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Foreword

Ralph Waldo Emerson once wrote: “The creation of a thousand forests is in one
acorn.” Let the knowledge, concepts and theories contained in this book be the
acorn that inspires thousands of professionals to advance the technical performance
of green roofs. For far too long, green roofs have been misunderstood and over sim-
plified in terms of ecological performance. The challenges to creating diverse and
resilient systems in our anthropogenic urban environments are well recognized. Due
to weight, cost and loading restrictions, green roofs attempt to compress biological
and ecological function into the narrowest of profiles, limiting natural processes
and nutrient cycles. In response to these constraints the industry has evolved to
simplistic low diversity solutions which provide less ecological services than what
is possible in the urban fabric of our cities where these benefits are in greatest need.

Today’s urban footprint is composed of more than twenty percent roof cover.
This vast urban land cover provides an immense opportunity to solve many of our
environmental concerns, especially if we convert these spaces to integrated and
highly functioning living architecture. E. O. Wilson the noted American biologist
and theorist stated: “We should preserve every scrap of biodiversity as priceless
while we learn to use it and come to understand what it means to humanity”. Fur-
thermore, we should endeavor to create biodiversity on every surface of our cities,
as it helps to fulfill the basic needs of humanity.

Despite the efforts of many within the green roof industry, roofs for the most
part remain under-utilized, forgotten places with exceptional opportunities to be
reclaimed and repurposed as vibrant, functional centers of nature and human enjoy-
ment. As a green infrastructure tool, green roofs provide some of the highest quality
eco-services benefits available for solving a multitude of social and environmental
ills, despite the fact they are too quickly dismissed early in the design process be-
cause of a lack of understanding of their potential. Greater knowledge about Green
Roof Ecosystems will only increase implementation of this vital and natural solu-
tion.

Recently a renewed interest in landscape planning seeks to link ecological ser-
vices and community needs. And increasingly, public policy recognizes that cre-
ating livable and healthy communities requires connected landscapes in order to
provide for clean air, clean water, public fitness, wildlife diversity and ecological
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benefits. The natural capital in our cities and efforts to restore it need not be con-
sidered at a single site or scale. Rather, natural ecology needs to be assessed and
restored across scales. Widespread implementation of green roof technologies can
set a foundation for mitigating and reversing environmental deterioration of the
Anthropocene, as well as, dramatically broadening our response by providing new
ways of thinking about ecological restoration. This process will be greatly enhanced
by an interdisciplinary team approach to validate the robustness of the approaches
underlying the restoration of ecosystem processes.

Green Roofs for Healthy Cities established the Journal of Living Architecture in
order to identify the state of the art in green roof and green wall research, to identify
the best in class, and share these findings with as many professionals as possible.
This book represents a seminal compilation of research and technical knowledge
about green roof ecology and how functional attributes can be enhanced. Written by
over twenty leading experts and researchers in the field of green roofs, the narration
covers in detail a number of important topics rarely discussed. While document-
ing current research, trends and theory, this book delves further to explore the next
wave of evolution in green technology, defining potential paths for technological
advancement and research.

This effort represents an informed and progressive way of approaching our envi-
ronmental response to urban design. It makes a compelling case that the long-term
health and viability of our communities depend upon highly functioning green roof
ecologies that connect green spaces to create a resilient tapestry of natural diversity
spanning the urban landscape. Green Roof Ecosystems will be an invaluable refer-
ence for individuals who have the desire to implement ecologically conscious green
roofs, such as planners, policy makers, agencies, and professionals who have sub-
stantial interest in designing them. (i.e.; landscape architects, ecologists, engineers,
architects, biologists, and other holders of environmental knowledge). Ecological
intelligence expands the context of life as it enlarges who we are as a person, and
this book provides a wealth of intelligence for those interested in the topic of green
roofs.

Kansas City, MO Jeffrey L. Bruce, FASLA,
LEED, ASIC, GRP
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Chapter 1
Introduction to Green Roof Ecosystems

Richard K. Sutton

Abstract Green roofs have been heralded as a “sustainable building practice” in
cities throughout the world as one response to mounting environmental stresses. A
range of stressors plus erosion of aesthetics and human well being in urban areas
have initiated policies and practices often with incentives to develop green infra-
structure such as green roofs. They provide a suite of public and private benefits
most of which map onto services generally provided by the ecosystem. Green roof
development imbeds in environmental design processes and is constrained by both
human and environmental factors.

As relatively small, simple, anthropogenic ecosystems, green roofs relate to sev-
eral existing conceptual and applied ecological ideas. Understanding and applying
from ecology and ecosystem studies, ecological engineering, managed ecosystems,
construction ecology, urban ecology, landscape ecology, restoration ecology, rec-
onciliation ecology, soil ecology and community ecology show green roof ecosys-
tems can be created to cycle energy and nutrients. Furthermore, green roofs can be
constructed to model an ecosystem and may provide a setting for testing ecological
concepts. This book takes an ecosystems approach to describing a large number of
interactions on green roofs placing them in the total human ecosystem.

Keywords Novel ecosystems - Ecosystem benefits + Ecosystem services + Design

1.1 Structure and Purview of this Book and Chapter

It has been nearly a decade since the seminal article, Green Roofs as Urban Eco-
systems: Ecological Structures, Functions, and Services (Oberndorfer et al. 2007),
reviewed green roofs’ impacts on ecosystem services (benefits) and suggested a
modest applied research agenda. That agenda focused on an ecosystem approach to

R. K. Sutton (D<)

Department of Agronomy & Horticulture, UN-Lincoln,
279 Plant Sciences, Lincoln, NE 68583-0915, USA
e-mail: rsuttonl@unl.edu

© Springer International Publishing Switzerland, 2015 1
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2 R. K. Sutton

diversifying plant assemblages, experimental studies of belowground and aboveg-
round communities (both plant and animal) quantification and qualification of local
stormwater outputs (especially roof leachate), energy, and air quality, reductions
and social benefit models linked to economics and governmental policy. Mean-
while, there have been many more acres of green roofs created and research has
continued apace. The following pages of this volume survey some of what has been
accomplished and suggest more that should be done.

This book was assembled and written with three, somewhat overlapping yet dis-
tinct groups in mind: policy makers interested in urban sustainability and livability,
designers who specify and layout green roofs to meet a wide range of stakeholder
needs, and environmental professionals, researchers, and students wanting a primer
on the ecological foundations and interactions occurring on and between green roofs
and other living systems. While this target audience is broad, we have assumed that
an interest in sustainable, ecologically prudent design connects them. Each chapter
will review, examine, and analyze current knowledge about a specific area, propose
unanswered questions, and suggest future research directions and applications from
the perspective of the author(s).

This introductory chapter will place green roofs in the realm of policy and urban
sustainability (especially its ecological underpinnings), requisite support services
and resultant public and private benefits. Next, it will briefly describe green roof
technology and components; then it will tie green roofs to a wide variety of eco-
system approaches studies, concepts and applications; finally it will give a brief
preview of each chapter.

1.2 Whatis a Green Roof?

Modern green roofs, also known as vegetated green roofs (Enright 2013) or eco-
roofs, are nascent, somewhat isolated, novel, anthropogenic patches consisting of
membranes, engineered substrate (the growing medium), and assemblages of plants
placed atop buildings or other structures. Their shallow profiles and usual detach-
ment from the earth’s surface produce strong wind exposure creating an unusual
niche with few potential natural analogues (Lundholm and Richardson 2010; Sut-
ton et al. 2012). They receive intense solar input and varied precipitation and may
or may not be irrigated. Green roofs have appeared because of advanced building
materials, evolving design techniques, and emerging ideas about how to make our
built environment more sustainable and humane (Getter and Rowe 2006; Weiler
and Scholz-Barth 2009). The modern green roof movement began in Europe in the
1980’s (Kohler and Keeley 2005), and spread to North America and the rest of the
world after the new Millennium. Thousands of green roofs now lay atop buildings
in most urban metropolises worldwide.
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1.3 Green Roof Policy as a Sustainable Practice

Normative policies describe, explain, and advocate how humans should act in orga-
nizing ourselves. Policies promote features or actions that ought to occur and thus
are future-oriented. An often-quoted example of sustainable development policy
comes from the World Commission on Economic Development (Brundtland Com-
mission) (WCED 1987): “development that meets the needs of current generations
without compromising the ability of future generations to meet their own needs.”

Policies often become the method by which discussion about the allocation of
public resources are focused, formulated and ratified. In the United States at the
Federal level the Clean Water Act provides an impetus to local subdivisions for im-
proving storm water discharges (Carter and Fowler 2008). Ratified locally, policies
are crafted into laws, ordinances, and finally reflected in building codes or other
types of standards (GRHC 2006b). Local policies and codes can hinder or facilitate
green roofs as a sustainable building practice (Dvorak 2011).

Places where green roofs have been promoted include cities with pressing en-
vironmental problems and/or compelling visions about creating more resilient and
beautiful infrastructure. Sustainable urban environments vary in the suite of issues
(Tables 1.1 and 1.2) and their importance underlying policies and the ways those
policies are implemented. Urban stormwater controls or ordinances mandating
green roof coverage on new development often involve fees or trade offs for im-
permeable surfaces. Revised building codes that simplify structure weight-loading
requirements, tax incentives, rebates on fees, fast-tracking the development pro-
cess, density bonuses, and outright grants have all been used to encourage green
development and in some cases have been specifially directed at promoting green
roof implementation (Carter and Fowler 2008; Simons et al. 2009).

1.4 Benefits

Looking at the various reasons posited to promote public policies that include green
roofs as a part of sustainable building development (Getter and Rowe 2006), we
see many overlapping benefits. These benefits can further be subdivided into those
for private and/or public green roofs (Table 1.2) (Green Roofs for Healthy Cities
2006a; Berardi et al. 2013):

Green roofs can be considered a category of a stormwater best management
practice (BMP). In comparison to conventional impervious rooftops, green roofs
retain greater amounts of precipitation (that eventually return to the atmosphere
through evapotranspiration) and also detain precipitation allowing it to drain more
slowly (Bates et al. 2009; Berndtsson 2010; Morgan et al. 2012). Retarding and
holding runoff water depends the type of roof vegetation, the total volume of the
substrate, its composition and the nature of the storm event (Schroll et al. 2011;
Gregoire and Clausen 2011).



4 R. K. Sutton

Table 1.1 Key issues specified for green roof adoption in twenty-five world metropolises

City Stormwater | Stormwater | Heat | Green | Energy | Air Bio- Urban
quality quantity Island | space | savings | quality | diversity | Agr

Toronto v v N \/
Chicago y
New York ~

Baltimore v

2

Berlin
Atlanta

2|2 |2 2|2
2|2 |2 2|2

Singapore

<

Washington
Tokyo

Austin

< |2 |2 |2

P R - - ) I |

Cologne
Seattle
Philadelphia

S Francisco

< |2 |2 |2

< |2 |2 | <2

2
2

Waterloo

2
<

Munster
Stuttgart
London S N
Montreal R Y
Pittsburgh
Seattle

<
2

Minneapolis

< |2 |2 | <

Vancouver
Basel N

Because green roofs intercept and detain rainwater, they can initiate a train of
stormwater treatments and be designed to direct the slowed runoff into cisterns,
rainwater gardens, bio-swales or detention ponds. Green roofs filter out many at-
mospheric pollutants and nutrients borne in precipitation before they reach streams
or lakes (Berndtsson et al. 2009).

Green roofs by themselves and in aggregate affect a building’s and a city’s en-
ergy budget. In summer, a city with enough green roofs will have its overall ambi-
ent temperature reduced (Smith and Roebber 2011; Solecki and Leichenko 2006;
Gaffin et al. 2008). An individual building similarly can reduce its need for summer
cooling and winter heating since green roofs act as an insulator (He and Jim 2010;
Jim and He 2010; Teemusk and Mander 2010; Feng et al. 2010). Additionally, some
of the retained stormwater will be transpired during the growing season to further
cool a building. In the winter, dormant green roof vegetation captures additional
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Table 1.2 Green roof benefits derive from their existence as functional, living ecosystems and
map onto a suite of ecosystem services described by the Millennium Ecosystem Assessment (MEA
2005)

Green roof benefits Ecosystem services

Public | Private | Provision | Regulate Cultural Support
Stormwater quantity | V < Water
Stormwater quality y Water Purification Nutr. cycling
Heat island v Climate
Membrane life \ Resilience
Building energy \ Climate
Noise reduction \ Sound Aesthetic
Air quality N Air Nutr. cycling
Biodiversity N Pollination | Knowledge | Nutr. cycling
Retard fire R Well-being
Views; marketing v v Aesthetic
Rooftop agriculture v Food Educational | Soil formation
Education opportunity N Educational
Local employment 3 Well-being
Carbon sequestration | V Air

precipitation and enables snow to stay on the roof, thus adding an additional layer
of insulation.

Typically, most roof membranes have a lifespan of about 20 years largely be-
cause of ultraviolet light degradation and micro-tears caused by diurnal heating
and cooling cycles. Green roofs protect a membrane from those deleterious effects
and may double membrane life thus reducing life cycle costs and delaying worn
out membranes from entering the landfill (Carter and Keeler 2008; Bianchini and
Hewage 2012).

Because green roofs have a porous mass, they serve as noise attenuators (Con-
nelly and Hodgson 2008). Depending on depth and composition they can lower the
noise impact from an overhead source such as an airliner up to 10 decibels.

Buildings and their urban conglomerations reduce space for other living things
such as plants (Cook-Patton and Bauerle 2012; Madre et al. 2014) insects (Maclvor
and Lundholm 2011), and birds (Coffman and Waite 2011). Green roofs allow
some reestablishment of habitat for a few of those organisms. Flowering plants
on vegetated roofs allow the introduction of bees and support other pollinators.
While green roofs can never completely replace the biodiversity and complexity
of intact ecosystems, they mitigate some of those changes and may supply living
corridors for insect and bird movement in cities. They vastly improve the lack of
biodiversity found on white and black roofs dominating a city’s impervious sur-
faces. Hotels with green roofs easily charge more for rooms that open on to garden
terraces. Chefs seek the herbs and vegetables grown nearby to their restaurants for
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the reduced cost and high quality freshness. Green roofs offer such a venue. Office
workers gazing onto a green roof fatigue less easily and produce more under stress-
reduced workloads. Green roof aesthetics, however, go beyond the mere pleasure
than might be experienced in view the surface feature of any garden (Sutton 2014).
All such connections help people value the natural world, become calmer, more
alert and involved as humans (Kaplan and Kaplan 1989; Kahn 1999; Louv 2012).

1.5 Green Roof Design and Technology

Most often green roofs sit atop nearly flat roofs of commercial or public build-
ings. Occasionally they can be found on sloping or residential roofs though they
are most likely to be part of new building project when extra weight loading can be
considered and accounted for in structural design. Retrofitting the structure of ex-
isting building is a difficult and expensive proposition. Weight limitations become
paramount because green roofs capture and hold a portion of the precipitation that
falls on them. Based on the substrate depth, green roofs are classified as extensive
(<15 cm) (<6 in.), semi-intensive (>10 and <20 cm) (>4 and <8 in.), or intensive
(> 15 em) (6 in.) (GRHC 2006a). This general nomenclature applied above to depth
classifications actually refers to the amount of maintenance expected for shallow,
moderate, and deep substrate. Deeper substrate means that a wider array of plant-
ings that include herbaceous perennials, shrubs and trees could be grown creating
more of a rooftop garden, whereas, shallow substrate depths support fewer and
lower-growing plant types. Most roof decks allow only minimal weight loads and
so limit adoption of even extensive green roofs with shallower substrate depths.
Where more weight loading can be supported, a semi-intensive or intensive roof can
be used. The term extensive comes from a German to English translation of these
concepts in the 2002 English translation of the FLL Guidelines for Green Roofing.
It is a green roof system that “involves cultivation of vegetation in forms which
create a ‘Virtual Nature’ landscape and requires little if any external input for either
maintenance or development” (FLL 2002, p. 12). Its intention is to be extensive or
wide spread in its application because of low cost, low-maintenance and ease in
population with local flora (FLL 2002).

A typical green roof cross-section begins at the bottom with the building’s struc-
tural system, moving up through its decking, insulation, waterproof membrane, root
barrier, drainage layer, drain filter, growing substrate, and finally a living layer of
plants (Fig. 1.1).

Each layer plays a role in protecting the membrane, buffering and filtering rain-
fall and, with plant coverage, guarding against wind and rain-caused erosion of the
growing substrate. Because substrate ballasts the building’s membrane and insula-
tion, it must possess some weight, yet it must be well drained with large pore spaces
to quickly allow percolation of excessive rain and lessen weight loading. Plants
must be selected to withstand drought, wind, heat, and cold. If plantings fail then
the substrate, becomes exposed to loss due to wind scour. Three key factors must
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Fig. 1.1 A typical green roof cross-section shown above with its multiple layers

always be kept in mind when designing and maintaining green roofs: (1) stay with
in structural loading limit, (2) protect the integrity of the waterproofing membrane,
and (3) keep plants alive to protect and hold substrate in place.

A green roof design must account for horizontal as well as vertical forces. Daily
wind pressure and especially wind action during storm events can cause scouring
of substrate and dislodging of plantings. As the height of a green roof from the
ground increases, so do ambient and storm winds, particularly if the green roof is
unprotected by other building mass. Placement of membrane ballasting and scour
protection may be dictated by local building codes (SPRI 2010). The height and
location of parapet and building walls can create turbulent, chaotic, unpredictable,
and increased speeds for wind flows (Suaris and Irwin 2010) but also reduce wind
speeds. Wall and parapet height and location can also affect sun and shade patterns
that should be acknowledged in layout of any designed planting.

Substrate can be layered and embedded in several different ways. The simplest
is monolithic placement in a bed at the specified depth. Placement could also be
built-up with layers of two or three substrates with differing drainage characteris-
tics. The next method consists of modular tray systems either with pre-grown plants
or filled with substrate and planted after placement. Trays can be made of plastic
or a degradable material. One advantage of plastic material is that the tray can be
picked up and moved for roof repair. A third method involves a thin, integrated, pre-
planted, flexible, rubberized or plastic rug-like structure embedded with substrate
and plants. It can be laid as a mat or rolled for transport and unrolled upon instal-
lation.

The plants may or may not be irrigated and supplemental water beyond rainfall
may be applied by hand as needed, or by automatic spray or drip systems on the sur-
face or embedded in the substrate. Excessive use of water for irrigation runs counter
to the intent of a sustainable building.

Where green roofs have been designed for physical access other landscape ame-
nities can be added such as paving, decking, seating, water features, arbors, and
trellises. Green roof landscape design per se is beyond the scope of this book. It
is suggested that readers wishing to know more about the design and construction
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process consult books by Osmundson (1999), Weiler and Scholz-Barth (2009),
Luckett (2009), Snodgrass and Maclntyre (2010), or Daykin et al. (2013).

1.6 Design and Use

To gain public and private benefits from green roofs means adding another layer
of complexity to design of buildings. It requires a design team that includes an
owner, engineer, architect and landscape architect to establish parameters and over-
see specification and installation of green roof materials to meet desired outcomes.
Green Roof Professional (GRP) is a special certification by the Green Roofs for
Healthy Cities group in North America given after completion of an exam and re-
quiring yearly continuing education. These design professionals also rely upon a
group of craftsmen and suppliers to help create a green roof. Designers must un-
derstand local policies and codes, the building’s needs, location, and whether a roof
will be accessible and by whom. Weight loading and roof slopes must be acknowl-
edged and understood very early in the process. Building codes for green roofs
apply not only to building envelope integrity and public health, safety and welfare
during and after construction including fall safety, emergency egress, and wind and
fire impacts. The development of code and performance specification requirements
for green roof construction is most advanced in Europe. North America is beginning
to make advances in development of codes, guidelines and other legal documents
for public and private green roof construction, but many green roof elements lack
guidance (Dvorak 2011).

Integrity and lifespan of the waterproofing membrane represents the second most
important condition of a green roof. Everyone accessing a roof from designers to
installers, maintainers, and visitors must do so in a way that protects the membrane.
Improper access and use impact a membrane and can, at best, void any warranty and
at worst cause roof leakage.

On green roofs, the substrate composition for physically supporting plants and
supplying water and nutrients varies widely. Some designers recommend highly
organic admixtures with up to twenty percent compost or peat moss, while others
opt for lower amounts of organic matter in the five percent range (Friedrich 2008;
Buist 2008). Many of the large-scale commercial providers of growing media in
Europe and North America use an engineered media based upon the German FLL
Guidelines (FLL 2002) for Green Roofs. The FLL-based guide suggests a range of
materials and performance characteristics for media assuming use of a xeric plant
palette. The organic fraction holds water, microbial populations and supplies nutri-
ents and structure that while the inorganic fraction brings needed internal structure
and adds overall ballasting weight. Importantly, the inorganic substrate fraction pro-
vides structure that allows rapid permeability and resists freeze-thaw cycles, and
compaction. Inorganic material must be near neutral in pH, size-graded to allow
rapid percolation and have very little substrate in the clay particle size range. Types
of inorganic substrate material typically include heat expanded slate, shale and clay;



1 Introduction to Green Roof Ecosystems 9

crushed brick or tile; volcanic ash; pumice; lava rock; perlite; sand and admixtures
of these. Compost or worm castings supply the initial organic fraction with its criti-
cal complement of nutrients.

Plant selection for green roofs must consider its microclimate (Metselaar 2012),
the well-drained growing substrate, plants, ecological relationships amongst them-
selves and fauna (Brenneisen 2006; Maclvor and Lundholm 2011), as well as aes-
thetic intent and use. Plants must be able to withstand wind, heat, cold, and drought
(Sutton et al. 2012). For low profile, extensive green roofs, plants also need to be
able to self-sow and/or fill in gaps by creeping rootstocks or stems. Effort should
be taken to use locally sourced materials with minimal emergy (embodied energy).

All human-occupied landscapes require maintenance, especially carefully de-
signed green roofs. Roof top environments can be harsh and cause stress on plants.
Detailed inspections of plants for insects and diseases must occur frequently dur-
ing the first 3-5 years, and continue beyond in subsequent years. During and after
heat or drought spells and at the beginning and end of the growing season, plant
health must be assessed and water added (as needed) and repairs made to scoured
substrate, faulty irrigation and the pavements, drains, and other life-safety features.
If flower displays become critical to the objectives of the green roof’s design, then
yearly, spring soil tests are required to reveal need for supplemental nutrients. When
applying nutrients, small amounts in a slow release form should be used. Nutrients
easily leach from the substrate so it is important to guard against over-fertilizing
(Morgan et al. 2012).

1.7 Green Roof Ecosystems Concepts and Applications

While some readers may question juxtaposing the terms, green roof with ecosys-
tem as we have done in this volume’s title, the expansion of ecological study into
a plethora of sub-disciplines suggests a wider view of what constitutes the study of
ecology and displays a broad suite of compatible ecological concepts underlying
a green or living roof. Below we review some of the varied ecosystem-oriented,
ecological approaches that may have facility and add understanding to the practice
of green roof design and assembly.

