWAs); fine sand can reduce permeability if added in significant propor-

tion (>5 percent v/v) (Fassman and Simcock 2012).
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 The aggregate component of an engineered media provides pore space for air, 

water and gas exchange (necessary functions to support plant life), and ensures 

rapid drainage (to prevent ponding and thus excessive loading). Most LWA are 

inert, have coarse texture and low organic content, which means that key func-

tions for plant growth must be supplemented. For example, coarse inert materials 

usually have low cation exchange capacity (CEC), a chemical property describing 

the ability of a material to hold positively charged ions. In this case, CEC is a useful 

indicator of the potential to store macronutrients required for plant growth such as 

calcium (Ca2+), magnesium (Mg2+), potassium (K+), and sodium (Na+). In New 

Zealand, the recommended LWA for extensive living roof growing media is a com-

bination of pumice and zeolite; the former has low CEC, and so it is supplemented 

by a small addition of higher- cost (but equally lightweight) zeolite (Fassman- Beck 

and Simcock 2013). CEC may also provide some chemical buffering, for example 

moderation of pH where acid rain is a concern (Berghage et al. 2007). Recycled 

aggregates or other reused materials must be considered for the potential to con-

tribute contaminants (Molineux et al. 2009; Ye et al. 2013). Bricks or clay roof tiles 

can contribute to water- holding capacity (depending on the clay and firing process) 

(Graceson et al. 2013), but may contain elevated concentrations of heavy metals, 

which could compromise the potential for urban agriculture (Ye et al. 2013), but 

stormwater implications were not deliberately tested. Crushed concrete may 

elevate pH (Vijayaraghavan et al. 2012). Despite effective drainage potential 

(Vijayaraghavan et al. 2012), tire crumb has been shown to contribute zinc in lea-

chate (Solano et al. 2012), an undesirable outcome for water quality.

 The challenges posed by the aggregate component for plant growth from low 

organic content and low water- holding capacity are supplemented by an addition 

of less than 20 percent v/v organic matter. In many cases, 10 percent v/v or less 

of organic matter is desirable. The FLL’s maximum limit of 20 percent organic 

matter was originally specified by German fire regulations, to prevent smoulder-

ing burns in living roofs with low plant density or during dry periods in summer. 

Limiting organic content of the growing medium to the level that can be sus-

tained by plant inputs (once established) helps to limit the potential for nutrient 

leaching. Limiting organic content also limits the types of plants to those able to 

grow adequately under nitrogen- stressed conditions (Nagase and Dunnett 2011). 

Encouraging hardier plants may reduce the maintenance burden by reducing 

biomass and growth of adventive (weedy) plants. Nagase and Dunnett (2011) 

concluded that 10 percent v/v organic matter (as greenwaste compost) was 

optimal for the growth of four, non- sedum living roof species as this produced 

stable plant growth regardless of water availability. Inadequate organic supply 

may result in nitrogen stress, with longer vegetation establishment times required 

with decreasing organic content without supplemental irrigation or fertilization. 

Nonetheless, the low organic content should provide adequate moisture storage 

potential for stormwater control and sustaining plants during normal periods of 

dry weather, fine particles for root development, and nutrient supply for a 

thoughtfully specified plant community.
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 Organic content in the growing medium decomposes over time, releasing 

nitrogen used by the plants to produce more biomass. Unlike ground- level land-

scaping projects, the organic content is not usually artificially “topped up” 

because of challenges in access, weight and the potential deleterious effects on 

drainage and nutrient leaching. In keeping with the concept of the dynamic life- 

cycle presented in the Introduction, a properly specified plant palate will supply 

its own ongoing needs for organic input once established, through the plants’ 

natural growth and death cycles. Without external input, an out- of-balance 

system resulting from an initially high input of organic matter, particularly if an 

unstable organic matter (e.g., incompletely composted material), may produce 

unsustainable vegetative growth (excessive biomass), result in a net loss of media 

depth over time (as organic matter decomposes) and/or compromise drainage 

from reduced permeability (as media may self- compact). It may also increase the 

resistance of media to root penetration (Nagase and Dunnett 2011), resulting in 

limited root exploration (impacting nutrient and plant uptake).

 To minimize nutrient leaching, not only must the level of organic matter be 

able to be sustained by plant growth, but the majority of the organic matter used 

must be relatively stable both physically and chemically, i.e., lasting until plants 

have fully established. Relatively stable organic matter includes composted bark 

fines, coir and sufficiently composted and aged leaf or arborist mulch. A high 

proportion of young, incompletely composted materials is usually unstable and 

breaks down too quickly. This may generate, and leach, excessive nitrogen and/or 

phosphorus. However, small volumes of fully- composted, nutrient- rich organic 

matter are beneficial to boost plant establishment, e.g., mushroom or green-

waste compost, as plants do require nutrients to grow and establish vegetative 

cover. Composts containing rapid- release fertilizers designed for ornamental or 

vegetable gardening are also likely to leach excess nitrogen and phosphorus, and 

are not appropriate for stormwater living roof installations. Low levels of slow- 

release fertilizers designed to release nutrients when plants are actively growing 

are most suitable (i.e., products where release is influenced more by water availa-

bility than temperature). Peat and coconut coir boost water- holding capacity, 

however this must be balanced against weight limitations. Very fine organic 

matter, e.g., fine- milled peat, may be washed through coarse living roof aggre-

gates, and growing mediums using only peat as an organic source are likely to 

require pH buffering to reduce acidity.

 Living roof growing media are substantially dissimilar to garden mixes used in 

ground- level landscaping applications. Extensive living roof growing media typically 

contain no natural soil, such as topsoil or garden mixes. Typical topsoils are heavy 

(silty- loam to sandy loam has a moist bulk density of ~1,450–1,600 kg/m3
 that 

further increases with sand content (nrcs.usda.gov); Auckland Region in- situ topsoil 

typically has a dry bulk density from 950–1,100 kg/m3), have inadequate drainage 

and aeration when placed at extensive living roof depths (i.e., demonstrate a 

 propensity for water- logging), are prone to compaction, and have high variability – 

all undesirable characteristics for a living roof growing media. Humidity at the 
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surface of garden soils is also likely to be higher, increasing risk of fungal diseases, 

to which many living roof plants are susceptible (namely succulents).

 Some living roofs designed to promote biodiversity may deliberately use local 

soils to make use of local seed burdens, particularly for roofs that are designed to 

blend vegetation of the roof into the landscape (e.g., tussocks and pasture). If 

natural soils are used, the initial weed maintenance may be high (especially if 

soils are not weed- free). The lower permeability and infiltration rates of natural 

soils compared to engineered living roof growing media means erosion control 

fabrics or organic mulches are more likely needed to minimize risk of erosion. The 

potential for erosion is also reduced if construction uses vegetated sods (a tradi-

tional European technique), where the vegetation has both a dense root system 

and plant cover. The use of local, natural soils is likely to also increase the weight 

compared to an engineered extensive living roof growing medium.

 Altogether, the desirable living roof growing media characteristics include:

•	 Moderate	to	high	water-	holding	capacity:

•	 provides	runoff	retention	(storage);

•	 supplies	water	for	plants	between	rain	events.

•	 High	permeability:

•	 rainfall	that	exceeds	the	retention	capacity	must	percolate	relatively	quickly	

to the drainage layer to prevent overloading of the roof structure;

•	 prevents	water-	logging,	assuming	 the	drainage	 layer	and	outlets	are	also	

adequate;

•	 prevents	freezing	in	winter.

•	 Low	system	weight	at	field	capacity	and/or	saturation	(depending	on	the	load-

 bearing characteristics of the roof ).

•	 Adequate	bearing	strength	to	prevent	compaction:

•	 compaction	decreases	media	depth;

•	 compaction	may	occur	from	crushing	of	brittle	components.

•	 Resistance	to	degradation:

•	 to	physical	compaction	via	reasonable	bearing	strength;

•	 to	degradation	via	oxidation	or	breakdown	of	the	growing	medium	–	such	

as growing media with high organic matter or some foams – as degrada-

tion reduces final growing medium depth, and can also lead to water- 

logging;

•	 to	breakdown	through	successive	freeze–thaw	cycles.

•	 Ability	to	support	plant	life:

•	 appropriate	physical	and	chemical	composition;

•	 adequate	depth	and	temperature	regime.

These desirable qualities are often at odds with one another. Weight increases 

with growing media depth, thus increasing structural requirements, yet plant via-

bility improves in deeper media (Durhman et al. 2007; Getter and Rowe 2008). 

However, media deeper than 150–300 mm are not necessarily advantageous, as 

there is an optimum, climate- dependent depth beyond which highly drought- 
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tolerant species are not competitive and diversity reduces. Shallow media are less 

able to store water for plant growth than a similar, deeper media, and experience 

more extreme temperatures. A moderate to high proportion of fines increases 

moisture storage and may benefit plant growth but decreases permeability and 

increases weight. Maintaining high permeability of the growing media is impor-

tant to prevent ponding and excess weight.

 The organic matter content of an established extensive green roof should stabi-

lize at a level based on normal biomass turnover. In theory, a moderate to low initial 

organic content (< 20 percent v/v) combined with low fertility and limited irrigation, 

favors plants adapted for the unique growing environment of a low- maintenance 

living roof. As organic content is typically not supplemented, over the long- term the 

natural life- cycle of the plants should provide the ongoing organic matter and nutri-

ent requirements. Measured periodically over 4–5 years after installation, four exten-

sive living roofs in Auckland showed relatively stable levels of exchangeable 

macronutrients considered important for plant growth (Fassman et al. 2013). Total 

carbon content and carbon to nitrogen ratios were also relatively stable in three of 

five Auckland living roofs. Two systems demonstrated carbon loss over time, and 

were associated with low plant cover due to plant death and disturbance of the 

media by cultivation and replanting. The latter loss was consistent with other studies 

in Texas and Sweden (Aitkenhead- Peterson et al. 2011; Emilsson and Rolf 2005). 

None of the Auckland roofs showed an increase in organic content, contrary to 

observations reported in Michigan (Getter et al. 2007), where a sedum roof doubled 

in organic matter content over five years. The pH of all of the Auckland living roofs’ 

media remained between 5.4 and 6.3 over two, four and five years after installation 

depending on the site. In contrast, European and North American studies have indi-

cated that acidification may be problematic, induced by sulphuric and nitric acids 

from air pollution (i.e., acid rain) (Berghage et al. 2007).

 The predominant considerations in growing media design are safety, system 

weight, stormwater control (where this is a project objective) and plant viability. 

Table 4.1 identifies growing media characteristics relating to the key concerns.

Table 4.1 Specifications to consider in growing medium development

Growing medium characteristic Safety Weight Stormwater 
control

Plants

Water-holding capacity (including field capacity and permanent  
  wilting point)

   

Weight at field capacity   – –
Saturated weight   – –
Permeability    
Particle size distribution    
Nutrient content and availability – – – 
pH – – – 
Cation exchange capacity – – – 
Organic matter stability –   
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4.1.2 Living roof- specific testing procedures

Laboratory testing can be used to evaluate suitability of candidate growing media 

for stormwater living roof applications, and to determine the required media 

depth. Hydrologic properties are specific to the growing medium. Where proprie-

tary media are considered, suppliers are likely to have relevant information readily 

available. At a minimum, any prospective media can and should be laboratory- 

tested to establish characteristics related to moisture storage capacity (field 

capacity and permanent wilting point as specific measurements) and saturated 

hydraulic conductivity.

 The most widely known guidance for growing medium design is the Guideline 

for the Planning, Execution and Upkeep of Green Roof Sites, produced by Ger-

many’s Landscape Research, Development and Construction Society, the Forsch-

ungsgesellschaft Landschaftsentwicklung Landschaftsbau (FFL). The FLL is not a 

true “standard,” but is often interpreted as such. The most recent English and 

German version was produced in 2008 (both are available from www.fll.de).

 ASTM International (formerly known as the American Society of Testing Mate-

rials) originally issued living roof testing standards in 2005, with updates in 2011 

(available from www.astm.org). ASTM standards relevant to characterizing 

growing media for stormwater applications include:

ASTM E2397-11 Standard Practice for Determination of Dead Loads and Live Loads 

Associated with Vegetative (Green) Roof Systems.

(ASTM 2011b)

ASTM E2399-11 Standard Test Method for Maximum Media Density for Dead Load 

Analysis of Vegetative (Green) Roof Systems.

(ASTM 2011d)

The ASTM standards are currently targeted toward growing medium and drain-

age layer assessment. They are intended to provide a basis for comparison and a 

common language for describing and specifying living roofs (Charlie Miller, per-

sonal communication 2011). The FLL guidelines cover multiple aspects of living 

roof design, including designing an appropriate growing medium, plant selec-

tion, and managing drainage through to maintenance for applications intended 

for the German climate.

 For either the FLL or ASTM procedures with respect to the growing medium, 

rigorous laboratory testing methods, testing quality assurance procedures, and 

the required apparatus are described. The testing methodologies are specific to 

living roof applications, which may differ from typical testing methodologies in 

more established fields of agricultural science, soil science, civil or geotechnical 

engineering. The FLL (2008), ASTM E2397-11 and ASTM E2399-05 provide rela-

tively equivalent (to each other) methodologies to calculate the growing media’s 

water storage capacity, termed Maximum Media Water Retention (ASTM termi-

nology) or Maximum Water Capacity (FLL terminology) and saturated hydraulic 

conductivity (sometimes called permeability).

http://www.astm.org
http://www.fll.de


Design elements n

101 

 The main difference between the sources is that the FLL quantifies numerical 

objectives regarding suitability (fit for purpose) in relation to the German climate. 

For example, minimum allowable saturated hydraulic conductivities according to 

living roof assembly (intensive versus extensive, with or without a separate drain-

age layer) are defined to prevent ponding subject to typical German rainfall inten-

sity. Compliance with several FLL numerical objectives is required in Germany.

 The FLL specifies an acceptable range for the growing medium’s particle size 

distribution (PSD); ASTM does not. The FLL PSD guidance is mostly in relation to 

plant health, but PSD also has important implications in terms of permeability 

and weight (Fassman and Simcock 2012). Smaller particles create denser growing 

media, with reduced pore space and size, leading to heavier media with reduced 

permeability. In New Zealand, the FLL PSD guidelines were slightly relaxed to 

create acceptable growing media using existing, readily available aggregates 

(Fassman et al. 2010), whose success in stormwater management and plant 

establishment were proven in multiple field applications (Fassman et al. 2013; 

Fassman- Beck et al. 2013).

 Neither the FLL nor ASTM living roof- related guidance provide methods for 

measuring the permanent wilting point. However, standard methods are found 

in common soil science, horticultural and agricultural reference texts, and are dis-

cussed further in Section 4.1.3.

4.1.2.1 Discussion: measurements of moisture storage potential in the design 

process

To predict water storage capacity and hence rainfall retention, both the FLL and 

ASTM use methodologies typical of geotechnical engineering moisture content 

assessments. In this approach, a sample of the growing medium after two 

hours’ drainage from saturation is oven- dried. The weight of the sample before 

and after oven- drying yields the moisture content. In planted environments, 

agronomists and horticulturalists are aware that not all of the moisture stored in 

a media is accessible to plant roots. Some moisture is held tightly to the soil 

matrix (to charged surfaces and in very small pores). This moisture is unable to 

be extracted by plant roots and thus not available for transpiration. An agro-

nomic laboratory test of “plant available water” (PAW) would therefore likely 

predict less potential for water storage than would a test where the media is 

subjected to oven- drying. The PAW for a variety of living roof media reported in 

the literature is found in Table 4.2. The various tests are useful to compare dif-

ferent media, although little side- by-side testing of living roof growing media 

moisture storage characteristics according to different methodologies has been 

published to date. However, in a comparison in Auckland of three growing 

mediums’ characteristics, in the laboratory the FLL and ASTM methodology esti-

mated approximately twice as much moisture storage capacity compared to 

measures of PAW for each medium (Table 4.2). At the field scale, each of four 

living roofs’ maximum storm event retention (rainfall capture) was not 

statistically different on average from the storage capacity predicted by the 
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laboratory- measured PAW (Fassman and Simcock 2012). Graceson et al. (2013) 

and Bengtsson (2005) also used metrics analogous to PAW to assess media 

water- holding capacity against storm event retention performance. Substantial 

variability in actual storm- to-storm retention has been measured for all living 

roofs documented in the literature, in part because the growing media is not 

always as dry as the permanent wilting point at the onset of rain.

 Until further research emerges to reliably quantify stormwater retention and 

detention dynamics in living roof systems, regulatory approaches and designers are 

largely reliant on estimators of the “fill and drain” scenario of rainfall capture and 

storage in the growing media, as described in Section 2.7. This approach is predi-

cated simply on the difference between a media’s field capacity and permanent 

wilting point – i.e., PAW. Within the living roof industry, FLL tests are used fairly 

widely, particularly as a marketing tool outside of Germany, and are suitable for 

determining the field capacity. However, a measure of wilting point must also be 

provided. PAW provides a better estimator for stormwater retention than just field 

capacity, a more conservative design approach, and an important metric for horti-

cultural consultants to help identify a range of plants suitable for individual living 

roof applications. A specific design procedure based on PAW is detailed in 

Section 4.1.3.

 Additional research is needed to provide confidence in a more refined design 

approach. Testing of model formulation (e.g., those presented in Section 2.7) 

Table 4.2 Water holding capacities of growing media reported in the literature.

Source Growing Media Composition  
(% by volume)

Plant Available Water *(%)

Fassman and Simcock 
(2012); Fassman et al. 
(2013)

80% pumice, 20% composted pine bark fines 24.2 (FLL = 49.6)

50% pumice, 30% zeolite, 20% composted pine bark 
fines

23.1 (FLL = 46.6)

70% pumice, 10% zeolite, 20% blend of composted pine 
bark, mushroom compost, spaghnum peak

28.9 (FLL = 63.0)

60% pumice, 20% expanded clay, 20% compost-based 
garden mix

20.2

Farrell et al. (2013) 80% scoria, 20% coir 40.1

80% crushed terracotta roof tiles, 20% coir 43.5
Graceson et al. (2013) 70–90% coarse or fine crushed brick, 10–30% composted 

green waste
23.1–24.7 (coarse)
24.1–28.2 (fine)

70–90% coarse or fine crushed tile, 10–30% composted 
green waste

9.9–12.3 (coarse)
29.8–32.5 (fine)

70–90% fly ash, 10–30% composted green waste 23.4–30.0

Stovin et al. (2012)** Commercial (UK) assembly based on crushed brick and 
fines

~20–25%

Notes
*  Various specific methods for measurement, but each represents a laboratory measure between field capacity and the permanent 

wilting point.
**  Estimated from empirical rainfall-runoff observations, but acknowledging field capacity and perm anent wilting point.
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against observed data from multiple field sites yields confidence in recommended 

values for parameterization and predictive capability. A preference is given 

towards continuous simulation models, which also means further refinement of 

living roof ET models is required. The elements of a future ideal design process 

include:

1 Use a verified hydrologic model(s) to predict stormwater retention and deten-

tion. The model determines the moisture holding characteristics needed to 

satisfy (at a minimum) objectives for stormwater control, according to project- 

specific climate considerations.

2 Test the candidate growing media to ensure that the moisture holding charac-

teristics of the candidate materials satisfy the assumptions of the model.

3 Review outcomes with the design consultant team to determine if the result-

ant assembly design for stormwater control is feasible according to allowable 

structural loading, and also supports plant health and biodiversity objectives 

while considering the reliability of long- term maintenance.

4.1.2.2 Saturated hydraulic conductivity or permeability

In common language, the terms infiltration, permeability and hydraulic conduc-

tivity tend to be used synonymously. Permeability is a non- specific term. Techni-

cally, infiltration refers to the rate at which water enters through the surface of a 

media (Fredlund and Rahardjo 1993), whereas hydraulic conductivity is the ease 

with which water moves through soil pores (measured as the rate at which water 

percolates through the media itself ) (NRCS 2004). Saturated hydraulic conductiv-

ity is a standard engineering or soil science assessment that quantifies this rate 

when all pore space is filled with water. In most storms, engineered media is typi-

cally unsaturated. Unsaturated hydraulic conductivity varies with moisture 

content, but is nearly always less than saturated hydraulic conductivity (the latter 

includes large pores typically filled with air under unsaturated conditions). Satu-

rated hydraulic conductivity tends to be the preferred metric for predicting the 

potential for surface ponding in living roof systems. In FLL (2008) or ASTM 

E2399–11 terms, the term “water permeability” is used, but the test itself reflects 

a falling head methodology for saturated hydraulic conductivity more widely 

known in civil engineering.

 Ensuring adequate flow capacity through the growing media is designed to 

prevent water flow across the surface of the growing media and plants, bypass 

or surface ponding. Surface ponding adds excess weight, and may float and/or 

scour, or otherwise erode the growing medium if moving laterally across the 

surface. For stormwater living roofs, a well- designed growing medium should 

not pond water on the surface, and is unlikely to ever reach saturation (where 

all pore space is occupied by water, Figure 2.2), unless vertical drainage points 

are blocked or outlets are otherwise obstructed. In cold climates, plants, the 

growing media and the roof structure are protected from potentially damaging 

physical movement induced by freeze–thaw cycles by freely draining media (as 
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the living roof should not fully freeze). High permeability and inhibiting satura-

tion is achieved with a predominantly coarse- grained medium with large pore 

space and low organic content. Air- filled porosity is a measurement method 

recommended in the FLL (2008), but experience in developing growing media 

using locally available materials in Auckland recognized the inter- relationships 

of particle size distribution, organic content fraction, permeability and air- filled 

porosity, thus limiting the need to perform all tests specifically (Fassman et al. 

2010).