Ecology as a subject has matured to the point where it is no longer ensconced
wholly in biology (Odum 1992). Broadly defined, ecology is the science of relation-
ships between, living things and their environment. The ecosystem model expli-
cates system inputs and outputs powered by the flow of energy (Odum 1971). Even
the term, energy, has evolved into emergy (Odum and Nilsson 1996; Odum 2002)
(embodied energy) and exergy (Jorgensen et al. 2004; Kibert 2002) (the useful ap-
plicable part of energy driving ecosystem processes). Feedback occurs in systems
that tend to be self-organizing and hierarchical (Berryman 1989; Allen 2002; Kay
2002).

Ecosystem diagrams (Fig. 1.2) use symbols to describe flows of energy, materi-
als and information to, from and within an ecosystem. Ecosystems are very open to
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Fig. 1.2 A green roof ecosystem showing flows of energy, water, nutrients, and organisms

inputs and outputs, though a green roof ecosystem has spatial boundaries that are
relatively easy to define. Within it, physical materials, like substrate or plants, be-
come objects to, through, and from which flows occur. The usefulness of ecosystem
diagrams using Odum’s emergese language shows and brings invisible interactions
to our attention.

These activities are rather like a transitive verb: they display action on and be-
tween physical objects. Allen (2002, p. 118) describes the design of systems pro-
cesses thusly: “A critical distinction between design, embodied in mechanisms, and
system dynamics, is the notion of rate dependence as opposed to rate independence.
Dynamics is described as a series of rates of processes that are interrelated. Dynam-
ics depends on rates, and a description of dynamics has to rely on rates for adequate
description.” A sedum plant on a green roof is not a sedum plant at a rate. It is simply
a locus of activity that absorbs energy, stores it in complex biochemical compounds
for later to use with water and carbon dioxide in Crassulacean acid metabolism
(CAM). It does so to reduce the loss of internal water caused by opening stomata,
though some Sedum species may switch between C3 and CAM (Sayed 1994; Cush-
man and Boland 2002). In the relatively cool, higher humidity found at night less
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water is lost in CAM. Because rates can only be described as some activity or flow
measureable over time. Rates of action and flow, like energy, get stored, amplified,
attenuated, dissipated, transformed, and extinguished moving through an ecosys-
tem. These pathways or circuits remain largely invisible, and thus hard to imagine
for most viewers. From an ecological perspective, when a green roof designer sees
a Sedum plant the thought is about reduced transpiration rates and lower water use
inherent on extensive green roofs. But shifting water sensitive processes to night-
time does not allow stonecrop (Sedum spp.) plants to escape their vulnerability
to high temperatures in tropical or sub-tropical longitudes. Heat in these locations
can be high enough to cause collapse of the entire Sedum plant colony and should
eliminate it from the designer’s green roof plant palette in those locations. While
Sedum spp. are popular in Europe where they inhabit rocky soils in mountainous
environments, other succulent species native to tropical or sub-tropical climates
have been found to perform well in shallow substrates (Dvorak and Volder 2010;
Dvorak and Volder 2012).

Designers work with, arrange, and relate physical material such as plants and
substrate to create green roof ecosystems. While they do so it is imperative they pay
attention to the invisible flows of energy, materials, and information. When one tugs
at one portion of the ecosystem there will be a response, because it is interconnected
with other parts of the system. Every change in a part of the system has an often-
unknown and delayed impact on another part of the system. For example, top-dress
a green roof substrate with fresh compost to improve plant growth and there may be
more robust plants along with an increase in nutrients leaching from the entire sys-
tem. (Eco)systems thinking means considering the ramifications of actions (so far
as they can be understood) to an entire system. That is the study of ecology: imag-
ining, understanding, describing, measuring, and linking the relationships between
the entities in a system however such a system is defined or delimited.

Ecological Engineering secks the design of sustainable ecosystems that inte-
grate human society with its natural environment for the benefit of both (Mitsch and
Jorgensen 2004). Using ecological theory and quantifiable engineering technology
this approach focuses both on restoration of existing natural environments and the
creation of new, self-organizing ecosystems. Mitsch and Jorgensen (2004) list five
general concepts of ecological engineering that have importance for green roofs:

» Self-design [organizing] capacity of ecosystems
» Testing of ecological theory

» Systems approach

» Conserves non-renewable energy

» Supports ecosystem conservation

Self-organization relies heavily on careful introduction of assemblies into a sup-
portive space. Not a simple input-output model, this approach relies on the capac-
ity and proper mix of biotic and abiotic materials to encourage the emergence of
self-organizing, hierarchical systems (Allen 2002; Kay 2002). Theories can be put
to use, modified, or discounted after being tested in the construction of ecosystems.
While ecosystems (and green roofs) can be examined and broken into detailed parts,
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it is their existence and operation as wholes that make them powerful entities. The
hierarchical nature of systems, especially ecosystems, allow for the emergence of
complexity (Allen and Starr 1982). Ecosystems science centers around the acquisi-
tion, use, change, transfer and degradation of energy, so it is understandable that
constructed, anthropogenic ecosystems should operate primarily on solar energy
like most natural ones.

Sustainability is a key concept driving green roof policy. Ecological engineering
theorist, James Kay (2002), lists four basic design concepts for creation of more
sustainable built environmental ecosystems, which can be thought of as extensions
of those noted above by Mitsch and Jorgensen (2004):

* Interfacing

* Bionics

* Biotechnology
» Conservation

These basic concepts map on to green roofs: interfaces exchange energy and waste
between a man-made structure and the wider environment. On a green roof, for ex-
ample, the excess rainwater runoff outflows to stormwater systems; bionic design
attempts to as closely as possible imitate a natural system, green roof examples
being a dry, windswept talus slope, rocky seashore, or semi-arid prairie; biotech-
nology completes a function utilizing natural systems, for example, roof cooling
through transpiration by living plants; conservation of non-renewable resources oc-
curs when using them only to upgrade anthropogenic features—for example, using
petro-chemicals to manufacture highly efficient membranes that underlie and sup-
port green roof systems extending the membrane’s useful life.

Unfortunately, sustainable environmental systems displaying Kay’s four design
concepts are often ignored because of desire for immediate economic return, lack of
knowledge (Kay 2002), and invisibility to the public (Thayer 1989).

Managed ecosystems are defined as, “one[s] where [ecosystem] processes
are influenced by purposeful human decision-making” (Antle et al. 2001, p. 724).
These certainly include green roofs where human decisions direct the flows and
impacts of needed resources such as labor and water. These decisions appear to be
strongly connected to economic circumstances and often expressed in a hierarchy
of governmental policies.

Construction ecology, a sub-field of industrial ecology, focuses on the design,
installation, management, and decommissioning of buildings. The building design
and construction process strongly affects green roofs. Construction ecology builds
the human environment ‘(1) [with] materials systems function[ing] in a closed loop
integrated with eco-industrial and natural systems; (2) that depends solely on re-
newable energy resources; and (3) that fosters the preservation of natural system
functions’ (Kibert 2002, p. 292). These features are strongly influenced by eco-
nomic decisions of the individual, firm, and government about current and future
costs of energy, material, labor and the level of acceptable environmental impact.

Urban ecology may also include green roofs and be associated with, the study of
the amounts and locations of organisms, their relationships with each other and with
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their environment, and material and energy flows within urban areas (Gaston 2010;
Madre et al. 2014), or alternately and more succinctly from (Alberti 2008, p. 252),
“the study of the coevolution of human ecological systems.” Humans become the
keystone organism for driving the urban ecosystem. So, human actions affect eco-
nomic, cultural, social, and psychological aspects of the urban ecosystem.

Urban ecologists have used Long-term Ecological Research (LTER) sites based
in metropolitan areas and offer three alternative and overlapping conceptual models
of urban ecosystems: Baltimore (University of Maryland) uses a patch dynamic ap-
proach, Phoenix (Arizona State University) uses hierarchical modeling, and Seattle
(University of Washington) uses adaptive cycles. The approach at the Seattle LTER
incorporates both dynamic patches and hierarchy, implicit in linking of pattern and
process with effects, changes, and scale. It is easy to see within levels how green
roof patches might interact with and feedback among model compartments. Patches
like anthropogenic, green roof features, represent a system for flows of information,
knowledge transfers and system learning (Alberti 2008).

The small (but growing) number and dispersed nature of green roofs in the urban
milieu means green roofs currently play a minor role in urban ecosystem function-
ing. Snep and Opdam (2010, p. 270) downplay the visual impact of green roofs
claiming, “...[T]he concept of living roofs and living walls is an important part of
[ecosystem functioning] but here functionality is much more important than visual
quality.” Where green roofs expand offerings of visually recognizable nature or pro-
vide the backdrop for human activities they do, however, become important. Visual
impacts tied to green roofs link culture, ethics, aesthetics, and biodiversity (Sutton
2014), thus visibility and aesthetic relief may become critical feedbacks shaping
green roof acceptance and broaden urban policy.

Landscape ecology studies the structure, function, and change of patchy eco-
systems across a range of scales in time and space (Forman and Godron, 1986).
It explicitly includes humans as part of the system (Naveh and Leiberman 1994;
Naveh 2000). Structures include patches, corridors, matrices, and networks, all with
boundaries and gradients; functions include movement of energy, materials, genes,
and information (Turner 1989; Wiens 2005); change recognizes the temporal di-
mension of dynamic ecological systems (Wu 2013). Though Forman and Godron
(1986) indicate that landscape ecological study operates over meters to kilome-
ters-wide areas and beyond, landscape ecologists have largely ignored the smaller,
meters-wide scale. This makes it difficult for a meters-wide green roof microsite to
pique the interest of landscape ecology researchers. Nevertheless, the links between
small sites and larger landscapes offer research opportunities.

While the approach in this book follows the ecosystem concept, there are other
emerging paradigms such as those that look at landscape hierarchies as a more real-
istic model. Because green roof are relatively small and sparse, they may have not
reached a critical threshold to be influenced by other that abiotic factors (Blandin
2013)

Restoration ecology does examine microsites because of those sites’ impact on
restoration theory, focus, and practice (Coulson et al. 2001; Zobel et al. 2000). Yet,
restoration ecology may seem out of place when discussing green roof ecosystems,
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since green roofs synthesize new substitutes for pre-existing natural structures and
functions occurring on the Earth’s surface that predated urbanization and build-
ing. Restoration ecology expends resources like land, labor and capital to change
degraded or denuded land and landscapes into functioning ecosystems. However,
restoration ecology contains an important human decision making component and
an ethical understanding of restoration that may help focus promotion and use of
green roofs through policy, design, installation, and management (Higgs 2012).

Scale is also an important issue in restoration ecology (White and Jentsch 2004).
Green roof ecosystems, often only covering a few hundred square meters, yet share
important structure, process, and change characteristics with small, isolated res-
toration plots. For example, their small size precludes all possible viable species,
offers limited potential succession paths, and may oscillate unpredictably from dis-
turbance. The time scales applicable to green roofs are also very short. Very few
green roofs older than 50 years exist and even fewer can be found older than that.

Perception and manipulation of green roofs largely occurs at a human scale—
one that embroils human values. Restoration ecology, where it deals with small
sites, must also confront human values (Hobbs 2007) and negotiate stakeholder
needs (Gobster and Barro 2000; Hobbs 2004).

Some restoration ecologists have thought about what occurs when faced with
barren sites where ecosystems must be created from scratch. These situations have
been described as designer ecosystems (MacMahon 1998; Nuttle et al. 2004) or
novel ecosystems (Higgs 2012; Hobbs et al. 2013). Clewell and Aronson (2013,
p- 211) are less sanguine in their view of such novel systems in relation to ecologi-
cal restoration and ecosystem assembly declaring, “‘from-scratch’ ecosystems are
constructed to fulfill narrowly conceived or short-term societal needs, such as green
roofs, roadside revegetation, or wastewater treatment.” While green roof ecosys-
tems certainly fall under such rubrics, they cover more natural and anthropogenic
function than a bare rooftop and their existing and future potential ecological struc-
ture and function should not be so easily dismissed.

Views such as Clewell and Aronson’s (2013) above also preclude the opportu-
nity for controllable designed experiments (Felson and Pickett 2005; Sutton 2013a)
for exploring ecosystem functions (e.g. biomass production) and restoration struc-
ture (e.g. biodiversity) on green roofs. For example, Rosenzweig (2003) and Loreau
et al. (2001) review the importance and impact of biodiversity (Hooper et al. 2005)
and its interaction with ecosystem processes, functionally important species (Ra-
nalli and Lundholm 2008; Lundholm et al. 2010) and basic causal mechanisms.
Loreau et al. (2001, p. 804) state: “A major future challenge is to determine how
biodiversity dynamics, ecosystem processes, and abiotic factors interact.” Properly
designed green roofs could serve as a baseline in gaging those challenges and thus
inform both ecological restoration and restoration ecology.

Reconciliation ecology (Rosenzweig 2003) links urban ecology and restoration
ecology by calling for an additional type of nature and species diversity protection
beyond traditional preservation and restoration. He proposes a win-win approach
that discovers how to modify and diversify anthropogenic habitats so that they har-
bor a wide variety of wild species; it seeks techniques to give many species back
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their geographical ranges without taking away ours. Francis and Lorimer (2011)
specifically describe green roofs and green walls as an application of reconciliation
ecology and suggest that citizen scientists be recruited to learn about green roofs
and to monitor species diversity and movement.

Soil ecology studies the pedon, a cohesive unit that covers 1-10 m? (10.75—
107.5 ft?) (Coleman et al. 2004) and approaches a spatial scale suitable for under-
standing green roof functioning. Unfortunately green roof design most often calls
for low weight engineered substrate lacking many critical qualities of a living soil.
The concept of the soil health (Doran and Zeiss 2000, p. 3) calls for “a living soil
in which soil organism and biotic parameters (e.g. abundance, diversity, food web
structure, or community stability)... [provide] useful indicators of soil quality.” Ac-
knowledgement of these concepts is largely missing from selection use and man-
agement most green roof substrates.

Movement and saturation of water and its connection with soil texture and struc-
ture form an important abiotic context for microbial communities. Very porous soils
such as found in green roof substrates show wide and rapid changes in free water,
relative humidity, and temperature; natural soils vary much more in space and time
than green roof substrates.

Fine roots <2 mm (0.08 in.) makeup a large portion of most plant’s annual, be-
low ground biomass production and the root’s rate of turnover is measured in weeks
and months, not seasons (Coleman et al. 2004). In natural environments most roots
remain in the upper portions of the soils and shallow extensive green roof root zones
will likely permeate it completely. In either case, these fine roots provide an impor-
tant source of organic matter for microbes to recycle into useable plant nutrients.
Nutrients held in porous green roof substrate tend to have severe leaching (Emilsson
et al. 2007) until an adequate root network has been established.

The numbers and kinds of microfauna, mesofauna, and macrofauna found in
natural soils are large and diverse, but variable due to turnover of microbes the
patchiness of suitable biologically useable materials. These range from soil organic
matter to root exudates to fecal pellets and earthworm slime. Spotty location of
those materials contributes to the heterogeneous nature of soil organic matter and
its accompanying, variable suite of microbes. In the case of symbiotic mycorrhizal
fungi, hyphae actually go beyond tapping mere organic matter and enter individual
root cells. This behavior allows the very efficient uptake of water and nutrients with
the mycorrhizal fungi extending root hair function while the host plant supplies car-
bohydrates (Jeffries and Barea 2001). Thus mycorrhizal fungi help plants function
in low nutrient, low moisture environments (Cripps and Eddington 2005) and are
most likely critical for green roof substrates and plants (John 2013).

Microbes function importantly in nutrient turnover and release, yet may be lim-
ited by available nitrogen (Coleman et al. 2004). Highly dynamic interactions in
soils include soluble nutrient exchange, solubility of organic matter, movement of
soluble components, and growth and turnover of microbes (Coleman et al. 2004,
p- 77). Ecosystem functions interact with the numbers of soil organisms to effect
the quality of soil humus (Coleman 2004). These functional and species diversity
factors were severely limited on many young German green roofs (Schrader and
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Boning 2006). Green roofs thus present excellent study sites to control, manipulate
and examine the formation of soil microbial and micro-faunal communities and
their interaction with plant assemblages.

Community Ecology serves as a basis for applied and conceptual ecological
restoration. Assembly rules for identification (Temperton and Hobbs 2004), sourc-
ing, placement, monitoring and management for species embody key human deci-
sions in the process of community restoration that parallel those needed for creating
green roof ecosystems. Assembly rules posited in restoration ecology also draw
heavily on theoretical and applied concepts (Temperton et al. 2004) found in com-
munity ecology (synecology) (Table 1.3).

Green roofs may be largely governed, at least initially by abiotic factors such as
precipitation, temperature, wind, insolation, and substrate (Butler and Orians 2011;
Simmons et al. 2008; Molineaux et al. 2009; Dunnett and Nolan 2004; Dunnett
et al. 2008a, b; Ampim et al. 2010; Rowe et al. 2012; Rowe 2011; Getter et al.
2009). Biotic influences also occur there simply due to interaction of living organ-
isms including humans. Perhaps one of the basic human impacts comes from the
original assembly of plant species to be placed on green roofs (Fig. 1.3). Careful,
thoughtful, and experienced green roof designers should account for all of the con-
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ceptual aspects of the preceding community ecology list and serve as human filters
in applying their plant knowledge to the design process. Most often this selection
filter concentrates merely on the plants and not the environment or other organisms.
Too often it ends with a narrowly conceived assemblage when often cost, immedi-
ate coverage and floriferous patterns holding sway (Sutton 2013b). Any reduction
in cost may be reallocated to deepening substrate, adding irrigation, or widening
plant palettes. On the other hand, water, plants, and animals are strongly constrained
by the biotic and abiotic factors. After planting, disturbance regimes (called for or
not), arrival of invasive species, competition for water and nutrients, and the health
of individual species or stands of species become more important and are addressed
under the rubric of maintenance. Other concepts from community ecology may
or may not be considered during the process of species assembly and placement.
Nevertheless, a tacit understanding of gradients of light, heat, moisture, wind and
substrate depth should be considered fundamental in creating green roof niches.
Functional traits can be used to both define the niche or for utilizing plant charac-
teristics in supplying the green roof ecosystem feedback via facilitation (Butler and
Orians 2011) or capturing and holding more precipitation (Lundholm et al. 2010).
Here, at a community level, lies one more example where green roofs could be
adapted as controllable, yet extensive enough areas to observe and test community
ecology theories and concepts.

Concluding this brief review of salient ecological study approaches and eco-
systems are three aspects of green roofs that connect them to the wider scope of
ecological studies:

* Small to large size
+ Simple to complex organization
* Anthropogenic to natural history

The conceptual spaces for scale, complexity and natural history (Fig. 1.4) indicate
green roofs occupy a small scale, simple and largely anthropogenic realm.

1.8 Chapter Topics

The following 16 individual chapters start with monitoring and then next cover the
critical abiotic factors of water, substrate, climate and microclimate. Next come
chapters that examine plants, microbes, animals, and their interactions. The final
two chapters provide summaries. Chapter 16 studies actual green roofs. Chapter 17
relates and synthesizes common themes and makes appropriate conclusions about
green roof ecosystems, especially future design management, and research.

Chapter 2 Intensively managed ecosystems generally follow a high input, high
output model and require relatively large subsidies of time, energy, and materials
such as labor, water and nutrients. Since many green roofs follow this model what
is known of their inputs and outputs of energy and materials? How might those be
measured?
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Fig. 1.4 Green roof ecosystem and ecological studies occupy a restricted portion of the conceptual
and application space associated with the broader study of ecology and eco-systems

Chapter 3 Green roofs represent a synthetic ecosystem subject to unusual stresses.
They not only arise from thin substrate but also, depending on the elevation, receive
varying impacts from local climatic extremes of wind, heat, air humidity and sub-
strate water content. Microclimates create abiotic gradients in which plants must
grow.

Similarly, substrate composition and structural design have a direct role in ame-
liorating soil microclimate to accommodate appropriate plants. In warmer, non-
temperate systems with greater climatic extremes (e.g., high daytime and night time
temperatures, frequent flash flood events), green roofs may offer relatively larger
intrinsic (e.g. cooling building, extension of roof membrane lifetime) and extrinsic
(e.g., flash flood mitigation, reduction of heat island effect) benefits. But the design
(including the plant palette, substrate composition and profile design) can be modi-
fied to accommodate different conditions.

Chapter 4 How green roofs use and process water is a critical component of their
function and effective management. As green roof technology has spread from
northern Europe’s relatively cool and humid climate, successful green roof designs
have had to adapt to regional variations in the timing and availability of water.
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The development of regionally appropriate designs requires a mechanistic under-
standing of green roof water relations and plant eco-physiology. Water efficient
designs effectively match environmental conditions, substrate characteristics, plant
physiological needs, plant community interactions, and expert systems for applying
supplemental water.

Chapter 5 In support of plant communities, green roofs have typically been con-
structed with compost or other nutrient-rich organic matter blended into the growing
substrate. As a consequence, leaching of nitrogen (N) and especially phosphorous
(P) can be high in green roof runoff, which is a disservice for downstream ecosys-
tems. Cycling of N and P has been studied in natural ecosystems, revealing fun-
damental characteristics about plant-soil-air interactions, ecological stoichiometry,
nutrient limitation and saturation. However, it is not known whether the principles
generated from these systems translate readily or directly to constructed ecosystems
like green roofs.

Chapter 6 Although typically eschewed in favor of highly engineered substrate,
natural soils can provide an obvious benefit for roof systems by jump-starting a
viable, self-organizing habitat. Such soils can act as microbial inoculants and serve
as an additional source for plants and insects via seed banks, eggs, and larvae. How-
ever green roofs utilizing mostly natural soil with finer particles and slower internal
drainage can lead to clogged drains or mass movement.

Chapter 7 Green roofs provide a number of ecosystem services such as the provi-
sion of habitats for organisms residing in and migrating throughout the city that
have only recently been studied and documented. Microorganisms such as fungi
and bacteria have been found to be diverse and abundant components to green roof
substrate and may contribute to some of the other benefits green roofs provide such
as the removal of organic pollutants from precipitation, recycle organic detritus, and
help create soil structure.

Chapter 8 Many green roof designs employ a limited palette of drought-resistant
Sedum species are assumed to be static. Comparatively few utilize diverse species
assemblages or consider assemblage dynamics. However, diverse green roof plant-
ings not only help to restore biodiversity to species-poor urban environments, but
may also improve the quality of services provided by green roofs while recruiting
new species and allowing existing ones to move about.

Chapter 9 The ecosystem services green roofs provide are influenced by both the
engineered and biotic components of green roof systems. How might plant species
and the synthetic vegetation communities created for and by them control the func-
tioning of green roofs? Studies show that plant species can differ greatly in their
ability to provide services such as roof cooling and stormwater retention. Newer
work, emphasizing less-well characterized benefits such as reduction of heat loss
in winter, air pollution mitigation, and carbon sequestration also shows significant
effects from plant species and functional groups of plants into communities.
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Chapter 10 In the United Kingdom, promotion of urban biodiversity has become
a leading driver for green roof installation. A special category of vegetated roofs,
known as ‘Biodiverse Living Roofs’ (formerly know as Brown Roofs) has become
well established as the primary means by which this is achieved. These roofs attempt
to create the ecological conditions of urban brownfield or post-industrial sites on the
ground, which are often biodiversity hot spots in cities. Largely consisting of ruderal
species, these bio-diverse roofs offer a testing grounding for applying Competitor-
Stress Tolerator-Ruderal theory and questions about plant dynamics and succession.