 The FLL (2008) requires each candidate growing medium to show compliance 

with a minimum “water permeability” according to living roof assembly. Media 

for intensive living roofs must provide at least 0.0005 cm/s, extensive media 

installed with a separate drainage layer must pass water at a rate of at least 

0.001 cm/s, while media for extensive living roofs without a separate drainage 

layer must provide at least 0.1 cm/s capacity. These velocities are defined to 

prevent ponding subject to typical German conditions (Koehler, personal commu-

nication, 2010), and are recommended to be adjusted for the local climate 

(Krupka 1992). Using ASTM or FLL test procedures, Auckland has established a 

minimum threshold of 0.05 cm/s for extensive living roofs with a separate drain-

age layer, while maintaining the FLL guidance for those without a separate drain-

age layer (although this configuration wasn’t specifically assessed locally) 

(Fassman- Beck and Simcock 2013). The former target was established based on a 

combination of testing 32 locally- derived media blends, as well as consideration 

of rainfall intensities for a range of events. North Carolina’s draft locally- derived 

objective is 0.06 cm/s, also derived from ASTM or FLL testing methodologies, and 

considering local rainfall intensities (NC DENR draft).

 Double- ring or single- ring infiltrometer methods (e.g., ASTM D3385–09, 

Standard Test Method for Infiltration Rate of Soils in Field Using Double- Ring Infil-

trometer) are not considered appropriate for testing living roof media. This 

method was developed for in- situ assessment of natural soils, requiring the test 

apparatus (the two rings) to be inserted to depths of 50–150 mm. Natural soils 

with typically fine textures mean only a narrow gap is created between a ring and 

soil during insertion that is easily sealed using compression (i.e., gently pressing 

the surrounding soil against the rings). Comparatively, extensive living roof media 

are typically very shallow and the coarse aggregates make it difficult to prevent 

direct preferential flow between the ring and living roof media. As a practical 

consideration, once the living roof is constructed, it is very difficult to amend 

media should the results of an in- situ test be infavorable. In a field assessment of 

three living roofs, infiltrometer measurements were shown to be significantly 

greater than laboratory- assessed measurements using FLL (2008) methodology 

(Fassman and Simcock 2012).

4.1.3 Installation depth to provide minimum stormwater capture
The depth of media required to satisfy minimum moisture (rainfall) storage 

requirements depends primarily on the growing media’s water- holding capacity 
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and plant transpiration demands. Research has shown that the media’s water- 

holding capacity is the most critical characteristic to promote stormwater reten-

tion and sustain plant life in the absence of irrigation (Fassman and Simcock 

2012; Thuring et al. 2010).

 As discussed in Chapter 2, local regulatory agencies usually prescribe 

minimum requirements for stormwater control, by defining a storm or range of 

storms to be controlled. The smallest storm depth in these requirements is often 

associated with objectives for GI, CSO control or water quality treatment, and in 

many cases is a design storm that delivers around 25 mm of rainfall. Coinciden-

tally, empirical evidence from a range of extensive living roofs across the United 

States suggests that 20–25 mm is about the maximum amount of rainfall that 

any of the living roofs could actually store, regardless of configuration (growing 

media type, depth, roof slope, or location from New York to North Carolina to 

Michigan to Oregon to Auckland [Fassman- Beck et al. in preparation]) or mois-

ture content at the onset of rain.

 For planning and design purposes, an extensive living roof ’s rainfall retention 

properties can be estimated by the amount of moisture stored between a 

growing medium’s nominal field capacity and nominal permanent wilting point 

(Fassman and Simcock 2012). A common method to quantify these parameters 

in the laboratory is to measure the amount of water (the moisture content) held 

in the growing medium’s pores between 10 and 1,500 kPa tension, which are the 

nominal field capacity and permanent wilting point, respectively [Mclaren and 

Cameron 1996]), although other test methods are found amongst the relevant 

reference texts. This moisture content is known in agronomic or horticultural 

terms as plant available water (PAW, Figure 2.2) (Mclaren and Cameron 1996). 

Laboratory measures of moisture storage potential are considered nominal meas-

ures, as it is impossible to replicate all of the variability or influencing factors 

encountered in the field.

 When dry, appropriate growing media for extensive living roof applications 

should be capable of storing about 25–40 percent by volume PAW, or greater (as 

was shown in Table 4.2 for a number of living roofs with proven stormwater per-

formance). In theory, a 100 mm cover with 30 percent PAW effectively controls up 

to 30 mm of rainfall, if the media is dry at the onset of rain. As a planning tool 

using a design storm approach (Section 3.8.1), the designer may assume that 

during larger storms, the media will retain rainfall up to PAW, and then slowly 

release the rainfall in excess of the PAW. In practice, the maximum storage capacity 

(the PAW) of the living roofs is not fully utilized on a day- to-day basis, only when 

larger rainfall events occur. It is also acknowledged that the actual amount of rain-

fall retained by a growing media for any given storm will depend on moisture 

storage availability and the depth of the rain event. In other words, there is a rela-

tionship between how wet (or dry) the growing media is at the onset of rain, the 

maximum water- holding capacity (field capacity) and how much rain occurs.

 Living roof media does not have to be fully dry to provide excellent long- term 

retention. Studies on living roofs in Auckland showed substantial rainfall retention 
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(up to approximately 67 percent annual retention over multiple years) because PAW 

ranged from about 11 mm to 36 mm, depending on the specific growing media’s 

composition and depth. The living roofs were so effective because 94 percent of 

individual events delivered less than 25 mm of rainfall (accounting for 58 percent of 

the total depth of rainfall received), thus even when the media was not fully dry, 

adequate storage capacity was available to capture the next small storm (Fassman- 

Beck et al. 2010).

 For a given depth of growing medium, a high water- holding capacity is usually 

associated with low permeability, low aeration, high wet weight, and can be det-

rimental to plant survival. Low water- holding capacity limits stormwater retention 

and plant viability in the absence of regular irrigation. The FLL (2008) recom-

mends that suitable growing media for extensive living roofs should store water 

at a minimum of 20 percent v/v and a maximum of 65 percent v/v, but it is noted 

that the test method used in the FLL includes water that is held below the 

nominal permanent wilting point, and is not the same as the agronomists’ PAW 

method previously mentioned.

 As a minimum criteria for living roofs to provide stormwater control, the 

growing media should be able to store rainfall from at least the smallest design 

storm depth (DSD) advocated by the local regulatory authority for GI (e.g., 

25 mm). The minimum growing media depth for stormwater retention is strongly 

encouraged to be given by the deeper of:

DLR =   DSD _____ 
PAW

   (4.1)

DLR ≥ 100 mm for new construction, or ≥50 mm for retrofits.

Where:

DLR = finished (naturally settled) living roof growing media depth (mm).

DSD = design storm depth, limited to P ≤ 25 mm.

PAW = plant available water (fraction or decimal) as determined by agro-

nomic methods (e.g., tension test over range 10–1,500 kPa [0.1–15 bar] 

[Gradwell and Birrell 1979], or equivalent).

Measuring PAW for the specific growing media to be used on a project is impor-

tant. If this data is not readily available from the growing media supplier, it should 

be obtained from a reliable or certified laboratory. In the United States, most 

land- grant universities (there is one in every state) provide soil testing services. 

The relationship between PAW, DSD and DLR is illustrated in Figure 4.1. PAW typi-

cally increases with smaller particle (and pore) size distribution and greater 

organic content (Graceson et al. 2013; Liu and Fassman- Beck 2014). PAW may 

be manipulated by design, but decreasing particle size distribution and increasing 

organic content has negative consequences for growing media weight and per-

meability (Fassman and Simcock 2012), as discussed in Section 4.1.2.

 The growing media depth is determined by the combination of design storm 

depth and PAW, according to Equation 4.1. Regardless of the calculation’s results, 

some rule- of-thumb limitations should be considered. For example, in Denver, 
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Colorado, the design storm depth for water quality treatment is ~15 mm of rain-

fall (UDFCD 2010). In this case, with PAW = 25 percent, the calculated growing 

media depth would be:

DLR =   DSD _____ 
PAW

   =   15 _____ 
0.25

   = 60 mm (4.2)

While 60 mm of this particular growing media may adequately retain the water 

quality design storm, the semi- arid, continental climate zone means that plant 

water stress will be significant. Increasing the growing media depth provides a 

supplemental reservoir, and greater resilience against elevated temperatures. In 

Pennsylvania, Thuring et al. (2010) demonstrated that the shoot production of 

three varieties of succulents (two of which were sedums) responded strongly to 

changes in growing media depth, while depth and drought conditions affected 

biomass development for two herbaceous grasses.

 For new construction, in order to encourage long- term survival of a broader 

range of plants (with potentially minimal or no regular irrigation in temperate to 

subtropical climates, except drought periods), a minimum of 100 mm of growing 

media is encouraged. To bolster plants for winter survival in latitudes north of 

40°N, Boivin et al. (2001) advocated a minimum of 100 mm growing media. In 

retrofit applications, the minimum depth criteria could be relaxed to approxi-

mately 50 mm, but a narrower plant palette is feasible with likely requirements 

for periodic irrigation if the roof is visible.

 At the upper end of the recommended growing media depth, empirical evi-

dence suggests that doubling media depth does not equate to doubling rainfall 

capture for water- holding capacity greater than about 20–25 mm. If a growing 
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media depth, DLR, other than what is calculated by Equation 4.1 is adopted, then 

for planning purposes the maximum amount of stored water by the growing 

media (rainfall retention) can be estimated by:

Sw = DLR × PAW (4.3)

0 < Sw ≤ 20–25 mm

Where Sw = maximum water (rainfall) storage in the growing media (mm) per unit 

area of living roof to be credited toward stormwater control. It is noted that, in 

practice, at least this much rainfall must occur in order to fill up the entire storage 

capacity. If an intensive living roof media with PAW = 0.25 and DLR = 200 mm were 

proposed, Equation 4.3 suggests a maximum rainfall storage of 50 mm, but from 

a regulatory perspective, credit for stormwater retention would only be given for 

20–25 mm. As again, this is a rule- of-thumb estimate based on empirical evi-

dence at present; a local regulatory agency should decide on the upper limit. 

Some agencies might consider increasing the possible retention credit above 

20–25 mm depending on local performance data and/or as an incentive to 

promote living roof implementation, acknowledging that there are many other 

environmental benefits beyond stormwater mitigation.

4.2 WATER RETENTION TECHNIQUES

One of the most significant challenges to the continued health of the plant 

community is access to water. Moisture stress is determined by growing 

medium depth, moisture storage, underlying thermal mass, duration and 

timing of shade, wind exposure (including discharges from air conditioners) 

and local climate. On sloping roofs, the aspect and location on the roof influ-

ence water availability and moisture stress, with stress higher toward the ridge-

line and on north- facing aspects (in the Northern Hemisphere) and lower near 

the eaves and south- facing roofs. Shade can be created by placing aluminium 

grates (e.g., a walkway access) or photo voltaic cells over an extensive living 

roof, both reduce surface temperature and ET losses (Fifth Creek Studio 2012). 

Moisture stress can be decreased by increasing the water stored in the growing 

medium by:

•	 Using	water	retaining	materials	in	discrete	layers,	e.g.,	coir	blankets	or	geotex-

tiles, installed in direct contact with plant roots and/or growing media.

•	 Using	water	 retaining	 “pockets”	 in	 synthetic	 drainage	 layers	 that	 roots	 can	

directly access. The generally non- wicking characteristic of living roof growing 

mediums means that roots must be able to touch the stored water in order to 

use (transpire) it.

•	 Increasing	 the	proportion	of	fines	 (changing	 the	particle	 size	distribution)	or	

increasing the gradation of the growing medium to promote formation of 

medium and small pores that retain water. Reducing the particle and pore size 

distributions negatively influence permeability, aeration and likely weight.
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•	 Adding	 water-	retaining	 materials	 to	 a	 growing	 medium:	 organic	 materials	

(both temporary and long- lived) and inorganic materials. Inorganic materials 

include aggregates that hold water in internal pores, such as pumice, 

spongelite and, to a lesser extent, scoria and brick. Water- absorbing minerals, 

hydrophilic polymers (hydrogels) and silicate- based granules may be used to 

enhance short- to medium- term water availability. The effectiveness of various 

additives differs depending on the aggregate used in the media and plant 

species. Only water that is available for plant uptake will enhance drought tol-

erance (Farrell et al. 2013a).

Choice of moisture retention technique should consider longevity of the material, 

particularly organic matter. Coir or jute retain water well, but eventually will bio-

degrade (perhaps over several years), especially if exposed to UV and continuous 

wetting and drying or freeze–thaw cycles. Nonetheless, these materials may 

present a helpful solution for surplus moisture storage during plant establish-

ment.

 Supplemental moisture storage techniques may increase the live load, depend-

ing on the extent of application. Subject to the same environmental conditions, a 

coir- based pre- planted sedum mat living roof in Auckland, New Zealand, cap-

tured on average 4.7 mm more rainfall than an adjacent built- in-place system 

during most storms over the course of one year (Voyde et al. 2010a). While this 

is beneficial to stormwater management, the structural load would have 

increased marginally – by approximately 5 kg/m2 (1 lb/ft2).

4.3 PLANT SELECTION

Plant selection for extensive living roof projects is severely limited compared to 

ground- level landscaping projects. The combination of very shallow growing 

medium and high ET (which translates to water demand) causes extreme mois-

ture and temperature stress on plants (Snodgrass and Snodgrass 2006). Root 

expansion space for plants may be limited to a few centimetres; in such condi-

tions only low- growing plants tolerant of high winds and turbulence will remain 

anchored and undamaged.

 In the last decade, “extensive living roof ” plant selection and establishment 

guides have been written by leading experts. Rather than repeat information, this 

section attempts a concise and descriptive insight into design specifics of differ-

ent geographic locations for the successful thriving of plants. For further reading 

on plants for North America see Edmund and Lucie Snodgrass (2006) and the 

publications link from the Michigan State University Green Roof Research Team 

website (www.hrt.msu.edu/greenroof/index.html), especially Getter and Rowe 

(2008). For information on plant selection for the Northern Hemisphere in 

general, see Dunnett and Kingsbury (2008) and Koehler (2003). For more infor-

mation on plants appropriate in New Zealand, see Fassman- Beck and Simcock 

(2013). For plant screening using identification of comparable natural habitats, 

http://www.hrt.msu.edu/greenroof/index.html
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diversity of growth form and drought tolerance strategies see Lundholm (2006) 

and McIvor and Lunholm (2011). Farrell et al. (2013b) combine physiological 

traits and habitat template to identify candidate plants for Melbourne, Australia, 

mainly from rock outcrops. A rigorous glasshouse stress- test methodology is used 

to inform optimization of ecosystem services. ASTM E2400-06 Standard Guide 

for Selection, Installation, and Maintenance of Plants for Green Roof Systems is a 

useful, short overview and starting point when identifying matters related to 

vegetation.

 Most clients would like to see a year- round and dynamic aesthetic in the veg-

etation on an extensive living roof if it is visible from surrounding buildings and/

or at- grade. An ever- changing appearance may be achieved through plants’ sea-

sonal color change, the structure of stems and leaves, variation of the plants’ 

height and width, and plant species’ succession (if not actively managed). Sea-

sonal color change occurs with fruiting and flowering, as with ground- level 

projects, but living roofs also typically change color with seasonal stress; green 

spring and autumn growth flushes are typically separated by red, purple, brown 

and yellows leaf colors during summer drought stress or winter dormancy (in 

colder regions). The vegetation cover is a “living” building material, different 

from the inert natural stone cladding of a façade. As a “living” material, vegeta-

tion weathers differently to hard landscape. Hard landscape materials weather by 

changing their surface color. Lichens and mosses may stain a textured surface 

(depending on the material itself ) over a certain period of time. This kind of 

weathering on a hard landscape can be removed by physical (chemical) cleaning. 

By comparison, plants need a maintenance regimen corresponding to plant selec-

tion, in order to create dense, long- term plant coverage, and to protect specified 

plants from being overgrown by unwanted, invasive species. Such a maintenance 

program was proposed in the concept design of the DaimlerChrysler Project at 

the Potsdamer Platz, Berlin.

4.3.1 Plant site concerns
A “site” is where a living roof is located geographically and climatically. The geo-

graphic location, e.g., coast, prairie, rainforest, desert or mountains, together 

with the plant hardiness zone defined by climatic conditions, acts as a guideline 

for plant selection. Plant hardiness zones describe areas in which specific plants 

are capable of growing, including its ability to withstand the local temperatures 

extremes (minimum and maximum). This can dictate the opportunities and limita-

tions of plants’ contributions to the success of living roof project objectives. The 

distinction between urban and rural contexts further defines location within the 

different geographic regions. Even finer grain site contexts will influence plant 

performance, such as the elevation on a building. For example, plants will 

perform differently if located on the first versus the fifteenth floor, and are fully 

or partially exposed to sun, wind and precipitation. Within a single roof, plants 

near the corners and ridgelines (for a sloping roof ) are typically exposed to 

highest winds and greatest stress.
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 Site- specific concerns influencing plant growth need to be considered when 

selecting the plants. These concerns include:

 1 Exposure or protection (depending on location of architecture elements such 

as roofs and canopies) against wind, sun, frost (freeze and thaw).

 2 Accessibility of site for plant maintenance.

 3 Plant adaptability to site conditions.

 4 Plant succession (if not actively managed).

 5 Air and rainwater pollution on site.

 6 Glass façade heat reflection creating an extreme microclimate on site.

 7 Extra stormwater runoff from vertical façades adjacent to the living roof on 

site, and less stormwater runoff in “rain shadow” areas under eaves, or shel-

tered side of vertical elements (air- conditioning exhausts, plant rooms).

 8 Availability of recycled irrigation water or air- conditioning water discharges, 

particularly on sites with extreme and hot climates.

 9 Local biological influences: potential adventive weed plants at ground level 

that may invade the roof (particularly nearby trees), potential desirable or 

undesirable insects and animals that can access the roof. For example, 

possums grazed succulents on living roofs in Melbourne and needed to be 

excluded, specific plants needed to support native moths were planted in 

Auckland, New Zealand. The inability of lizards to access roofs in Zurich 

railway station meant connections to the ground were constructed. Plants 

on living roofs within animal exhibits in Adelaide and Auckland zoos could 

not be poisonous to the animals within those cages. In addition, plants from 

the region and country in which the animals were naturally found were 

desirable.

10 Influence of plants on people within the building, e.g., a consideration for 

living roofs designed for hospitals in the United States is selection of plants 

with low allergen potential, including wind- blown pollen.

In general, the availability of water through precipitation or artificial irrigation will 

determine if a publicly- visible, healthy- looking living roof is an economical and 

environmentally acceptable and appropriate solution. It might be that an at- grade 

LID system will better serve the stormwater mitigation objective than a living 

roof, or a living roof not exposed to viewing, where the main premise is only 

stormwater mitigation. Where artificial irrigation may be a necessity, for example, 

in a semi- arid desert climate such as Kelowna, BC, Roehr and Kong (2010) pro-

posed to maintain approximately half of a roof as impervious. Runoff from the 

impervious roof area is harvested for irrigation, ensuring that the other half, con-

structed as a living roof, can survive the extreme climatic conditions of its loca-

tion. This sort of strategy may enable living roof implementation in hot, arid 

climates, where drought can cause plant failure, as well as for cold climates, 

where extreme, abrupt temperature fluctuations are problematic (Figure 4.2). 

Similarly, where water supply is desired for use in the building, for example toilet 

flushing, calculations can identify what proportion of the roof can (or should) be 
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Figure 4.2 
Wet versus dry climate-
tolerant plants

planted. If stormwater attenuation requirements can be met with a partial living 

roof, the conventional roof would be best placed on the “hot” aspect (for a 

pitched roof ) and the cooler aspect covered with a living roof. In some cases 

there may be a balance between the extent of roof greening to meet stormwater 

mitigation objectives and maintaining a year- round healthy appearance if only a 

portion of the roof is greened. Deciding which side the living roof occupies may 

not be quite so simple; factors such as visibility and viewsheds, among others, 

should also be considered.

4.3.2 Plant structure – root system and biomass
The authors are not aware of any jurisdictions where differential stormwater 

credit for living roofs is allocated based on plant types or characteristics. However, 

aspects of a plant’s architecture are nonetheless important to the overall success 

of the living roof project.

 Three design priorities are related to plant root structure and biomass:

1 Protect the membrane from root invasion and the integrity of drainage ele-

ments from root blockage. Bamboo roots are renowned as aggressive. Trees 

such as birch in North American and pohutukawa (Metrosideros) in New 

Zealand have been observed to freely establish on living roofs and should be 

removed immediately.

2 Avoid flammable plant biomass, in particular large grasses, including annual and 

biennial plants that leave high biomass when they die, unless maintenance 

removes the excess and/or dead material. Extensive living roofs in Sheffield, UK, 

combining “pictorial meadows” and wildlife habitat are managed with an annual 

winter harvest or mow. This mirrors maintenance of the 90-year meadows estab-

lished on water reservoirs in Woolishofen in Zurich, Switzerland. In Taupo, New 

Zealand, a grass sod living roof was irrigated to prevent it from becoming a fire 

hazard, which exacerbated biomass production in the short term.

Wet climate

Dry climate
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3 Control biomass production. Manage nutrient content of the growing media 

through restricting the type and amount of organic matter. Allow drought 

stress to limit biomass production via growing media depth and limiting irriga-

tion. Overall, this approach means the aesthetics of a roof may be reduced 

(because flowers may also be smaller) – so select plants that retain aesthetics 

under low fertility conditions.

Plants that produce substantial above- ground biomass and that use a lot of water 

should generally be avoided (Snodgrass and Snodgrass 2006). Because extensive 

living roofs typically hold only a small volume of water relative to ground- level 

landscaping, high water users will rapidly exhaust available water and hence be 

more vulnerable to drought stress and plant death. Literature identifies different 

plant species that have different water use strategies, and access water from dif-

ferent depths within even a shallow substrate. Using a range of plant species that 

have different root architectures as well as water use and drought tolerance strat-

egies should optimize both the resilience and performance of living roofs (Farrell 

et al. 2013b). For example, sedums appear to be particularly sensitive to declining 

water availability (e.g., a drying growing media) and reduce water use accord-

ingly (Voyde et al. 2010b). Mixing sedums with drought tolerant plants that have 

high water use increases contribution to stormwater attenuation, while the latter 

are transpiring. This approach, trading off between stormwater mitigation and 

plant survival, has been proposed by MacIvor and Lundholm (2011).

4.3.3 Plants and nutrient loads

The philosophy adopted in this book is to promote living roof design first and fore-

most as a stormwater control measure (SCM). In addition to establishing continu-

ous cover, consistent with ground- level SCMs such as bioretention or swales, 

passive operation includes minimizing (or eliminating entirely) external inputs such 

as fertilizer application or irrigation – both for cost and good SCM functionality.

 Plants that require a high amount of nutrients, or conversely, creating condi-

tions where plants receive high amounts of nutrients (through excessive organic 

matter in the growing media [Section 4.1.1] or added fertilizer), increases the risk 

of three negative outcomes. First, high nutrient supply increases the likelihood of 

nutrients being discharged in runoff. The impact can be mitigated by passing 

runoff through a ground- level SCM such as a rain garden or landscape irrigation, 

thus avoiding direct discharge to piped stormwater system. Second, high nutrient 

availability typically produces more biomass, increasing potential fire risk unless 

mitigated by a specific maintenance regime. Third, high nutrient- supply typically 

produces a more lush, “soft” growth and larger leaves, and more growth of 

leaves than roots. This predisposes plants to drought stress and wind damage. 

Where drought stress is avoided by irrigation, the potential amount of nutrients 

washed from the roof increases. High nutrient supply also accelerates decompo-

sition of carbon (growing media organic content). Where plant biomass is 

removed, or plant carbon inputs to the media are lower than carbon 
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decomposition, media volume and water storage may decrease. Together, these 

three reasons explain why urban agriculture or amenity planting of leafy, high 

biomass plants is generally inconsistent with a design priority of watershed pro-

tection (stormwater management).

4.3.4 Plant palette
Plant condition will vary throughout the year dependent on climate and stress. 

Plant succession over many years may create an entirely different aesthetic (Rowe 

et al. 2012). The variability of a living roof system should be conveyed to clients, 

to present an accurate description of living roof aesthetics and to manage client 

expectations.

 In recent years, designers, ecologists and environmentalists have discussed 

how to increase the plant palette for extensive living roofs, in order to enhance 

their visual interest and biodiversity (Brenneisen 2006; Gedge et al. 2012). 

Historically, grass turf was used on roofs all over Scandinavia (Dunnett and 

Kingsbury 2008; Ngan 2004; Osmundson 1999; Werthmann 2007). When 

modern living roofs were introduced in Germany in the late 1970s, they were 

mainly planted with succulents, predominantly of the sedum genus. From a 

technical and functional point of view, succulents – especially sedums – are 

some of the most cost- effective and reliable plants to use for living roofs. 

Sedums are extremely hardy and have an unsurpassed ability to survive in 

droughty, hot and windy conditions (Snodgrass and Snodgrass 2006). There 

are nearly 600 species of sedum (Snodgrass and Snodgrass 2006), and some 

individual sedum species also vary widely, either naturally (e.g., S. album) or as 

a result of cultivation (e.g., S. kamtschaticum and S. spurium). All sedums do 

not grow successfully in all conditions, notably the tropics. Some countries 

have no native sedums. In places, some sedums, and other succulents, can be 

invasive (weedy), and smother or displace native species, particularly in areas 

such as cliffs or alluvial gravels.

 A growing medium’s content and structure can be designed to ensure enough 

water is stored to satisfy plant water demand over a typical dry period before 

precipitation occurs (dry period duration is unique to individual climates) – i.e., 

through consideration of PAW of the growing medium (Sections 2.2 and 4.1.2). 

Combinations of plant species can be selected to optimize transpiration rates, 

particularly during the active growth season. Ideally their transpiration rate should 

“empty” enough storage to capture a subsequent storm. When water becomes 

limited (as the growing medium dries), plant metabolism slows down, decreasing 

transpiration to conserve water (Section 2.6). Plants become water- stressed 

during extended dry periods, and suffer color and vigor changes. Living roofs 

designed for stormwater attenuation will include plants that quickly respond to 

water inputs, and depletion. One of the amazing adaptations of many succulent 

plants is the ability to put out new plant roots within hours to harvest new water 

addition (rainfall) (An eye for Texas 2014). Conversely, grasses may take weeks to 

develop new roots, and summer dormant bulbs or tubers may not generate roots 
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or shoots until the following autumn. However, differences between plant species 

transpiration rates can be less than the differences across a roof due to variation 

in exposure to solar radiation (MacIvor and Lundholm 2011) or differences in rel-

ative humidity from day to day (Voyde et al. 2010b).

 To date, succulent species seem to be the best suited, while sedums are the 

most cost- effective plants to perform the sequence described above, if plant sur-

vival and stormwater runoff reduction are design objectives. Other hardy (non- 

sedum) succulent species including Taluim, Sempervivium and Delosperma that 

are generally also suitable for many non- irrigated roofs (Snodgrass and Snodgrass 

2006). In Sydney and Auckland, bromeliads and other tree canopy and rock 

outcrop dwelling plants have been successfully established on living roofs. The 

issue will be what the client and user perceive to be a year- round healthy (or oth-

erwise acceptable) appearance of a visual roof. This is much less of a complex 

goal to achieve if visual accessibility is not a design goal. In the case of a visible 

roof, and in the context of climatic extremes, some artificial irrigation may be 

required to maintain a perceived year- round healthy appearance for roofs with 

constrained media depth (limited water storage). Similarly, in areas with limited 

regional experience of living roofs, the ability to irrigate during peak moisture 

deficits reduces the risk of plant selection. A conservative designer concerned 

with reliability of moisture supply, maintenance or exposure might restrict the 

plant palette to very tolerant plants. Another approach is to use likely suitable 

sedums as a “foundation”, and include a variety of other species. Trials over 

three years by Butler and Orians (2011) indicate sedums may be used as “nurse 

plants” to expand the palette of living roof species, partly by decreasing soil 

temperatures.

4.4 GENERAL PLANTING DESIGN GUIDELINES

The following general guidelines for planting design are worth considering:

•	 The	roof	should	be	covered	with	a	selection	of	plants	being	productive/active	

during the rainy season. In extreme climates, extended dormancy and/or other 

climate effects should be considered by the local horticulturalist.

•	 Match	plant	activity	(growing	season)	to	periods	of	frequent	rainfall.	Dormant	

periods of most plants chosen should match the duration of stress periods 

(i.e., as short as possible to maximize aesthetics and stormwater mitigation).

•	 Aggressive	plants	 should	be	avoided,	as	 they	may	outcompete	 the	 intended	

vegetation, use more water and increase maintenance (removal of undesired 

species on the roof ).

•	 Low,	 perennial	 groundcovers	 should	 be	 the	 dominant	 feature	 as	 they	 have	

proven to be the most rapid, reliable and cost- effective spread on the roof 

(Gedge et al. 2012; Greenroofguide.co.uk; Snodgrass and Snodgrass 2006).

•	 Designers	should	balance	fast-	growing	plants	for	“instantaneous”	short-	term	

benefits while cultivating a long- term plant cover which adapts to the local 
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environment. The applied growing medium will reduce stormwater runoff, 

but alone it might not be sufficient for optimal performance, if immediate 

stormwater management results are desired or needed. In Germany, fast- 

growing plants have been advocated to increase the benefits of a living roof 

shortly after construction (Umweltbundesamt 2012). Alternatively, pre- grown 

modules or mats might be appropriate.

•	 Accent	plants	 can	be	 implemented	 to	 increase	 the	 three-	dimensional	aspect	

of the roof and enhance seasonal changes. Annuals can be used to fill the 

gaps while the permanent plant cover establishes. Their primary role is to 

enhance the visual appearance of the roof during the establishment period 

(first 18 months). Thus they may help to increase the acceptance of the roof 

and with it encourages interaction and proper maintenance. Accent plants 

may include summer- dormant bulbs which flower early in spring, and long- 

lived, slower- growing plants that may be established at low densities. When 

using bulbs, plant them in dispersed areas so the unvegetated gaps, created 

when bulbs are dormant, are small.

•	 Native	 plants	 should	be	 encouraged	 to	 promote	 biodiversity.	Any	 adaptable	

plant choice that increases the aesthetic appearance and biodiversity is a good 

choice. But it must be recognized that sedum species play an important role in 

the “plant toolbox” and in some climate cases may be the only choice where 

growing media depth is limited.

•	 The	 living	 roof	 habitat	 is	 often	 not	 able	 to	 accommodate	 a	 wide	 range	 of	

native plants, as there may be few similar natural environments in the vicinity. 

Limited commercial availability of native plants at low unit prices may also 

restrict their use. In this case, the surrounding area on the ground should be 

integrated into the design of the living roof. If some of the indigenous plants 

cannot thrive on the living roof, the surrounding area at ground level may 

provide a natural environment for wildlife and plants (Butler et al. 2012; 

Snodgrass and Snodgrass 2006). An important aspect of plant selection in 

new areas is investigating local habitat templates, and including some local 

species at low densities to increase understanding of their performance.

4.5 DRAINAGE LAYERS

Modern drainage layers influence the stormwater mitigation ability of the roof. 

Historically, living roofs did not have drainage layers (Ngan 2004). The living roof 

was a single- layered, soil- based system, mostly planted with grass or tufts to act 

as waterproofing and roofing insulation material. Today, multiple elements ensure 

adequate drainage and prevent standing water on the rooftop in the interest of 

public safety. One aspect is through the design of the growing medium; another 

is to provide distinct drainage layer under the growing medium to promote free 

drainage to the roof outlets and downpipes.

 Drainage layer types for a living roof are appropriate depending on design 

objectives and on the following: growing medium (i.e., its water- holding capacity), 
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climate (i.e., precipitation frequency, amount and extreme wet periods), storm-

water runoff volume and velocity, and the impact of drainage on warm and 

inverted roof structures. The drainage layer provides air circulation space, which 

helps keep the insulation dry, a necessity for an inverted roof.

 A drainage layer is invisible, but it carries the full weight of the living roof 

assembly. The following questions need to be answered when choosing the 

drainage layer:

1 Is the drainage layer capable of carrying dead loads designed on top (growing 

medium, geotextile separation layer, fully mature plants, hard landscape)?

2 Is the drainage layer capable of carrying live loads (stormwater, snow, ice, 

people)?

3 Does the drainage layer provide adequate flow capacity to ensure water does 

not accumulate within the growing medium (i.e., does the drainage layer 

provide free drainage from the growing medium at all times)?

The ASTM provides testing methodologies to assess the flow capacity of a drain-

age layer, depending on the materials used:

•	 ASTM	E2396–11	Standard	 Test	Method	 for	 Saturated	Water	Permeability	 of	

Granular Drainage Media [Falling- Head Method] for Vegetative (Green) Roof 

Systems (ASTM 2011a).

•	 The	procedure	determines	the	water	permeability	of	coarse	granular	materials	

(e.g., pumice, gravel or rock) used as drainage layers. It does not apply to char-

acterizing the growing media or synthetic sheet or board type drainage layers.

•	 ASTM	E2398–11	Standard	Test	Method	for	Water	Capture	and	Media	Reten-

tion of Geocomposite Drain Layers for Vegetative (Green) Roof Systems (ASTM 

2011c).

•	 The	procedure	applies	to	a	synthetic	sheet,	mat	or	panel	that	is	specifically	

designed to convey water horizontally toward a roof deck, drains, gutters 

or scuppers.

System failure is not easy to detect. Potential risks may arise from compromising 

the layers’ functions as a result of material defects or construction errors. These 

risks include the following:

1 The weight of the living roof assembly may exceed the drainage layer’s loading 

capacity as recommended by the manufacturer, reducing the living roof ’s 

drainage ability.

2 Material fatigue or material defects can compromise the drainage layer’s per-

formance properties, i.e., drainage velocity and loading capacity.

3 The drainage layer has been forgotten in the planning process, incorrectly 

sized for the expected stormwater runoff capacity, or the roof slope is com-

promised, in which case the living roof ’s overall performance may be at risk. 

The result is a possible risk of ponding (standing water), which can create 

unanticipated loading as well as a risk of surface flow (on top of the growing 

medium), which could cause erosion.
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Figure 4.3 
Sloped roofs at the 
VanDusen Entrance 
Building, Vancouver 
photo by Nic Lehoux 
(top) and Pavilion Lincoln 
Centre, New York photo 
by Ariel Vernon (bottom)

4.6 EXPERIENTIAL ASPECTS

4.6.1 Slope
Historically, living roofs were pitched up to 45o on vernacular buildings, having 

no particular differentiation in slope from non- vegetated roofs typologies as seen 

in Scotland and Scandinavia. Since the twentieth century, most living roofs have 

been installed on non- or low- pitched, flat roofs (Dunnett and Kingsbury 2008).

 Recent architectural and structural innovations in roof design, as seen in Diller 

Scafidio’s Hypar Pavilion at the Lincoln Centre in New York City and the Van-

Dusen Entrance Building in Vancouver, provided the living roof industry and 

designers with new challenges for amorphic slopes (Figures 4.3 and 4.4). Simple, 

light(er)-weight methods can be equally effective. The topography on Chicago’s 

City Hall’s living roof was achieved in part by packing Styrofoam around old 

dome skylights, which were then sealed by new waterproofing.

 In this book, pitch refers to an angled roof with a flat surface, whereas a sloped 

roof includes curved roofs. Low slope provides easier installation, configuration and 
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Figure 4.4 
Roof slope scenarios

maintenance, and minimizes plant moisture stress. Growing medium stability, 

stormwater mitigation performance, vegetation selection and safety of access may 

be affected by slope and roof pitch. The visual experience may be enhanced, or 

eliminated.

 Despite potential challenges, living roofs are nonetheless capable of being 

integrated onto more steeply pitched and/or curved roof structures. In Germany, 

for example, the FLL recommends that living roofs have a maximum slope of 45° 

(100 percent) for pitched roofs and a minimum slope of 1.1° (2 percent) for flat 

roofs (FLL 2008). In some stormwater design manuals published by regulatory 

agencies (e.g., Auckland, New Zealand and NCDENR draft), living roofs with 

slope greater than 15° are not eligible for stormwater control credits.

Wet Wet Available 
water 

Available 
water 
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water 

Dry
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Dry DryWet
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Figure 4.5 
Roof pitch (slope) unit 
conversions

 Flat roofs require at least 2 percent pitch to promote positive drainage. In 

practice, a 2 percent pitch may be difficult to achieve; construction methods 

must avoid localized slope defects that may ultimately result in localized ponding. 

In addition to detailed assessment of roof surface levels, confirming the sealant 

rings around the drainage points are installed flush with the roof ’s substructure 

ensures that water can drain away without obstruction.

 If the living roof is graded into mounds for aesthetic reasons, or on steeply 

pitched roofs, drainage is even more rapid, and there is less water availability for 

plants on the ridgeline compared to the bottom of the slope. Creating mounds 

enhances plant growth and survival by providing areas with greater water reten-

tion and may reduce ET of plants in hollows by increasing shelter from wind (i.e., 

increasing the width of the boundary layer). When selecting plants for steep 

sloped or undulating living roofs, plants with lower water needs should be 

planted at the ridgeline, while plants with higher water needs should be planted 

at the bottom of the slope. Further water retention can be achieved by water 

retention techniques described under Section 4.2.
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 With respect to the growing medium’s stability, design and installation can 

draw from common geotechnical engineering experience for working with low 

cohesion soils. Guidelines for erosion control and slope stability are relevant for 

working at height on pitched living roofs.

 Living roofs up to 15° (~27 percent) pitch are unlikely to require special design 

or construction techniques. Nonetheless, as a precaution, construction of a 15° 

pitch extensive living roof at the Auckland Botanic Gardens incorporated slope 

breaks made from growing medium wrapped in coconut coir matting, and light 

foot- tamping to secure growing medium in place (Fassman et al. 2013). The 

system has not suffered from materials’ slumping after three years.

 The FLL (2008) suggests installation of structural anti- shear/slip protection 

measures for roof pitches greater than 20° (~36 percent) to promote growing 

medium stability. Specialty commercial products are available, including flexible 

synthetic matrices, but a built- in-place batten structure may equally be suitable. 

Whatever system is used should not compromise drainage, nor should it be reac-

tive. Poorly draining systems may drown plants and increase structural burden 

beyond anticipated loadings. Common wood preservatives such as copper chro-

mium and arsenic present a potential to leach harmful contaminants into runoff.

 Roofs with pitch 30–45° (~58–100 percent) require even more structural 

control, and an altogether different approach to construction (FLL 2008). They 

likely require significant irrigation during an extended (2–3 year) establishment 

period, compared to lower demand over a 1–2 year establishment on lower 

pitched roofs. Such steeply pitched roofs are unlikely to provide adequate storm-

water mitigation.

 The surface of the growing medium may need further stabilization until plants 

are established. Planting through a biodegradable erosion control mat placed 

over the surface can prevent wind uplift of the growing medium, and wind or 

bird uplift of immature plants (before roots are established). This simple tech-

nique may reduce supplemental replanting. Mats made of natural fibre such as 

coconut coir will eventually degrade, whereas plastic or steel mesh may be visible 

on the surface for the long term. Visibility may be problematic if plant coverage 

is low or has less vigor (such as during a dormant season).

4.6.2 Parapets
Parapet height must not compromise safety for visitors or maintenance crews. 

Minimum requirements are set by local building codes or government agencies 

such as the Occupational Health and Safety Administration (USA), Canadian 

Centre for Occupational Health and Safety, WorkSafe (New Zealand) and the 

Health and Safety Executive (UK). If there is uncontrolled accessibility to the 

public or people (other than a trained maintenance crew), structural roof rein-

forcement, fire regulations, erosion and roof uplift in windy conditions need 

consideration.

 A higher parapet tends to reduce or completely remove the at- grade viewing 

experience of the living roof (Figures 4.7 and 4.8). Alternatively, low roof parapets 
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Figure 4.7 
Viewing experience: flat 
versus pitched roof

Figure 4.6 
Typical parapet
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Figure 4.9 
Drainage channel

may be considered (Figure 4.6). A standard flat roof with a vertical parapet is easy 

to construct whatever height the parapet is. A cantilevered roof with a low parapet 

involves a custom- made solution.

4.6.3 Drainage channels and gutters
When designing a scheme that is sensitive to the experiential quality of the roof, 

calculation of design flows will determine the size and form of the drainage 

channel or pipe to remove the stormwater runoff to the ground (Figure 4.9). Ver-

tical drainage pipes may be internal to the building, minimizing experiential 

impact. Externally located gutters and downpipes influence the aesthetic of the 

building’s façade, but may provide easier access where stormwater harvesting 

and/or monitoring (measuring) runoff is of interest (Figure 4.10).

 Regular monitoring of an extensive living roof ’s drainage system ensures 

proper function. The drainage planning of the roof itself is foremost the archi-

tect’s responsibility. If a living roof is installed on top, the drainage pattern and 

points have to be designed together by both the engineer and landscape archi-

tect in collaboration with the architect. The design objectives of drainage are:

1 Ease of accessibility to monitor and clean.

2 The need for a robust material for the drainage inspection points to withstand 

the extreme roof conditions.

Pervious edge

Drainage channel

Figure 4.10 
Drainage pipe dimension 
and position on façade

Pervious edge

Drainage pipes
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3 Lockable access of the drainage points if the roof is a public space.

4 Configuration, color and form of the drainage points that relate to the archi-

tectural language of the building/façade. The number and size of the drainage 

points depends on the local building codes and, if already in existence, local 

living roof policies. Accessibility of drainage elements, as well as other perfo-

rations and protrusions may be enhanced by a durable, pervious border (e.g., 

coarse aggregate, Figure 4.6). In some jurisdictions, it may be required. A per-

vious border provides a visual cue, making it easy for maintenance workers to 

find inspection or clean- out points. It may also trap debris such as plants 

pieces blowing across the roof, preventing clogging of the drainage 

opening(s). A pervious border may also be helpful if/where it is desirable to 

keep protrusions dry, as is it unlikely to retain water (unlike the growing 

media). Attention should be given to the material color chosen for the border. 

Colors in sync with the roof ’s planting will avoid an impression of large geo-

metric forms which may compete with the overall system’s planting design.

4.7 EXTENT OF ROOF GREENING

If the main purpose of a living roof for stormwater management is to eliminate 

runoff from being generated from the rooftop, the first steps are intercepting 

and storing the majority of the rainfall that strikes the roof. Maximizing passive 

rainfall capture is realized by continuous and thorough coverage of the roof 

surface by living roof elements. Nonetheless, a minimum extent of unvegetated 

elements must be acknowledged for safety and drainage (namely, pervious 

edging and walkways), although even walkways can be placed over moisture- 

retaining elements. Limiting the extent of impervious areas means they will not 

notably contribute to runoff.

 In a typical passive assembly, a living roof only captures rainfall occurring 

directly over its surface. If the top of the growing media is flush with an adjacent 

impervious roof area, a living roof still has little ability to manage runoff from 

upslope impervious surfaces, and no ability to mitigate downslope areas, as the 

growing media provides little wicking ability and very high permeability. In other 

words, runoff will quickly pass vertically through the media to the drainage layer. 

Where design elements such as picnic areas are incorporated, significant amounts 

of runoff may be generated, just as with a conventional roof. An alternative 

design approach might consider harvesting runoff from impervious areas, or 

other nearby roof levels in a cistern for later, dry- weather distribution over the 

surface of the living roof. Distribution would likely require active management, 

using pipes and/or pumps as in an irrigation system, but could be run by solar 

power (when plants would welcome additional water!).

 Maximizing the extent of vegetated coverage provides benefits beyond storm-

water management. It helps plant survival. Impervious surfaces create a hotter 

microclimate, which may exacerbate droughty conditions along the interface of 

living and impervious elements. As discussed in the Introduction, any UV- exposed 
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portion of a roof ’s waterproofing membrane renders it more susceptible to 

failure.

 Aesthetic outcomes may be achieved by containerized roof gardens: isolated 

pot plants distributed around accessible roof areas. Roof gardens have also been 

referred to as “landscape over structure” (Weiler and Schloz- Barth 2009), and 

may sometimes be considered intensive living roofs. Containerized roof gardens 

are not considered SCMS. They usually require regular irrigation and fertilizer to 

maintain high expectations for aesthetics. The extent of coverage of the roof is 

usually poor. The high maintenance and energy inputs required are further deter-

rents to qualify as environmental mitigation systems. As containers themselves 

would add significant weight, a more effective alternative would be to distribute 

the load in an extensive living roof configuration, even in this case, if only a 

portion of the total roof is vegetated.