Chapter 11 Green roofs can be currently seen as an ecologically sustainable prac-
tice, but in fact many are both unstable and vulnerable. Low-diversity systems break;
they are not resilient. Within prairies many specialized plant community templates
arise in hot, dry, windy places with thin, poorly developed soils. These communi-
ties with their suite of adapted plants are closely analogous to green roof conditions
and provide a designer with a potential palette from which to select. Examples of an
plant assembly process are applied to two such projects in Minneapolis.

Chapter 12 Despite an emerging understanding of green roofs as dynamic ecosys-
tems, most green roof vegetative studies treat plant communities as static assem-
blages. An ecological perspective of green roof composition and dynamics allows
for deeper examination of green roof design and maintenance practices rooted in
performance, while potentially changing the ways in which designers, engineers
and managers conceive of a green roof. Novel, anthropogenic ecosystems, such as
green roofs, display complex growth dynamics rooted in a combination of initial
site conditions (shading, thermal exposure, wind, moisture), roof design (vegeta-
tion, growing media, roof substrate, drainage), and disturbances (extreme climate
conditions, weeding, disease, emergent species, fertilization).

Chapter 13 If the ecological benefits of green roofs are to be realized then plant
selection and long-term plant and media performance are extremely important.
Long Term Ecological Research (LTER) sites have expanded ecologists’ under-
standings of both ecosystem and community concepts. Some sites represent human
ecosystems and as such relate to long-term study of green roof ecosystems.

Chapter 14 Insects and other arthropods are essential for several ecosystem ser-
vices on green roofs. Although it is assumed that arthropods are mostly desirable on
green roofs, it is not clear whether green roofs adequately provide habitat.

Chapter 15 Increased biodiversity is one of the commonly stated benefits of
installing extensive green roofs. Because biodiversity and its conservation is multi-
scalar, there are multi-scalar opportunities for ecological green roof design and
management that link biodiversity conservation efforts on the ground plane while
contributing to the supply of food, water, energy and other ecosystem services for
the benefit of human populations.

Chapter 16 Biodiversity and general ecological criteria have been consciously
used in designing some green roofs. Looking worldwide, a group of one dozen
green roofs were selected to reiterate and highlight the key concepts covered in
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the previous chapters. This chapter provides ideas for how green roofs have been
thought of and designed as ecosystems.

Chapter 17 The final chapter draws on preceding ones to identify, reiterate, high-
light, and most importantly explain key ecological concepts in the context of green
roofs. It identifies concepts with strong connections and application to design and
management of green roof ecosystems and notes where knowledge is limited and
how ecosystems conscious designers might investigate questions as green roofs are
created.
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Chapter 2
Monitoring Abiotic Inputs and OQutputs

Lee R. Skabelund, Kimberly DiGiovanni and Olyssa Starry

Abstract Green roof monitoring is critical to understand and improve the design,
implementation, and management of green roof ecosystems. Creating resilient, less
resource intensive living roofs fitting their larger eco-regional context, specific
local setting, and unique project objectives means understanding inputs and outputs.
This chapter addresses monitoring abiotic inputs and outputs related to green roof
hydrology (precipitation and irrigation, storage, outflow, and evapotranspiration),
water quality, energy fluxes, temperatures, meteorological conditions (wind), and
gas/carbon exchange. This chapter presents monitoring approaches and equipment
needs from literature and researcher interviews detailing several relevant examples.
Important design, educational, and management opportunities relating to effective
monitoring programs are discussed.

Keywords Hydrology - Water quality - Energy fluxes - Temperatures
Meteorological conditions - Substrate characteristics + Gas/carbon exchanges

2.1 Introduction

Intensively managed ecosystems generally follow a high input, high output model
requiring relatively large subsidies of time, substances, energy, and materials while
frequently shedding stormwater and contributing various effluents directly and in-
directly to the environment (Arvidson 2012).
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Because any ecosystem leaks or exports nutrients, materials, and energy, excess
inputs become outputs and potential wastes degrading or harming their surround-
ing surface water, air, and ambient temperatures (Odum 1969; Oke 1978; Spirn
1984). We should and can create “sustainable urban social-ecological systems”
(Byrne and Grewal 2008, p. 1) including green roofs (Rowe 2011) and other living
infrastructure.

What green roof ecosystem inputs and outputs relate to benefits and concerns?
What is known about such inputs and outputs?

Stormwater outputs produce financial impacts so the quantity stored, and its
timed release, must be reconciled with precipitation intensity, as well as substrate
and vegetation characteristics. Many urban areas now closely monitor stormwater
runoff (for one example, see Kurtz et al. 2010). How does one monitor and account
for the constituents retained by or exported from a green roof? How do these flows
compare amongst rooftops?

To assess heat attenuation on and within a living roof system, requires measur-
ing insolation and heat flows. Yet how do substrate and vegetation type influence
hydrology and microclimate? And, how do plant and root growth above and within
a substrate, the production of new vegetation from seeds, and human management
strategies influence hydrologic processes, energy flow, climatic conditions, and the
creation of a living, supportive substrate? Teasing apart these complex interactions
relies first on solid qualitative and quantitative data about each.

Researchers, designers, and managers must account for constituents retained or
leaving a green roof. They need to ask: What current methods and equipment are
being used to measure and analyze inputs and outputs? How are the data analyzed
and then used to improve green roof design, monitoring, and management?

In this chapter, we first define green roof ecosystem inputs and outputs. Next, we
provide a general overview of green roof monitoring. We focus primarily on moni-
toring the inputs and outputs associated with water and energy fluxes from green
roof systems and gas/carbon exchange. We present examples demonstrating green
roof monitoring applications related to research, design, and management goals—
listing important challenges and lessons learned from green roof monitoring. Op-
portunities for the future of green roof monitoring and research are also discussed.

2.2 Defining Inputs and Outputs

Every ecosystem consists of many interconnected variables and researchers cannot
feasibly monitor everything, so they must clearly define what is to be monitored
and why. Monitoring specific abiotic inputs and outputs brings vital understanding
to the interactions and functions associated with both biotic and abiotic conditions.

We define inputs as substances and energy added to a green roof (for example,
water in the form of precipitation and irrigation, added nutrients, and energetic in-
puts like sunlight or solar radiation). We define outputs as substances and fluxes
modified on or leaving a green roof (for example, the outflow of water nutrients in
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Fig. 2.1 Green roof inputs and outputs model (Olyssa Starry and Rich Pouyat, unpublished)

substrates or runoff, evapotranspiration, and heat energy). Inputs and outputs from
green roof systems are generally conceptualized in Fig. 2.1.

Closely examining “green roof benefits” related to stormwater management, ur-
ban heat loads, energy use, and carbon sequestration helps researchers effectively
monitor the dynamic conditions influencing important green roof attributes and
functions. Thus, we monitor conditions and factors related to optimize water and
energy inputs, and reduce or eliminate negative outputs—namely, outflow, excess
heat, carbon dioxide, nutrients, and heavy metals. In doing so we better understand
how to create low input (water and energy conserving), and low output (less runoff
and non- or minimally-polluting) green roof ecosystems and can also enhance our
ability to sequester carbon and achieve other project goals.

It is important to note that ways to monitor green roof inputs and outputs vary.
“We direct some monitoring at the inputs and outputs themselves (i.e. the energy
and material fluxes in the system), some at describing processes (such as evapo-
transpiration or microbial activity) that drive those fluxes, and others at physical
conditions (such as temperature or wind speed) which may directly or indirectly
influence fluxes and other aspects” (John Lambrinos 2014, pers. comm.).

2.3 Planning for Green Roof Monitoring

It is impossible to learn from green roof ecosystems without closely observing and
understanding monitoring goals and objectives. This section discusses: (1) mon-
itoring approaches and goals in light of the needs and demands associated with
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observational studies versus experimental monitoring designs; (2) expectations re-
garding equipment and maintenance; (3) data collection; (4) data analysis and the
technical expertise needed to successfully undertake effective green roof system
monitoring; and (5) monitoring precautions.

2.3.1 Monitoring Approaches and Goals

The most important part of any research project and accompanying monitoring pro-
cess is articulating specific needs, goals, and objectives of the study. To do this re-
quires a reasonable understanding of the available literature and the project context.
This includes the type of site, regional and local setting, funding, expertise, person-
nel, equipment, and other necessary support systems.

Relating monitoring to the specific type of site(s) and study under consideration
before deciding what type of monitoring to undertake is essential. Will monitoring
be done on an existing green roof, on a new or proposed green roof, or on models,
mock-ups, modules, or platforms? Will monitoring activities examine integrated or
modular systems, or both?

It is also vital to understand conditions associated with the particular green roof
study system under consideration. Precipitation, temperature, relative humidity,
wind speed, wind direction, and solar radiation can change seasonally, and can be
affected by surrounding buildings, structures, and vegetation. For building retrofits,
“data collected before renovation can be a valuable measure of the new green roof’s
performance” (Onset Computer Corporation 2012, p. 3).

An example of the type of monitoring questions appropriate at this stage might
be: How hot and cold does this location get? How do adjacent building masses in-
fluence sun/shade patterns and wind movements—and thus precipitation, relative
humidity, temperatures, and other conditions on the roof?

Monitoring is tempered through identification of project objectives. For exam-
ple, if our primary interest is to improve design and management, as opposed to
understanding ecosystem functions, or if we look for trends over time and space or
specifically try to address a narrower questions through controls, then our methods
and analysis will likely be different. (Karban and Hunzinger 2006).

Based on project goals, level and intensity of monitoring activities varies. Welker
et al. (2013) describes a three-tiered, low, medium, and high, approach to monitor-
ing and provides a framework for balancing monitoring between project goals and
monitoring costs. For example, a low level approach for monitoring the hydrology
and ecology of a green roof might include visual inspections while a high level ap-
proach include sensor systems collecting continuous data (Welker et al. 2013).

Generally, two overarching approaches, observational and experimental describe
green roof monitoring. Each approach may include qualitative and quantitative data
collection and analysis, and these approaches and accompanying monitoring activi-
ties can be carried out simultaneously to address specific green roof research ques-
tions, hypotheses, and/or practical design and management issues.
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Observational monitoring studies rely on systematic collection, recording, and
analysis of relevant data over some period of time. Observation of green roof con-
ditions in space and time are frequently and systematically recorded to document
changes, dynamics, and particular conditions for selected variables addressing re-
search questions of interest. Hand-written notes, quick counts or measurements,
accompanied by photographs taken from the same locations through time can ef-
fectively supplement data collected from other monitoring devices.

Experimental research/monitoring focuses on theoretical or hypothesis testing
and can be related to one or more topics (e.g.): vegetation types, substrate depths,
substrate types, roof slopes, micro-climatic conditions, supplemental irrigation, nu-
trients, shading devices, etc. Experimental monitoring relies on systematic collec-
tion, recording, and analysis of relevant data over a period of time, and can include
a controlled comparison targeting a specific research question and hypothesis. Stan-
dard statistical designs and protocols should lead to significant inference about the
data and experimental designs require consultation with technical experts. Other
researchers must be able to replicate methods. Thus, researchers must balance the
need for replicated treatments in their design against the feasibility of including
multiple roof-scale measurements. Depending on the research question, working
with modules or experimental containers may be an option. As well, one or more
control rooftops may be monitored so that comparisons can be made between the
green roof (or green roof modules) and nearby black, dark-gray, and/or white or
light-colored roofs.

Experimental research requires more statistical rigor (i.e., replication) than ob-
servational study. Observational study requires less replication but are also less
generalizable. Neither approach is better than the other, but the distinction is im-
portant. Often the two approaches are integrated. Some—including Tilman 1989,
and Havens and Aumen 2000—argue that these two approaches must be integrated.

Importantly, green roof monitoring and data collection can be done to support
green roof management, to evaluate performance relative to particular green roof
project goals or models, or to collect data as part of the process of testing specific
hypotheses about how green roofs function.

2.3.2 Monitoring Equipment and Maintenance

Monitoring equipment can be simple, such as a hand-held thermometer, manual
rain gauge, and a stormwater collection container, through complex, such as a series
of tipping buckets, temperature sensors, and multiple flow sensors—all connected
to data logger(s) and a satellite-operated wireless data distribution network. Value
comes from using basic probes or sensors for repeated measurements of green roof
systems over several seasons or years. Although single measurements of variables
such as substrate temperature or moisture content give snapshots of systems con-
stantly in flux, such samples taken at a regular intervals over a longer time discern
overall rates, trends, and patterns (Tsiotsiopoulou et al. 2003). Spot measurements
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are especially useful so that comparisons between two different green roof treat-
ments can be made. These measurements can be conducted in the context of field
or classroom visits. They can also be incorporated into regular monitoring system
maintenance and green roof management. For example, commercial systems can be
used to assess green roof media water content, viewed in real time and used to man-
age green roof irrigation systems (e.g. Linda Tools green roof in Brooklyn, NY).
Commercially available green roof monitoring systems are available and in some
instances equipment including weather stations, sensors, and loggers can be ordered
from a single established company.

Complex monitoring networks may combine educational and commercial sys-
tems to collect continuous data increasing replicates (Lea-Cox 2012). Sampling
larger roof areas accounts for variation and accessing data remotely improves safety
or security concerns and reduces visits. For example, remote access enables roof
data to be visualized during storms. Transferring sensor information to a network,
computer, or handheld device synchronously, makes data more accessible in the
classroom or laboratory in real time (see Fig. 2.2). Green roof monitoring systems
also document green roof performance to improve green roof adoption, design, and
management. In a survey of architects and building managers in Chicago and In-
diana, Hendricks and Calkins (2006) identified ways that designers can increase
public understanding of the benefits associated with new or innovative green roof
practices. They noted that early adopters key on recognition of the environmental
services provided as revealed by monitoring. As such, monitoring is seen as vital to
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Fig. 2.2 A wireless sensor network system supports green roof monitoring and facilitates real time
data collection and analysis. (Adapted with permission from Lea-Cox 2012)
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the “green building” certification process, particularly since LEED™ (Leadership
in Energy and Environmental Design) and other rating systems require pre- and
post-implementation monitoring, and have the potential to improve design, imple-
mentation, and management while also deepening our collective knowledge about
green roof dynamics and functioning.

2.3.3 Data Collection

Depending on the study, data collected on abiotic green roof conditions and pro-
cesses may be documented directly by a researcher in a hand-written notebook,
portable device, or computer—and/or the data may be wirelessly signal-fed to a
data-logger/computer or physically transmitted via wires/cables linked to a data-
logger/computer. A type of networked wireless sensor system can be developed and
deployed to assist with data collection for green roof research (Fig. 2.2). Green roof
monitoring activities should be dated and recorded as to their time and purpose in a
logbook or recording device.

2.3.4 Data Analysis and Technical Expertise

Technical expertise needed for green roof monitoring and data analysis typically
includes personnel familiar with scientific research methods and statistical analysis.
Familiarity with rigorous, systematic data collection and analysis procedures and the
ability to trouble-shoot equipment or device failures is vital. For example, in order
to provide useful measurements, soil moisture sensors must be placed properly and
calibrated appropriately to give accurate readings (Starry 2013). Some commercial
organizations provide guidance specific to green roofs regarding weather station
selection, logging capacity, configurations, setup, data download, and deployment
options; sensor placement and positioning for different sensor types and purposes;
and sensor cable protection, weather station grounding, battery maintenance, and
sensor calibration (Onset Computer Corporation 2012).

2.3.5 Monitoring Precautions

In any monitoring scenario the unique nature of green roofs needs to be considered.
Safety precautions include fall awareness and fall protection training for any person
maintaining or otherwise walking on a green roof in situ (Omar et al. 2013). Ad-
ditional care should also be taken not to disturb the green roof system when study-
ing an actual green roof, especially the roof membrane or monitoring devices and
equipment.
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Table 2.1 Chapter 2 topics Amount and frequency of precipitation and irrigation
Substrate moisture and interception

Water outflows (stormwater runoff)
Evapotranspiration (ET)

Water quality

Surface energy balance (including latent heat fluxes)
Temperature dynamics (surfaces and sub-surfaces)
Wind speed, direction, and dynamics

Gas exchange and carbon sequestration

2.4 Topics of Green Roof Monitoring

Different types of green roof monitoring and data collection approaches are used
to quantify inputs, outputs, and the factors that control them. Abiotic data can be
collected and evaluated on an established or newly implemented green roof (in
situ) and/or on modules or microcosms located on top of a roof or constructed on
platforms established as experimental prototypes on the ground or roof. In the re-
mainder of this chapter, we discuss abiotic green roof monitoring related to the nine
topics listed in Table 2.1 above.

2.5 Monitoring Hydrology

This section addresses: (1) monitoring of water inputs—amount, rate, and duration
of precipitation and supplemental irrigation; and (2) monitoring of water outputs
including quantity and quality of green roof runoff, and evapotranspiration rates.
The water balance is important to consider in evaluating green roof hydrology and
system performance. Represented schematically in Fig. 2.3, the green roof water
balance is given as P— ET— AS= D where P is precipitation (and/or irrigation),
ET is evapotranspiration, AS the change in storage, and D is drainage (outflow—
assuming no surface runoff) all defined as volume flow rates.

Fig. 2.3 Green roof water Precipitation (P) Evapotranspiration (ET)
balance. Note: Water drain-
age is often referred to as

runoff or outflow since it 5
leaves the green roof ecosys- Change in Storage (AS)

tem. (DiGiovanni 2013 with .
permission from ASCE) Drainage (D) l,
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2.5.1 Water Inputs: Precipitation and Irrigation

Water inputs to green roof systems include precipitation and irrigation (Chap. 4)
and are important considerations for green roof performance related to the estab-
lishment and viability of live plants and seed (Nagase and Dunnett 2013; Skabe-
lund et al. 2014). Geographically and temporally variable precipitation patterns
and supplemental irrigation dictate the amount, rate, and duration of water inputs
onto green roofs. Water inputs can be monitored through various means: tipping
bucket rain gauges (heated or non-heated), non-recording (manually checked) rain
gauges, plate gauges, weighing type rain gauges, radar rain data, and flow meters.
For example, the amount and frequency of precipitation can be monitored using a
manual rain gauge or by using a tipping bucket connected to a data-logger to record
rainfall and snowmelt at some pre-selected interval (e.g. every 5—15 min). While a
nearby weather station can be used to estimate onsite precipitation, spatial variabil-
ity in weather patterns and structural differences (e.g. if the green roof falls in the
lee of other buildings) warrant onsite measurement of precipitation.

Irrigation can be measured with flow meters, but this approach is challenging if
more than one water delivery pipe is active. Irrigation needs and demands can be
measured over time and an observational and/or experimental design employed to
examine (as one example) water conservation practices—from rooftop water har-
vesting and re-use, drip and sub-surface irrigation, or completely eschewing irriga-
tion (see Rowe et al. 2014 and Chap. 4).

Green roofs may be observed every few days, and when vegetation shows signs
of wilting or browning, irrigation can be applied for a specified amount of time and/
or quantity of water. In other cases, soil moisture sensors, linked to programmed
irrigation systems, can provide supplemental water at specified rates.

Irrigation not only impacts green roof performance (biomass production, veg-
etative health, and summertime cooling potential), but it can strongly influence
substrate moisture and stormwater drainage monitoring results (Getter and Rowe
2009; Fassman-Beck et al. 2013). For example, by taking up retention capacity and
generating runoff, irrigation can become a disservice. Precipitation and irrigation
must be accounted for when preparing green roof monitoring plans and analyzing
collected data.

Observational research of the Upper Seaton Hall Green Roof (see Fig. 2.4) in
Manhattan, Kansas (USA) focuses on monitoring vegetation, substrate tempera-
tures, soil moisture, micro-meteorological conditions, and other factors—while
seeking to understand the influences of irrigation or its lack, on an integrated living
roof system in the central Great Plains. Along with plant growth and survival, precip-
itation, irrigation, stormwater runoff, and meteorological variables are monitored.
The primary objective of the project is to determine how selected native grasses and
forbs fare within varying substrate depths (7.5-17.5 ¢cm), with and without supple-
mental irrigation (Skabelund et al. 2014). A Campbell Scientific data logger records
air temperature, relative humidity, green roof surface and sub-surface temperatures,
rainfall, and wind speed and direction every 5 min. Instruments installed in June
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Fig. 2.4 a Kansas State University’s Upper Seaton Hall Green Roof has been monitored since
May 2009 using b a Campbell Scientific CR23X micro-logger (Lee R. Skabelund)

2009 on the green roof (Fig. 2.4) included a Campbell Scientific (CR23X micro-
logger), BP solar panel (10 W 16.8 V); RM Young weather station; three surface
temperature probes; six sub-surface temperature probes; and one Texas Electronics
(TR-525]) tipping-bucket rain gauge. Hard-wired cables connect instruments and
sensors to the data-logger. A manual, all-weather manual rain gauge (Productive
Alternatives) was also placed at the south end of the green roof near the tipping
bucket. In 2013, an additional STE Temperature/Soil Moisture Sensor (purchased
from Decagon Devices) and a U23-002 Hobo Pro v2 Ext Temp/Relative Humidity
Data Logger (Onset) were added to better understand stresses on vegetation follow-
ing the complete elimination of irrigation in mid-August 2012.

2.5.2 Water Storage: Substrate Moisture and Interception

Water storage on a green roof is achieved in the substrate and drainage layers as
well as on/in the green roof vegetation through canopy interception and internal
plant storage. Monitoring water storage on a green roof provides important infor-
mation regarding stormwater management benefits as well as water conservation/
irrigation and plant survival.

Green roof stormwater retention can be quantified by monitoring water inputs
and storage terms as well as by quantifying water inputs and outputs (as discussed
in the following sections). On a per event basis, the stormwater retention of a green
roof is dictated by the available water storage capacity, in the substrate, drainage
layers, and vegetation (and also by intra-storm ET which restores water storage ca-
pacity during an event). Interception and intra-storm ET gained increased research
focus and some researchers seek to quantify the interception capacity of green
roof vegetation through laboratory techniques under simulated rainfall conditions
(Fassman and Simcock 2012; Rostad et al. 2011).

Though various components of the green roof contribute to green roof water
storage, the primary contribution is almost always substrate storage in the form
of substrate moisture. Substrate storage on a green roof can be directly quantified
through the use of volumetric water content (VWC) sensors.
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Fig. 2.5 Decagon soil moisture sensor set to sense moisture top-to-bottom of 7-12 cm substrate
profile (Olyssa Starry and Liz Ensz, unpublished)

The use of VWC sensors for quantification of substrate storage warrants various
considerations regarding sensor selection, installation, calibration/validation, and
substrate heterogeneity. A variety of VWC sensors with different capabilities are
commercially available. Sensors that measure dielectric permittivity (the tendency
of water to polarize in an electric field) to quantify VWC (e.g. Decagon Devices
STE) are commonly used on green roof monitoring projects. Depending of the soil
volume measured by sensors, some may be used for deeper substrate roofs and oth-
ers more appropriately in shallower ones (John Buck 2014, pers. comm.).