4.8 IRRIGATION

The extensive living roof should be an environmentally- friendly and sustainable 

system. This implies low energy input but maximum environmental benefits and 

output, i.e., low maintenance and high stormwater mitigation capabilities (Figure 

4.11). When artificial irrigation is required, off- grid water and electricity solutions 

should be pursued (Figure 4.12). This might mean solar or windmill- powered 

mechanical systems that deliver non- potable (recycled) water for irrigation, so as 

to minimize energy and potable (treated) water from the grid. Non- potable water 

can be obtained from grey water or harvested rainwater.

 Irrigation during establishment may affect the long- term performance of the 

living roof plant community (Thuring et al. 2010). Where water availability is 

restricted during establishment, plant root development and leaf size may perma-

nently be compromised, thus limiting water and nutrient uptake as well as pho-

tosynthesis (Boodley 1998). Demonstrating this point, droughts during the first 

two weeks of living roof plant establishment were found to be more damaging 

to shoot development than when droughts occurred later in experiments, with 

the plants that survived the early drought ultimately producing less shoot biomass 

(Thuring et al. 2010).

 The use of or need for irrigation is determined case by case. Possible scenarios 

include the following:

1 Irrigation used only for the establishing phase for 2–3 years. In this case the 

designer needs to evaluate the merits of a temporary system, which can be 

removed. In the establishment phase, a provisional irrigational system above 

ground, such as a sprinkler, should be used. Drip or sub- irrigation (without a 

basal moisture retention fabric) may not be effective because of the non- 

wicking characteristics of the growing media (Rowe et al. 2014).

2 Irrigation systems used long term, in most cases installed due to harsh climate 

conditions for plants. Although a well- selected plant palette will incorporate 
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Figure 4.11 
Hybrid system

plants that require minimal supplemental water inputs, they may still need irri-

gation to ensure survival in long hot, dry periods without precipitation 

common to continental climate zones – e.g., Southeastern USA summers. 

Here the primary concern is maintaining healthy- looking plant cover for visible 

roof areas, and/or preventing wide- scale plant death that may invite adventive 

(weedy) species’ invasion and establishment. A long- term irrigation system 

should be installed below the growing medium (but above the geotextile sep-

aration layer) and aided by a basal moisture- wicking or capillary mat, which 

enhances moisture availability directly to plant roots.

Further, the design team needs to consider:

1 The production and operation of these systems will need a provision for water 

storage (i.e., cisterns, water accumulation systems, capillary mats, drip irriga-

tion, sprinklers). Their load and space requirements must be accounted for in 

the structural design.

2 That the irrigation needs regular monitoring and maintenance, the ongoing 

cost after construction should be determined by the planning team.

3 When using non- potable water, the irrigation system design may need to 

incorporate treatment to prevent particulates from prematurely clogging 

pipes, valves or nozzles.

4 In colder climates, the irrigation system needs to be ventilated with air pres-

sure to remove the standing water in the pipes during frost periods.

5 The method for how water is harvested from an adjacent conventional roof or 

as part of the living roof should be planned before the living roof is installed.

6 Above- ground irrigation equipment is exposed to UV light and useful mainly 

for temporary irrigation. Surface irrigation may not be as effective, as it may 

directly evaporate before percolating to a depth accessible by roots; however, 

one study indicated overhead irrigation provides the advantage of good 

surface area coverage in application (Rowe et al. 2014).
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Figure 4.12 
Irrigation system options
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7 Basal irrigation reduces establishment of unwanted plants.

8 Stormwater runoff from the living roof can be harvested for irrigation.

 Over the longer term, irrigation requirements are often site- specific. Vigorous, 

turgid plants generally provide greater ET, which dries the growing media 

between storms and cools the microclimate for energy demand mitigation, but 

over- irrigation can compromise stormwater capture, and generate runoff 

hydrographs during dry weather. Daily irrigation is unlikely necessary to maintain 

plants adapted to extensive green roof environments. Where possible, to mini-

mize irrigation, the growing media should provide adequate PAW to sustain 

plants for several days during (or the extent of typical) summer dry periods. 

Ideally, irrigation should be determined based on growing media moisture 

content, rather than a set schedule and depth. Wherever possible, irrigation 

water should be sourced from on- site rainwater harvesting (captured from non- 

greened roofs or impermeable areas), or other non- potable sources. Plant water 

demand versus hydrologic control requirements should be discussed actively 

between the horticultural consultant and the stormwater engineer

4.9 ACCESSIBILITY

4.9.1 Concerns for publicly accessible living roofs
The accessibility of an extensive living roof bears on the performance of the roof ’s 

multiple functions. Accessibility in this context can be defined as direct physical 

access from the ground via slope or stairs; physical access via staircase, elevator 
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Figure 4.13 
Ideal roof

or ladder; through a door or window; and in the form of visual access through a 

window or façade opening (Figure 4.13). The accessibility will dictate the use of the 

roof by the general public and/or building occupants. Currently, many extensive 

living roofs are constructed on top of flat roofs, at least one storey above ground 

level, and are inaccessible to the public. Recently, architectural trends like the sloped 

roof at Hypar Pavilion Lincoln Centre, New York, have endorsed the design of exten-

sive living roofs that are accessible from public spaces. One of the first examples 

built was the university library in Delft, the Netherlands (International Ecological 

Engineering Society 2007). This roof is used as a sloped lawn for outdoor reading.

 In most cases, access to extensive living roofs determines their usage possibilities 

and influences other functions. In addition to determining program and potential 

social functions, planning for a publicly accessible extensive living roof requires a 

balance of the following considerations: the type of plants used (e.g., “lawn”, dec-

orative plants for visual interest), hardscape for social gatherings, and potentially a 

steeper slope, which facilitates visibility from the street but also accelerates drain-

age through the substrate. If accessible to the public, frequent foot traffic might 

cause damage to the plants, as the thinness of the growing medium provides little 

loading buffer and the roots and plants are more likely to get crushed.

 For sloped grass “carpet”-like designs, groundcovers (i.e., wear- and-tear 

resistant vegetation) should be used, as they are hardier than grasses and have 

Protrusions with
pervious edge
(e.g., air conditioner)

Perforations with
pervious edge
(e.g., drainage 
point)

Maintenance
access

Patio

Railing

Pervious
edge

Extensive
green roof

Extensive
living roof

Maintenance
path with pervious

edging (e.g., gravel)

Roof parapet

Pervious edge



Design elements n

129 

the same visual quality. Frequent use can result in growing medium compaction, 

which could impede permeability, which in turn might cause ponding on the 

roof. This is both a structural safety and plant safety issue. To reduce potential 

compaction requires appropriately strong aggregate in the growing media and 

access to the roof might need “people- free periods” at regular intervals over the 

year. This will help the growing medium to recover its structure and the plants to 

regrow. In comparison, an inaccessible flat sedum roof on top of a one- storey 

building will experience only minimal compaction by maintenance crews. See 

Section 4.11 for further design solutions regarding publicly accessible living roofs.

 In this case the planning team should decide to what extent the roof is acces-

sible. The planners should make a checklist. Will there be:

1 Frequent access by visitors?

2 Access only by maintenance crew?

3 A limited amount of visitors and a designated gathering space – for example, 

a terrace or floating grate?

4 Protection of the vegetation from visitors – for example, a fence?

5 Life- safety equipment/design elements?

6 Comfortable and safe roof access?

4.9.2 Design for general maintenance access
Designing safe access for maintenance is the first step in creating a feasible main-

tenance regime; understanding maintenance requirements promotes good 

design, which prevents risk (Figure 4.14). Research suggests that workers can be 

tempted to accept high levels of risk in situations where maintenance access is 

relatively infrequent (e.g., on a living roof compared to conventional roofs) and 

the time required to complete tasks is relatively short (Behm 2012; Cameron et 

al. 2007).

 The primary risk to a person accessing a living roof is a fall from height. Elimi-

nation of fall hazards, prevention of falls, safety netting or administrative actions 

(e.g., a second person watching over the activity) is suggested in order of prefer-

ence or design priority to promote safety (Ellis 2001). Passive systems are further 

preferred over active systems, as the person does not have to consciously engage 

in implementing the safety measure – i.e., they don’t have to take the time to 

clip into a harness and anchor (Health and Safety Executive 2008).

 Key items on the design consultants’ checklist for maintenance design should 

include, but are not limited to, the following:

1 The physical access to the roof needs to be safe. Windows or doors accessible 

by stairs, elevator or ladder are possible. Vertical ladders, especially through a 

roof hatch or enclosed cages, should be avoided, as maintenance equipment 

is difficult to be carried up/out.

2 The living roof needs to be designed so that the roof parapets are accessible 

to building/façade maintenance crews, either via pathways or direct access to 

the roof parapet.
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Figure 4.14 
Maintenance access

3 The roof ’s drainage features and any other perforations (for example, vents) 

need to be accessible for inspection and cleaning purposes and should all be 

inside the parapet perimeter. Maintenance budgets will suffer if activities 

require specialist equipment or training to access drainage features outside of 

parapets.

4 Plan wherever possible that the roof is visible without having to go outside 

onto the roof for routine checks, especially if safety gear is needed due to a 

low parapet or the absence of one.

5 Safety anchors for maintenance crews need to be designed in concert with 

other design elements (e.g., access for window washers). Each country and 

region has their safety building codes for roof maintenance.

6 Appropriate materials should be chosen for the pathways running around the 

roof perimeter. In Europe and North America, local building/fire codes dictate 

the surface material, its depth and width for walkability and fire prevention, 

and pathway spacing. For example, the FLL (2008) requires gravel or concrete 

fire barriers of 1 m width for every 40 m of vegetation, and at least 500 mm 

width vegetation barrier (pebbles, slabs or other hard stand) around upstands, 

parapets and walls.

Additional resources for designing safe access are found in Behm (2012), 

Cameron et al. (2007), Ellis (2001) and Health and Safety Executive (2008).

4.9.3 Accessibility for maintenance of plants and drainage features

If the roof is visible and the planting design requested, i.e., by the client, and/or 

the surrounding architecture has mainly a static geometric concept, with defined 

vegetation forms on the roof, the plants will need to be frequently accessed for 

maintenance, e.g., pruning, among other forms. If the planting is successional, 

the horticulturalist’s role in the planning process could include proposing specific 

plant communities. Accessibility to monitor the growing process is required. The 

landscape architect plans the number and extent of visible access paths to the 

planting in consultation with the horticulturalist. Hardier plants do not need extra 

maintenance paths through the planting area if not frequently accessed. The 

Pervious edge

Planting concept accessibility
required for frequent maintenance

Hardier plants with no 
extra maintenance path
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paved areas at the perimeter of the living roofs should suffice. However, fire 

codes may require vegetation breaks. Any non- greened areas for walkways or 

maintenance staging should be made of pervious material or grated walkways 

over greened areas to provide even stormwater drainage over the roof area.

4.10 PROVISION FOR MONITORING

Living roofs are still considered new technology for sustainable development. Meas-

urement of project performance can help to advance the understanding of linkages 

between system design and environmental benefits through formal research, or 

return on investment, for example through reduced energy demand. Monitoring 

also provides opportunity for public or formal education, even for young children, 

or municipal agencies to consider new codes or code revisions. This section does 

not intend to provide a step- by-step guide for equipment specification or data col-

lection, but rather offers advice on facilitating monitoring plans.

 Future monitoring can be accommodated by several considerations in the 

design process:

•	 Safe	access,	egress	and	staging	area.	Similar	provisions	for	access	for	a	main-

tenance crew apply for those collecting data or accessing monitoring infra-

structure (see Section 4.9).

•	 Waterproof	 power	 supply.	Most	 data-	logging	 instrumentation	 require	 either	

mains power supply, battery power, or can be run off solar panels. The weight 

of solar panels must be considered in the total structural loading.

•	 Where	 energy	 demand	 mitigation	 is	 of	 interest,	 sensors	 may	 need	 to	 be	

placed within the roof deck, thus their arrangement and installation may be 

required during building construction.

•	 For	irrigated	living	roofs,	potable	or	harvested	water	demand	requires	metering.

•	 A	permanently	 installed	leak	detection	system	may	be	 integrated	in	the	roof	

deck, or between the roof deck and waterproofing membrane.

•	 Where	stormwater	performance	is	of	interest:

•	 Minimize	number	of	drainage	points	(without	compromising	requirements	

of local building code). This reduces the amount of monitoring infrastruc-

ture (as well as access points, and perforations).

•	 Provide	easily	accessible	drainage	points.	Flow	or	water	quality	monitoring	

usually requires water to be collected/concentrated at a given location, and 

adequate slope for water to move freely off the roof, but it is not easily 

accommodated in a completely vertical drain. In some cases, the easiest 

point for stormwater performance monitoring equipment may be at 

ground level. In this case, interior drains could provide good security for 

equipment from tampering or vandalism, but access is critical.

•	 While	 not	 limited	 to	 living	 roofs,	 excellent	 references	 for	 formulating	 a	

stormwater monitoring plan, data collection and analysis are found in: 

Burton and Pitt (2002) and Geosyntec Consultants and Wright Water 

 Engineers (2009). 
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Figure 4.15 
Patio paving

4.11 DESIGN FOR SOCIAL FUNCTION WITHOUT COMPROMISING 
STORMWATER CONTROL

Various design solutions for an extensive living roof can be created to achieve 

public access without comprising stormwater control. The most important design 

consideration to allow for public accessibility of an extensive living roof is the 

additional loading. Any supplemental weight on the roof such as people (live 

load) and pavers for a patio area (dead load), or raised above the living roof such 

as a shade pergola, have to be calculated into the overall structural design of the 

building. Structures or architectural elements (e.g., patio, cistern, and large struc-

ture footings, including those for beehives) should not impede free drainage from 

the living roof, and drainage of any structure (e.g., a patio) itself must be 

considered.

4.11.1 Patio with barrier
A paved patio with a barrier is advantageous in that the paved area clearly 

defines the vegetation zone from publicly accessible space. The barrier prevents 

damage to the vegetation from trampling and ensures the safety of the public. 

Visitors are allowed to view the living roof from one or more sides, although 

access for maintenance and monitoring may still need to be provided. The place-

ment of a guardrail or balustrade around a paved patio in the interior of the 

living roof allows greater viewing possibilities from the ground because the roof 

edge is not blocked (see Section 4.6.2).

 Pavers should have wide gaps for surface drainage, or be made of pervious 

materials themselves (e.g., permeable concrete or pervious/porous resin- bound 

aggregates) (Figure 4.15). Impermeable paving materials could discharge runoff 

to the living roof. In this case, a short transitional zone of large diameter light-

weight aggregates or rocks may be needed to protect the surface of the living 

roof from erosion in the vicinity where runoff flows onto the vegetation.
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Figure 4.17 
Floating grate

Figure 4.16 
Footings for architectural 
elements

 The weight of the patio is confined to a well- defined area. The pavers’ weight 

and dimensions have to be approved with the structural engineer to avoid uplift 

in windy conditions.

 Pavers are never fixed to the roof structure, as the fasteners will penetrate the 

root barrier and waterproofing membrane. The dead load of the pavers should 

be heavy enough to prevent them from flying off the roof in windy conditions. 

The barrier’s post footings should be fixed to a slab with a protection layer under-

neath to protect the root barrier and waterproof membrane against damage 

(Figure 4.16).

4.11.2 Floating grate
The floating grate system on top of the vegetation layer gives the public a differ-

ent viewing perspective, as they can engage with the plants more closely (Figure 

4.17). A wide lattice should provide maximum light for the plants to grow, and 

enable pathways for rainfall capture and ET. Lightweight, strong, durable materi-

als can help to minimize footing requirements, and thus structural challenges. 

Where a shallow metal or rigid plastic grate floats tightly above low growing 

plants, concrete footings should be sized as small as possible. The floating grate 

needs to be accessible for living roof maintenance and monitoring.

 The ASLA headquarters in Washington, DC, by Michael Van Valkenburgh 

Associates, is a successful example of a floating grate scheme that is skilfully 

incorporated into the overall roof design (Werthmann 2007).
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4.12 LIGHTING

Façades of buildings are regularly illuminated by spectacular lighting design. As 

the “fifth” façades, roofs are often forgotten, especially flat roofs. However, flat 

roofs in cities are frequently looked upon from other high- rise buildings, and so 

present many, tremendous and varied opportunities for lighting. These opportu-

nities are a response to a living roof ’s overall design, and as a response to pat-

terns of use by people using the living roof as a social space. Lighting can 

enhance the many positive attributes living roofs have to offer, and can act as:

•	 an	art	installation	to	be	viewed	upon	from	other	high-	rise	buildings;

•	 an	enhancement	of	the	design	forms/shapes/spaces	of	the	vegetation	and/or	

hard landscape elements;

•	 a	means	by	which	 to	heighten	 the	viewing	experience	on	 the	 roof	 itself,	 as	

well as from the ground level, particularly with sloped roofs.

The design should consider the following:

1 Lighting fixtures and cables installed above the drainage layer mostly in or 

above the growing medium ensures easy access for maintenance and reduces 

complicated multiple electrical access points which create opportunities for 

perforating the waterproofing membrane.

2 Off- grid renewable energy solutions like solar panels and windmills are often 

feasible for powering lighting. However, in some cases (such as landmark or 

civic projects), back- up electricity will be required. Small rotating lamps allow 

different light scenarios. Plant growth around the light fixtures should be 

maintained to prevent obstruction of the fixtures, so as not to impede their 

desired function.

4.13 DESIGN CHECKLIST

Table 4.3 summarizes the minimum steps in the design process, and provides 

quick reference to sections in this book where relevant information may be 

found. Successful living roof projects incorporate into the design process how the 

system should be constructed and maintained. The approach adopted in this 

book prioritizes design for stormwater management.
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Table 4.3 Basic design checklist

Design element Book sections

 1. Assess site suitability 3.3
Structural capacity 3.3.1
Safety issues 4.6.2, 4.9
Access for construction/installation and long-term maintenance 4.9
Location and number of protrusions and perforations 4.6.3
Other conditions: e.g., slope, mechanical services, exposure 4.6, 4.9

 2. Determine and prioritize design objectives on conjunction with project team 3.2
Primary objective: rainfall retention Chapter 2 

(provides 
background)

Secondary objective: establish and maintain dense plant cover 4.3, 4.4
Tertiary objective(s): e.g., visual amenity, glare reduction, biodiversity, energy demand mitigation, water 
harvesting, visibility

1.2, 1.3, 4.6, 
4.9, 4.11

 3. Determine substrate composition and characteristics (esp. PAW and weight) based on available materials 4.1
 4. Determine minimum final substrate depth

Apply Equations relating DSD, PAW, and DLR 4.1.3
Verify loadings with structural engineer 4.1.2
If additional structural capacity is available, increase substrate depth max 100–150mm to enhance plant 
viability and long-term health.
If minimum substrate depth across roof cannot be met:

Revise substrate composition 4.1
Provide supplemental moisture storage techniques 4.2
Provide permanent irrigation system operated according to substrate moisture content/plant needs 4.8
Reduce individual plant competition for water 4.3, 4.4
Consider (last resort) an alternative retention objective (smaller storm, less retention credit), potentially in 
combination with ground-level stormwater controls. Communicate changes to horticultural consultant.

 5. Create planting design in conjunction with or by horticultural consultant
Select a variety of plant species based on site conditions, substrate characteristics and depth, and likely 
presence/absence of irrigation; coordinate visual outcomes with architectural designer

3.4, 4.4

Identify method(s) of plant establishment, and installation density (if applicable) 3.4
Establish likely maintenance requirements (activities and frequency) during establishment and once full cover 
is achieved.

4.4

Establish plant parameters for defects liability/project sign-off 3.2
Design supplemental moisture system(s), if needed, as determined through consultation. 4.2, 4.8
Establish terms of maintenance contract 3.2, 3.4

 6. Select waterproofing system and leak detection testing regime 1.4
 7. Design roof drainage

Coordinate horizontal drainage design with vertical drainage design to comply with all relevant building codes 
(may require consultation with architect or structural engineer)

3.3.2

Verify horizontal drainage layer can withstand imposed loads and carry anticipated flow without ponding 
within the substrate

4.5

Coordinate design and materials’ selection with regard to aesthetic appearance on façade and rooftop 4.6.3
 8. Select root barrier 1.4
 9. Identify permeable edging materials for living roof perimeter and around any protrusions or perforations 3.3, 4.6

Coordinate aesthetic/visual impact with architectural designer
10. Consider and coordinate additional architectural aspects

Visibility 4.6, 4.7, 4.9, 
4.11, 4.12Accessibility

Landscape features, if any
11. Provide additional safety elements (for people and vegetation)

Secure access and safe working environment for maintenance of living roof and other building services 4.6.2, 4.9
Public gatherings (if/where needed) 4.11

12. Perform regulatory compliance calculations for stormwater mitigation objectives.
Assumes substrate design meets minimum requirements from 3 and 4 of this list 3.5, 4.7
Design monitoring elements, if needed 4.10

13. Final checks
Substrate depth meets or exceeds minimum requirements for rainfall retention
Protocols established for ensuring waterproofing membrane and vegetation protection for anyone accessing 
the living roof
Plant species list, installation method and maintenance plan feasibility verified by horticultural consultant
System weight (all components) within allowable loading verified by structural engineer
Architectural objectives achieved
Overall review for safety for anyone accessing the roof

14. Client approval presentation



Design elements n 

136 

REFERENCES

Aitkenhead- Peterson, J.A., Dvorak, B.D., Volder, A. and Stanley, N.C. (2011). Chemistry of 
Growth Medium and Leachate from Green Roof Systems in South- Central Texas. 
Urban Ecosystems, 14: 17–33.

ANSI/SPRI RP- 14 (2010). Wind Design Standard for Vegetative Roofing Systems, Approved 
6/3/2010. Waltham, MA: SPRI.