Appropriate installation of VWC sensors is of particular importance to help
avoid erroneous readings that can be attributable to faulty sensor placement (see
Fig. 2.5 for the typical placement of a Decagon VWC sensor). VWC sensors are
impacted by proximity to surface and drainage layers which can result in very wet
or dry readings (John Buck 2014, pers. comm.), sensor spacing (e.g. recommended
at 20 cm apart), and contact with substrate. An initial watering-in period of a few
days after sensor placement makes readings more consistent by removing air pock-
ets an embedded sensor (Griffin 2013). Substrate heterogeneity is also important
and researchers attest that VWC readings are best taken in the field.

Soil moisture data helps with water balance calculations. Moisture sensors help
detect field capacity, or excess water held after initial drainage. Outflow (and thus
stormwater retention) from a green roof can be estimated by assuming that rain in
excess of the field capacity of the green roof substrate flows out or off of the system.
Researchers attest that it is best to take these measurements in the field using sen-
sors since substrate disturbance can affect lab results.

The University of Maryland’s green roof research program has used VWC sen-
sors extensively in research evaluating critical green roof design factors related
to stormwater runoff, substrate storage, and soil moisture by examining substrate
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composition and depths, vegetation species selection, vegetation metabolism (e.g.
C3 vs. CAM), and regional environmental conditions especially rainfall frequency
and intensity (John Lea-Cox 2014, pers. comm.). Maryland’s monitoring and mod-
eling work has primarily focused on: (1) quantifying substrate moisture content by
sensing water flux between rainfall events; (2) modeling environmental fluxes us-
ing modified Penman-Monteith equations; and (3) assessing plant species effects,
including differences in water use over time.

2.5.3 Water Outputs: Outflow Quantity

Green roof outflow (i.e., drainage and/or runoff) constitutes the liquid water leaving
a green roof system during or following a storm event or irrigation. Outflow can be
monitored directly by several techniques and used to understand green roof water
retention in relation to water inputs (precipitation and supplemental irrigation) and
outputs (evapotranspiration, through-flow or drainage and runoff). Some of the in-
struments utilized for the measurement of green roof outflow include in-line flow
measurement devices and large capacity tipping bucket gauges, as well as flumes,
weirs, and cisterns with accompanying water level or mass measurement devices.
Sometimes, custom devices are utilized for monitoring green roof outflow, for ex-
ample, the orifice restricted device (ORD) developed by Voyde et al. (2010).

For full-scale green roof systems, the total amount of green roof stormwater
retention can be simply quantified through the water balance by subtracting the
amount of outflow from the total estimated precipitation falling on the green roof.
Roof-scale runoff or outflow is one of the most challenging aspects of green roof
monitoring, so these systems need to be carefully designed and evaluated.

For example, the Portland, Oregon (USA) Hamilton Eco-Roof focuses on moni-
toring runoff and stormwater retention at the roof-scale. Two (7.62 and 12.7 cm
depth), integrated eco-roofs (west 243 and east 234 m?), each with a different sub-
strate, were installed on the Hamilton apartment building in 1999 and monitored
from 2001 to 2012. Fiberglass flumes (Fig. 2.6) measure outflow from each roof
section while a rain gauge measures precipitation input (Kurtz et al. 2010, p. 18).
A small, V-trapezoidal Plasti-Fab flume was installed adjacent to, and immediately
upstream of, each primary roof drain. The primary roof drain is sealed and iso-
lated to direct all flow through the flume prior to entering the drain. An American
Sigma Model 950 bubbler-type flow meter is used to measure water level in each
flume. Because of spillover and other physical challenges, “it is not unusual to
measure more runoff coming from the east side than the total rainfall that fell on
the roof. This makes the use of the east side data problematic...” (Kurtz et al. 2010,
pp- 18-19). Nevertheless, this technique, when properly executed, yields valuable
data and the flume setup has been verified to measure a range of flows accurately
from inter-event outflow to medium and large events. Data from this roof has been
used to improved policy and design guidance for new green roof construction and
retrofits (Timothy Kurtz 2014, pers. comm.).
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Fig. 2.6 Drain a and flume b setup on the Hamilton Ecoroof for stormwater outflow monitoring
(City of Portland, BES)

Utilizing various techniques, the outflow and stormwater retention performance
of green roofs is being evaluated by researchers worldwide. Of note, 66 percent of
publications on green roofs are from USA and EU representing primarily the per-
formance of green roofs in temperate environments (Blank et al. 2013). Extensive
documentation of the stormwater retention performance of green roof systems sup-
ports that green roofs effectively reduce the volume of stormwater, attenuate peak
flows and increase the time to peak in comparison to conventional roof surfaces
(Charlesworth et al. 2013; Fioretti et al. 2010). Pioneering studies of green roof
stormwater retention and runoff reduction in the US were completed by Berghage
et al. (2009). Reviews of other early works are available in the literature e.g. Ber-
ndtsson (2010). Continued research in the field has yielded published works from
various researchers including Carson et al. (2013), Fassman-Beck et al. (2013), Ro-
satto et al. (2013), Song et al. (2013), Palla et al. (2012), Stovin et al. (2012) and
Voyde et al. (2010) (Chaps. 4 and 5).

2.5.4 Water Outputs: Evapotranspiration (ET)

Evapotranspiration (ET) describes the transfer of water to the atmosphere from the
combined effect of evaporation from e.g. substrate and leaf surfaces and transpira-
tion through vegetation. Monitoring ET is important to inform irrigation practices
and because ET is linked to a variety of benefits that can be provided by green roofs.
For example, ET restores the retention (water storage) capacity of a green roof and
the ability to capture stormwater and also provides benefits linked to micro-meteo-
rological regulation and carbon sequestration. ET achieved during dry days between
storm events has the greatest influence on green roof stormwater retention (Voyde
2010). Intra-storm evapotranspiration (though often assumed negligible) can also
be an important mechanism for stormwater retention particularly for low intensity
long duration storm events (DiGiovanni et al. 2010).

Evapotranspiration can be monitored using weighing lysimeters (see Fig. 2.7).
ET can also be modeled by capturing site specific wind, temperature, and other
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Fig. 2.7 Green roof lysimeter setup at the Utah Natural History Museum in Salt Lake City, Utah
(Graphic by University of Utah & Natural History Museum of Utah)

micro-meteorological conditions—and then related to substrate and vegetation type.
Simple or sophisticated analysis of ET patterns, dynamics, and changes through
time are possible (refer to Chap. 3).

Additional to lysimeters, ET can be measured by a variety of methods (Jensen
et al. 1990) including soil water depletion techniques and energy balance. Weighing
lysimeters are widely considered the only directly quantitative means to measure
ET (Tanner 1967; Jensen et al. 1990; Rana and Katerji 2000; Xu and Chen 2005).
Other ET measurement techniques include eddy covariance and scintolometers.
Nouri et al. (2012) reviews ET measurement techniques for urban landscape veg-
etation, including green roofs.

ET measurement is costly; therefore, estimates of ET are often used and come
from various techniques including temperature-based, radiation-based, and com-
bination-based equations. Widely recognized to yield the most accurate results,
Penman-Monteith-based combination equations are widely applied, though other
methods are recognized to be less data intensive. Data required to estimate ET var-
ies depending on the method and can include solar radiation, temperature, relative
humidity and wind speed monitored using pyranometers, temperature-and-relative
humidity probes, and wind sensors respectively. Furthermore, the development of
appropriate coefficients to adapt ET estimates from reference vegetation to green
roof vegetation, from regionally available data sets to local conditions and to account
for substrate moisture conditions are ongoing by various researchers (DiGiovanni
et al. 2011; Schneider 2011; Sherrard and Jacobs 2012; Starry 2013; DiGiovanni
et al. 2013; and DiGiovanni 2013).

Despite the importance of evaporative processes in managing stormwater
and providing other valuable ecosystem services, comprehensive monitoring
and measurement of ET from green roofs is rare. Reported studies measuring
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Fig. 2.8 Green roof monitoring setup on two roofs in Salt Lake City, Utah: (a) Natural History
Museum of Utah; (b) and (¢) University of Utah J. Willard Marriott Library (Lee R. Skabelund)

evapotranspiration from green roofs are limited to a small body of literature includ-
ing Berghage et al. (2009), Voyde et al. (2010), DiGiovanni et al. (2010), Feller
et al. (2010), Sherrard and Jacobs (2012), DiGiovanni et al. (2013), DiGiovanni
(2013), Starry (2013), Wadzuk et al. (2013), and Marasco et al. (2014).

University of Utah research is an example of a recent project employing innova-
tive monitoring tools and techniques for ET monitoring on green roofs. Located
in Salt Lake City, Utah (USA) researchers have been monitoring two in-situ green
roofs since fall 2013 (Fig. 2.8). The Natural History Museum green roof covers
1115 m?, and the Marriott Library roof 632 m?. One of the major purposes of the
study is to monitor ET, so researchers set up four weighing-lysimeter systems. ET
data collected by the lysimeters will be compared to ET measurements made by
a Campbell eddy covariance system. Eddy covariance is one of the most widely
accepted micro-meteorological methods to directly measure fluxes such as water
vapor and is based on the covariance between wind speed and humidity measured
separately but simultaneously at high frequency. Researchers expect accurate green
roof ET time series from a point scale, not easily achieved by most other means.
Accounting for winds that generate errors for scale readings requires considerable
time to calibrate sensors and validate results. Researchers recognize instrumenta-
tion limitations (e.g. a tipping bucket will miss some measurements and it is hard
to apply depth sensors on green roofs to provide continually reliable outflow data).
The same is true for irrigation monitoring. Utah’s arid climate requires irrigation,
yet researchers have not found good tools to measure the flows from irrigation tubes
or sprinklers. (Burian and Feng 2014, pers. comm.). Estimating the amount of water
applied is thus necessary based on designed and implemented water pressure and
flow rates.

2.5.5 Water Output: Outflow Quality

The quality of water outflow from a green roof system is an important consider-
ation of green roof performance. Green roofs can improve water quality through
filtration and adsorption in the substrate (Wang et al. 2013), plant uptake of nu-
trients, and microbial action, though these processes are not well studied (Dietz
2007). Furthermore, the export of nutrients and other constituents based on rainfall
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intensity (Teemusk and Mander 2007) and fertilization (De Cuyper et al. 2005) can
cause concentrations in green roof outflow to exceed standards and/or objectives set
for receiving water bodies (Van Seters et al. 2009).

Water quality can be measured in relation to precipitation and rooftop runoff
by taking one or more samples from a single integrated green roof, control roof, or
from a series of experimental green roof modules set on platforms. Understanding
the base nutrient conditions of the substrate is critical (Chap. 5).

Water quality samples from green roofs can be collected by grab sampling or
with automated samplers. Care needs to be taken to intentionally sample different
regions of the runoff hydrograph. Subsequent laboratory analyses can be performed
for determining the concentration or presence of various constituents including nu-
trients and metals. Basic water chemistry parameters can also be monitored either in
the laboratory or through data collection in the field. To quantify parameters such as
conductivity, temperature, dissolved oxygen, pH and turbidity, a variety of probes,
sondes, or other measuring devices can be utilized to collect discreet or time-series
data sets. Some studies have evaluated the promising use of turbidity as a proxy for
TSS concentration in green roof outflow (Al-Yaseri 2013).

Reviews of water quality studies from full-scale and laboratory green roofs in-
cluding factors that impact green roof performance are presented in the literature,
e.g. Berndtsson (2010) and various other studies have been reported (see for exam-
ple Berghage et al. 2007; Teemusk and Mander 2007; Dunnett et al. 2008; Simmons
et al. 2008; Berghage et al. 2009; Bliss et al. 2009; Van Seters et al. 2009; Gregoire
and Clausen 2011; Schroll et al. 2011; Morgan et al. 2012; Toland et al. 2012; Alsup
2013; Clark and Zheng 2013; Gnecco 2013; Seidl et al. 2013; Wang et al. 2013 and
Zapater-Pereyra 2013) (Chap. 5). A USEPA funded report (Culligan et al. 2014) dis-
cusses an analysis of water quality and quantity benefits for selected New York City
green roofs, noting relevant ET and soil moisture monitoring and research needs.

2.6 Monitoring Energy Flows and Temperatures

Below, we address green roof surface energy balance, temperature dynamics
(surface and subsurface), and thermal fluxes to and from buildings with green roof
systems. We discusses approaches to monitoring (e.g. surface temperatures on a
green roof system in comparison to conventional roof surfaces) and also address
ways to monitor or otherwise understand the energy flows associated with a specific
green roof ecosystem. As well, we discuss monitoring the relationships between
green roof energy flows and specific types of green roof plant systems.

2.6.1 Surface Energy Balance

The surface energy balance of a green roof generally differs from that of conven-
tional roofs. In comparison, green roofs can provide energy benefits to individual
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Fig. 2.9 A green roof energy budget consists of various measurable components. (DiGiovanni
adapted from Gaffin et al. 2011)

buildings (as further discussed in Sect. 2.6.3) and impact ambient conditions. Energy
benefits can be associated with green roofs by passive cooling through evaporative
processes and latent heat fluxes as well as reflection of solar radiation (character-
ized by albedo) and reduction of sensible heat fluxes. With widespread adoption of
green roofs, mitigation of the urban heat island (UHI) effect can be achieved reduc-
ing, “peak energy demand, air conditioning costs, air pollution and heat-related
illness and mortality” (PlaNYC 2008).

The surface energy balance is represented as: R, = AE+ H +G where R is net
radiation, H is the heat flux to the air also known as sensible heat flux, A is the latent
heat of vaporization, E is the rate of vaporization (evapotranspiration), and G is the
heat flux to the soil also known as soil heat flux (Hanks 1992). Monitoring surface
energy balance components (see Fig. 2.9) can be achieved through the use of vari-
ous sensor technologies and estimation techniques.

Net radiation includes incoming and outgoing long-wave and short-wave radia-
tion. Incoming solar radiation (often referred to as short-wave radiation) and out-
going (reflected) solar radiation are measured using pyranometers. Incoming and
outgoing long-wave and/or infrared radiation are monitored using pyrgeometers.
Data from monitoring surface and air temperatures as well as wind speed can be
used to estimate sensible heat flux. Surface temperature can be monitored using
direct contact thermocouple sensors and infrared radiometers. Air temperature can
be measured using probes coupled with an appropriate solar radiation shield. La-
tent heat fluxes associated with evapotranspiration (Sect. 2.5.4, Chap. 3) can be
monitored by various techniques or by backing out the term in the energy balance
if all other parameters are known. Studies evaluating energy balance and latent heat
fluxes related to green roofs include Jim and He (2010), Susca et al. (2011), Coutts
et al. (2013), Kim and Park (2013), Nagengast (2013), Peng and Jim (2013) and
Song et al. (2013).

One example of energy flux studies is that of Columbia University and City
College of New York with ongoing studies through Drexel University. Researchers
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have deployed a high quality sensor network on a diverse array of green roofs
in NYC. The sensors enable quantification of various components of the energy
balance. Five monitored green roofs, presented in Gaffin et al. (2009), vary in their
layout, materials, and structure. Monitoring stations use identical sensor selections
paired with a monitored “control” roof. Back-to-back pyranometers (Kipp and
Zonen CMP3) measure incoming and outgoing short-wave radiation and determine
surface albedo. Incoming and outgoing long-wave radiation are quantified using
surface temperature and relative humidity inputs, with surface infrared radiometers
(Apogee Instruments SI-111, previously IRR-P) and temperature/relative humidity
probes (Campbell Scientific CS215). The surface infrared radiometers are, “par-
ticularly useful for monitoring green roof leaf temperatures which have a complex
geometry” (Gaffin et al. 2009, p. 2655). Gaffin et al. (2009, p. 2654) also noted
that, “sensors are increasingly becoming available to measure all four SW and LW
fluxes,” including net radiometers like Kipp and Zonen CNR2 and Hukesflux NRO1
with back-to-back pyranometers and pyrgeometers. The sensible heat calculation
requires air temperature and wind speed. These are monitored with temperature/
relative humidity probes (CS215) and wind sensors (RM Young 05013). Latent heat
fluxes due to evapotranspiration (ET) are quantified using inputs of wind speed,
temperature and relative humidity and by weighing lysimeter. Figure 2.10 shows
one NYC green roof monitoring setup.

Fig. 2.10 Meteorological and hydrological monitoring at the Ethical Culture Fieldston School
green roof (Kimberly DiGiovanni)
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2.6.2 Temperature Dynamics

Green roof temperatures are related to cooling, reduction of the urban heat island
(UHI) effect and building energy savings. Temperature dynamics and changes
can be measured using surface and sub-surface temperature sensors. It is helpful
to monitor different kinds of conventional or control roofs as each “conventional”
roof type will likely perform differently in some respects—with the same being true
for different green roof substrate types and depths including in different climatic
conditions. For example, on the 6875 m?> Walmart Green Roof in Chicago, Illinois
(USA) the energy impact of an extensive (approximately 7.5 cm) green roof was
analyzed and compared with an adjacent white roof based on 2006-2009 monitor-
ing. The following parameters were measured at points distributed across the two
rooftop types: (1) surface temperatures; (2) temperatures under the roof membrane;
(3) temperatures below the roof deck; and (4) temperatures in the substrate profile
for the green roof only. Heat flux (Q, in watts per square meter)—a measure of
energy flowing in or out of the store through the roof—was also monitored. HVAC
air intake temperatures were measured from July 2009 to July 2010 (Walmart et al.
2013). “To analyze energy impact of the green roof, the heat flux data collected
from the roof was integrated into a simplified building model [then] into the full
store energy model”—helping researchers “interpret field data [and] allot heat flux
differences properly.” The model translated temperature difference into “energy
use difference” by the rooftop and air handling units by “modeling air temperature
difference on the green side as precooling or preheating...” (Walmart et al. 2013,
p. 21). Models were run for the Chicago store, then data were extrapolated to a
model in Houston, Texas to gauge likely green roof energy impacts. Average annual
conditions were studied as well as peak heating and cooling periods to determine
the green roof’s effect on store energy use (Walmart et al. 2013).

2.6.2.1 Surface Temperatures: Green Roofs and Control Roofs

Surface temperature can be monitored using direct contact thermocouple sensors
and infrared radiometers. Researchers in diverse geographic regions have success-
fully used those techniques for measuring green roof surface temperature in com-
parison to conventional roof surfaces. Sidwell et al. (2008) evaluated a southern
Illinois green roof and a black roofing membrane (ethylene propylene dieneterpoly-
mer or EPDM) control using temperature sensors; the green roof fluctuated between
23.6 and 29.8 °C; the EPDM control roof 19.1 and 46.3 °C. Monitoring by Dvorak
and Volder (2013) in central Texas (USA) found an un-irrigated modular Sedum
green roof was 18.0°C cooler at the surface and 27.5 °C cooler below the modules
in comparison to a control roof during summer months. DeNardo et al. (2005) in
Pennsylvania (USA) found an 8.9 cm green roof substrate surface to be 6 °C warm-
er in winter months and 19°C cooler in summer months compared to a control.
Wong et al. (2003) in Singapore found intensive rooftop garden temperatures 30 °C
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cooler than a control roof, and in Japan, Onmura et al. (2001) found temperatures
to be 30—60 °C cooler on a green roof than a nearby control roof. Other researchers
(including Blanusa et al. 2013) have considered the cooling effect of different types
of green roof vegetation.

2.6.2.2 Sub-Surface Temperatures: Substrate

It is important to understand how warm or cold it gets beneath the substrate surface
since green roofs can insulate buildings. In combination with substrate moisture
levels substrate temperatures also strongly influence evapotranspiration rates, veg-
etative health, and microbe and invertebrate diversity (Chap. 7, Chap. 14).

Temperature profiles can be measured for different roof surface types using
thermocouples. Pearlmutter and Rosenfeld (2008) applied thermocouples to differ-
ent locations on small building “cell” replicates to compare various methods of roof-
cooling including from mesh shading, soil, and gravel. A heat flux plate was also
placed under the soil and simultaneous measurements made of global radiation (using
a Kipp and Zonnen pyranometer), wind speed (via a LSI constant temperature hot-
wire anemometer) and ambient air temperature (using a Campbell 21x datalogger).
They found that though roof shading material provided more overall daily cooling,
gravel-covered roofs optimize daily cooling potential which is important for the
desert climate in which their work was conducted.

Dvorak and Volder (2013, p. 30) placed thermistors at multiple depths in green
roof modules to compare the effects of irrigation on cooling. “Ambient air tempera-
tures were collected on the rooftop with non-forced ventilation shielded air tem-
perature instrumentation (Humidity and Temperature Probe HMP155 and 41005-5
radiation shield).” Substantial temperature reduction in unirrigated modules was
noted (compared to standard roof surfaces).

Green roof cooling in relation to plants is the focus of several studies. Most
use similar thermistor technology to measure temperature but different monitoring
advice can be gleaned from each study. Jim (2012) noted for their study on plant
effects in the tropics, for example, concerns arose about the effect of advection
on adjacent plots and they recommend larger study plots with sensors placed in
the middle of the plots. They found that grass plots cooled more effectively than
groundcover or shrub. Butler and Orians (2011) used a Maxim iButton high capac-
ity temperature logger DS1922L and found temperature regulation might be one
mechanism that makes Sedum a nurse plant.

2.6.3 Building Thermal Fluxes (Insulating Properties)

Green roofs impact the heat gain and loss to and from buildings and influence the
heating and cooling loads. Green roof substrate provides insulation and vegeta-
tion reflects solar radiation more effectively than most conventional roof surfaces
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preventing solar heat gain and increasing the thermal resistance of the building
(Eumorfopoulou and Aravantinos 1998). Monitoring of thermal fluxes in and out
of buildings can be achieved using a variety of sensors including thermocouples,
thermistors, temperature probes (inside and ambient air temperature), and heat flux
plates. Heating and cooling impacts of green roofs can be evaluated through energy
usage data, typically metered through power-supply companies. Studies evaluating
the thermal gain and thermal resistance of buildings with green roofs include Pierre
(2010), Fioretti (2010), Becker and Wang (2011), Zhao and Srebric (2012), Chan
and Chow (2013), Darkwa (2013), Moody and Sailor (2013) and Olivieri (2013).

2.7 Monitoring Wind Speed and Direction
on Green Roofs

Wind speed and dynamics can influence the stability of the entire green roof sys-
tem. Wind also has a major influence on the movement and drying (through ET) of
substrates and the viability of green roof vegetation. Thus, green roof monitoring
should document wind speed and direction by using wind sensors—in tandem with
monitoring other relevant micro-meteorological, hydrologic, and substrate vari-
ables. Monitoring the impact of wind dynamics on vegetation and/or green roof
system movement, dislodgement, breakage, and overall green roof stability can
be accomplished by using a wind tunnel for modules, or cameras and observations
for an entire green roof system. Wind scour or loss of substrate can be measured
using devices placed in the substrate and observed over time and/or using one or
more high-resolution video cameras to record movement of particles during windy
periods. Simple or highly sophisticated wind scour modeling and analysis are pos-
sible (Laminack et al. 2014).

2.7.1 Stability of Substrate and the Entire Green Roof System

Zhang et al. (2007) indicate that green roof “soil erosion” induced by winds de-
creases with higher levels of plant cover. Roots bind plant masses to the substrate,
thus providing a windbreak from erosive forces. To observe such phenomena, Uni-
versity of Central Florida researchers implemented two, full-scale green roofs to
continuously monitor wind effects, using “a grid of very low differential pressure
transducers and a high speed anemometer for wind speed and direction.” A geosyn-
thetic erosion control blanket was used on one roof, significantly reducing substrate
loss (Wanielista et al. 2011, p. v). Field data from several monitoring stations with
high wind velocities may better define design parameters for all green roof-building
options. Cao et al. (2013) explored wind load characteristics for green roof mod-
ules. A series of wind tunnel experiments were carried out on a scaled-down module
installed in different positions on two types of building models. They investigated
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peak force and moment coefficients of the model rooftop and the effects of parapets
and other design parameters Retzlaff et al. (2010) employed a subsonic, recirculat-
ing wind tunnel to evaluate wind uplift and wind scour of partially and non-vegetat-
ed modular green roof systems.

2.7.2  Built Context Influences Wind Patterns and Dynamics

Wind and wind variability are strongly influenced by building mass, height and par-
apets thus influencing green roof systems. For example, visual observations of wind
and snowfall on two Kansas State University green roofs indicate patterns of wind
and precipitation respond to building mass, location, and height (Skabelund et al.
2014). Use of an anemometer to monitor wind speed and direction provides useful
information on the dynamics associated with wind strength, direction, and patterns
related to the urban context.

2.8 Monitoring Substrate Attributes

Without understanding the specific attributes of green roof substrate characteristics
it is unlikely that we can create green roof ecosystems that are resilient and also
minimize resource demands, especially supplemental irrigation and nutrients (Beat-
tie and Berghage 2004). Below, we address ways to monitor substrate pH, nutrients,
organic matter, metals, and other constituents that are seen as vital to plant sys-
tems (but potentially detrimental to downstream aquatic systems). We also examine
ways to effectively assess changes in soil attributes over time, noting that once a
green roof is installed, substrate properties can be sampled to inform maintenance
decisions like fertilization frequency. Monitoring substrate attributes can inform
balanced maintenance and management decisions (e.g. fertilization to secure sys-
tem survival and health targeted to reduce nutrient and metal loads in green roof
outflow).

Substrate chemical parameters and organic matter content vary greatly across
time and space. Nutrient and pH studies are time and resource intensive, so it is
important that they incorporate additional roof metadata so that findings can be
generalized. The green roof research community also needs to agree on appropri-
ate reporting units. For example, organic matter content is sometimes reported as
volume per unit substrate and other times reported as mass per unit substrate. De-
spite these challenges, a few model studies are emerging. For example, one study
in Germany using data spanning at least 20 years, and in some cases much longer,
found that though substrate porosity of modern extensive roofs increases over time,
the C/N ratio declined (Kohler and Poll 2010).

Zheng and Clark (2013) evaluated five different Sedum species under vari-
able substrate pH conditions. By identifying species-specific characteristics and
optimizing substrate pH, Zheng and Clark suggested that Sedum growth can be
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optimized. Panayiotis et al. (2003) studied four substrates for their capacity to sus-
tain Lantana camara L. Physical and chemical evaluation included “weight de-
termination at saturation and at field capacity, bulk density determination, water
retention, air filled porosity at 40 cm, pH and electrical conductivity.” Plant growth
evaluated “shoot length, shoot number, main shoot diameter and the number of
buds and flowers” (Panayiotis et al. 2003, p. 619). Studies of pH optimization and
conductivity should be considered in regards to native plants and mixed vegetative
systems on green roofs in North America.

2.9 Monitoring Gas Exchange and Carbon Sequestration

Carbon sequestration occurs on a green roof as photosynthesis creates biomass,
especially root mass. By sequestering carbon, green roofs help to mitigate climate
change. Carbon fluxes via gas exchange, and carbon sequestration by changes in
CO, through photosynthesis and respiration can be measured directly as atmospher-
ic CO, exchange, or indirectly as changes in C stocks over time (i.e., collecting,
drying and weighing substrate and root samples). Modeling and analysis of atmo-
spheric carbon fluxes, net ecosystem productivity, and carbon sequestration through
time is possible and sophisticated equipment exists to do so (Chap. 5). As noted
below, several efforts are being made to construct carbon budgets for green roofs.
Foundational work conducted in Michigan documented changes in plant bio-
mass and associated carbon content over time in order to assess green roof carbon
sequestration. It is important to note that this approach ignored carbon losses from
the system via respiration and leaching. Getter et al. (2009) monitored 13 green
roofs (nine in Michigan and four in Maryland). For twelve roofs, plant material and
substrate were harvested seven times across two growing seasons. Roofs ranged
from 1 to 6 years in age and from 2.5 to 12.7 cm in substrate depth. Replicate
samples of aboveground biomass were collected, dried, and ground. Carbon ac-
cumulation was determined by multiplying dry matter weight by total C concentra-
tion. This study documented an accumulation of carbon (above ground and below
ground) of 377 g C m™2 over a two year period (Getter et al. 2009). This carbon data
was used to support ecological observations about the different Sedum and compare
carbon sequestration with carbon flows to and from the green roof. Whittinghill
et al. (2014) took a similar approach in their study of different landscape areas
(including green roofs). Carbon content analysis was performed on above-ground
biomass, below-ground biomass (roots), and soil and substrate collected at the end
of the 2010 and 2011 growing seasons (Whittinghill et al. 2014). Researchers in
Vancouver are updating calculations to incorporate respiration using experimen-
tal chambers “Li-Cor LI-8100” (Gaumont-Gauy and Halsall 2013). In their 2012
study, five chambers, 314 cm? in area, measured CO, fluxes at the roof-atmosphere
interface for five different Sedum species. One additional chamber measured CO,
flux from an unplanted surface to assess respiration. The net ecosystem productiv-
ity (NEP) was determined as the balance between gross CO, assimilation through
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plant photosynthesis and CO, release through plant and decomposer respiration.
Gaumont-Gauy and Halsall (2013) found that net C assimilation integrated across
plant types was 440 g m™2 yr . A range of uptakes were observed for different spe-
cies whereby endemic species native to the region exhibited higher net carbon fixa-
tion compared to others; these findings are supported by Starry et al. 2014 who also
noted a range in uptake for different Sedum species. Gaumont-Gauy and Halsall
(2013) further note that their study does not include carbon lost from the system via
leaching; future work may involve a more integrated study of all the different green
roof carbon pathways (Chap. 5).

2.10 Synthesis of Green Roof Monitoring: Approaches,
Costs, Challenges, and Lessons Learned

2.10.1 Green Roof Monitoring Approaches

Green roof monitoring ranges from simple to complex, and data extensive to data
intensive. Common approaches and tools include observation, experimentation,
computer modeling, and in situ sensors. For measurements of water quality and
substrate attributes, samples require additional lab support. The importance of inte-
grated green roof monitoring is highlighted in the following section.

2.10.2 Integrated Green Roof Monitoring

Integrated green roof monitoring brings together observation, experimentation, and
data collection in a manner that enables researchers to understand complex inter-
relationships over an extended period of time. Early work by Carter and Rasmussen
(2006) in Athens, Georgia (USA), Glass and Johnson (2009) in Washington, DC,
Berghage et al. (2009) in Pennsylvania, and other researchers set the stage for more
in-depth and integrated green roof monitoring now occurring in many locations in
North America. Recent examination of old extensive green roofs in Germany by
Thuring and Dunnett (2014) provides insights that can help guide integrated moni-
toring efforts, especially for roofs employing shallow mineral substrates. Following
are five brief examples of integrated green roof monitoring in the United States and
Canada:

University of Pittsburgh Researchers at University of Pittsburgh integrated moni-
toring and evaluated green roofs compared to conventional roof tops focusing on
various interrelated areas including stormwater management, water quality, and
thermal benefits. They utilized a suite of sensor systems including flumes, weir
boxes, ultrasonic sensors, soil moisture sensors, rain gauges, thermocouples, tem-
perature probes, net radiometers, laboratory water quality analyses, and data log-
gers connected by modem and electronic networks (Neufeld et al. 2009).
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EPA Region 8 Green Roof The first large-scale extensive green roof in Colorado
was created atop the ninth floor of the EPA building in Denver. Covered with Sedum
species, cacti, and grasses, this 1858 m? roof is near a gravel ballast control roof.
Both roofs have: (1) weather stations to measure temperature differences; (2) instru-
ments to monitor stormwater runoff rates and quantities; and (3) water collectors
for water quality analysis. In 2008-2009, Klett et al. (2012) evaluated green roof
vegetation (biomass) in relation to different substrates, zeolite amendments, and
irrigation regimes. They used digital image analysis (employing SigmaScan Pro 5.0
image analysis software) and manually collected two-dimensional data. To assess
water-holding capacity of substrates, they collected volumetric moisture content
data using a Delta-T ThetaProbe ML2X. Their analytical methods included multi-
variate analysis.

Vancouver Island University VIU researchers employed a sophisticated green
roof monitoring design strategy for evaluating gas/vapor exchanges, vegeta-
tion, meteorological conditions, water and energy fluxes, and water quality from
green roofs. Their integrated monitoring design strategy, initiated in January 2012,
includes automated and portable CO, and H,O exchange chambers, digital cameras,
weather stations (precipitation, radiation, temperature, relative humidity), water
level sensors, soil heat flux sensors, and sensors to monitor dissolved organic car-
bon in green roof runoff (CDOM/FDOM sensor). Data logging/acquisition systems
(Campbell Scientific) and computational software (Matlab) are integral to their
green roof monitoring (Gaumont-Guay 2014, pers. comm.).

Portland State University Researchers at the Green Building Research Lab are
pursuing several monitoring objectives. Projects include “very simple monitoring
setups (a weather station, soil moisture, soil temperature)” and also more complex
systems “involving those same sensors as well as surface heat flux sensors, net radi-
ometers, arrays of air temperature rakes, and HVAC monitoring” (Sailor 2014, pers.
comm.). One of PSU’s projects addressed reciprocal effects of solar panels and
green roofs and for other integrated monitoring, data loggers interfaced with indoor
environmental quality sensors and outdoor weather sensors to monitor air tempera-
ture, CO,, occupancy, relative humidity, and equipment run time. PSU researchers
currently monitor stormwater and heat loads associated with a 3716 m? green roof
(Williams 2013).

University of Toronto Toronto’s Green Roof Innovation Testing Laboratory
(GRIT Lab) uses “real time data monitoring and ongoing field observation to study
the metrics associated with [green roof] systems” (ASLA 2013). The 372 m? GRIT
Lab section of roof is dedicated to conducting experimental research—with 33
(1.22x2.44 m) modules. Each module is instrumented with eight sensors—one soil
moisture sensor, a rain gauge to measure runoff and flow rates from each module,
and five thermal sensors along a vertical axis to generate a thermal profile. One
infrared radiometer records the average surface temperature of a 0.914 m diameter
circle. At least 12 researchers are involved in this green roof research project—
intended to be holistic and integrated by evaluating interrelated processes, including
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meteorological conditions, heat and energy flows, gas exchanges, water quantity
and quality, soils, vegetation, and fauna (ASLA 2013). Maclvor (2014 pers. comm.),
noted that the GRIT Lab “green roof has been online since late 2010 but has only
been fully instrumented (full array of stormwater and thermal sensors, data loggers
and dedicated computer with macros scripts to recall and subset data from all sen-
sors), calibrated, and fully automated since June 2013.” Early monitoring efforts at
this site focused on irrigation and plant success (Maclvor et al. 2013), but ongoing
research is targeting a number of different questions, especially those related to pol-
lination. Troubleshooting, calibration, and modification of monitoring sensors and
equipment was seen as vital to the process (Hill et al. 2015).

2.10.3 Green Roof Monitoring Costs and Funding Sources

The cost of monitoring green roofs ranges widely. Basic observational monitoring
can be conducted for little cost while complex monitoring operations require hun-
dreds of thousands in equipment and personnel. Specific equipment costs are avail-
able from the manufacturers, but also range within the same monitoring parameters
depending on the sensor specification, range, and accuracy.

At Michigan State University (MSU), Bradley Rowe (2014, pers. comm.) noted
that Campbell Scientific data loggers were the most cost intensive equipment pur-
chased for their green roof monitoring work. The MSU Plant and Soil Sciences
green roof was instrumented with heat flux sensors, moisture sensors, thermocou-
ples, and a weather station, costing approximately $10,000 (see Getter et al. 2011).
The monitoring system was pieced together using either existing or purchased
equipment. Most MSU funding for green roof monitoring came from green roof
suppliers, the USEPA, and internal university grants—with the largest grants from
Ford Motor Co. and numerous smaller grants from companies such as LiveRoof
and XeroFlor America. As is the case with other monitoring projects, many donated
green roof materials were contributed.

Retzlaff (2014, pers. comm.) described five green roofs monitored on five dif-
ferent campus buildings at Southern Illinois Edwardsville University (SIEU)—the
largest 1486 m? and the smallest 28 m?. SIEU also has four (4) green roof proj-
ects monitoring stormwater runoff and a green wall test area. SIEU has used Hobo
data loggers and simple soil thermal devices to monitor temperatures of green roof
systems. The loggers cost approximately $300 each and the thermal probes $65.
For measuring stormwater runoff, SIEU has used inexpensive five-gallon plastic
gas cans that they weigh to track runoff from each storm event. SIEU researchers
kept costs down by obtaining meteorological data from a local reporting station.
They received permission to use an available wind tunnel (costing others more than
$275,000 to install) for their green roof wind research. Between 2004 and 2014
SIEU received approximately $100,000 in external funds for their green roof and
green wall research projects. The largest grants were an EPA P3 award and direct
funding from the National Roofing Contractors Association.
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At the University of Maryland, Lea-Cox (2014, pers. comm.) noted that “research
instrumentation costs are considerably higher than what would ultimately be installed
on commercial green roofs.” Monitoring costs inevitably depend on the size of the
green roof, the complexity of the research, and available equipment.

In short, complex monitoring systems are costly. Most monitoring systems de-
scribed in this chapter cost between $5000 and $20,000 (including in-kind loans
or donations). They may also require the expertise of specialists or consultants to
maintain them and troubleshoot any site-specific challenges. More research is nec-
essary to quantify the benefits of these monitoring systems relative to costs.

2.10.4 Green Roof Monitoring Challenges and Lessons Learned

Monitoring green roofs can present a variety of challenges including collection of
representative data sets, instrumentation and maintenance of monitoring systems,
as well as management and interpretation of collected data. Researchers conducting
green roof monitoring have experienced many challenges and offer lessons learned
from these experiences in this section.

Researchers recognize that collecting data that is representative of the overall
green roof system is a goal of green roof monitoring that can be a challenge to meet.
For example, modules and smaller platforms may be quite constraining in regards
to the growth demands or requirements of some grasses and herbaceous vegetation.
This is fine if the goal is to test selected species growth and viability in these con-
strained systems and compare them with integrated (monolithic) green roof systems
but does not necessarily reflect the functional characteristics of the larger, integrated
systems. Furthermore, adjacent walls or structures can have a significant influence
on wind patterns and thus rainfall events—concentrating more precipitation (rain-
fall or snowfall) on one portion of a green roof and reducing or eliminating rainfall/
snowfall on another portion of the same roof.

Beyond creating monitoring systems to allow for representative data collection,
there are limitations with monitoring instrumentation. For example monitoring of
hydrologic inputs and outputs from green roofs can present potential challenges and
limitations including the following: (1) Flumes and gauges may not capture low
flows and are susceptible to debris blockages (2) Flow meters can also be blocked
and disabled by particles and magnetic flow meters require full pipe flow for op-
eration (3) Tipping buckets cannot capture precise precipitation rates that are very
small or very large/rapid and are generally only good for small areas as they can be
overwhelmed by large amounts of flow. (4) Cisterns, rain-barrels, and buckets col-
lecting runoff may overtop in larger storm events making accurate runoff measure-
ments impossible (Rowe 2014, pers. comm.).

Other researchers have also experienced equipment related limitations to green
roof monitoring. For example, when asked about the pros and cons related to moni-
toring hydrology from 12 mock-up green roof panels and three mock-up control roof
panels (1.524 x 1.524 m) in Fayetteville, Arkansas, Mark Boyer (Univ. of Arkansas)
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stated: “For me it was the tipping bucket capacity. I really wanted to be able to com-
pare the lag time of runoff off of a green roof compared to a conventional membrane
roof and I thought the tipping buckets could do that for me. We had attempted using
weirs on the first green roof that installed, but there were problems associated with
that, so I was hopeful that the tipping buckets would solve the problem. We tried
using tipping buckets to measure the quantity and timing of runoff but their capacity
was exceeded and so we had to resort to capturing all of the runoff and omitting the
timing effect” (Apr. 2014, pers. comm.).

Data collection and data management present another monitoring challenge.
Collecting soil moisture and other data with a data logger is helpful, but setting
everything up and getting all equipment working the way is supposed to work can
be time consuming and very challenging (Rowe 2014, pers. comm.). Downloading
recorded data (especially for data recorded every 5—15 min) can also be quite time
consuming. Some devices automatically save data with file names indicating the
date and time data was downloaded. Correlation with daylight savings times may be
needed for some devices. Some data may need to be collected using a USB or other
direct cable connection. Ethernet or wireless connections may be able to speed this
process up and costs may be minimal if wireless or Ethernet connections already
exist. Otherwise, costs will increase. Linking data collection devices to the Internet
can be very helpful and save time if done well (enabling ready access to multiple
users and allowing for sharing of results from anywhere that a researcher can access
the Internet). Quick and ready assessment of data is possible via networked moni-
toring and analytical equipment, but requires well-trained and funded personnel.

Interpretation and analysis of monitoring data from green roofs presents further
challenges. Careful analysis and interpretation of monitoring results is required pre-
vent conclusions that are incomplete, problematic, and misleading. For example,
Berghage et al. (2009) note the importance of relating concentrations of green roof
outflow to total volume. “Although the runoff concentrations (from the green roofs)
were typically higher, the loading was not always higher” (pp. 4-16). Furthermore,
Berghage et al. (2009) note that interpretation from green roof studies must recog-
nize that green roofs are dynamic systems with living properties that impact the
system outputs. They found that outflow from unplanted substrate sections was
considerably higher in both concentration of tested water quality parameters and in
total volume of outflow than planted green roofs, suggesting “that newly planted
roofs are likely to have much higher runoff loading rates than established roofs”
(pp. 4-17). The study also demonstrated seasonal variation in runoff for some (but
not all) runoff constituents monitored, and this may be attributed to seasonal fluc-
tuation in plant uptake.

Researchers also recognize that monitoring needs are tied to regional and
site-specific conditions related to the location, design, and size of the installation.
Furthermore, establishing and maintaining a green roof monitoring network re-
quires sustained funding and appropriately trained personnel for the maintenance
and upkeep of monitoring equipment and acquisition of quality data sets.
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2.11 Future Directions for Green Roof Monitoring

The future of green roof monitoring holds many opportunities, particularly at the
intersections relating hydrologic processes, evapotranspiration, energy transfer,
vegetation, nutrient cycling and other services provided by green roofs. Integrated
studies considering holistic and multi-faceted approaches to evaluating green roofs
are increasingly needed. Such integrated studies reveal findings valuable for under-
standing various interrelated processes and concomitant benefits.

It is important to note that monitoring (including experimentation) is sometimes
an afterthought in regards to green roof research. To improve monitoring outcomes,
researchers need to collaborate with practitioners as part of the green roof planning
and design process to create “designed experiments” (Felson et al. 2014; Sutton
2013) to address various research needs. Such monitoring can help us choose better
materials for green roofs in the years to come (Friedrich 2005).

One step that would help to unite green roof researchers collecting monitoring
data is a platform that would facilitate the comparison of national green roof data-
sets. Some national databases already exist, but these lack an option to search for
monitoring data. Table 2.2 illustrates how such a database might be set up to include
information relevant to researchers.

Various topics in need of research attention exist beyond those mentioned previ-
ously within the context of integrated green roof research. Given continued reliance
on succulents, comparisons between Sedum-dominated, systems exclusively sup-
porting native grasses, forbs and other indigenous species, and mixed vegetative
systems need to be monitored in relation to long-term stormwater runoff and water
quality trends. Furthermore, studies are needed to address the impacts of different
types of green roofs on air quality, a topic of research that has received little focus
as of yet.

Many new types of sensors, including fiber optic cables, provide opportunities
to improve measurements of soil moisture. Many other possibilities exist or will
soon present themselves and green roof researchers need to remain alert to the costs
and benefits of emerging sensing technologies, tools, and communication devices.

The development of monitoring networks incorporating automated sensor/sys-
tem technologies real-time, remote sensing networks and data management systems
with low-cost sensor technology will aid in advancing green roof monitoring initia-
tives. Mooney-Bullock et al. (2012) provide an example of a low-cost sensor net-
work using new technology to monitor green infrastructure including green roofs,
revealing how real-time monitoring can be implemented in an affordable manner.

Table 2.2 Green roof database categories

Roof location | Size, slope, aspect, | Hydrology- | Energy- Microclimatic | Biodiversity
substrate depth, etc. | related data | related data | data studies
Roof sample | 10,000 ft.2 Yes Yes Yes Logbook

observations
929 m?
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Further, the assessment of neighborhood scale impacts of green roof adoption,
which has received limited attention, would expand the scope of green roofs bene-
fits and dovetail into research related to city-wide planning and green infrastructure
planning and networks (e.g. Green City, Clean Waters and NYC Green Infrastruc-
ture Plan).

Overall, the future of green roof monitoring presents many intriguing and practi-
cal research opportunities. What is of interest about many green roof monitoring
projects is the time and expertise required to design, install, test, calibrate, and vali-
date data generated by the instruments and equipment which can lead to the ques-
tion: Is simpler better? That depends on the research questions being asked and the
particular green roof types and contexts.
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Chapter 3
Climates and Microclimates: Challenges for
Extensive Green Roof Design in Hot Climates

Mark T. Simmons

Abstract Green roof systems have been developed and adopted in the temperate
and cool-temperate climates of Europe and North America. Although these regions
can get extreme weather, they generally do not experience climatic extremes of high
temperatures, prolonged drought, and intense rainfall events of tropical and sub-
tropical regions. This presents challenges for green roof design to not only provide
adequate growing conditions for plants, but also to improve roof performance with
respect to intrinsic (e.g. cooling building, extension of roof membrane lifetime)
and extrinsic (e.g. flash flood mitigation, building cooling, reduction of heat island
effect) benefits. Therefore, the components of conventional green roof including
plant palette, growing media composition and the other synthetic layers need to
be modified. The characteristics of green roof water retention, plant water avail-
ability, plant selection, and thermal properties are all critical factors which need to
be adapted to help address the harsher environmental conditions and performance
demands of hot climates. If these problems can be overcome, the combined envi-
ronmental, ecological and sociological benefits suggest green roofs could be an
imperative technology for towns and cities in tropical and subtropical regions of
the world.
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3.1 Introduction

3.1.1 The Characteristics of Hot versus Temperate Climates

Green roofs represent a synthesized ecosystem subject to environmental extremes
for plants. Extensive green roofs are described as having a thin (<20 cm; 7.8 in)
layer of growing media, and depending on elevation, subject to the extremes of high
wind, high thermal load, varying air humidity and often limited plant availability
(Oberndorfer 2007). In effect, surface weather and ground conditions are oftentimes
poor predictors of green roof microclimate where air and soil conditions are exac-
erbated to such an extent that from a plant perspective the growing conditions are
significantly compromised. These extreme stresses can be significantly amplified
in warmer climates.