ASTM (2006). E2400–06 Standard Guide for Selection, Installation, and Maintenance of 
Plants for Green Roof Systems. West Conchohocken, PA: ASTM International.

ASTM (2011a). E2396–11 Standard Test Method for Saturated Water Permeability of 
Granular Drainage Media [Falling- Head Method] for Vegetative (Green) Roof 
Systems. West Conchohocken, PA: ASTM International.

ASTM (2011b). E2397–11 Standard Practice for Determination of Dead Loads and Live 
Loads Associated with Vegetative (Green) Roof Systems. West Conchohocken, PA: 
ASTM International.

ASTM (2011c). E2398–11 Standard Test Method for Water Capture and Media Retention 
of Geocomposite Drain Layers for Vegetative (Green) Roof Systems. West 
Conchohocken, PA: ASTM International.

ASTM (2011d). E2399–11 Standard Test Method for Maximum Media Density for Dead 
Load Analysis of Vegetative (Green) Roof Systems. West Conchohocken, PA: ASTM 
International.

Bates, A.J., Sadler, J.P. and Mackay, R. (2013). Vegetation Development Over Four Years on 
Two Green Roofs in the UK. Urban Forestry and Urban Greening, 12 (1): 98–108.

Bates, A.J., Mackay, R., Greswell, R.B. and Sadler, J.P. (2009). SWITCH in Birmingham, UK: 
Experimental Investigation of the Ecological and Hydrological Performance of 
Extensive Green Roofs. Reviews in Environmental Science and Biotechnology, 8 (4): 
295–300.

Behm, M. (2012). Safe Design Suggestions for Vegetative Roofs. J. Constr. Eng. Manage, 
138: 999–1003.

Bengtsson, L. (2005). Peak Flows From a Thin Sedum- Moss Roof. Nordic Hydrology, 36 (3): 
269–280.

Berghage, R.D., Jarrett, A.R., Beattie, D.J., Kelley, K., Husain, S., Rezaei, F., Long, B., 
Negassi, A., Cameron, R. and Hunt, W.F. (2007). Quantifying Evaporation and 
Transpirational Water Losses from Green Roofs and Green Roof Media Capacity for 
Neutralizing Acid Rain. National Decentralized Water Resources Capacity 
Development Project. University Park, PA: Penn State University. Available at: www.
decentralizedwater.org/documents/04-dec- 10sg/04-dec- 10sg.pdf (accessed September 
9, 2013).

Boivin, M., Lamy, M., Gosseling, A. and Dansereau, B. (2001). Effect of Artificial Substrate 
Depth on Freezing Injury of Six Herbaceous Perennials Grown in a Green Roof 
System. HortTechnology, 11: 409–412.

Boodley, J. (1998). Instructor’s Guide to Accompany the Commercial Greenhouse, 2nd edn. 
Delmar Publishers. 

Brenneisen, S. (2006). Space for Urban Wildlife: Designing Green Roofs as Habitats in 
Switzerland. Urban Habitats, 4 (1): 27–36.

Burton, G.A., Jr. and Pitt, R. (2002). Stormwater Effects Handbook. New York: CRC Press, 
Lewis Publishers.

Butler, C. and Orians, C. (2011). Sedum Cools Soil and Can Improve Neighbouring Plant 
Performance During Water Deficit on a Green Roof. Ecological Engineering, 37: 
1796–1803.

Butler, C., Butler, E. and Orians, C.M. (2012). Native Plant Enthusiasm Reaches New 
Heights: Perceptions, Evidence, and the Future of Green Roofs. Urban Forestry & 

http://www.decentralizedwater.org/documents/04-dec-10sg/04-dec-10sg.pdf
http://www.decentralizedwater.org/documents/04-dec-10sg/04-dec-10sg.pdf


Design elements n

137 

Urban Greening, 11: 1–10. Available at: http://ase.tufts.edu/biology/labs/orians/
publications/Orians/2012UFUG_Butler.pdf (accessed December 18, 2012).

Cameron, I., Gillan, G. and Duff, A.R. (2007). Issues in the Selection of Fall Prevention and 
Arrest Equipment. Eng., Constr., Archit. Manage., 14 (4): 363–374.

Clark, S., Steele, K., Spicher, J., Siu, C., Lalor, M., Pitt, R. and Kirby, J. (2008). Roofing 
Materials’ Contributions to Storm- water Runoff Pollution. Journal of Irrigation and 
Drainage, 134 (5): 638–645.

Dunnett, N. and Kingsbury, N. (2008). Planting Green Roofs and Living Walls. Revised and 
updated edn. London: Timber Press.

Durhman, A.K., Rowe, D.B. and Rugh, C.L. (2007). Effect of Substrate Depth on Initial 
Growth, Coverage, and Survival of 25 Succulent Green Roof Plant Taxa. 
HortScience, 42 (3): 588–595.

Ellis, N. (2001). Introduction to Fall Protection. 3rd edn. Des Plaines, IL: American Society of 
Safety Engineers.

Emilsson, T. and Rolf, K. (2005). Comparison of Establishment Methods for Extensive Green 
Roofs in Southern Sweden. Urban Forestry and Greening, 3: 103–111.

Farrell, C. Ang, X.Q. and Rayner, J.P. (2013a). Water Retention Additives Increase Plant 
Available Water in Green Roof Substrates. Ecological Engineering, 52: 112–118.

Farrell, C., Szota, C., Williams, N. and Arndt, S. (2013b). High Water Users Can Be Drought 
Tolerant: Using Physiological Traits for Green Roof Plant Selection. Plant and Soil, 
372: 177–193.

Fassman, E.A. and Simcock, R. (2012). Moisture Measurements as Performance Criteria for 
Extensive Living Roof Substrates. Journal of Environmental Engineering, 138 (8): 
841–851.

Fassman, E.A., Simcock, R. and Voyde, E.A. (2010). Extensive Living Roofs for Stormwater 
Management. Part 1: Design and Construction. Auckland UniServices Technical 
Report to Auckland Regional Council. Auckland Regional Council TR2010/17. 
Available at: www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technical 
publications/Pages/technicalreports2010.aspx (accessed September 9, 2013).

Fassman, E.A., Simcock, R., Voyde, E.A. and Hong., Y.S. (2013). Extensive Living Roofs for 
Stormwater Management. Part 2: Performance Monitoring. Auckland UniServices 
Technical Report to Auckland Regional Council. Auckland Regional Council 
TR2010/18. Auckland, New Zealand. Available at: www.aucklandcouncil.govt.nz/
EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.
aspx (accessed July 26, 2014).

Fassman- Beck, E.A. and Simcock, R. (2013). Living Roof Review and Design Recommendations 
for Stormwater Management. Auckland UniServices Technical Report to Auckland 
Council. Auckland Council TR2010/018. Available at: www.aucklandcouncil.govt.nz/
EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx 
(accessed July 30, 2014).

Fassman- Beck, E.A., Simcock, R., Voyde, E.A. and Hong, Y.S. (2013). 4 Living Roofs in 3 
Locations: Does Configuration Affect Runoff Mitigation? Journal of Hydrology, 
490: 11–20.

Fassman- Beck, E., Liu, R., Hunt, W., Berghage, R., Carpenter, D., Kurtz, T., Stovin, V. and 
Wadzuk, B. (in preparation). Curve Number Approximation for Living Roofs.

Fentiman, C. and Hallas, C. (2006). A Fine Waste of a Roof. Materials World: 24–26.
Fifth Creek Studio (2012). Green Roof Trials Monitoring Report. South Australia 

Government’s Building Innovation Fund and Aspen Development Fund No. 1. 
Available at: www.sa.gov.au/__data/assets/pdf_file/0015/10194/green_roof_final_
report_aug_20 12.pdf (accessed May 22, 2014).

Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau (2008). Guidelines for the 
Planning, Execution and Upkeep of Green- roof Sites, e.V. Available at: www.fll.de/

http://www.sa.gov.au/__data/assets/pdf_file/0015/10194/green_roof_final_report_aug_20 12.pdf
http://ase.tufts.edu/biology/labs/orians/publications/Orians/2012UFUG_Butler.pdf
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://www.fll.de/
http://www.sa.gov.au/__data/assets/pdf_file/0015/10194/green_roof_final_report_aug_20 12.pdf
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://www.aucklandcouncil.govt.nz/EN/planspoliciesprojects/reports/technicalpublications/Pages/technicalreports2010.aspx
http://ase.tufts.edu/biology/labs/orians/publications/Orians/2012UFUG_Butler.pdf


Design elements n 

138 

shop/english- publications/green- roofing-guideline- 2008-file- download.html (accessed 
October 17, 2014).

Fredlund, D.G. and Rahardjo, H. (1993). Soil Mechanics for Unsaturated Soils. New York: 
John Wiley & Sons.

Gedge, D., Grant, G., Kadas, G. and Dinham, C. (2012). Creating Green Roofs For 
Invertebrates: A Best Practice Guide. Bug Life. Available at: www.buglife.org.uk/
Resources/Buglife/GreenRoofGuide_P5.pdf (accessed December 18, 2012).

Geosyntec Consultants and Wright Water Engineers (2009). Urban Stormwater BMP 
Performance Monitoring. Prepared under support from the U.S. Environmental 
Protection Agency, Water Environment Research Foundation, Federal Highway 
Administration and Environmental and Water Resources Institute of the American 
Society of Civil Engineers. October. Available at: www.bmpdatabase.org/ (accessed 
July 28, 2014).

Getter, K. and Rowe, B. (2008). Selecting Plants for Extensive Green Roofs in the United 
States. Michigan State University. Extension Bulletin E- 3047.

Getter K.L., Rowe D.B. and Andresen J.A. (2007). Quantfying the Effect of Slope on Extensive 
Green Roof Storm Water Retention. Ecological Engineering, 31: 225–231.

Graceson, A., Hare, M., Monaghan, J. and Hall, N. (2013). The Water Retention Capablities 
of Growing Media for Green Roofs. Ecological Engineering, 61: 328–334.

Gradwell, M.W. and Birrell, K.S. (1979). Methods for Physical Analysis of Soils. New Zealand 
Soil Bureau Scientific Report No. 10C, ed., Wellington, DSIR.

Greenroofguide.co.uk. Biodiversity and Planting. Available at: www.greenroofguide.co.uk/
biodiversity- and-planting/ (accessed December 18, 2012).

Health and Safety Executive (2008). Working on Roofs, United Kingdom. Available at: 
www.hseni.gov.uk/hsg33_roof_work.pdf (accessed August 9, 2013).

International Ecological Engineering Society (2007). Case Study 08-Green Roofs on Public 
Buildings in the Netherlands. Available at: www.iees.ch/cms/index.php?option= 
com_content&task=view&id=26&Itemid=47 (accessed August 9, 2013).

Koehler M. (2003). Plant Survival Research and Biodiversity: Lessons from Europe. Paper 
presented at the First Annual Greening Rooftops for Sustainable Communities 
Conference, Awards and Trade Show, May 20–30, 2003, Chicago.

Krupka, B. (1992). Dachbegrünung. Pflanzen- und Vegetationsanwendung an Bauwerken. 
Stuttgart: Ulmer.

Liu, R. and Fassman- Beck, E. (2014). Unsaturated 1D Hydrological Process and Modeling of 
Living Roof Media during Steady Rainfall. In Proceedings of the EWRI World 
Environmental and Water Resources Congress 2014: Water without Borders. 
Portland, OR, June 1–5.

Lundholm, J. (2006). Green Roofs and Facades: A Habitat Template Approach. Urban 
Habitats, 4: 87–101.

McIvor, J.S. and Lundholm, J.T. (2011). Performance Evaluation of Native Plants Suited to 
Extensive Green Roof Conditions in a Maritime Climate. Ecological Engineering, 37: 
407–417.

Mclaren, R.G. and Cameron, K.C. (1996). Soil Science: Sustainable Production and 
Environmental Protection. 2nd edn. Oxford: Oxford University Press.

Molineux, C.J., Fentiman, C.H. and Gange, A.C. (2009). Characterising Alternative Recycled 
Waste Materials for Use as Green Roof Growing Media in the U.K. Ecological 
Engineering, 35: 1507–1513.

Nagase, A. and Dunnett, N. (2011). The Relationship between Percentage of Organic 
Matter in Substrate and Plant Growth in Extensive Green Roofs. Landscape and 
Urban Planning, 103 (2): 230–236.

NRCS (2004). Saturated Hydraulic Conductivity: Water Movement Concepts and Class 
History. Soil Survey Technical Note 6. National Soil Survey Center, U.S. Dept. of 

http://www.buglife.org.uk/Resources/Buglife/GreenRoofGuide_P5.pdf
http://www.greenroofguide.co.uk/biodiversity-and-planting/
http://www.iees.ch/cms/index.php?option=com_content&task=view&id=26&Itemid=47
http://www.iees.ch/cms/index.php?option=com_content&task=view&id=26&Itemid=47
http://www.hseni.gov.uk/hsg33_roof_work.pdf
http://www.greenroofguide.co.uk/biodiversity-and-planting/
http://www.bmpdatabase.org/
http://www.buglife.org.uk/Resources/Buglife/GreenRoofGuide_P5.pdf


Design elements n

139 

Agriculture, Lincoln, Nebraska. Available at: http://soils.usda.gov/technical/
technotes/ (accessed November 21, 2013)

Ngan, G. (2004). Green Roof Policies: Tools for Encouraging Sustainable Design. Report to 
Landscape Architecture Canada Foundation. Available at: http://gnla.ca/assets/
Policy%20report.pdf (accessed December 18, 2012).

Olly, L.M., Bates, A.J., Sadler, J.P. and MacKay, R. (2011). An Initial Experimental Assessment 
of the Influence of Substrate Depth on Floral Assemblage for Extensive Green 
Roofs. Urban Forestry and Urban Greening, 10 (4): 311–316.

Osmundson, T. (1999). Roof Gardens: History, Design and Construction. New York: W.W. 
Norton & Co.

O’Sullivan, A., Wicke, D. and Cochrane, T. (2012). Heavy Metal Contamination in an Urban 
Stream Fed by Contaminated Air- Conditioning and Stormwater Discharges. 
Environmental Science and Pollution Research, 19 (3): 903–911.

Roehr, D. and Kong, Y. (2010). Runoff Reduction Effects of Green Roofs in Vancouver, B.C., 
Kelowna, B.C., and Shanghai, P.R. China. Canadian Water Resources Journal, 35 
(1): 1–16.

Rowe, D.B., Getter, K.L. and Durhman, A.K. (2012). Effect of Green Roof Media Depth on 
Crassulacean Plant Succession over Seven Years. Landscape and Urban Planning, 
104(3–4): 310–319.

Rowe, D.B., Kolp, M.R., Greer, S.E. and Getter, K.L. (2014). Comparison of Irrigation 
Efficiency and Plant Health of Overhead, Drip, and Sub- Irrigation for Extensive 
Green Roofs. Ecological Engineering, 64: 306–313.

Snodgrass, E. and Snodgrass, L. (2006). Green Roof Plants: A Resource and Planting Guide. 
Portland: Timber Press.

Solano, L., Ristvey, A.G., Lea- Cox, J.D. and Cohan, S.M. (2012). Sequestering Zinc from 
Recycled Crumb Rubber in Extensive Green Roof Media. Ecological Engineering, 
47: 284–290.

Thuring, C., Berghage, R. and Beattie, D. (2010). Green Roof Plant Responses to Different 
Substrate Types and Depths under Various Drought Conditions. HortTechnology, 
20 (2): 395–401.

Umweltbundesamt (2012). Kosten und Nutzung Anpassungsmassnahmen an den 
Klimawandel. Prepared by J. Tröltzsch, B. Görlach, H. Luckge, M. Peter and C. 
Sartorius. Available at: www.uba.de/uba- info-medien- e/4298.html (accessed 
December 18, 2012).

Urban Drainage and Flood Control District (UDFCD) (2010). Urban Storm Drainage Criteria 
Manual, Volume 3, Chp 4, T- 4 Green Roofs. Available at: www.udfcd.org/ (accessed 
May 21, 2014).

Vijayaraghavan, K., Joshi, U.M. and Balasubramanian, R. (2012). A Field Study to Evaluate 
Runoff Quality from Green Roofs. Water Research, 46: 1337–1345.

Voyde, E.A., Fassman, E.A. and Simcock, R. (2010a). Hydrology of an Extensive Living Roof 
under Sub- Tropical Climate Conditions in Auckland, New Zealand. Journal of 
Hydrology, 394: 384–395.

Voyde, E.A., Fassman, E.A., Simcock, R. and Wells, J. (2010b). Quantifying 
Evapotranspiration Rates for New Zealand Green Roofs. Journal of Hydrologic 
Engineering, 15 (6): 395–403.

Weiler, S. and Scholz- Barth, K. (2009). Green Roof Systems: A Guide to Planning, Design, 
and Construction of Landscape over Structure. Hoboken: Wiley.

Werthmann, C. (2007). Green Roof Gardens: A Case Study. New York: Princeton 
Architectural Press.

Wicke, D., Cochrane, T.A., O’Sullivan, A.D., Cave, S. and Derksen, M. (2014). Effect of Age 
and Rainfall pH on Contaminant Yields from Metal Roofs. Water Science and 
Technology, 69 (10): 2166–2173.

http://gnla.ca/assets/Policy%20report.pdf
http://soils.usda.gov/technical/technotes/
http://www.udfcd.org/
http://www.uba.de/uba-info-medien-e/4298.html
http://gnla.ca/assets/Policy%20report.pdf
http://soils.usda.gov/technical/technotes/


Design elements n 

140 

Ye, J., Liu, C., Zhao, Z., Li, Y. and Yu, S. (2013). Heavy Metals in Plants and Substrate from 
Simulated Extensive Green Roofs. Ecological Engineering, 55: 29–34.

PERSONAL COMMUNICATIONS

Koehler, M. (2010). Email communication via third- party translator. University of Applied 
Sciences Neubrandenburg, Professor, Member of FLL Working Group, June 10, 
2010.

Miller, C. (2011). Roofmeadow. President and Professional Engineer. Email and verbal 
communications.



141 

Chapter 5: Case studies

5.1 INTRODUCTION TO SMALL AND LARGE SCALE DESIGN SCENARIOS

This chapter uses built project case studies to illustrate how principles covered in pre-

vious chapters are applied together and at three different scales of living roof design 

scenarios: the single lot, city block and neighborhood. Throughout the preceding 

chapters, it has been argued that living roofs must be integrated into social and 

environmental infrastructural systems if municipal infrastructure is to be protected 

and strengthened. These examples demonstrate how it is possible, positive and nec-

essary at all scales for living roofs to be designed and understood in this way.

 The five projects featured here are based in predominantly temperate climates 

– on the West Coast of Canada, West Coast of the United States, and in central 

Germany. These projects vary not only in scale, but also in program, funding 

amount and source, time period, and in varying degrees of success in planning 

and execution. Even this small range of projects speaks to the varied nature of 

planning and execution in the design world, where countless variables impact on 

both physical form and success of design. The temporal range of projects also 

demonstrates the new emphasis on sustainability benchmarks like LEED and the 

Living Building Challenge (LBC) and the significant development of building and 

monitoring technologies in the last 20 years. Trends and advances that have 

given rise to more efficient, effective, complex and exciting living roof projects 

than was previously possible.

 Analysis of the five projects featured in this chapter is primarily guided by the 

distinctions between different urban contexts, where issues of scale and typology 

influence the suitability of certain systems’ designs over others. In addition to the 

criteria of scale, all projects presented were selected based on the following 

aspects:

1 showcasing an extensive living roof linked to a stormwater management 

system on the ground; setting of stormwater management targets;

2 setting of notable sustainability targets, including reduced energy use and 

non- toxic materials;

3 demonstration of an integrated design team and process; and

4 provision of public space and strong social/cultural function.
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Figure 5.1 
VanDusen Botanical Gardens and Visitor Centre: a holistic stormwater management system diagram (Figure based on 
drawing by Perkins and Will Architects)

5.2 CASE STUDIES

5.2.1 Single lot: VanDusen Botanical Garden Visitors Centre, Vancouver, 
BC, Canada

Table 5.1 Project specifications: VanDusen Botanical Gardens Visitors Centre

Location Vancouver, BC, Canada

Completion 2011
Project area 17,000 m2 hectares (Visitor Centre and Site Restoration)
Project budget $21.9 million CA$
Construction cost $14.9 million CA$
Building footprint 1,765 m2

Roof area •  Living Roof – 1,486 m2

•  Blue Roof (water collection) – 371 m2

Awards/recognition •  Lt. Governor Award
•  Living Building Challenge 2.1 and LEED-NC Platinum still pending

Consultant team (selected) •   Landscape Architect: Sharp & Diamond Landscape Architecture Inc in collaboration 
with Cornelia Hahn Oberlander, Landscape Architect

•  Architect: Busby, Perkins + Will
•  Structural Engineers: Fast and Epp
•  Ecology: Raincoast
•  Lighting Design: Total Lighting Solutions

Client/owner •  Vancouver Board of Parks and Recreation
•  VanDusen Botanical Garden

Rainwater
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cold water
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5.2.1.1 Project overview/objectives

The Visitor Centre and its living roof at the VanDusen Botanical Garden is an 

example of a holistic building concept, where stormwater management was only 

one of the many, interconnected project objectives. Comprehensive in both 

design and process, the landmark project resulted from a successful collaboration 

between consultants in the fields of architecture, landscape architecture and 

ecology (see Table 5.1 and Figure 5.1).

 The integrated and collaborative design followed four overarching objectives 

(Hahn Oberlander and Larsson 2013):

1 Education: communicate the importance of plant conservation and biodiver-

sity.

2 Demonstration: provide a living example of what it means to be a botanical 

garden in a modern society.

3 Performance: foster a relationship between building and ecological systems.

4 Identity: celebrate the concept of nature in the city.

Based on the traditional botanical garden and the philosophy that it is a symbol 

for the human place in the natural world, the VanDusen Botanical Garden Visitor 

Centre is organized into plant classifications based on research and education, 

medicinal and food plants of horticultural significance, as well as aesthetic 

beauty. The state- of-the- art Visitor Centre re- connects people to current environ-

mental issues, including water and energy conservation, reuse and recycling, 

beauty of native plant ecology, and the design of healthier building processes 

and products.