Historically, green roof systems have been recorded in different regions across
Europe and Asia (Snodgrass and Snodgrass 2006), but the contemporary ex-
tensive green roof (henceforth “green roof”) has largely been developed in the
temperate and cool-temperate climates of Europe and North America (Aber and
Melillo 1982; Williams et al. 2010). Although periods of heat and drought can im-
pact temperate regions, compared to tropical and subtropical zones, temperate cli-
mates can generally be described as experiencing moderate rainfall spread across
portions or most of the year (sporadic drought notwithstanding), cool or cold
winters mild to warm summers and moderate diurnal temperate variation (Peel
et al. 2007). By contrast, warm tropical and subtropical climates (henceforth “hot
climates”) have cool to warm winters and warm to hot summers with rain events
distributed either through the year (e.g. wet tropical) or seasonally (e.g. hot arid or
Mediterranean) depending on geographic location. In hot climates the conditions
of increased water (too much and too little) stress and high temperatures govern
most of the challenges of green roof design. These differences can have a direct
effect on the ecological function of the green roof—heat stress (both above and
below ground), periodic saturation, and periodic drought all dictate the ecological
response and hence design of green roofs in warmer climates. In terms of plant
ecology and plant selection perhaps the greatest consequence of hot climate envi-
ronment is a broader ecological niche—the sedum-dominated roofs in temperate
systems are characterized by high water use efficient, succulent plants capable
of withstanding cold winters and warm summers on a shallow-well drained me-
dium. Conversely, in many hot climates plants must with stand high leaf and root
temperatures, prolonged drought and occasional prolonged media saturation. To
be able to tolerate heat, drought and prolonged saturation suggest plants with a
different ecophysiological niche. From a plant-selection perspective this may be
overcome by paying less attention to the conventional, green roof, temperate-cli-
mate plant palette and selecting from regional florae adapted to these more stress-
ful conditions. However, the characteristics of the growing media to mitigate ex-
treme hydrological and thermal conditions may require significant redesign.
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3.1.2 Temperate Green Roof Design challenges

Green roof design has traditionally focused on growing media composition and
structural design optimized in terms of minimal cost and weight (roof load bear-
ing) to achieve desired performance goals and to ameliorate soil microclimate and
water availability to accommodate appropriate plants. Temperate climate extensive
green roof design has thus been optimized so much so the ecological niche for green
roof plants is very narrow (Snodgrass and Snodgrass 2006). This suggests that in
warmer, non-temperate systems with greater climatic extremes (e.g. high daytime
and night time temperatures, frequent flash flood events), green roof design may
require revision. All green roofs potentially offer significant intrinsic (e.g. cool-
ing building, extension of roof membrane lifetime) and extrinsic (e.g. flash flood
mitigation, reduction of heat island effect) benefits. But all aspects of conventional
green roof design—plant palette, substrate composition and profile design—may
likely need to be modified to accommodate these different environmental condi-
tions and performance expectations.

Plant selection for green roofs in temperature regions has focused mainly on
shallow rooted, succulent plants which exhibit Crassulacean Acid Metabolism
(CAM) in the family Crassulaceae and less commonly on a selection of herbaceous
grasses and forbs native to temperature regions (Snodgrass and Snodgrass 2006). In
terms of stormwater, thermal mitigation and habitat characteristics temperate green
roofs, designed correctly, can perform well. However, translating this technology to
warmer regions presents a challenging suite of climatic problems including: flash
flooding, prolonged drought, high day and night-time air and soil temperatures and
limited available water supply. Ironically, the benefits of green roofs in these warm-
er environments might hypothetically be more justified than in temperate climates,
by providing mitigation performance for the very characteristics that challenge their
design and implementation (Kaufman et al. 2007; Alexandri and Jones 2008; Sim-
mons 2008).

In this chapter I identify the short- and long-term challenges and benefits of
micro and meso-climate that affect green roof design in hot climates and describe
evidence and propose theories to overcome them.

3.2 The Benefits and Problems of Green Roofs
in Hot Climates

3.2.1 Emergence of Research

Until recently, efforts to successfully implement extensive green roofs in hot cli-
mates have been comparatively few. Williams et al. (2010) suggest the major bar-
riers have been unfamiliarity with green roof technology and inexperience of the
emerging green roof industry, lack of regionally relevant research and inappropriate
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carry-over of the design (substrates and drainage layers) and biology (species), from
temperate regions directly to hot climates. However, over the last decade green roof
hot climate research has been initiated in a few locations around the world includ-
ing: Australia (Williams et al. 2010), Southeast Asia (Tan and Sia 2005), South-
ern (Mediterranean) Europe (Fioretti et al. 2010), Central America (Miiller Garcia
2005), and in USA: Texas (Simmons et al. 2008; Volder and Dvorak 2014), Florida
(Sonne 2006a; Wanielista et al. 2008), Georgia (Carter and Rasmussen 2006) and
Hawaii (Cabugos et al. 2007).

The specific problems around hot climate green roof success include low spe-
cies/individual plant survival rates, due to drought (Farrell et al. 2012) for other
reasons to be discussed below, poor stormwater performance under high rainfall
intensity (Simmons et al. 2008) or prolonged wet events and weediness (Williams
2010). Additionally, from an implementation perspective, the limited expertise of
green roof technology and knowledge of realistic performance and absolute func-
tion among architects and landscape architects has inhibited broad adoption in hot
climates (Williams 2010).

In many respects green roofs represent a novel technology, more so outside of
temperate regions, and the lack of knowledge, records of failure and inevitable low
implementation rates has dramatically inhibited further development of this tech-
nology in hot climates.

3.2.2 Water Retention and Plant Water Availability

The ability for roofs to retain stormwater can vary a lot among green roof types with
some having little or no retentive performance despite manufacturers claims (Sim-
mons et al. 2008). Media composition and depth (Monterusso and Rowe 2005),
drainage and retention layers (Simmons 2008) and the growth form and physiology
of the plant suite (Dunnett and Kingsbury 2004; Schroll et al. 2011) all can have a
direct effect on water retention performance (FLL 2008). Paradoxically, to some ex-
tent green roof design has been driven by the need for the conflicting goals of good
stormwater retention and adequate drainage (both in the media and immediately
above the roof membrane), while at the same time leaving sufficient available water
in the growing media for plant uptake storm water retention (FLL 2008). This re-
quires water to be held in different states and/or in different component of the green
roof system with plant available water held at field capacity or below in the grow-
ing media and storm water retained in the media and in other retention structures
as absorbent mats or combined drainage-retention layers below the growing media.
European green roof standards have focused on the provision or assumption that
either plant selection or frequency of rainfall events can meet plant growth require-
ments while still maintaining good water retention qualities (FLL 2008). But these
guidelines may fall short of the provision of performance requirements for hotter
and wetter climates. Despite the recommendations for drainage and retention of
water green roofs in hot climates have sometimes failed to perform (Williams et al.
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2010; Maclvor et al. 2011). This may be due to inappropriate combination of speci-
fications of media, drainage, plant selection etc. and it is difficult to tell whether
or not guidelines have been closely adhered to (Dvorak 2011). For example, FLL
(2008) guidelines suggest that the growing media, should exhibit a broad range of
particle sizes where the larger fraction represented by a porous, mineral-based ma-
terial such as expanded shale, expanded clay, recycled brick, tile, scoria or pumice
depending on local availability works well for a variety of temperate green roof as-
semblages (Molineux et al. 2009). But this may not be ideal for all plants types on
green roofs in other regions. For example, research has generally been in support of
increased organic matter (greater than FLL recommendations) to aid both plant es-
tablishment and especially to improve plant available water (Molineux et al. 2009).
The problem with excessively increasing organic matter this is that under warm and
wet conditions organic matter in the growing media may rapidly decompose under
increased bacterial and fungal biological activity, dramatically reducing effective
root volume. Even though some organic matter is continually added by vegeta-
tive components, high levels of organic matter are unlikely to be maintained. This
suggests that other stable components meet the positive water retention (and other
characteristics of organic matter) be substituted, for example hydrophilic gels, per-
lite and vermiculite which hold water, air and have high cation exchange capacity
for plant nutrient supply (Getter and Rowe 2006; Sutton et al. 2012).

The ability for green roofs to be able to pump (evapotranspire) water out of the
green roof while at the same time maintaining adequate plant water in the growing
availability is a conundrum (Chap. 4). Keeping water loss to a minimum is related
to plant transpiration, media evaporation and water-holding capacity within the me-
dia. Transpiration is minimized using plants with high water use efficiency, which is
one attraction of succulent CAM plants, characterized by low stomatal conductance
(Korner et al. 1979) and minimized night-time transpiration. However, removal of
water from the substrate is desirable to optimize long-term storm water retention
during wet seasons: in wet seasons with high frequency rain events the faster the
green roofs can remove water from the roof system the better it can absorb the next
event. Therefore plants that can switch between low transpiration in dry periods and
high transpiration in rain events i.e. facultative CAM, or equally broad soil water
niche plants such as some prairie grasses and forbs would be ideal (Wolf and Lund-
holm 2008; Sutton et al. 2012).

But even plants with high water use efficiency, the plant available water can de-
cline quickly following precipitation/irrigation events especially in shallow media
(Van Woert et al. 2005). This implies that where supplemental irrigation is unavail-
able the need to use plants with very high drought tolerance regardless of succu-
lence and photosynthetic pathway is mandatory (Farrell et al. 2012). One alternative
is to design a roof that simulates other hot climate landscapes with annual seeds,
bulbs or other cryptophytes (plants which maintain living tissue below ground and
seasonally invisible) only emerge under favorable conditions. Such a ‘brown’ roof
may not be most desirable aesthetically or even general performance but certainly
suggests that they are worth investigation.
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Evaporation from the surface is dependent on both air and soil conditions. There-
fore optimizing canopy cover to shade the soil surface needs to be balanced by tran-
spirational characteristics of the plant. In cool climates the effect of shading may
be less important than other microclimate effects such as precipitation and media
moisture properties (Wolf and Lundholm 2008). Conversely, in hot climates with
exceptionally high surface temperatures up to 90 °C (Williams et al. 2010), canopy
shading, particularly in dry season may be important in influencing media water
availability.

Many commercial green roof manufacturers utilize additional water retention
layers (porous/capillary blankets or ‘egg carton’ bucket layers Fig. 3.1) to improve
storm water retention performance of the roof and can be very effective (e.g. Miller
and Narejo 2005; Berghage and Gu 2009). Ironically, some of these drainage/reten-
tion layers are usually topped with a root barrie—making retained water effective-
ly inaccessible to plant roots. In climates where water availability is at a premium
this is an exceptional inefficient use of resources. Destruction of four-year experi-
ment green roofs in Texas however showed that aggressive roots followed moisture
gradients and often compromised these root barriers (Fig. 3.1). An alternative to
this is to use hydroponic foam in place of a standard retention layer (Fig. 3.2). This

Fig. 3.1 Four-year old roots
on a destructed green roof
passing through root barriers
into drainage/retention layer.
(Mark Simmons)
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Fig. 3.2 Experimental
hydroponic foam layer used
beneath the growing media to
accommodate both stormwa-
ter retention and providing
plant available water Note
the roots both above and pen-
etrating through foam layers

(Mark Simmons)
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provides for the retention of storm water retention while still simultaneously allow-
ing accessibility to available water by roots. Trials in Texas indicate that hydroponic
foam significantly prolongs the plant availability of water increases by reducing the
rate of loss of total volumetric water content over time (Fig. 3.3). The wide range of
commercial and potential products to aid water retention/availability is somewhat
confusing and if performance is to be optimized then investigation and standardiza-
tion (e.g. ASTM) is going to be essential to further green roof development in these
harsher environments (Miller and Narejo 2005).
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3.2.3 Root Temperature and Media Composition

Plant physiological processes are highly sensitive to temperature. Most vascular
plant roots have a much narrower temperature envelope of performance compared
to the aboveground stems and leaves. Although species specific, generally the op-
erational temperature range of root physiological processes are from 4 °C to 30°C.
Above that upper temperature, respiration and other root processes decline rapidly
and certain processes, particularly the synthesis of secondary materials slow down
until above 48 °C where they stop and root mortality results (Xu and Huang 2000;
Urban 2008; Sutton et al. 2012). Even in arid CAM plants these upper limits to root
function still apply (Drennan and Nobel 1998).

Roof surface (waterproof membrane) temperatures in summer can easily exceed
these critical temperatures. In Texas, roof temperatures have been recorded at 56 °C
in early (spring) growing season (Simmons et al. 2008) and can exceed 70°C in
summer (Simmons et al. 2008), mid 50s°C in Florida (Sonne 2006b) and up to
90°C recorded in Australia (Williams et al. 2010). Simmons et al. (2008) recorded
temperatures in weekly irrigated growing media (5 cm (2 in) below surface) ranging
between 25 °C to 40 °C, similar to values recorded on green roofs in Singapore (Tan
and Sia 2005) and Florida (Sonne 2006b) suggesting that there is sufficient heat flux
through conduction, radiation and convection to limit root growth in at least the top
layers of the media.

Excavated plants from extensive roofs exhibited low root density in the top 5 cm
of the growing media suggesting that in some growing media the top layer may be
redundant either due to temperature, high porosity or more water availability in
these upper layers (Fig. 3.4). Collectively this evidence indicate that modification

Fig. 3.4 Four-year-old grass
(Bouteloua dactyloides)
grown on experimental green
roof exhibiting low root
density in upper layers of
the growing media (10 cm
total media depth) (Mark
Simmons)
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of media composition, specifically to alter the thermal conductivity (1) and heat
capacity, may help to improve the green roof environment in extreme climates.
Media composition may also be critical to plant establishment. Any component
that increases water retention will likely improve plant survival. Maclvor et al.
(2011) examining a range of succulents, grasses and forbs on green roof mod-
ules in Toronto, Canada, concluded that plant cover and biomass declined on a
media based on the FLL specifications of low organic matter. The coarse com-
ponent of many commercial growing media can be naturally occurring (scoria,
lava rock pumice), recycled (brick, tile) or processed (expanded shale or clay).
These components often makes up the bulk of volume and are included to pro-
vide ballast, root anchor, and a site for plant available water and nutrients. How-
ever these materials can present a problem in hot climates as they may exhibit
high thermal conductivity, transmitting heat through conduction (convection and
radiation have a relatively small role in growing media thermal flux) down into
the sensitive root-growth zone. One way to mitigate this to protect roots from
high temperatures is to increase thermal insulation characteristics of the media
by addition of organic or other non-coarse, lightweight materials like vermicu-
lite that are known to have low thermal conductivity. Laboratory trials (Simmons,
unpublished data) demonstrated that lightweight, porous organic and inorganic ma-
terial added to media (50 % by volume) not only improved volumetric water content
(6 =0.248 m3.m3; brick plus porous matter 6 = 0.465 m>.m*) but also reduced ther-
mal conductivity across a range of soil water potential () (Fig. 3.5a). The trade-off
of high organic volume is that, with a few exceptions, most commercially-available
organic amendments used in green roof media break down over time—and with
warmer climates this process is accelerated, reducing valuable root volume and
causing plant decline or death. Additionally, these same laboratory trials revealed
that one commercially available expanded clay-based material also demonstrated

Fig. 3.5 A the relationship of 1.2
thermal conductivity (k) and
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Fig. 3.6 Diurnal temperature flux of 10 cm deep growing media (2 types) on green roofs over
10 days (average high temperature 33 °C) in August in Texas. Solid line=media comprised of
decomposed granite, perlite and organic matter; Dashed line=media comprised of expanded clay,
expanded shale, sand and organic matter (M.T. Simmons unpublished data)

unusually high heat capacity (Fig. 3.5b). This could present a significant problem
in hot climates where the cumulative effect of slow overnight cooling during warm
months could lead to the build-up of excessively high temperatures in the media
over time. Comparison of substrate temperature over an 10 day period in summer
2007 of test plots showed that a commercially available expanded clay/shale-based
media did slowly reach higher maximums (consistently exceeding the critical 30 °C
temperature where root function becomes impaired) compared to media containing
decomposed granite and perlite (Fig. 3.6). While, without further investigation, it is
not possible to determine the mechanism that drives this response, it does highlight
the need for further investigation and specification of thermal properties of growing
media for green roofs in hot climates.

3.2.4 Thermal Benefits in a Hot Climate

One key attribute of green roofs is their thermal benefits both to the building and
immediate environment (Chap. 9). These characteristics of green roofs are no more
important than in hot climates where daily maximum air temperature are higher,
last longer through the day and persist over much or all of the year. Roof surface
temperatures have been shown to be dramatically decreased in the presence of green
roofs with deltas of 20 °C in Florida (Sonne 2006b), 38 °C in Texas (Simmons et al.
2008) and up to 60 °C in Japan (Wong 2003). This has mainly been attributed to the
combination of shading (Wong 2003), solar reflectivity (Castleton et al. 2010), in-
sulation (Barrio 1998), and evaporative cooling (Onmura et al. 2001) of all or some
of the green roof components. This has several direct benefits. Firstly a damping of
the diurnal temperature variations at the roof membrane combined with protection
from ultra-violet radiation can extend the membrane integrity (Liu and Baskaran
2003). Secondly, it can reduce the energy budget of the building. The reduction of
thermal flux through the building below the green roof can translate to savings in
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the build of up to 4 °C in temperate systems, to up to 15 °C in subtropical (Simmons
et al. 2008). In a green roof test in Athens, Greece demonstrated that a building with
aregular roof experienced internal air temperatures over 30 °C for 68 % of total time
during a three-day test period in summer. Conversely, the green roofed building
exceeded 30°C only 15% of the time. Whatever the mechanism this mitigation of
thermal flux can amount to significant cost savings. Dunnett and Kingsbury (2004)
suggest that there is an 8 % reduction in electricity use for air conditioning for ev-
ery 0.5 °C decrease in internal temperature and if this model can be extrapolated to
other regions, would represent a significant saving in hotter climates. In Florida,
Sonne (2006b) estimated an energy reduction (cooling) of around 50 % for a two-
story building with a 150 m? green roof. It has been argued however that green roofs
for their thermal mitigation properties alone may not justify the resources as stan-
dard insulation is relatively inexpensive. According to one model on well- insulated
buildings energy savings drop from 48 % for non-insulated to 2 % for well-insulated
buildings.

Similarly, green roofs have been shown to cool ambient air temperatures that
can translate to the larger scale especially in hot climates (Alexandri and Jones
2008). Microclimate modification by green roofs can affect both immediate lo-
cal conditions by directly cooling air (Wong 2003), increasing reflectivity and by
reducing long-wave radiation through the diurnal temperature cycle all of which
can modify the urban heat-island effect (Getter and Rowe 2006; Oberndorfer et al.
2007, Santamouris In press). Even in the continental temperature climate of To-
ronto, Canada a study concluded that with only 6% of total roof space dedicated
to green roofs would result in a reduction of 1-2 °C in summer (Bass et al. 2003).

3.2.5 Plant Selection

Clearly, tolerance to drought, high temperatures (air and soil) and ability to tolerate
media saturation for periods of time are desirable features. This suggests that plant
selection for hot climates should examine those species with broader ecological
niche and habitat generalists not specialists. A mix of growth forms for hot climate
green roofs, may be the solution to optimize performance across all climate condi-
tions through the year (Maclvor 2011; Wolf and Lundhom 2008). Succulence or
CAM, although beneficial is not the only method of drought survival. Ability to
reduce biomass through drought deciduousness, (Farrell et al. 2012) or avoidance as
a seed (therophyte) or high water use efficiencies can all be successful drought sur-
vival strategies. Sedums of temperate climate origin although widely used for green
roofs in Europe and North America, with a few exceptions, may not be suitable in
hot climates as the exhibit relatively weak ability to fix CO, above 20 °C (Williams
2010; Livingston 2004). At night in hot climates, when gas exchange takes place
stomata open in CAM plants, temperatures can easily exceed this through much
of the growing season, and at high vapor pressure gradients and night time tem-
peratures (>30°C) CAM plants have been shown to exhibit significant decreases
in net CO, gain (Herppich 1997; Livingston et al. 2004). While all the mechanisms
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that inhibit the use of the temperate-climate Sedums on green roofs in hot climates
remain unidentified, evidence from these and other studies suggest that high day
and/or night-time temperatures may be responsible. Some Sedums including non-
European Sedums however have been shown to perform with some success in green
roofs in Texas (Volder and Dvorak 2014) and under greenhouse conditions in the
warm/temperate climate of Melbourne, Australia.

Farrell et al. (2012) had good drought survivorship of two Mexican and one
Caucasian Sedum species that performed better than two succulent natives. In a
Texas study survivorship on 18 extensive green roof units (Simmons et al. 2008)
over 5-year period demonstrated that plant physiognomy or guild was not necessar-
ily a prediction of plant survival (Fig. 3.7). Woody and non-woody forbs generally
did less well than most graminoids and succulents. Some grasses did moderately
well especially warm season bunch grasses, while a cool season grass, and more
hydrologically-mesic graminoids did not. The three CAM species were better per-
formers with up to 100 % survivorship (Fig. 3.7). With more supplemental irrigation
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Fig. 3.7 The mean 5-year survivorship of 21 regionally native species on 18 green roof units in
Austin Texas. Guilds: Black bar=forb; Dark grey bar=succulent/CAM; Light grey bar=grami-
noid. Species: BICA=Bignonia capreolata; DAGR =Dalea greggii; PETR =Penstemon triflorus;
SAFA=Salvia farinacea; SAGR=Salvia greggii; SCWR=Scutellaria wrightii; STLA=Stemo-
dia lanata; ECPU=Echinacea purpurea; PHIN=Phyla incisa; TESC=Tetraneuris scaposa;
HEPA=Hesperaloe parviflora, LETE=Lenophyllum texanum; MAMA=Manfreda maculosa;
BOCU=Bouteloua curtipendula; BODA=Bouteloua dactyloides; BOGR=Bouteloua graci-
lus; BORI=Bouteloua rigidiseta; CATE=Carex texensis; MURE=Muhlenbergia reverchonii;
NATE=Nassella tenuissima; PAHA=Panicum hallii. Media depth=100 mm. Irrigation regimen:
minimum of 50 mm per month either by rainfall, irrigation or both (M T Simmons, unpublished data)
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and improved media characteristics overall survivorship would likely increase. In
another Texas study of fifteen different species of different geographic origins and
different growth forms Dvorak and Volder (2012) found that only four of the fifteen
species faired consistently well, demonstrating 100 % survival over three years and
all were succulents.