 The VanDusen Visitor Centre project is a clear example of a comprehensive LID 

approach, as rooftop runoff is collected and processed in at- grade SCMs and in 

an underground drywell, which supplies greywater use inside the building.

 The five- acre project site, building and roof is designed to exceed LEED Plat-

inum and is registered for the Cascadia Green Building Council’s LBC 2.0, 

which strives to define the highest measure of sustainable design. All construc-

tion details, materials and specifications were carefully scrutinized and devel-

oped to reflect the criteria of the LBC for a healthier way of building and 

design.

5.2.1.2 Materials

The living roof was built from locally sourced and reused materials to meet LBC 

2.0 requirements. Red- list materials (a list of materials containing chemicals 

deemed harmful to plants, animals and humans, e.g., PVC products) were 

avoided. The LBC net- zero requirements meant implementing water and 

energy infrastructure, including a cistern, rock ballast (blue roof ), chambers 

and vaults for an on- site bioreactor, vertical solar chimney, and hot water solar 

tubes. This infrastructure had an impact on the roof design and available 

planted area.
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5.2.1.3 Resource use and management

Water: net zero via rainwater catchment and on- site blackwater treatment. An 

Integrated Stormwater Management Plan (ISMP) was developed to meet both 

the LBC and LEED Platinum. The requirements, respectively, meant that 100 

percent of the site stormwater and building water discharge was designed to be 

integrally managed on site, and where the following credits were to be achieved: 

Credit 6.1: Stormwater Management (Rate and Quantity) and Credit 6.2: Storm-

water Management (Treatment).

 Energy: net zero via solar hot water, photovoltaic panels, geothermal bore-

holes. The project’s natural ventilation was made possible by a solar chimney in 

the roof, which converts sun’s rays to convection energy.

5.2.1.4 Key living roof design features

1 PROCESS

Adhering to the Roofing Contractors Association of British Columbia (RCABC) 

warranty was an example of a practical construction policy for the project’s com-

prehensive design process. As per the requirements of the RCABC, the project’s 

living roof, roofing membrane and roof installation were submitted as one com-

plete tender. Together with the supplier, both the envelope consultant and struc-

tural engineer extensively reviewed and approved the shear barrier design, 

locations and installation.

 Due to its lightweight media specification with 150 mm, on average, and 

unique curvilinear shape, special coordination was required between the suppli-

ers and the landscape architecture and architecture teams. The roof is designed 

to support about 220 kg/m2. A custom grid shell of sustainably harvested (FSC) fir 

individually- shaped, glulam members support the roof, and shear barriers are 

integrated within the roof deck and membrane systems to prevent the living roof 

system from slipping off the roof.

2  L IVING RooF PLANT SELECTIoN AND SITE CoNNECTIVITy

Shaped like the petals of an orchid, the roof reflects the Pacific Northwest Coastal 

grassland community and includes over 20 species (approximately 14,000 in 

quantity) of in- situ plants, native perennial bulbs, together with custom fescue 

hydro- seed grass mix. The site grading brings the existing botanical garden onto 

the roof to create key sightlines between the main arrival bridge, upper terrace, 

restaurant and street, and throughout the gardens – reinforcing the seamless 

building/site relationship. The continuous green space also creates a wildlife cor-

ridor. The low- growing fescue requires minimal mowing and fertilization, and is 

dormant in the winter. The roof has no artificial irrigation system (nor does the 

at- grade garden landscape). Therefore, the survival of the roof vegetation relies 

on plant selection optimally suited to the local climate and a specialized mainte-

nance program that has been developed with the Botanical Garden Horticulture 

Maintenance team.
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3  L IVING RooF ASSEmBLy

The roof ’s undulating planes simulate rolls and hummocks with gentle slopes of 5 

percent to near vertical grades. Due to these various roof profiles, different systems 

were used to make the planting of the roof possible. These systems include engi-

neered pockets for growing media retention and erosion control; waterproofed 

shear barriers built into the steep areas of the structure to keep the system from 

slipping; and interlocking, honeycomb- shaped modules to hold the growing media 

in place on areas of extreme slopes. The system throughout also consists of a 

mechanical root barrier; anti- shear geotextile protection mat growing media reten-

tion modules; a custom growing media mix developed in collaboration with a spe-

cialist living roof company and the local supplier; and a two- ply SBS membrane, in 

addition to a leak detection system, root barrier cap sheet and drainage mat.

4  RAINWATER CoLLECTIoN

The roof is the cornerstone of the project’s water conservation strategy with six 

individual undulating roof petals: two blue roofs for water collection and solar 

hot water tubes, and four planted petal- shaped living roofs. Runoff from the 

living roof is directed to the existing stream, enhanced infiltration beds and wet-

lands in addition to an underground cistern. The rainwater collection cistern is a 

134,000 liter tank beneath the building. The greywater is filtered and used in 

toilets and urinals.

 Despite City requirements for both water and sewer systems to be connected 

to the city service, the Visitor Centre is one of the first buildings in Vancouver in 

more than 45 years to treat blackwater on- site (using a bioreactor wastewater 

system). Blackwater from toilets and urinals is reclaimed and sent to the bioreac-

tor for treatment, directed to a percolation field, and then returned to the sur-

rounding garden wetlands. Through this comprehensive process, the project 

shines as a truly net- zero example of an off- grid water system.

5.2.2 Single lot: Port of Portland Headquarters, Portland, Oregon, USA
5.2.1.1 Project overview/objectives

Located between two active airplane runways, the Port of Portland Headquarters 

is a ten- storey structure that serves as a long- term Port of Portland Headquarters 

offices  and  parking  garage  (see  Table  5.2  and  Figure  5.2).  Incipient  primary 

design objectives included adherence to Portland’s pursuit of sustainable develop-

ment practices. To accomplish this goal, the Port sought a highly functional build-

ing  with  a  minimum  LEED- NC  (LEED  –  New  Construction)  Gold  rating,  while 

targeting LEED- NC Platinum rating, which was achieved in 2011. Achieving this 

standard of LEED certification mean incorporating many eco- friendly systems, 

including the effective use of daylighting and daylight harvesting, exterior glazing 

and  sun- shades,  geothermal  heating  and  cooling,  near  Net- Zero  (90  percent) 

waste diversion, low- flow water fixtures, a highly visible and prominently fea-

tured living machine, and two living roofs, all of which would help the facility 

save energy and reduce operating expenses. As such, the building has been the 
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Table 5.2 Project specifications: Port of Portland

Location Portland, OR, USA

Completion 2010
Project area 48,500 m2

Project budget $241 million US$
Construction cost $236 million US$
Building footprint 19,045 m2

Roof area •  10th floor extensive eco-roof – 930 m2

•  8th floor intensive eco-roof – 650 m2

Awards/recognition •  LEED® Platinum Certified, 2011
•  American Society of Landscape Architects, oregon Chapter Honor Award, 2011
•   oregon Daily Journal of Commerce Top Projects, Best in Show and First Place Public 

Buildings more than $50 million, 2011
Consultant team (selected) •  Landscape Architects: mayer/Reed Urban Design

•  Architect: ZGF Architects
•  Structural Engineer: KPFF
•  Civil Engineer: HNTB Corp.
•  mechanical Engineers: PAE Consulting
•  General Contractor: Hoffman Construction Co.
•  Green Roof Installer: 7 Dees Landscaping, Inc.

Client/owner •  Port of Portland
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first of its kind in Portland, and continues to draw community pride and interest 

(Timmerman 2014).

5.2.1.2 Materials

All materials used were non- persistent, non- toxic, and procured from reused, 

recycled, renewable or ubiquitous sources (for example, PVC products were pro-

hibited). Woods  used  in  the  construction were  FSC- certified wood or  recycled. 

Paints, finishes and materials with low or no VOC emitting properties were uti-

lized to provide high indoor air quality.

5.2.1.3 Resource use and management

Water: the two living roofs and at- grade landscape elements were designed to inte-

grate with the Port’s campus- wide stormwater management system, which miti-

gates runoff from all of its land- related infrastructure surfaces (i.e., planes, cars and 

buildings). The extensive living roof reduces peak flows, cools runoff temperatures 

from the high- temperature roof surface, and captures runoff from the non- 

vegetated roof area of the tenth floor’s roof, before directing runoff to the campus- 

wide system (City of Portland 2010). Runoff conveyance is not exposed, and no 

adjacent at- grade GI systems exist to receive the runoff so as not to place birds or 

other wildlife at risk from the infrastructural activity of the Port (Timmerman 2014).

 The two living roofs were designed to conserve water through retention and 

detention and through an efficient irrigation system. The system design ensures 

that the need for artificial irrigation does not significantly exceed the amount of 

rainfall on or flowing through the site. For the tenth floor extensive living roof, a 

temporary, timer- activated artificial irrigation system (consisting of a standard 

pop- up sprinkler system, a 25 mm main, 19 mm and 13 mm feeders) was installed 

for plant establishment (City of Portland 2010). Artificial irrigation was intended 

for one to two years and was shut off after plant establishment (Timmerman 

2014). The system was retained in case of future replanting needs, and has been 

used only in periods of extreme drought. The need for irrigation has been 

reduced by a selection of Sexanguiare, Albun and Oreganum species (City of 

Portland). This carefully selected mix is drought tolerant, native or adaptive, 

requires less water, and is well adapted to the local climate and ecological 

context. Reductions in irrigation through xeriscaping thus furthers stormwater 

management performance of the roof, while enabling habitat creation for plant 

life, invertebrates and pollinators (Timmerman 2014).

 Due to the recent construction of the building, no official monitoring has 

taken place. However, a city audit is to take place in the summer months of 

2014, as part of maintaining the criteria for the building’s LEED certification. The 

Portland South Waterfront District is also undergoing a community- wide per-

formance assessment, and the aggregated stormwater management perform-

ance data for the neighborhood will become available.

 Energy: to aid in energy use reduction, both living roofs are used for their insu-

lative capacity by facilitating the regulation of the internal building temperature. 
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The roof reduces the internal building temperature. Exact figures will also become 

available when the city audit has been completed.

5.2.1.4 Key Living Roof Design Features

1 PROCESS

Design goals resulted from an intensive year- long process of interaction between 

designers, owners and employees. Success of the project and meeting budgetary 

targets were in great part due to this early coordination (City of Portland 2010). 

Because the Port’s whole reason for being is the operation and maintenance of 

infrastructure and facilities, the Port’s Headquarters project was uniquely posi-

tioned to benefit from an integrated and well- planned process (Timmerman 

2014).

 In keeping with the methodology of a successfully integrated design process, 

all divisions of the Port were included in the planning consultation process, 

including office, operations, maintenance and wildlife staff. The landscape design 

of the tenth floor extensive living roof was heavily influenced by consideration of 

wildlife health and safety, given that its location on the north side of the Head-

quarters building is adjacent to the active Portland International airport. This con-

sideration did not affect plant diversity, but influenced the planting design (plant 

variety and shape), so as not attract birds and endanger them by placing them 

near the flight paths of planes. Through much testing and experimentation, the 

Port’s Wildlife Management has developed a sustainable plan to passively 

manage the presence of wildlife on the Port lands, including on the Headquarter 

building. The Wildlife Management Team found that planting low- growth sedum 

varieties on the tenth floor “eco- roof ” (Portland’s preferred term for “living 

roof ”) were not attractive to birds. The landscaped patio on the eighth floor has 

also been planted with dense container shrubs and grasses, which prevent birds 

from perching (Timmerman 2014).

 The Port of Portland Headquarters project serves as an example of how gov-

ernment incentives may in some way support policy- driven design. To reward the 

project team’s efforts to maximize the stormwater mitigation potential of 

the project, the City of Portland Bureau of Environmental Services awarded the 

project a US$50,530 Eco- roof Incentive grant (City of Portland 2010). The grant 

comprised just over 25 percent of the US$193,341 cost of the tenth floor living 

roof. Admittedly, the Port’s funding ability was staggering (with a total project 

budget of US$241 million), and incentives such as these for a project of this mag-

nitude cannot be counted as an example of commonly enacted local government 

policy. The gesture was perhaps symbolic, if nothing else; in awarding this grant, 

the City of Portland demonstrated its commitment to its sustainability policy by 

rewarding design that offsets services from municipal infrastructure. The grant 

program has since been discontinued as it was only ever funded for a limited 

time period, but there are high hopes that the spirit of the grant will be rein-

stated for developers of future projects (City of Portland 2014; Timmerman 

2014).
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2  TENTH FLooR “ECo- RooF ”  (ExTENSIVE LIVING RooF )

Plant selection for this extensive living roof included native, drought- tolerant and 

low- growing sedum varieties. This selection provides a viable habitat for small 

living organisms, but provides little attraction level to local birds. Since the year 

following project completion, the living roof has been active hotspot for bees – 

an unintended but welcome achievement of biodiversity of the roof. In spring of 

2012, an apiary was installed (Timmerman 2013). Bee activity has been encour-

aged in the areas not accessible to the Headquarters’ staff, enabling continued 

activity and safety of the building’s occupants (Timmerman 2014).

 The tenth floor living roof is comprised of a 100 mm growing medium. The 

assembly was installed as a proprietary modular system (comprised of 30 cm × 60 cm 

pre- grown trays), which along with the root barrier, was installed directly over the 

TPO- membrane roof deck. The pre- grown trays were quick to assemble due to the 

manageable size of the modules, produced an “instant green” result, and reduced 

the initial establishment of weeds. Four years after completion, the trays have held, 

plants are healthy, and very little maintenance has been required (Timmerman 2014).

 The tenth floor living roof drains at a gentle 1.5 percent slope. Drains and 

perimeter edges are ballasted with washed river rock. The maintenance pathway 

along the outer edge of the roof was given generous proportions (for the roof 

and glazing), respectively. Waterproofing was taken very seriously and, to date, 

no leakages have been recorded (Timmerman 2014).

 The roof elements feature a mixture of protected vegetated areas, patios 

without barriers and patio with barriers. Life- safety features have been provided 

through the use of guardrails around two of the patios and around the full 

perimeter of the extensive living roof area.

3  EIGHTH FLooR “ECo- RooF ” ( INTENSIVE L IVING RooF )

Located on the south side of the Port of Portland Headquarters building, the 

intensive living roof and terrace is an outdoor amenity for both staff and visitors. 

In a growing media depth of 300 mm and 600 mm, thrive a variety of ground 

covers, ornamental grasses, shrubs and small trees. The roof is both an active 

space for occupant use and a passive framing device, both locally and contextu-

ally. Definition of form and sequestration of semi- private seating alcoves are 

created by weathering steel planters. The plane of landscape is sloped upwards, 

with shorter vegetation at the southwest edge of the roof and taller plants on 

the northeast edge, foregrounding the forest beyond while providing visual and 

acoustic screening of runways and the upper deck of the parking garage.

5.2.3 Single lot scale: Mirabella and The South Waterfront District, 
Portland, Oregon, USA

5.2.3.1 Context

Located on the west bank of the Willamette River, one mile south of downtown 

Portland, the South Waterfront Central District (SOWA) is a 42-acre former industrial 
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Table 5.3 Project specifications: The South Waterfront District

Location Portland, OR, USA – The “South Waterfront District”

Completion 2008
Project area 170,000 m2 hectares former brownfield site
Project budget/cost $222 million US$
Building footprint 46,500 m2

Roof area •  7th floor extensive roof:
•  8th floor extensive roof:
•  25th floor “eco-roof”: 120 m2

Awards/recognition •  LEED Platinum Certified
•  8th Hospitality Design Awards for Creative Achievement 2012, finalist
•  34th Urban Land Institute (ULI) Global Awards for Excellence 2012, finalist
•  49th Gold Nugget Awards 2011, two merit awards

Consultant team (selected) •  Landscape Architects: mayer/Reed
•  Architect: Ankrom moisan Associated Architects
•  Structural Engineer: Kramer Gehlen & Associates Inc.
•  Civil Engineer: otak
•  mechanical Engineer: Glumac
•  General Contractor: Hoffman Construction Co
•  Speciality Green Roof Installer: Snyder Roofing

Client/owner •  Pacific Retirement Services
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brownfield (see Table 5.3 and Figure 5.3). Featuring mixed- use, high- rise residen-

tial units with street- level retail, river frontage and a public park, the site is now a 

private landholding that has been transformed into a new neighborhood. Becom-

ing a model community for sustainable design was a primary goal for the new 

development – one that would help continual and progressive strengthening and 

evolution of its riverfront identity. In realization of this goal, the community 
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adheres to the principles of smart growth: urban sprawl is mitigated by concen-

trating community resources, investing and connecting to public transportation, 

treating and mitigating stormwater runoff, improving water quality, and minimiz-

ing the overall community’s environmental footprint.

 Each high- density city block is comprised of public hard- scape spaces, public 

vegetated spaces, walkable streets and living roofs, and an overall stormwater 

treatment strategy. Living roofs are an important aspect of managing the storm-

water in the South Waterfront District as well as creating amenity spaces for the 

residents of high- density residential towers.

5.2.3.2 Project overview/objectives

Inspiration for the Mirabella project, a 30-storey retirement community, was 

based on the notion that human health and access to nature have a direct cor-

relation. That access can be characterized as the fundamental connection to 

the natural processes that sustain health. These processes include food produc-

tion, provision of fresh air, and the creation of a comfortable outdoor environ-

ment, which permits residents with the ability to exercise outside while being 

surrounded by a community. Since Portland is home to a large aging popula-

tion, the goal of providing a higher quality of life for the aging portion of Port-

land’s population catalyzed the overall design schema and objectives of this 

project.

 Sustainability objectives transcended the goal of achieving LEED Platinum cer-

tification, which was obtained through close collaboration between the land-

scape architects and other technical team designers and engineers. This project 

can be considered a microcosm of its host neighborhood, because its philosophy 

and approach toward environmental and social sustainability was to become a 

pioneer for other retirement communities. To this end, the incorporation of 

extensive and intensive living roofs for management of rainwater, water conser-

vation, drought- tolerant plantings and attraction of wildlife were central to the 

design and function of the project. Rain gardens and vegetated swales were also 

incorporated into the overall garden terrace strategy to treat and manage storm-

water runoff.

5.2.3.3 Key living roof design features

1 PROCESS

The design team carefully considered microclimate and wind, shade and glare 

control to make the Mirabella’s outdoor spaces as versatile, appealing and usable 

as possible. Five levels of terrace gardens and three levels of eco- roofs over struc-

ture were incorporated into and spread out throughout the building, from the 

twenty- fifth floor to street level. Sweeping views of the Portland city center and 

forested hillside beyond were created from the outdoor garden terrace that 

extends to the west. Planters and trellises separating this living roof into a 

number of outdoor rooms were designed for programmed activities and private 

use. Because residents were thought to be most likely outside in the late spring 
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and summer, the ornamental and native plant palette was chosen to feature 

various adapted seasonal plants that flower during this time period.

 Coordination during construction was taken seriously, due to the high number 

of workers on site, and the limited space for staging due to the urban context. 

This reduced the efficiency with which materials could be brought on site and 

installed. Special care was taken to ensure that the existing streetscape was pro-

tected. This included the removal and reinstallation of 930 m2 of concrete pavers 

(dennis7dees.com 2012).

 The design team featured a typical consortium of design consultants, includ-

ing an architect, landscape architect, structural engineer and various roof install-

ers. The number of players involved in the installation of the living roofs 

ultimately proved problematic for project maintenance after construction. For this 

reason, this case study is particularly useful in illustrating the potential disconnect 

between design intent and design application, where the project’s success is 

compromised by the realities of project execution, limitations imposed by various 

city regulations, and the nature of building facilities management after construc-

tion is complete. The nature of new construction featuring both complex pro-

grams and advanced, environmentally- friendly building systems often means that 

there is frequent turnover in building facilities management staff. Mirabella’s 

building facilities management team suffers from a lack of a living roof mainte-

nance manual, not necessarily because it does not exist, but because it most 

likely has been lost during the frequent turnover. The Mirabella reportedly saw 

three different facility directors in the first six months of its occupancy (Hart 

2014). These circumstances serve as a cautionary tale that maintenance of fea-

tures like living roofs, while great point- winners for accreditation like LEED Plati-

num, tends to get pushed to the wayside when maintenance concerns for other 

building systems are onerous, as is the case with a retirement community.

 Process failings aside, the design of the Mirabella has produced a well- loved 

retirement community for its residents, and features some laudable, integrated 

LID design features.

2  RAINWATER CoLLECTIoN

The living roof on the twenty- fifth floor is comprised of 120 m2 of extensive 

planting established via the installation of over 14,000 plugs. The drainage layers 

are comprised of multiple materials, ranging from lightweight fill in some areas 

to 10” drain rock in others (dennis7dees.com 2012). The living roofs on the 

seventh and eighth floors have extensive shallow growing media profiles and 

drought- tolerant plants to maximize stormwater treatment performance. The 

extensive living roofs are supplied with drip irrigation.

 Stormwater overflows into a rain garden and bio swales on the north side of 

the building via an internal drainage system and then empties into a highly visible 

tiered scupper. The scupper captures overflow from multiple roofs. The roof deck 

on the fifth floor is a hard- scaped patio which sits on top of a drain field. 

The roof deck also holds multiple planters with tall plants. Overflow from these 
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planters also drains into the drain field and connects to the at- grade SCMs (Hart 

2014).

 Like the Port of Portland Headquarters project, the overall performance of the 

Mirabella’s living roofs are yet to be assessed because of how recently the build-

ing was constructed. A water meter was installed on one of the irrigation lines 

during roof installation, but roof monitoring equipment is not widespread 

throughout the building to provide a comprehensive analysis of water consumed 

for irrigation (Hart 2014). A 3–5 year plan is in place to monitor the performance 

of the Mirabella. Data collected will be compared with that of neighboring build-

ings in the South Waterfront District. Full occupancy of building was reached only 

in January 2013, so it is difficult to assess exact resource use benefits (including 

energy and water consumption), as the numbers are constantly changing (Patter-

son 2014).

3  LESSoNS LEARNED

The Mirabella project suffered from an incipient planning process that did not 

stress the importance of a maintenance legacy and did not effectively define con-

sultant responsibilities post- construction.

 The lack of a maintenance manual has resulted in living roof maintenance 

problems. The living roof is given a visual check from time to time during the fall 

and winter months to ensure plant health, and irrigation is monitored by the 

assembly installer once a week during the summer months. However, it was dis-

covered that the roof membrane of the twenty- fifth floor living roof had been 

compromised by a roof protrusion, causing damage to the residence below. Due 

to the unclear chain of liability, which should have been clearly outlined in the 

design contract, no member of the consultant team was willing to take responsi-

bility for the compromised roof membrane (Patterson 2014). To date, the leak 

has been repaired once, unsuccessfully, but the area remains unplanted (Hart 

2014). The current building facilities manager has expressed frustration and 

regret at the lack of available general information on extensive living roofs, how 

they function, are assembled and maintained. In particular for this site, there is a 

lack of information on leak repairs including who to contact and what proce-

dures to follow. Despite the many successes of the project, Mirabella is a caution-

ary tale for current and prospective building owners and their maintenance 

teams.

 Another lesson learned is that due to the fear of life- safety liability held by 

building owners, accessibility to living roofs is sometimes hampered. This means 

that the design intentions for rooftop accessibility in the planning phase must 

be communicated to the building owner/future building management and cal-

culated in the risk management of the building’s operations. Despite the design 

team’s well- intentioned goal of allowing residents to pursue urban agriculture 

and gardening and providing the necessary life- safety elements (the design team 

specified easy- to-maintain plants for the twenty- fifth floor garden, and designed 

adequate guardrail provision), the Mirabella operations administration does not 
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permit gardening opportunities for residents. Residents have expressed the 

desire to partake in urban farming, but monitoring risk management is an extra 

set of resources that would have to be allocated to the building (Patterson 

2014).

5.2.4 Block scale: DaimlerChrysler Project, Potsdamer Platz, Berlin, 
Germany
5.2.4.1 Project objectives

The Potsdamer Platz exemplifies block- scale projects that successfully combine 

stormwater infrastructure with social infrastructure (see Table 5.4 and Figure 5.4). 

Table 5.4 Project specifications: Potsdamer Platz

Location Berlin, Germany

Completion 1998
Project area 17,000 m2 capturing and treating stormwater
Project type Mixed, residential, commercial, recreational
Project budget/cost $13.8 million US$ in 1998
Roof area •  19 roofs, netting 17,000 m2

Volume of water mitigated/treated •  230,000 cubic litres per year
Awards/recognition •  Wordwide first inner city block stormwater management project
Consultant team (selected) •   Landscape Architect (Living roof): Krueger und moehrle Stuttgart/Berlin, 

Project Landscape Architect: Daniel Roehr
•  Landscape Architect (Water features): Atelier Dreiseitl
•   Architects: Renzo Piano (master planner), Richard Rogers, Lauber und 
Woehr, Rafael moneo, Arata Isozaki, Hans Kollhoff

Client/owner •  Daimler Chrysler AG until 2009
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As the world’s first urban project of its kind and scale consisting of multiple buildings 

with multiple programs, it remains a leading example of how to achieve innova-

tive and environmentally conscious solutions through highly collaborative design 

processes. The project initiated collaboration between all design consultants to 

find an urban- scale, integrated- systems solution to reduce both peak stormwater 

runoff and high demands on the municipal water supply, irrigation and water 

features. The solution was achieved by using harvested rainwater on living roofs 

atop all 19 buildings in the complex. The system reduces stormwater runoff and 

recycles rainwater for reuse for intensive living roof irrigation, toilet flushing, fire- 

safety sprinkler supply, and supplying the at- grade, publicly accessible artificial 

lake with potable- grade, recycled water.

 This project operates as a fully integrated stormwater management system. 

Stormwater runoff from the roofs cannot recharge the ground at grade due to 

the project’s location over an underground parking garage, which spans the 

entire breadth of the Potsdamer Platz. Instead, runoff is first treated by ultravio-

let technology. Treated water is then harvested in cisterns, which are located in 

the underground parkade of the Potsdamer Platz in order to avoid consump-

tion of precious usable space above- grade. After feeding the artificial lake of 

the Potsdamer Platz (a major feature of the project) and irrigating the roofs, 

excess cleansed water from the cisterns is designed to overflow into the nearby 

river.

5.2.4.2 Key living roof design features

1 PROCESS

The sheer scale of the Potsdamer Platz project and the large number of differ-

ent design consultants necessitated an integrated planning process that 

involved all design consultants on the project. The most complex issue 

addressed by all parties involved was definition of liabilities and assignment of 

individual  tasks.  For  example,  there  was  a  great  deal  of  discussion  as  to 

whether the structural engineer was solely responsible for calculating the 

weight of the intensive living roof courtyards in dry and wet conditions, or 

whether the landscape architect was also responsible. It became clear from the 

beginning that early communication was necessary and that responsibility allo-

cation required speedy resolution.

 Compliance with German planning permissions policy was a primary driver in 

the design and implementation of living roofs. This policy mandated the provi-

sion of social space and offsetting of potential negative environmental impacts. 

In summary, the policy required that public amenity space with pervious cover be 

provided somewhere within the city in order to offset disruption of the hydrologi-

cal cycle by any constructed impervious surface cover. This space could be either 

at grade or off- site (e.g., a playground in a low- income and/or socially resource- 

poor neighborhood) or on- site above grade (e.g., vegetated roof area). In order 

to meet the city’s desire to reduce demands on municipal water consumption, 

the artificial lake had to be fed with recycled rainwater. This meant that the 
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quality of stormwater runoff from the living roofs had to be upgraded on- site to 

potable- grade water. This ensured that the project’s water features and irrigation 

would be independent of the municipal water supply.

2  KEy CommUNITy BENEFITS

One of most notable attributes of the Potsdamer Platz is that it successfully used 

existing planning policies to encourage innovative holistic design and strong 

public and private partnerships that seek to achieve mutual goals. The large scale 

of the project was taken seriously, and design solutions were targeted at address-

ing design concerns appropriate for the scale of the development. In the case of 

Potsdamer Platz, the 19 living roofs were created to provide mitigation of envi-

ronmental impacts. In addition to mitigating the prospective disruption of the 

water cycle created by the impervious city blocks, the living roofs also provided 

significant microclimate cooling, reducing air- conditioning use during the summer 

months.

 A community benefit also integral to the design was consideration of the 

planning permissions policy. Because housing was proposed on the site, play 

space for children had to be provided in the vicinity of those proposed housing 

areas. In case of the Potsdamer Platz, no at- grade areas were available. There-

fore, play areas were integrated into courtyards above the parking garages of the 

buildings. These intensive living roof areas were planted with shrubs and trees, 

which have a high water demand and had to be supplied with irrigation. Water 

harvested from the living roofs was intended to supply irrigation for the purpose 

of creating a viable children’s play space with lush planting.

3  RAINWATER CoLLECTIoN

Landscape  architects  Krueger  and  moehrle  designed  both  the  intensive  and 

extensive roofs of the project. The extensive inverted roof assembly varies 

between 15 and 25 cm in depth and is comprised of materials by different manu-

facturers including a synthetic drainage mat and an extra layer of a geo- 

composite drainage mat. This extra layer was used to provide an extra air buffer 

for the inverted roof assembly to encourage evaporation of water underneath 

the roof’s floating insulation.

 Three mainly inert growing media mixes were tested before construction at 

the Technical University of Berlin to monitor nutrient seepage, which could 

increase  algae  growth  in  the  artificial  lake  at  grade  of  the  site  (Köhler  and 

Schmidt 2003). Due to the appropriate selection of the growing medium, nutri-

ent seepage was reduced and the problems associated with algae growth were 

minimized.

 The project began construction in the early 1990s, when stormwater manage-

ment research on living roof’s was still in its infancy. The cisterns were sized for 

the roof ’s stormwater runoff without living roofs. In the process, they were over-

sized for the amount of runoff generated from the roofs but undersized for irri-

gation demand. Since completion of the project, the cisterns have been filled 
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with additional water from the municipal supply during extensive, increasingly 

frequent drought periods in order to irrigate the gardens.

 This allows making a general careful assumption by the authors, in this case, 

that the living roofs of the Potsdamer Platz have high stormwater holding capaci-

ties. With the research currently available, more precise stormwater retention 

capability can be predicted on living roofs. In this context, this project example 

serves as a lesson to demonstrate the importance of accurately modeling storm-

water runoff, so that water availability for cisterns (water harvesting) and supply 

to at- grade LID elements are adequately designed and do not compromise design 

goals.

5.2.5 Neighborhood scale: Headwater at Tryon Creek, Portland, Oregon, 
USA
5.2.5.1 Project objectives

The Tryon Creek Headwater Development exemplifies a neighborhood- scale 

project that was conceived of and successfully executed as a way to champion 

LID as both an ecologically and socially responsible design approach (see Table 

5.5  and  Figure 5.5).  It  also  showcases  a  system- based  thinking  that  is  innately 

geared toward the celebration of stormwater management and of water as an 

ecological resource with intrinsic social value. Through the holistic LID strategy 

and emphasis on stormwater management and other environmental sustainabil-

ity targets, this project’s goals for urban development, social and ecological 

investment, and ecological regeneration were permitted to unfold.

 This project is also an example of a development where living roofs have been 

implemented within a LID system and applied at a neighborhood scale. Runoff 

from the living roofs is directed to at- grade, vegetated, runoff retention elements 

Table 5.5 Project specifications: Headwater at Tyron Creek

Location Portland, OR, USA

Completion Architecture and wetland enhancement: December 2006
Rain garden: 2008

Project area 11,650 m2

6,900 m2 capturing and treating stormwater
Project Type •  mixed, multi-family residential
Project budget/cost •  $27.25 million US$
Roof area •  1 large and 6 smaller extensive, netting 1,390 m2

Volume of water mitigated/treated •  6,000,000 l
Awards/recognition •  Silver LEED (Dolph Creek Townhomes)

•  49th Gold Nugget Awards 2011: two merit awards
Consultant team (selected) •  Landscape Architect: GreenWorks PC

•   Architects: Sullivan Architects (Dolph Creek Townhomes) and 
Vallaster & Corl Architects (Village at Headwater and Headwaters 
Apartments)

•  Civil Engineer: mGH Associates
•  Stream Restoration: Inter-Fluve Inc

Client/owner •  Jim Winkler, Winkler Development Corp.
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Figure 5.5 
Tryon Creek stormwater 
runoff system diagram

(swales), which are fed through a culvert to be further managed and mitigated 

by a large rain garden, a larger- scale design intervention.

 As an outcome of the project, increased neighborhood density involved the 

provision of 170 units of a variety of new, multi- family, market- housing typolo-

gies. Meanwhile, the project has reduced the impermeable surface area of the 

site  from 84 percent  to 55 percent, as compared  to  the site’s pre- development 

state, and restored riparian wetland habitat, which improves runoff quality, and 

decreases its quantity, speed and temperature, not only on the site but also 

further downstream.

5.2.5.2 Key living roof design features

1 PROCESS

A major highlight of the project was the daylighting of the culverted Tryon Creek. 

This concept was championed by the developer of the site,  Jim Wrinkler  (Craig 

2007). The Headwaters at Tryon Creek is also a prime example of a successful 

public/private partnership, because the creek daylighting was initiated by the 

developer, who then worked closely with the City of Portland to plan around the 

contextual, financial and logistical constraints of achieving this task (Craig 2007). 

The support from the owners of the neighboring office building and apartment 

block on two adjacent sites (via relocation of their driveways to optimize the size 

of the creek, but with no loss of parking units to either building) is a testament 

to the idea that decentralized, neighborhood scale improvements to stormwater 

management infrastructure are possible (Liptan et al. 2010). The City of Portland, 

many public organizations and bureaus, including the Bureau of Environmental 

Services (BES), were all heavily involved throughout the planning, funding and 

construction process of the development. The BES now manages the public areas 

of the site, including the streets and the rain garden to west of the project.

2  KEy CommUNITy BENEFITS

The greatest triumph of the Tryon Creek Headwaters project lies in its holistic 

value, rather than isolated design interventions. It is an example where living 
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roofs are but one component in a scheme with big objectives for stormwater 

management. The cornerstone of the holistic project is the daylighting of Tryon 

Creek, which has provided numerous benefits, including the restoration of a 

riparian wetland corridor. Complete with lookouts, boardwalks and interpretative 

water features, the new wildlife habitat area acts not only as a natural outdoor 

amenity for residents of the neighborhood, but is also a major conduit for surface 

flow from the site, while possessing substantial ecological value as a feeder 

stream for the Willamette River.

3  RAINWATER CoLLECTIoN

Stormwater is managed locally throughout the site, including small swales for 

receiving runoff from roofs and the laneway between the townhomes (Liptan 

2007). However, the site also operates as a neighborhood- scale stormwater man-

agement system, as on- site multiple elements feed an expansive rain garden to 

the west of the site.

 The system of the Tryon Creek Headwaters development site is made whole 

by a variety of different and, in many cases, interdependent components. These 

components are comprised of the following:

A Three housing complexes, including:

1 The Dolph Creek Townhomes – a row of townhouses to the south, along 

SW Dolph Court.

2 The Headwaters Apartments – two apartment buildings to the east, along 

West 30th Avenue, which are connected by a three- storey sky bridge to 

allow the newly daylight creek to continue uninterrupted through the 

property.

3 The Village at the Headwaters – a seniors’ residence to the north of the 

site, along SW Marigold Street.

B Permeable paved parking stalls and a system of flow- through planter boxes to 

manage runoff.

C A network of three roads (SW Dolph Court, West 30th Avenue and SW Mari-

gold Street), which were turned into green streets. These are now lined with 

trees and swales, which comprise a range of 2.5–9 percent of their respective 

catchment areas. The swales fill and empty with the changing of the seasons, 

display pooling and running of stormwater as it passes from one part of the 

system to the next.

D A restored wetland corridor that runs East–West through the site, and is cul-

verted in only two locations to allow for existing SW Dolph Court and SW 

Marigold Street to run unobstructed. Excess stormwater from the creek is 

retained by the rain garden of the Tryon Creek Headwaters Park.

E The three- celled, 1.5 acre rain garden of the Tryon Creek Headwaters Park, 

along which is a 45 m long flume that directs creek water from the develop-

ment site to the east of West 30th Avenue. While storm simulations produced 

only 72 percent stormwater detention, continued monitoring and improvements 
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are being carried out to maximize the stormwater management optimization 

of not only the rain garden, but also other areas of the whole site.

F  Living roofs, of two different sizes:

1 A 1,300 m2 extensive living roof on the seniors’ residence. This roof has 

100 mm of growing media and is planted with a mix of herbs and succu-

lent species. The living roof has even greater ecological value in that it also 

houses photovoltaic panels for supplying electricity to the building.

2 Six extensive roofs on the complex of 14 townhouses. All non- vegetated 

roof area surface flow and the occasional vegetated roof overflow are 

diverted to rainwater leaders that drain to flow- through planters at grade. 

Overflow from the planters in turn flows into the creek. While the design 

of the living roof of the seniors’ residence has little to no visual value from 

grade, as it is extensive with a modest parapet, the living roofs on the 

Dolph Creek Townhomes are visible from above from the neighboring 

apartment buildings and seniors’ housing facility.

REfERENCES

Blum,  A.  (2008).  Head  Waters  at  Tryon  Creek.  Real Estate and Construction Review. 
Available at: www.winklerdevcorp.com/pdfs/Real%20Estate%20and%20Construction 
%20Review.pdf (accessed October 16, 2013).

City of Portland Oregon. Bureau of Environmental Services. Headwaters at Tryon Creek. 
Available at: www.portlandoregon.gov/bes/article/299240 (accessed October 16, 
2013).

City  of  Portland  (2010).  Final  Project  Report  for  Ecoroof  –  Port  of  Portland  office 
Headquarters Office and Parking Structure (HQP2). Bureau of Environmental 
Services. Available at: www.portlandoregon.gov/bes/article/326716 (accessed 
October 25, 2014).

City of Portland. Bureau of Environmental Services (2014). Ecoroof Incentive. Available at: 
www.portlandoregon.gov/bes/48724 (accessed July 26, 2013).

Craig, R. (2007). Water World. Eco- structure.com. Available at: www.winklerdevcorp.com/
pdfs/greenscene.pdf (accessed October 16, 2013).

dennis7dees.com (2012). 2012 Grand Award - The Mirabella. Weblog post, September 25, 
Commercial Landscape. Available at: www.dennis7dees.com/2012/09/25/2012-
grand- award-the- mirabella/ (accessed June 17, 2014).

Hahn  oberlander,  C.  and  Larsson,  K.  (2013)  VanDusen  Botanical  Garden  Visitor  Centre: 
Growing a Garden for 21st Century, email communication, Febraury 26, 2013.

Köhler, m.  and  Schmidt, m.  (2003)  Study  of  Extensive “Green  Roofs”  in Berlin  –  Part  III 
Retention of Contaminants, trans. Saskia Cacanindin. Available at: www.
roofmeadow.com/wp- content/uploads/Study- of-extensive- green-roof- in-Berlin_rev2. 
pdf (accessed July 20, 2014).

Liptan, Tom. The Living Campus and Neighborhood: Tryon Creek Headwater Project. City of 
Portland. Living Futures Conference 2009. Presentation Slides. Available at: http://
cascadiapublic.s3.amazonaws.com/LF09%20Presentations/FriAm/LF09_LivingCampus 
&Neighborhood.pdf (accessed october 16, 2013).

Liptan, Tom, Wahab, Amin and Cunningham, Casey (2010). Watershed Functions as the Basis 
for Selecting Low Impact Strategies – Case Study: The Tryon Creek Headwaters 
Development. Low Impact Development International Conference 2010: Redefining 

http://www.roofmeadow.com/wp-content/uploads/Study-of-extensive-green-roof-in-Berlin_rev2.pdf
http://www.roofmeadow.com/wp-content/uploads/Study-of-extensive-green-roof-in-Berlin_rev2.pdf
http://cascadiapublic.s3.amazonaws.com/LF09%20Presentations/FriAM/LF09_LivingCampus&Neighborhood.pdf
http://cascadiapublic.s3.amazonaws.com/LF09%20Presentations/FriAM/LF09_LivingCampus&Neighborhood.pdf
http://www.winklerdevcorp.com/pdfs/Real%20Estate%20and%20Construction%20Review.pdf
http://www.winklerdevcorp.com/pdfs/greenscene.pdf
http://www.dennis7dees.com/2012/09/25/2012-grand-award-the-mirabella/
http://cascadiapublic.s3.amazonaws.com/LF09%20Presentations/FriAM/LF09_LivingCampus&Neighborhood.pdf
http://www.roofmeadow.com/wp-content/uploads/Study-of-extensive-green-roof-in-Berlin_rev2.pdf
http://www.dennis7dees.com/2012/09/25/2012-grand-award-the-mirabella/
http://www.winklerdevcorp.com/pdfs/greenscene.pdf
http://www.portlandoregon.gov/bes/48724
http://www.portlandoregon.gov/bes/article/326716
http://www.portlandoregon.gov/bes/article/299240
http://www.winklerdevcorp.com/pdfs/Real%20Estate%20and%20Construction%20Review.pdf


Case studies n

161 

Water  in  the  City.  San  Francisco,  California.  April  11–14,  2010.  Conference 
Proceedings: Low Impact Development 2010,  edited by  Scott  Struck  and Keith H. 
Lichten. American Society of Civil Engineers (2010): 1730–1745.

Timmerman, Lisa (2013). Ecoroof Buzzes with Activity. Weblog post, August 9, Port 
Currents. Available at: www.portlandoregon.gov/bes/article/326716 (accessed July 
26, 2014).

PERSONAL COMMUNICATION REfERENCES

Hart, J. (2014). Director of Facility Services, mirabella Portland, Portland, oregon, telephone 
conversation.

Patterson, J. (2014). Engineering and maintenance Supervisor, mirabella Portland, Portland, 
Oregon, telephone conversation.

Timmerman, L. (2014). Environmental Outreach Manager, Port of Portland, Portland, 
Oregon, telephone conversation.

http://www.portlandoregon.gov/bes/article/326716


162 

Chapter 6: Outlook

Over the last 20 years, research has helped to establish the benefits of living roofs 

on buildings. Having evolved from a traditional roofing strategy to a technology 

for ecosystem services, living roofs can be implemented as a viable alternative to 

conventional roofing techniques on new and retrofit projects. Their benefits are 

manifold, providing for environmental, social and infrastructure services. Of 

these, the link between form and function, particularly to promote stormwater 

management, are championed in this book.

 Despite a rapidly growing body of published research and a specialist industry, 

few planning manuals provide comprehensive guidance to make informed design 

decisions that can assist in the creation of water- sensitive rooftop environments 

in cities. This book begins to fill that gap, providing qualitative planning strate-

gies and quantitative design advice for stormwater mitigation, while acknow-

ledging the relatively early stages of scientific understanding. It is not intended as 

a construction manual. We attempt to offer realistic performance expectations, 

and recognize current limitations of the technology. The content of this book is 

intended for design professionals, building owners, governments, environmental 

stakeholders, researchers and students.

 It is our contention that living roofs must become an integral part of urban 

planning, engineering and architectural design, in light of the diverse benefits 

they have to offer. This is an ambitious goal, as the majority of municipalities 

worldwide still lack comprehensive living roof design guidelines, with notable 

exceptions including Toronto, Seattle, Portland, Chicago, New York, Melbourne, 

Stuttgart, Linz, London and Berlin (Lawlor et al. 2006). Living roofs can only 

become embedded in municipal policy if the following variables are at play: first, 

architects, landscape architects, engineers and urban planners must actively 

advocate for publicly accessible living roofs in their own proposals; second, 

public/private access to living roofs must be made mandatory in the planning 

permission process of buildings, large inner- city developments, and new commu-

nity master plans; third, permitting authorities must implement policies and 

financial infrastructure to streamline the process for both individual building and 

multiplex owners, especially in real estate economies that are developer- driven, 

and; finally, scientific and engineering communities must continue to develop our 



Outlook n

163 

understanding of the mechanics, physics, biology and chemistry of living roof 

systems.