Plant architecture may also have an influence on survivorship. Liu et al. (2012)
examined the physiology and survival of thirty-one plants on green roofs in the hu-
mid subtropical climate of central Taiwan. The most successful species were those
that exhibited succulent foliage, leaf hairs/spines, CAM and elevated plant height
(up to 35 cm tall). Such physiological strategies to deal with drought stress are also
common in grassland ecoregions and consequently lend themselves to green roof
environments. Wolf and Lundholm (2008) in a study in cool temperate location
(Nova Scotia, Canada) suggested that beyond the genus Sedum, some grasses were
able to respond to water stress and lived longer-lived than succulents and woody
plants and should be considered as further candidates for the green roof plant pal-
ette. Similarly, Sutton et al. (2012) reviewed grasses and forbs from North Ameri-
can prairie that had been used on green roofs under different irrigation regimens and

Fig. 3.8 Green roofon a
residential building in Texas
(Green Roof: Ecosystem
Design Group, Lady Bird
Johnson Wildflower Center,
University of Texas at Austin
Architects: Bercy Chen
Studio LP)

Fig. 3.9 Green roof on a
residential building in Texas
(Green Roof: Ecosystem
Design Group, Lady Bird
Johnson Wildflower Center,
University of Texas at Austin
Architects: Bercy Chen
Studio LP)
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geographic locations and concluded that these could provide alternatives to Sedum
species but stressed that more detailed studies are needed (e.g. Figures 3.8 & 3.9).
One trait that may enhance the suitability of prairie grasses is that many grasses
(and indeed many other species) are facultative mycorrhizal. This may help to im-
prove performance by increasing effective root volume through the production of
mycorrhizae, reducing water stress and nutrient uptake in a limited media depth of
the green roof environment (Sutton et al. 2012).

Plant selection for some green roofs has mainly relied on tried successes of green
roofs in temperate systems but more recently has examples from warmer climates
(Dvorak and Volder 2013; Liu et al. 2012). This has led to some roof failure in
hot climate and the basis for plant selection is undergoing an overhaul (e.g. Sim-
mons et al. 2008; Liu et al. 2012; Sutton et al. 2012). While the issues of simple
survival are obviously important, species selection would benefit from a fresh ap-
proach focusing on overall desired roof (e.g. storm water, thermal, and aesthetic
characteristics), performance and letting that drive roof design and plant selection.
That would mean selecting the most desired benefit(s), for example, drought toler-
ance, slow growth rate, then finding plant species or assemblages that meet these
criteria. Finally, the extremes of conditions on hot climate green roofs suggest that
plant selection screening should focus on species with a broader ecological niche
selection - i.e. generalists (e.g. plants that can tolerate drought, yet endure occasion-
al saturation) and not specialists (e.g. a species constantly requiring well-drained
conditions). This is especially important with respect to tolerance range of the plant
species to both soil water and soil temperature.

3.3 Conclusions

3.3.1 Imperative of Green Roofs in Hot Climates

Large proportion of global population lives in cities in subtropical and tropical re-
gions around the world. In cities with high densities and high proportion of impervi-
ous surface and limited green infrastructure (Shanghai—Tokyo, New Delhi, Mum-
bai, Hong Kong, Sydney) green roofs may be the only green strategy to improve
essential ecosystem services. However, for green roofs to be successful, a more ho-
listic approach and understanding of all performance benefits have to be understood
and quantified. It is not enough for justification of green roof technology to focus
on one performance feature, say water retention, as cheaper methods to achieve the
same goal (e.g. retention pond at grade), or thermal benefits (e.g. reflective white
roof) may be available. In other words, taken individually, green roof performance
attributes may exhibit incremental benefits at unjustifiably high costs. However, the
environmental, ecological and sociological benefits taken together make a sound
case for green roofs and even an imperative technology for the future of our cities.
As described above green roofs vary regarding plant and media traits due to the lo-
cal climate and microclimate (Table 3.1)
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3.3.2 Research Questions for the Future

Media composition affects abiotic and plan roof performance. The seemingly
infinite potential compositions need continued systematic examination to meet the
challenges of specific environments. Water retention and drainage, and thermal
characteristics deserve particular attention.

Plant selection for hot climate green roofs needs a shift of focus away from
plant survival only and more to ward desired roof performance. Once this is
established—storm water, building cooling etc. - then the roof can be designed and
appropriate species selected accordingly.

Although the climate conditions will somewhat drive plant selection where
climates are more seasonal (wet-dry; cool warm) and as climate change theory pre-
dicts more climatic stochasticity, the selection procedure should examine species
with broad ecological niches with respect to soil water and soil and air temperature
conditions.

Justification for green roofs will rely on the quantification all the potential envi-
ronmental (e.g. storm water retention, thermal moderation), ecological (e.g. habitat)
and sociological (e.g. access to green space) benefits collectively (Chap. 9) espe-
cially as many are not mutually independent.

The FLL standards have been useful metrics around which green roofs can be
designed, built and experimented with, and have been successful in a range of cli-
mates (Philippi 2005; Dvorak 2011). However, these standards should not limit the
development of green roof growing media specifications for hot climates where
innovative ways to improve thermal and hydrologic characteristics are needed. The
investigation and current development of standards (e.g. FLL ASTM) of all green
roof components will be essential for the adoption of green roofs as a major con-
tributor to green infrastructure.
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Chapter 4
Water Through Green Roofs

John G. Lambrinos

Abstract How green roofs process water is a critical component of their func-
tion and effective management. As green roof technology has spread from northern
Europe’s relatively cool and humid climate, green roof designs have had to adapt
to regional variations in the timing and availability of water. The development of
regionally appropriate designs requires a mechanistic understanding of green roof
water relations, plant eco-physiology and irrigation technology. Emerging designs
effectively match environmental conditions, substrate characteristics, plant physi-
ological traits, plant community interactions, and expert systems for applying sup-
plemental water.

Keywords Evapotranspiration + Hydrology - Irrigation - Plant selection - Plant
water use strategies - Xeric climates

4.1 Green Roofs as Hydrological Systems

The vast majority of the water that lands on a conventional roof quickly flows off.
In sharp contrast, water that lands on a green roof enters a complex hydrological
system (Fig. 4.1). Stocks of water are held on and within plants, in substrate, and in
various layered materials such as drainage and water retention fabrics. Water exits
the system through evaporation from the substrate and plant surfaces, transpiration,
and runoff. The magnitude of the various stocks of water as well as the flux of water
between stocks and out of the system is governed by complex interactions among
green roof components and the physical environment. This complexity makes green
roof performance inherently dynamic and contingent on the details of system design
and local conditions (Berndtsson 2010).

Nevertheless, most extensive green roofs share broadly similar hydrological
characteristics. The bulk of the standing stock of water on a green roof is held in the
substrate. The amount of water intercepted and held by vegetation is comparatively
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Fig. 4.1 Stocks and flows of water through a typical extensive green roof. The hypothetical sce-
nario depicted is for an extensive green roof that has reached maximum water storage capacity
during a spring rainstorm in Corvallis, OR U.S.A. The roof design is assumed to consist of 70 mm
of pumice-based substrate, an 8 mm drainage layer, and Sedum sp. vegetation. Stock and flow
estimates (in parentheses) are derived from published values for similar systems: precipitation
(Schroll et al. 2011a), evaporation and transpiration (Voyde 2011), runoff as a function of % reten-
tion (Spolek 2008), substrate water storage capacity (Fassman and Simcock 2012), drainage layer
water storage capacity (VanWoert et al. 2005a, Fassman and Simcock 2012), Sedum sp. water
storage capacity (Berghage et al. 2007; Fassman and Simcock 2012)

small, at least on Sedum dominated roofs. Many studies have reported no significant
difference in stormwater storage between vegetated and un-vegetated (substrate
only) roofs, although results vary with storm size and season (Monterusso et al.
2004; VanWoert et al. 2005a; Dunnett et al. 2008; Lundholm et al. 2010; Buccola
and Spolek 2011; Starry 2013). While the amount of water captured by most green
roof vegetation is small relative to the substrate, differences in plant architecture
and vegetation structure have been shown to significantly influence water capture.
Roofs planted with grasses and forbs as well as roofs that combine different growth
forms capture and retain significantly more water than sedum only roofs (Lund-
holm et al. 2010; Nagase and Dunnett 2012). Also, some potential green roof plant
choices have exceptional water capturing properties. For example, the sponge like
physical structure of many mosses allows them to hold 8—10 times their dry weight
in water. In contrast to other vegetation types, moss covered roofs can often retain
significantly more water than substrate only roofs (Anderson et al. 2010). The stock
of water held within plant tissues can also be sizeable for some vegetation types.
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For example, Sedum and other succulent species can be 80-90% water by weight
under well-watered conditions (Berghage et al. 2007). While this stock of water
does not directly influence broad hydrological properties such as stormwater reten-
tion to a significant degree, it is an important component of the drought tolerance
mechanisms for many species.

The substrates used in extensive green roofs are designed to be highly perme-
able, but also have relatively high water holding capacity for their weight. Exten-
sive substrates typically have maximum densities of around 1 g/cm (62 1bs/ft*) and
target maximum water holding capacities (water storage at field capacity) that range
from 25 to 65 % by volume (FLL 2008). However, under field conditions, the actual
maximum storage capacity of substrates is typically less than that estimated from
laboratory techniques, likely as a result of structural changes to the substrate caused
by plant root development and evapotranspiration (Fassman and Simcock 2012).
In addition to substrate, extensive designs usually incorporate one or more layers
designed to facilitate drainage, minimize erosion, or retain water for plant use. Few
studies explicitly report water-holding capacities for these layers, but those that do
report values less than 20 % by volume (Miller 2003; VanWoert et al. 2005a).

Under most conditions, the water that enters an extensive green roof has a short
residence time. Substrate profiles are only 20—-150 mm (5-37 in.) deep and con-
strained by an impervious membrane. This limits the absolute storage capacity of
extensive designs. Once maximum storage capacity is reached, the porous substrate
and even more porous drainage layers quickly channel runoff off of the roof. In most
designs runoff enters the municipal wastewater stream, but runoff can be captured
by a gray water system and returned to the roof as irrigation (Compton and Whitlow
2006; Chang et al. 2011). In many studies the stormwater storage capacity of green
roofs is defined in terms of the plant available water held in the substrate (storage
at field capacity-storage at the wilting point of vegetation). This value represents
the theoretical long-term average capacity of the roof to retain intercepted rainfall.
Storage capacity varies considerably with substrate composition and age. Martin
(2008) reported storage capacity values from eleven studies that ranged from 2
to 53%. When conditions are favorable for photosynthesis, green roof vegetation
quickly depletes the stock of water in the substrate, restoring the storage capacity
of the roof. A number of studies report that under ideal conditions the water storage
capacity of vegetated roofs can be completely restored within about a week (Van-
Woert et al. 2005b; Durhman et al. 2006; Berghage et al. 2007; Voyde et al. 2010a).

The restoration of storage capacity through evapotranspiration is a key component
of roof function, but it is a process that is strongly dependent on climatic conditions,
the water status of the roof, and the composition of the vegetation. Evapotranspira-
tion is extremely sensitive to a number of climatic drivers, principally temperature,
humidity, and wind (Allen et al. 1998). In addition, the transpiration component of
evapotranspiration is strongly tied to water availability. Plants maximize transpi-
ration when water is readily available. Under well-watered conditions, succulent
green roof vegetation contributed more than 50% of the evapotranspiration from
extensive green roofs (Berghage et al. 2007; Voyde et al. 2010b). Transpiration
declines as water availability declines until water stress reaches a plant specific



84 J. G. Lambrinos

threshold, at which point transpiration ceases. Many of the drought-adapted species
commonly used in extensive green roof designs have relatively high transpiration
rates when water is available. Sedum roofs have reported maximum evapotrans-
piration rates that range from 5 to 6 mm day™' (VanWoert et al. 2005b; Durhman
et al. 2006; Voyde 2011; Sherrard and Jacobs 2012; Chap. 2). Roofs planted with
non-xerophytic species such as Spartina alterniflora and Solidago canadensis can
attain evapotranspiration rates that are an order of magnitude greater (Compton and
Whitlow 2006), and roofs planted with a combination of growth forms can exhibit
significantly greater rates than monocultures (Lundholm et al. 2010).

4.2 Climatic Influence on Green Roof Water Dynamics

Extensive green roofs balance two inherently conflicting goals: lightweight and
water storage. They achieve their relatively lightweight (even when saturated with
water) by being shallow and using light porous substrates. Coarse substrate texture
also minimizes the risk of ponding in the shallow profile even during extreme rain
events. Despite the limitation on total water storage capacity set by this substrate
design, the presence of substrate alone significantly retards the timing and reduc-
es the amount of runoff compared to conventional roof designs (VanWoert et al.
2005a; Schroll et al. 2011a). The presence of plants can potentially significantly en-
hance this stormwater function by dynamically restoring storage capacity through
transpiration. However, the typical substrate design creates a unique and often se-
vere water environment for plants that constrains plant choice. The rapid flow of
water through the system via runoff or evapotranspiration can quickly put plants
under water stress. As a consequence, shallow-rooted, drought tolerant species have
typically been used on extensive green roofs even in mesic climates. The most com-
mon growth form used are succulents, with a distinct fondness for members of the
Crassulaceae, although a broader range of regionally matched species and growth
forms are increasingly being used (Dvorak and Volder 2010; Sutton et al. 2012).
This system can be remarkably effective at both attenuating runoff and maintaining
healthy vegetation if individual rain events are small in total volume and spaced at
moderate (1-2 week) intervals between periods during which conditions are favor-
able for photosynthesis (Berghage et al. 2007). Many temperate climates such as
those in northern Europe and in northeastern North America meet these criteria
for substantial parts of the year. Average yearly stormwater retention values for
roofs in these climates typically range from 30 to 60 %, broadly approximating mass
balance estimates of watershed evapotranspiration for their regions (Gregoire and
Clausen 2011; Carson et al. 2013).

However, a range of regional climates have conditions that are challenging for
green roofs (Fig. 4.2). Climates with low or strongly seasonal precipitation may not
provide enough water in a green roof context to sustain many otherwise drought
adapted species. Even if a green roof plant assemblage can survive under a particu-
lar regional water regime it can still suffer reduced plant cover, be constrained in
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Fig. 4.2 Seasonal precipitation and temperature values for four North American cities. Values are
thirty-year (1981-2010) averages for total monthly precipitation (bars), average monthly mini-
mum temperature (solid circles) and average monthly maximum temperature (open circles). Data
from NOAA National Climatic Data Center (NOAA 2014)

species or growth form diversity, or suffer reduced aesthetics (Nagase and Dunnett
2010; Schroll et al. 2011b; Maclvor et al. 2013). Other aspects of regional climate
such as temperature extremes can also restrict plant choices. For example, many
sedum species are intolerant of hard frosts or high temperatures (Chap. 3) (Boivin
etal. 2001; Livingston et al. 2004; Simmons et al. 2008; Williams et al. 2010; Rowe
etal. 2012).

The pattern of water availability imposed by regional climate can also influence
other aspects of green roof performance. The thermal benefits of green roofs are
influenced by the water content of the substrate and by evapotranspiration, and
have been shown to vary by building type and location (Sailor et al. 2012). During
extended dry periods, low levels of soil moisture and reduced evapotranspiration
can lower the thermal benefit of a green roof (Sun et al. 2014). In the humid trop-
ics, green roofs can become large heat sinks, partly because extreme daytime tem-
perature can cause plants with crassulacean acid metabolism (CAM) physiology to
stop transpiring. Much of the stored heat can later be transmitted into the building



86 J. G. Lambrinos

at rates greater than a conventional roof (Jim 2014). Green roof stormwater attenu-
ation performance is also strongly influenced by climatic conditions. In general,
the proportion of precipitation retained by green roofs declines as storm volume
and frequency increase and during winter when the potential evapotranspiration is
limited (Mentens et al. 2006; Villarreal 2007; DiGiovanni et al. 2010; Carson et al.
2013).

A general, lack of published long-term monitoring data (Chaps. 2 and 13) as
well was design differences among roofs make it difficult to assess the impact that
regional climate has on overall green roof performance. The few data that are avail-
able principally report stormwater performance. In the Pacific Northwest of North
America the majority of the yearly precipitation falls during the winter when the po-
tential for evapotranspiration is small. In addition, winter storms can come closely
spaced in time creating prolonged periods of precipitation. Spolek (2008) reports
that roofs in Portland, OR monitored over 2—3 years had total rainfall retention that
ranged from 12 to 25 %. A Seattle roof monitored for a year had a total retention of
31% (Berkompas et al. 2009). Both of those values are among the lowest reported
from full-scale monitored green roofs (Carson et al. 2013). The overall, long-term
retention seems to be driven by reduced retention performance during the winter.
On the Portland roofs monitored by Spolek (2008), total rainfall retention was only
12% during the winter compared with 42 % during the spring and summer. Simi-
larly, test-bed scale roofs in Corvallis, OR retained less than 28 % of intercepted
rainfall during the winter, which was less than half their retention capacity during
the summer (Schroll et al. 2011a). In the Corvallis study, the seasonal differences
were partly attributable to the higher frequency and volume of storm events during
the winter as well as to the reduced recharge capacity provided by the vegetation.

In other regions, such as sub-tropical Florida, the timing and intensity of indi-
vidual storm events can influence stormwater performance even if the bulk of rain-
fall occurs during favorable evapotranspiration conditions. Using a field validated
mass balance model Hardin et al. (2012) predicted green roof stormwater retention
values for several Florida locations ranging from 33 to 51 %. Locations with mod-
erate predicted retention efficiencies seem to reflect the large, overall volume of
annual precipitation at those sites. Similarly, green roofs in climates that experience
large yearly variation in conditions can exhibit large variation in stormwater perfor-
mance. The southern California climate is notable for its extreme inter-year varia-
tion in total precipitation. There Bennett et al. (2008) report that modeled rainfall
retention efficiency for a typical extensive design varied from 21 to 64 % depending
on yearly precipitation patterns. It is important to note that total stormwater reten-
tion may not be an appropriate performance metric for some goals. Delay in runoff
as well as reductions in peak flow for individual storm events can be more relevant
to stormwater management, and these aspects of attenuation performance can be
high relative to conventional roofs across a range of storm size and timing (Fioretti
et al. 2010). In general, high variability in rainfall patterns and weather conditions
make it difficult to predict the hydrological performance of green roofs based on
storm characteristics. Instead, mechanistic models of water flux through the green
roof system provide the best predictive descriptor of stormwater performance (St-
ovin et al. 2012).
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4.3 Plant Water Use Strategies for Green Roofs

Ideally, green roof vegetation should combine high transpiration capacity with the
ability to tolerate extended periods of water deficit. This is perhaps not as con-
flicted a goal as it might seem. Plants possess an incredible diversity of water use
strategies, many of which are appropriate in green roof contexts across a range
of regional climatic conditions. Farrell et al. (2013a) have developed a conceptual
model to screen potential plants for green roof applications based on their water use
under mesic and xeric conditions as well as their ability to minimize water stress
during periods of water deficit. Here I categorize a slightly broader (although still
not comprehensive) list of water use strategies into syndromes that relate to green
roof performance.

4.3.1 Water Loss Minimizers

Many species from xeric or seasonally dry climates are exceptionally good at con-
serving water. Structural adaptations in these species include waxy or hairy leaf
coverings, leaf orientations that reduce insolation and heating, fewer or smaller
leaves, and reduced stomatal density. Many species also have succulent stems or
leaves and use internally stored water to buffer the effects of soil water deficit.
Another principal physiological adaptation is crassulacean acid metabolism (CAM)
photosynthesis. Plants with one or more of these adaptations can survive extended
periods of water deficit. Drought tolerance screening experiments have identified
a number of species that can survive on typical extensive substrates without water
for more than 130 days (Durhman et al. 2006; Bousselot et al. 2011; Farrell et al.
2012). Many water loss minimizing species used in green roof applications are low-
growing perennial succulents, particularly those in the family Crassulaceae, but pe-
rennial forbs (Fig. 4.3a) and woody shallow rooted shrubs are also common.

An inherent tradeoff of many of the adaptations that minimize water loss is
reduced photosynthesis. Consequently many drought tolerant species have com-
paratively low photosynthetic rates per leaf area or biomass (Korner et al. 1979).
Water loss minimizers emphasize consistent (although relatively low) photosyn-
thetic capacity across a range of water conditions. Consequently, extreme water
loss minimizers might not be the most appropriate plant choices for green roofs that
experience modest periods of water deficit. In these cases, species with a greater
peak capacity to transpire would be more desirable. Interestingly, great variation
exists in the peak transpiration capacity among succulent species commonly used
on green roofs, even within the same genus (Voyde et al. 2010b; Farrell et al. 2012;
Starry 2013). Some of this variation potentially reflects dynamic responses to water
availability in some species (see Sect. 4.3.2 Water loss adapters).

On the other hand, some water loss minimizers are robust choices in climates
where green roof substrates are likely to experience more prolonged water deficit,
or in climates where water availability is highly variable. Some xerophytic peren-
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Fig. 4.3 Species representing different water use syndromes useful in green roof contexts. a
Species like Erigeron linearis can withstand long periods of drought even on thin mineral soils,
because they have consistently low transpiration rates. b Many species in the genus Sedum fac-
ultatively switch between C3 and CAM photosynthetic pathways allowing them to have excep-
tional drought tolerance but also achieve moderate transpiration rates when water is available.
¢ Geophytes like Camassia quamash avoid water stress through dormancy. d Bryophytes like
Racomitrium canescens tolerate long periods of desiccation. e Although not exceptionally drought
tolerant, many warm season grasses like Zoysia sp. can withstand extreme temperature and light
conditions. (Photograph credits: (a) Richard Martinson, (b, c), Erin Schroll, (d) John Lambrinos,
(e) Alec Kowalewski)

nials have pronounced water loss adaptations, but are poor choices for extensive
green roofs because they minimize water stress by accessing water stores from deep
or spatially complex soil profiles (Ehleringer and Mooney 1983); the process of
hydraulic redistribution is a tactic wholly unavailable on shallow, extensive green
roofs.

4.3.2 Water Loss Adapters

Some species are particularly adept at adjusting their water use to the amount of
water available, enabling them to have higher photosynthesis rates when water
conditions are favorable. This is a desirable trait for a green roof plant. Woody
perennials often adjust water use through gross morphological changes such as re-
placing photosynthetically efficient leaves with more water use efficient ones, or
by shedding leaves altogether and entering a period of drought induced dormancy
(Westman 1981). Many perennial temperate grasses achieve exceptional drought
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dormancy by combining leaf senescence with physiological dehydration tolerance
mechanisms (Volaire and Norton 2006). Not all drought dimorphic species are de-
sirable for extensive green roof applications. Many of these species (both woody
and herbaceous) have deep or extensive root systems. In addition, drought induced
changes can create undesirable aesthetics or pose fire safety concerns from the ac-
cumulation of dry biomass.