 Each of these components faces a number of challenges. Designers are agents 

of their clients and therefore should adhere to their wishes and budgetary restric-

tions. Designers are also at the mercy of opportunities and limitations from build-

ing codes and by- laws, as well as their own motivation to express design ideas 

and challenge conventional paradigms.

 Accessibility is challenging in terms of life- safety responsibility and ownership 

rights. In a private building, physical access to its living roof can be provided to its 

residents at their own risk. Institutional and public buildings with living roofs may 

offer a more universal accessibility, but as with all public space, liability associated 

with rights of access are a grey area, especially as they concern, for example, 

clients versus non- clients or staff versus non- staff, visibly homeless people, and 

other demographic categories.

 Municipal departments have the oversight of future building development, 

including the provision and enforcement of living roof policies, strategies for 

amenity and social space establishment, and technical requirements for manag-

ing stormwater. However, municipal by- law regulation and policy change are 

generally slow processes, whose implementation is further challenged by a need 

to update relevant design and construction guidelines. As only a small insight 

into policy challenges, building height by- laws may require revision to prevent 

new buildings from obstructing prime views from living roofs on existing build-

ings. A case in point, the City of Vancouver View Protection Guidelines explains 

how different topographies and distances affect the impact of building heights 

within view cones (City of Vancouver 2011). In the future, living roofs may be 

considered as part of the landscape, acting as focal points for view cones. In the 

meantime, living roof facilitation in general comprises a complex and continu-

ously evolving topic.

 While policy can facilitate living roof implementation, policy can in turn be 

supported by building owners and public investments in GI. Considering the 

potential for long- term cost savings to fundamental public and private infrastruc-

ture, we believe that living roofs implemented as a component of a holistic urban 

water system is a responsible and viable alternative to expensive, protracted and 

often disruptive large- scale municipal infrastructure upgrades.

 This book offers a starting point for quantifying the potential stormwater miti-

gation effects induced by living roofs, based on extensive research and practical 

experience. In the context of typical Western urban stormwater management 

objectives and regulations, we summarize the state of the practice, identify limi-

tations and suggest future research needs. Living roofs alone cannot manage all 

stormwater runoff, but when appropriately designed, constructed and main-

tained, they create a unique opportunity in the complex stormwater mitigation 

system toolbox. Multiyear research campaigns are needed in all climates to quan-

tify the influences on and evolution of the system’s performance. These outcomes 

must be translated into practical design advice and relevant policy.
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 The authors tried to gather the most current information available from peer- 

reviewed research, supplementing our own investigations and professional expe-

rience in writing this text. It is our wish to encourage further advancement in 

understanding living roof performance. We will continue to draw on the experi-

ence of others, and we encourage public dissemination of robust quantitative 

and qualitative findings. Integrating theoretical knowledge with practical, empiri-

cal and professional observations will promote design resilience and refine the 

role of living roofs in holistic urban stormwater management.
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Glossary

Assembly: the component structure of a built enclosure or structure. The living 

roof assembly is comprised of several layers, including vegetation, growing 

medium, insulation, drainage layer, water retention mat (optional), ventilation 

layer (optional) and waterproofing membrane. The assembly can be site- 

assembled or installed using pre- fabricated integrated layers.

Best management practice (BMP): in urban stormwater management, BMPs 

are techniques used to mitigate surface runoff and its associated pollutants 

from developed catchments. BMPs may include structural (built) or non- 

structural practices (e.g., conservation zones or restrictions on fertilizer appli-

cation). This term is often used synonymously with the term stormwater 

control measure (SCM) or SUDS (sustainable urban drainage systems); 

however the latter specifically are reserved for built, engineered devices.

Building Services Planner/Building Facilities Manager: The professional who 

coordinates and manages the maintenance of a building’s equipment, systems 

and general services.

Code consultant: a design professional, typically holding a background in 

architecture but possessing detailed knowledge of local building codes, 

who advises a project design team on the particulars of code- related issues. 

These issues relate primarily to life- safety, including general hazard preven-

tion and safety measures in the event of a fire, earthquake or flood. While 

involvement of a code consultant is not mandatory in many jurisdictions, it 

is often recommended to facilitate a seamless design approval process by a 

city.

Combined sewer: sewers intended to carry sanitary sewerage and stormwater 

runoff through the same pipes to a municipal wastewater treatment plant.

Combined sewer overflow (CSO): the discharge of untreated runoff and raw 

sanitary sewerage into receiving environments when flows exceed the carry-

ing capacity of the combined sewer network.

Crassulacean Acid Metabolism (CAM): CAM is a metabolic characterization in 

which plants take up CO2 at night, to metabolize it during the day. Stomates 

are closed during the day, thereby reducing plant water loss by transpiration. 

This is in contrast to C3 photosynthesis, in which plants take up CO2 during 
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the day with open stomates, rendering plants more susceptible to transpira-

tional water loss because of solar radiation.

Continuous simulation: a stormwater management design approach based on 

the continuous distribution of rainfall and ET over long periods of time.

Curve Number (CN): a factor used in the Technical Release (TR)-55 method 

(colloquially known as the CN method) to determine runoff flow 

characteristics. The CN is a quantitative representation of the relationship 

between land use, soil type and conditions as they relate to water movement, 

and the resultant potential for runoff to be generated from a given magnitude 

of rainfall. The CN method is used in water resource planning and in 

stormwater management manuals by numerous jurisdictions throughout 

North America and Oceania.

Design consultant: designers, including but not limited to, architects, landscape 

architect, engineers, ecologists, horticulturalists and building envelope con-

sultants, who are responsible for the conceptual design and construction doc-

umentation of a living roof project. Design consultants are required to 

coordinate their work to ensure a workable design package is delivered, and 

should be involved throughout the entire design, construction and occupancy 

process. In many jurisdictions, design consultants on multi- family, public and 

institutional projects are required to be licensed through strictly self- governed 

institutions that regulate the work of the design professionals and protect the 

interests of the public.

Design storm: a unique single event rainfall distribution used as the basis of 

designing urban drainage networks and SCMs. A design storm approach con-

siders in isolation only the runoff created by the design storm, without consid-

eration for other climate or in- situ conditions such as the occurrence of 

previous rainstorms or ET.

Detention (of stormwater): the practice of rainfall or runoff capture and slow 

release into the receiving environment. The flow rate of runoff is mitigated, 

but the total volume of the discharge is not altered. Constructed wetlands 

and detention and retention (a misnomer) ponds are typical detention 

stormwater control measures. Some evaporation may occur between storm 

events in detention stormwater control measures, but the quantity is generally 

insignificant compared to the total amount of storm flow.

Drainage area: an area of land contributing to surface stormwater runoff; not 

necessarily following a watershed boundary.

Drawings, construction: part of the contractual work completed by building 

design consultants, which give contractors the information required to build a 

project. The drawings must include all logistical information (e.g., specifica-

tion, size and location of elements,) as well as all required code and by- law 

specific information required for permitting approval. The content of each 

consultant’s construction drawing set is dependent on the scope of work.

Drawings, shop/trades: drawings completed by the trades and sub- trades con-

tractors (based on construction drawings provided by the design consultants) 
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that enable them to carry out the construction of their trade- specific work. 

Shop drawings must be reviewed by the building design consultants and 

approved before work on the elements specified in the shop drawings can 

begin.

Dry period: the period of time during which no precipitation occurs. In a living 

roof environment, this is the critical time for evapotranspiration to take place.

Ecosystem services: the benefits obtained from ecosystems, including, for 

example, climate regulation, water regulation and purification, pollination, 

food, fresh water, aesthetic services, recreation and amenity, cultural heritage, 

soil formation, nutrient cycling, fuel and primary production.

Engineer, electrical: the design consultant responsible for the design and coor-

dination of all electrical systems in a built project. In a living roof project, the 

electrical engineer’s scope of work includes lighting, outlet layouts and layout 

of any auxiliary electrical systems such as energy generation (e.g., photovoltaic 

panels) and artificial irrigation, among others.

Engineer, mechanical: the design consultant responsible for the design of all 

plumbing and heating/ventilation systems. In a living roof project, the mechan-

ical engineer is often responsible for coordinating the size, location and 

number of roof drains with the other design consultants. They are also 

responsible for coordinating the design of artificial irrigation (if needed).

Engineer, stormwater: design consultant with expertise in hydrology and 

(usually) runoff water quality. The stormwater engineer should work with the 

design team and product suppliers to ensure minimum criteria for stormwater 

management are met, with particular emphasis on evaluating suitability of the 

growing media’s water holding capacity and permeability.

Engineer, structural: the design consultant responsible for the design of all 

systems related to the structural integrity of a built project. Structural engi-

neers carry some of the greatest legal liabilities of all consultants, as their 

work implicates the life- safety of the project’s end users and maintenance 

team. Structural engineers in most Western countries must be professionally 

certified or licensed.

Envelope consultant: design consultant hired to review the thermal integrity 

and watertightness of a project. While the envelope consultant does not typi-

cally produce construction drawings, they counsel the design team on the use 

and specification of various layers to be used for any exterior wall, roof or 

deck assembly.

Environmental footprint: a generally qualitative assessment (sometimes quan-

titative in specific analyses) of the impact on the natural environment by 

human development at various scales. The greater the environmental foot-

print of development, the greater the negative impact on the general health 

of natural ecosystems.

Environmental site design (ESD): a term used to describe development 

projects that incorporate methods to prevent or minimize impacts to the envi-

ronment. It is often applied in the context of urban stormwater management.



Glossary n 

168 

Establishment: period of time required for the growth of plants to create full 

coverage.

Evapotranspiration (ET): the simultaneous release of water from plants and 

evaporation of moisture from soil or growing medium. On a living roof, ET is 

the process by which the assembly dries, or “empties” stored water (retained 

rainfall), thereby enabling the system to capture the next rainfall event. ET 

influences the extent to which consecutive storm events may be retained, or 

partially retained by a living roof system, as well as the overall appearance and 

health of the plant community. Potential ET is the theoretical rate at which 

water loss should occur if water were readily available, and is often deter-

mined using models derived from agricultural applications. In a living roof 

environment, the rate of actual ET is strongly influenced by the amount of 

(usually limited) water present in the growing media at any given time.

Experiential design: design of a space or series of spaces that addresses the 

experience of the inhabitant or occupant. Experiential design differs from pure 

aesthetics in that it focuses on what a space does for the inhabitant rather 

than how it appears. It is not design that constructs emotions, but rather 

elicits, frames and supports them.

Field capacity: the maximum amount of water that a soil or growing medium 

can store against gravity drainage. It is usually determined as moisture content 

per unit depth of media.

Green infrastructure (GI): in holistic urban design, a combination of natural 

and engineered infrastructure to provide or restore ecosystems and ecosystem 

services. The term green stormwater infrastructure (GSI) is specifically used to 

identify approaches for runoff management. GI and GSI may be considered 

similar to or synonymous with LID and WSUDs.

Grey infrastructure: inorganic, engineered infrastructure used for the convey-

ance of people, goods, energy and other resources. Grey infrastructure is 

coined “grey” because of the concrete and steel of its typical makeup. In 

stormwater management practice, grey infrastructure implies conventional 

sanitary and storm sewers (often combined), culverts, dams, and other rela-

tively inflexible water holding and conveyance structures.

Greywater: wastewater typically comprised of water used in building services 

(e.g., sinks, laundry, showers), excluding sanitary waste (i.e., from toilets and 

urinals), that can be reused for non-potable water demand with little or no 

treatment. In holistic stormwater management, greywater can be recycled to 

irrigate rooftop and at- grade vegetation, avoiding the use of potable water.

Growing medium: in living roofs, the layer in which rooftop vegetation estab-

lishes its roots and where the majority of stormwater retention is provided. 

The appropriate choice of composition of the growing media is crucial to the 

performance of almost all aspects of the living roof system. It is typically a soil- 

less engineered medium, and sometimes called substrate. High water- holding 

capacity and permeability, and low organic content characterize minimum cri-

teria for appropriate growing media for extensive living roofs.
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Hydrograph: the varying relationship between stormwater runoff flow rate and 

time resulting from a precipitation event. It is often presented as a graph of 

flow rate versus time for a given storm event.

Hydrological cycle: also known as a hydrologic budget or water balance, it 

describes the distribution of water inputs, losses and storage for a given 

system (watershed, drainage area, living roof, etc.). Components of the hydro-

logic cycle include precipitation (rain, snow, sleet, etc.), release of moisture 

from plants, open water bodies, and soil to the atmosphere (ET), recharge of 

deep ground water supplies, and shallow ground water flow to recharge 

stream base flow, and storage (e.g., by soil moisture, atmospheric moisture 

and SCMs). For a defined system, the fluxes of water amongst components 

must be in balance with the amount of water stored in the system, such that 

an increase in one component must result in a decrease in one or more other 

components.

Irrigation system: technology that supplements receipt of water to plants by 

precipitation. In the urban context, preferably harvested rainwater or recycled 

grey water is used as the supply source, but potable water can be used. 

Several forms of delivery exist, including drip irrigation, basal supply and over-

head sprinklers. Irrigation efficiency on living roofs is substantially different 

than at- grade landscapes due to the non- wicking nature of the living roof 

growing media. Living roof irrigation should be activated according to the 

moisture content of the growing media. Extensive living roofs typically need 

little or no irrigation past establishment.

Impermeable surface: constructed surface that prevents rainfall or runoff from 

soaking into the ground, generating surface stormwater runoff.

Lightweight aggregate (LWA): lightweight, coarse granular material compris-

ing the majority of a living roof growing media, or used as a drainage layer. 

LWA may be naturally sourced (e.g., pumice) or manufactured (e.g., expanded 

minerals such as clay, shale or slate).

Living roof, extensive: a single or multilayered living roof system (drainage, 

growing media and plants) designed individually or as composite, manufac-

tured system. The growing media depth may be 25–150 mm, while the 

surface may be either level or graded with low topographic features. Extensive 

living roofs are vegetated with typically low- growing plants.

Living roof, intensive: a multi- layered system (drainage, growing media and 

plants) designed individually or as a composite, manufactured system. The sub-

strate depth is usually 150 mm, either levelled or with variable topographic fea-

tures. Although they are vegetated, they may also incorporate hard landscape 

features like paving and structures like pergolas. Vegetation allows and includes 

the whole palette of plants from herbaceous plants, to shrubs and trees.

Living roof, inverted assembly: the living roof assembly type in which the 

insulation is installed above the waterproofing membrane. Water drains 

through the growing medium. A portion of the water then runs above the 

insulation to the drainage points. The remaining water drains vertically 
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through the gaps between the insulation layer boards, and then runs above 

the waterproof membrane to drain locations.

Living roof, warm assembly: the living roof assembly type in which the 

insulation layer is below the waterproofing membrane. Water drains through 

the growing medium and runs along the drainage layer that sits on the 

waterproofing membrane to the roof drain locations.

Living wall/living façade: a vertical surface on an architectural structure clad with 

plants. The structure holding the planting is often a modular system complete 

with a growing medium and membrane layers (always including a waterproofing 

membrane) to protect the supporting wall structure behind (concrete or framed 

assembly). The plant “cladding” can be either interior or exterior to the building.

Loading, structural: the force applied to a surface or structure by an object, and 

is characterized as either live (imposed, variable) or dead (permanent, constant). 

On a roof, live loads are typically a result of people (stationary or in motion) or 

by fluctuating masses of precipitation. Dead loads generally include the roof 

deck itself, mechanical services, and the dry weight of the living roof assembly. 

Structural loading is a crucial consideration in living roof design as it determines 

the viability of an existing structure or new structure to accommodate a living 

roof assembly and will determine what and where living roof elements can be 

built. Structural capacity must be assessed by a licensed structural engineer.

Low impact development (LID): a land (re-)development approach that works 

with nature to minimize impacts on or improve receiving environments by 

managing stormwater as close to the source as possible. LID incorporates a 

combination of land use planning and engineered SCMs, with a preference 

for green infrastructure over grey infrastructure. Technically and quantitatively, 

LID (and GSI) seeks to maintain or restore the pre- development hydrologic 

cycle and minimize pollutant discharges.

Peak flow: the maximum stormwater runoff flow rate for a given storm event.

Permanent wilting point: the moisture content below which plants cannot 

recover viability.

Permeability: the rate at which water moves through a porous medium. For 

living roofs, high permeability ensures that water never ponds on its surface 

(i.e., no standing water).

Permeable surface: a constructed or natural surface which allows water to infil-

trate through it. At- grade, permeability promotes return of precipitation and/or 

surface flow to the subsurface. The construction and preservation of permeable 

surfaces is an integral GI practice, as they help to recharge deep groundwater 

supplies, or enable flow through shallow soil layers toward streams to recharge 

base (dry weather) flow. This helps balance the hydrological cycle, reduce 

surface runoff and prevent or diminish excess stormwater discharge and associ-

ated contaminants to receiving waters and potential CSOs.

Plant available water (PAW): the amount of moisture stored in a growing 

medium between the field capacity and the permanent wilting point. PAW is 

typically lost to the atmosphere by ET.



Glossary n

171 

Program: a particular function or use of a space or building. Spaces often have 

multiple programs. The flexibility of a space is dependent on its users and also 

on inherent flexibility of the designed space. For example, the program for a 

living roof might be a recreational space for building users or inhabitants as 

well as being a stormwater mitigation strategy for the site.

Rational method: widely employed in predicting peak runoff rates in the design 

of urban drainage systems. The method is a simple empirical formula that 

relates the peak flow rate (Qp) to the drainage area (A), a constant rainfall 

intensity (i) and a runoff coefficient (C).

Receiving water: a general term for a water body into which runoff and pollut-

ants are discharged. Runoff and pollutants may be discharged with or without 

treatment to receiving waters via surface runoff or through networks of pipes 

and channels.

Retention (of stormwater): techniques used to reduce the total volume of 

stormwater runoff discharging from a site (or watershed) into a downstream 

receiving environment. Retention may be provided by stormwater control 

practices such as living roofs, bioretention, permeable pavements, groundwa-

ter infiltration and cisterns with plumbing for rainwater harvesting and reuse, 

among others.

Saturation: a soil or media moisture condition in which all pore space is occu-

pied by water. Appropriately designed living roofs should have adequate per-

meability such that they never reach saturation.

Scale (in the built environment): the size of a space relative to another. Scala-

bility of a design solution (system or single entity, physical entity or strategy) is 

a pertinent issue when assessing its viability, as not all design solutions operate 

well at all scales. Living roofs, especially within a holistic stormwater manage-

ment framework, have the ability to operate at multiple scales – if designed 

and constructed properly, they can fulfill stormwater management and other 

design objectives at the scale of a single building, and can also impact the 

natural and social ecosystem positively at the neighborhood scale.

Sedums: a hardy variety of succulents, with an excellent ability to survive in 

droughty, shallow growing environments, making them a popular choice in 

plant selection for extensive living roofs. Many sedum varieties exhibit CAM – 

some exclusively CAM, while others fluctuate between CAM and C3 photo-

synthesis, rendering them highly adaptable to varying moisture availability. 

There are over 600 varieties of sedums, offering a wide range of visual 

impacts, although some species exhibit relative tolerances to climate.

Stormwater control measure (SCM): built, engineered devices to reduce 

stormwater runoff volumes, flow rates and contaminant loads.

Stormwater management: the control of discharges of surface runoff, in this 

book with reference to urban environments. In GSI, stormwater management 

includes on- site retention to limit runoff volumes, temporary detention to 

further reduce peak flows, and source control to prevent discharge or provide 

treatment to reduce discharged amounts of a range of contaminants.
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Stormwater runoff: in urban environments, precipitation that is not soaked 

(infiltrated) into the ground, evaporated from surfaces, transpired by plants, 

or harvested for reuse becomes stormwater runoff.

Succulents: plants typically native to arid climates that store water within the 

plant structure (stems and leaves) to help survive during extended periods of 

drought, when soil moisture may be limiting.

Sustainable urban drainage systems (SUDS): a term synonymous to BMP and 

SCM, typically used in the UK.

Total suspended solids (TSS): a measure of particulate pollutants defined by 

the analytical method, without specific composition. TSS is considered ubiqui-

tous in urban runoff; its control is almost universally required where stormwa-

ter quality regulations are in place. In itself, there can be many receiving 

environment and infrastructure impacts.

Two- ply SBS: a common membrane system used for waterproofing decks and 

roofs. Made of two layers of a styrene butadiene styrene (SBS), a kind of 

elastic asphalt that is modified with synthetic rubber, the membrane can be 

either torched down or mechanically fastened.

Urban agriculture: a movement for a locally produced urban food supply or 

urban food supply supplement. Justifications for urban agriculture include: 

minimizing food travel distances and therefore carbon footprint, offsetting a 

food selection deficit, providing an educational opportunity, and feeding a 

growing niche market for locally grown produce. Urban agriculture is appro-

priate for some living roof scenarios, but is typical of intensive rather than 

extensive roofs. As with other intensive roof planting, urban agriculture beds 

require more irrigation and a stronger roof structure than extensive roofs, and 

may compete with stormwater mitigation objectives.

Water- holding capacity: the amount of water that a growing medium can 

store. It is typically measured as moisture content per unit depth of media, or 

expressed as a total depth of water per unit area of living roof.

Water sensitive urban design (WSUD): a term similar to LID and GI, used par-

ticularly in Australia. WSUD is a design and planning approach that focuses on 

providing long- lasting and mitigating solutions to stormwater management, 

wastewater management, and the general health of watersheds. Like LID and 

GI, WSUD advocates for methods that work with nature, incorporating natural 

and engineered design solutions.

Watershed: an inclusive area of land from which all water eventually drains to a 

given location. The boundary of a watershed is defined by high points in 

topography such that all water sources flowing by gravity is encompassed by 

the watershed.

Winterization: draining of water in building water systems to prevent water 

from bursting pipes and other containers or vessels because of expansion that 

occurs during freezing.

Xeriscaping: a plant selection strategy that typically employs native, drought- 

tolerant species and is particularly appropriate for arid climates.
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