In some species, photosynthetic pathways are highly plastic and plants faculta-
tively adjust photosynthetic metabolism based on water availability and other en-
vironmental conditions (Andrade et al. 2009). Many succulent species are known
to switch between C3 and CAM photosynthetic pathways or to adjust the diurnal
timing of gas exchange and CO, fixation in relation to water availability (Sayed
2001; Fig. 4.3b). These adjustments allow some succulent species to achieve mod-
erate transpiration rates during periods of high water availability. However, the de-
tails of photosynthetic plasticity and its influence on water use patterns are highly
species specific, nuanced, and dependent on a number of environmental factors
(Herrera 2009). For example, although Phedimus albus (syn. Sedum album) and
Phedimus kamtschaticus (syn. S. kamtschaticum) are both broadly known to switch
between C3 and CAM metabolism, they display markedly different physiological
performance in a green roof context (Starry et al. 2014). Starry found that S. kamts-
chaticum had significantly higher transpiration, higher daily carbon assimilation,
and switched from C3 to CAM metabolism at a lower substrate water availability
compared to S. album. As a consequence it used 35 % more water than S. album.
However, perhaps partly because of its more parsimonious water use S. album was
more drought tolerant than S. kamtschaticum. Rowe et al. (2014) found similar
results with syn. S. kamtschaticum var. floriferum (trade name S. floriferum). In
a greenhouse study using experimental roof modules, S. album survived 84 days
without water, but S. floriferum did not.

4.3.3 Water Stress Avoiders

Some species take drought dormancy to the extreme and either complete their entire
life cycles before water availability declines, or exist for extended periods as highly
specialized drought survival structures. Many of these species have ruderal life his-
tory strategies or evolved under strongly seasonal water availability such as deserts
or seasonal wetlands. Desert annuals that complete their life cycle within a brief few
weeks are prime examples. Many annuals from a range of different habitats could
be suitable for green roof contexts, although they have not often been used to date
(Chap. 10). Nagase and Dunnett (2013) report that a diverse annual meadow can be
easily and economically established on an extensive green roof in the central UK
climate. A diverse assemblage of species provided abundant flowers throughout the
summer and fall even without irrigation, and the system required very little main-
tenance apart from annual mowing. However, the long-term performance of annual
plant based systems has not been investigated. Annual systems will likely require
a tolerance for large dynamic changes in the species composition of the roof over
time (Chaps. 12 and 13).
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Species with perennating organs such as geophytes are another category of
drought stress avoiders that are potentially suitable in a green roof context (Schroll
et al. 2011b; Nagase and Dunnett 2013; Van Mechelen et al. 2014; Benvenuti 2014;
Fig. 4.3¢). Like annuals, these species often produce strikingly attractive flowers,
however bloom times can be relatively brief and all above ground structures typi-
cally die back completely. However, in contrast to many annuals, the amount of se-
nescent biomass is relatively small and mowing management is not required. Many
geophytes have particularly early or late bloom times that can be a valuable trait in
terms of pollinator resources as well as expanded aesthetics (Benvenuti 2014).

4.3.4 Water Loss Tolerators

Some species lack well-developed adaptations for conserving water, but instead
have a remarkable ability to withstand desiccation (Hoekstra et al. 2001). Many
of these species are non-vascular bryophytes and lichens, but some vascular resur-
rection plants have this ability as well (Gaff 1989). Mosses have most commonly
been used on green roofs (usually in combination with sedum) in northern temper-
ate climates (e.g. Bengtsson et al. 2005; Oberndorfer et al. 2007). However, their
drought tolerance properties make them potentially suitable choices for a number of
climates with extended periods of water scarcity (Anderson et al. 2010). Also, their
lack of roots and prodigious water retention capacity also suggest that they could be
used to develop extremely lightweight but still highly functional systems.

4.3.5 Water Loss Sensitive

Plants that do not have well developed drought tolerance mechanism can still be
suitable choices for extensive and semi-intensive green roofs in some contexts. Be-
cause of their tolerance of extreme temperature and light conditions, warm season
turf grasses have been used on green roofs in sub-tropical and tropical climates,
although typically supplemental irrigation is provided (Jim 2012; Ju et al. 2012;
Sutton et al. 2012; Chen 2013). Some wetland species have broad habitat tolerances
or some ability to withstand short periods of dry conditions. They may be good
choices for relatively wet climates. Maclvor et al. (2011) found that several wetland
species were able to survive condition on an extensive green roof in maritime Nova
Scotia over two growing seasons, although their overall cover was less than that of
more dryland-adapted species.

It is important to note that the performance oriented syndromes described above
don’t necessary reflect evolutionary or ecological tradeoffs. Species can combine
aspects and traits that span categories. Indeed, most plants exhibit some character-
istics of each syndrome to varying degrees. Still, the syndromes provide a useful
way of relating dominant species traits to functional green roof goals as well as to
the abiotic constraints imposed by different regional or situational contexts. Closely
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related species or species that share similar life forms and life history can often have
very different overall water use patterns (Wolf and Lundholm 2008). This makes
it suspect to use growth form or simple morphological traits as screening tools for
green roof plant assembly. Plant choice decisions need to be based on detailed spe-
cies-specific functional traits that are evaluated in the context of specific climate
profiles and performance goals (Chaps. 9 and 11).

4.4 Modifications to Green Roof Water Dynamics

The typical extensive green roof design can be modified in a number of ways that
alter the dynamics of water through the system. These changes are often made to
better match a particular green roof to local climatic conditions, or to enhance par-
ticular green roof functions such as aesthetics or habitat quality.

4.4.1 Plant Assemblage Design

The species and growth form composition of green roof vegetation can have a
strong influence on water capture and retention, as well as the rate at which storage
capacity is restored following a rain event (see Sect. 4.1). For many functional goals
such as stormwater management and building thermal load reduction, vegetation
designs must balance a tradeoff between high transpiration capacity and drought
tolerance. The optimal balance between these two functional traits depends strongly
on the specific climatic context of the roof. However, designing systems that are
inflexibly tailored to a narrow regime is unwise. Climatic conditions vary within
and between years, and spectacularly so in some climates. Incorporating species
with an ability to facultatively adjust water use depending on water availability is
one strategy for improving performance under variable conditions (Chap. 11). The
water use plasticity of many Sedum and other succulent species make them good
choices for extensive green roofs. However, there is considerable variation in water
use patterns as well as climatic tolerances among succulent species (Voyde et al.
2010b; Farrell et al. 2012; Starry 2013). In addition, species from other growth
forms and taxonomic groups can also exhibit high degrees of water use plasticity
(Farrell et al. 2013a). Such species-specific functional traits are too rarely taken into
account when making green roof plant selections, partly reflecting lack of acces-
sible data on the functional traits of candidate green roof species.

Another strategy for designing functionally resilient green roof vegetation is to
combine species with complementary water use patterns or functional traits. Sev-
eral studies have reported a positive relationship between the species or growth
form richness of green roof vegetation and water management performance as well
as other functions (Lundholm et al. 2010; Nagase and Dunnett 2010; Cook-Patton
and Bauerle 2012; Chap. 9). Although the mechanistic causes of these relationships
are not well understood, one likely reason is trait complementarity. Specifically
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exploiting complementarity could be an effective design strategy. For example, in
the Pacific Northwest of North America most of the precipitation falls during the
cool winter when potential evapotranspiration is low. During these periods mosses
can significantly increase water storage capacity above that of the substrate itself
through water held in their complex physical structure (Anderson et al. 2010).
During the spring when conditions are more favorable for photosynthesis, vascu-
lar plants can contribute significantly to recharge capacity through transpiration
(Schroll et al. 2011a). Preliminary results suggest that combining both moss and
sedum can significantly improve yearly stormwater retention over single species
vegetation types (Van Hoosen pers. comm.).

Another potential cause of the positive relationship between performance and
vegetation diversity is that some species facilitate the growth and survival of other
species in the assemblage. One broad way that facilitation can happen is that spe-
cies modify abiotic conditions, making them more favorable for themselves or other
species (Hastings et al. 2007). Butler and Orians (2011) showed that the growth
and overall health of the perennial forbs Agastache rupestris and Asclepias ver-
ticillata on green roofs were decreased by the presence of Sedum species during
favorable conditions but were increased during summer water deficit. Similarly,
Heim (2013) found that the presence of the moss Polytrichum commune increased
the growth of the perennial forb Solidago bicolor under experimental green roof
conditions. In both studies the cause of the observed facilitation is equivocal, but
both the Sedum and moss decreased temperature and increased water availability in
the substrate. Plant-microbial symbioses are another broad mechanism for facilita-
tion. For example, the symbiotic relationship between most plants and mycorrhizae
fungi can directly increase their ability to acquire and uptake water, particularly
under drought conditions (Augé 2001; Chap. 7). Most members of the Crassulaceae
do not form arbuscular mycorrhizal associations (Wang and Qiu 2006). However,
the near absence of arbuscular mycorrhizal fungi within newly installed engineered
substrates could be a significant factor limiting the range of plant species that are
suitable for green roofs as well as the drought tolerance of diverse green roof sys-
tems (John 2013).

As with complementarity, facilitation could potentially be exploited to improve
functions associated with plant water use. For example, moss could be used to facil-
itate the establishment of vascular species, reduce the frequency of extreme drought
stress, or reduce the overall need for supplemental water. However, manipulating
species interactions to achieve specific functional goals is complicated by the inher-
ent dynamism of green roof vegetation (Chap. 12). Although few published long-
term studies exist, those that do suggest that the composition and relative species
abundance of green roof vegetation can change dramatically in the years following
establishment (Chap. 12). In some cases, vegetation changes seem to reflect consis-
tent successional trajectories that are constrained by substrate type and depth, and
by water availability (Kéhler 2006; Rowe et al. 2012; Bates et al. 2013; Thuring
and Dunnett 2014). However, there can also be considerable year-to-year variability
in community structure much of which correlates with variation in drought stress
(Bates et al. 2013). Indeed, one aspect of developing drought resilient vegetation
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may be accepting a degree of un-planned variation in its composition, including the
natural colonization of species from the regional species pool (Chaps. 10, 11 and
12).

4.4.2 Substrate Design

Since substrate is the largest single store of water in a green roof system unsurpris-
ingly its composition, depth, and slope strongly influence patterns of water flow
through the system (Li and Babcock 2014). Substrate design is therefore an impor-
tant way of optimizing extensive green roofs to particular environmental constraints
or functional goals. In some cases substituting natural soil profiles for highly engi-
neered substrates may be a productive approach (Chap. 6). Also, some authors have
argued that wetland-like systems could be a practical alternative under some condi-
tions (Song et al. 2013). More commonly, a number of adjustments have been made
to the basic engineered substrate design in order to attain specific performance goals
or in response to environmental constrains. However, developing appropriate de-
sign criteria is complicated by the complex interactions between substrate, plants,
and environmental conditions (Chap. 5). For example, in isolation the influence of
substrate characteristics on water retention and runoff dynamics are straightforward
to predict using existing mass balance and more mechanistic hydrological models.
However, because hydrological performance reflects strong interactions between
a number of highly variable system components and environmental conditions it
is necessary to calibrate and validate models to each specific case, limiting their
usefulness as design tools (Li and Babcock 2014).

Another example of this contextual complexity occurs with the relationship be-
tween substrate depth and plant performance. Increasing substrate depth increases
the store of water available to plants (VanWoert et al. 2005a), buffers plant roots
from cold stress (Boivin et al. 2001; Rowe et al. 2012), and can accommodate spe-
cies with deeper rooting profiles (Sutton et al. 2012). A number of studies have doc-
umented a positive relationship between growth and survival and substrate depth
for a number of potential green roof species. Dvorak and Volder (2010) reviewed
this literature and concluded that without irrigation only the most drought adapted
succulent species are able to tolerate the water stress conditions imposed by the
shallowest (<10 cm) substrate profiles across a range of climates. Increasing sub-
strate depth or providing supplemental irrigation greatly expands the diversity of
species and functional types that a roof can support. However, the results are highly
species specific and can vary over time (Dunnett et al. 2008; Getter and Rowe 2009;
Rowe et al. 2012). For example, in the Rowe et al. (2012) study seven species per-
formed well on 2.5-7.5 cm substrate depths when they were evaluated 2 years after
establishment; yet by year seven only two of these species were still present on any
media depth.

Most extensive green roof substrate designs are based on guidelines established
by the German Landscape Research, Development, and Construction Society
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(FLL). The guidelines set performance criteria for key parameters such as perme-
ability, water storage capacity, and maximum load. Performance targets vary for
different green roof configurations and contexts, but broadly specify that substrates
should have high permeability (saturated water flow >0.001 cm s™!), hold 35-65%
v/v water at field capacity, contain <15% w/w of fine (<63 pm) particles, and
contain 10-20 % v/v organic matter (FLL 2008). Typically designers have achieved
these performance targets using substrates composed primarily of course inorganic
aggregates such as expanded clay, pumice, and a number of recycled materials such
as crushed brick. A number of modifications to substrate composition have been
proposed to increase the amount of water available to plants or to dampen fluctua-
tions in water availability. These include increasing the organic matter content or
incorporating other water retention additives such as polymer gels. As with sub-
strate depth, the efficacy of these strategies appears to be highly context dependent.
For example, in a short-term greenhouse experiment Nagase and Dunnett (2011)
evaluated the influence of substrate organic matter content on the growth of four
forbs and grass species. All four species responded differently to the level of organic
matter, and results depended on the watering regime. Under a dry regime increasing
organic matter content above 10 % by volume did not have any significant effect on
plant growth. However, under a well-watered regime some species increased growth
considerably with higher organic matter content. Nagase and Dunnett speculate that
the lush growth might be a disadvantage under more natural conditions that include
periodic drought. Papafotiou et al. (2013) tested the influence of substrate depth,
organic matter type and content, and irrigation frequency on the growth of several
drought adapted Mediterranean species. Similar to the Nagase and Dunnett (2011)
study, they found significant interactions between treatments. Notably, however,
some of the best plant performance was observed on the shallow (15 cm) compost
amended substrate even under minimal irrigation. Other water retention amend-
ments such as hydrophilic polymers (hydrogels) and silicate granules can increase
overall as well as plant available water holding capacity of the substrate, although
the magnitude of the effect depends on the type of additive and substrate (Farrell
et al. 2013b). The incorporation of hydrogels into green roof media has been found
to increase the growth of grasses and non-succulent forbs (Oschmann et al. 2007,
Sutton 2008). Biochar is another potential amendment that could increase plant
available water. Beck et al. (2011) report that green roof substrate amended with
7% biochar had significantly greater water retention than non-amended substrate.
However, no published studies have evaluated the effect of biochar on plant avail-
able water or plant performance in a green roof context.

In addition to the substrate itself, most extensive green roof profiles include
a number of plastic or woven geotextile layers, some of which are explicitly de-
signed to retain and increase plant available water. However, few studies have di-
rectly evaluated how these layers influence the plant water relations of the system
(Chap. 3). In the only experimental study that has been reported to date, Savi et al.
(2013) report that 90 % of the water retained by these layers is potentially available
to plants, compared to 34 % for the substrate itself. The presence of the layers also
had a significantly positive effect on plant water status and survival. However, the
transfer of water through the roof profile was strongly influenced by diurnal tem-
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perature patterns and the details of system design, suggesting that designs could be
optimized to enhance plant water availability under specific environmental condi-
tions.

The wide variety of roof designs, the complex interactions between design pa-
rameters and environmental conditions, and the high degree of species-specific re-
sponses make it nearly impossible to establish universal design prescriptions for
green roof substrate. Instead, a promising approach is to develop regionalized and
function specific design (Chap. 9) criteria based on local field testing. Fassman and
Simcock (2012) used this approach to develop design specifications for extensive
green roof media for Auckland, NZ that will maintain plants without irrigation un-
der typical conditions and capture 100 % of runoff from storms that have less than
25 mm (1 in.) of precipitation.

Despite the complications described above, incorporating heterogeneous sub-
strate depths as well as improving the plant available water capacity of the substrate
are promising strategies for maintaining species or growth from diverse vegetation
on extensive green roofs. In climates that experience extreme water deficit, adjust-
ments within extensive design constraints may not be sufficient if aesthetics or plant
diversity are important design goals. An example of such a system is the green roof
installed on the Oregon Dental Service (ODS) building in Bend, OR (Fig. 4.4). The
average annual precipitation in Bend is only 29.5 cm (NOAA National Climatic
Data Center) and since the roof was designed as an accessible recreation area of

Fig. 4.4 The green roof on top of the Oregon Dental Service (ODS) Building in Bend, OR. In
extreme water environments like Bend, designs may need to incorporate deeper substrate depths
if diverse vegetation is a goal. Substrate depths here vary from 20 to 81 cm (8-32 in.). (Photo:
Richard Martinson)
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the building, diverse and aesthetically pleasing vegetation was a design criterion.
To support the vegetation substrate was composed of 50 % mushroom compost and
50% pumice and varied in depth from 20 to 81 cm. The roof was planted with 29
native western U.S. plant species that were matched to the specific substrate micro-
habitats.

The initial plantings established well. However, over the next several years
maintenance crews removed the majority of the perennial grasses and forbs that
were part of the initial installation. The crews were unfamiliar with the plant palette
and removed as weeds anything they did not recognize. The company that initially
designed and installed the roof has recently been hired to re-establish some of these
plantings and to provide ongoing maintenance. This experience highlights the need
for comprehensive management plans and properly trained maintenance personnel
in order to ensure the long-term success of green roof systems (Chap. 13).

4.4.3 Irrigation

One of the fundamental appeals of extensive green roofs is that they can help solve a
number of problems associated with urbanization at a low expenditure of resources
such as energy, nutrients, or water. The use of resource inputs in their manage-
ment therefore often receives skepticism. More practically, present and predicted
freshwater scarcity will put increasing financial as well as legislative restrictions
on commercial and residential water use (Falkenmark and Xia 2013). Although
largely developed in northern Europe, the modern extensive design that combines
shallow well-drained substrates with mats of low growing succulents adapts well
across a range of climates even with no or minimal irrigation. Recent and ongoing
research has identified regionally adapted vegetation and substrate designs (includ-
ing increased depth) that can be used to develop more regionally tuned versions of
this basic low input design. Examples include arid Australia (Razzaghmanesh et al.
2014; Farrell et al. 2012), subtropical New Zealand (Voyde et al. 2010b), Mediter-
ranean Europe (Van Mechelon et al. 2014), and North America (Dvorak and Volder
2010; Sutton et al. 2012; Chaps. 3 and 11).

However, a number of potentially appropriate uses exist for irrigation on exten-
sive green roofs depending on the context and functional goals. During the estab-
lishment period the growth and survivorship of even highly drought tolerant species
is increased by supplemental water (Dunnett and Nolan 2004; Thuring et al. 2010;
Sutton 2013). The development of high plant cover and health during establish-
ment can reduce weed pressure and potentially influence other aspects of long term
performance. After establishment, climatic variation can periodically create periods
of extended water deficit even in relatively mesic climates. These periodic stresses
may act as a stochastic species filter contributing to observed long term declines in
species and growth form richness on un-irrigated green roofs (Kohler 2006; Rowe
et al. 2012) or dramatic changes in species dominance (Chap. 12). Overall, irriga-
tion can greatly expand the pool of plant species, growth forms, and functional
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types that are suitable for a particular green roof context, particularly on shallow
substrates or in water limited climates (Monterusso et al. 2005; Price et al. 2011;
Schroll et al. 2011b; Maclvor et al. 2013). Even if plants can survive a particular
green roof water environment without irrigation, their growth and traits related to
aesthetics such as flowering and canopy cover can be improved with irrigation (Na-
gase and Dunnett 2010; Schroll et al. 2011).

Irrigation can potentially indirectly enhance a number of other green roof func-
tions via its effects on the diversity and composition of vegetation. As described
above (plant assemblage design), a number of studies have documented a positive
relationship between green roof vegetation diversity and stormwater management
performance. In aggregate, diverse green roof species assemblages can be more
resilient to environmental perturbations such as drought stress compared to less
diverse assemblages (Nagase and Dunnett 2010; Chap. 10). In addition, some as-
pects of aesthetic preference are related to functional and structural diversity. In a
survey of Australian office workers, the most preferred living roof type had taller,
grassy, and flowering vegetation while low growing succulent vegetation was least
preferred (Lee et al. 2014).

The degree to which green roofs moderate internal building temperature is partly
influenced by the water content of the system and by rates of evapotranspiration
(Barrio 1998). Irrigation could potentially increase evapotranspirative cooling and
be a tool for reducing building cooling costs. Sun et al. (2014) modeled thermal
performance of a green roof in Beijing, China and estimated that the value of the
avoided building cooling costs related to irrigation was greater than the monetary
costs of the irrigation itself. However, other studies in a Mediterranean and a sub-
tropical climate have reported low cooling efficiencies associated with green roofs
and minimal or no contribution to building cooling associated with irrigation (Jim
and Peng 2012; Schweitzer and Erell 2014).

Given the wide range of functional benefits associated with irrigation it seems
reasonable to expect that its use can be justified to meet a range of performance
goals in a number of contexts. In these cases irrigation systems should be optimized
to maximize water use efficiency relative to the functional goals. Unfortunately, few
published studies have evaluated irrigation system design in a green roof context. In
one of the few, Rowe et al. (2014) compared the performance of overhead, drip, and
sub-irrigation systems. They found that the overhead system resulted in the highest
substrate water content and wasted the least amount of water in the form of run-
off. The overhead system also produced a more even distribution of water through
the three-dimensional substrate profile. Sub-surface and drip systems created more
heterogeneous distributions, likely because vertical and lateral capillary movement
of water was limited in the porous substrate. As a result, plant growth and health
were greatest under overhead irrigation. However, optimum system design is likely
dependent on other system elements such as substrate composition and depth, water
retention layers, the specific species composition of the vegetation, environmental
conditions (e.g., diurnal winds, relative humidity, and shade patterns), and cost con-
straints. In addition, the use of irrigation can directly decrease substrate stormwater
storage capacity under some climatic conditions (Schroll et al. 2011a). The design
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of the irrigation system as well as other roof components such as substrate water
holding capacity will need to reflect a balance between potential tradeoffs such this.
Irrigation management will also likely need to be periodically adjusted over time
as the roof ages.

The development of expert irrigation systems for green roofs that match the tim-
ing and amount of applied water to actual plant water needs is still in its infancy.
Mass balance equations can be used to estimate the water status of the substrate
and therefore predict the need for irrigation if the relationship between water sta-
tus and plant water stress is known. The most difficult parameter of water mass
balance to directly measure is usually evapotranspiration (Chap. 2). Several pre-
dictive evapotranspiration models have been developed for green roofs based on
empirically derived regression models as well as a range of more mechanistic
standard agricultural models (Kasmin et al. 2010; Rezaei and Jarrett 2006; Voyde
et al. 2010b; DiGiovanni et al. 2012; Sherrard and Jacobs 2011; Karanam et al.
2013; Starry 2013). Estimates of evapotranspiration for green roofs based on ref-
erence evapotranspiration estimates require the application of attenuating factors
(DiGiovanni et al. 2012) or water stress coefficients for water-limited conditions.
Furthermore, there are few published values for crop coefficients or plant factors
specific for green roof plant species that are necessary to adapt physically based
reference evapotranspiration estimates to green roof vegetation types (DiGiovanni
et al. 2012; Sherrard and Jacobs 2011; Starry 2013). Alternatively, empirically de-
rived estimates of evapotranspiration for green roof systems were found to be ro-
bust across water status for specified vegetation types (Voyde 2011). Voyde et al.
(2010b) use such an approach to develop irrigation guidelines for succulent planted
roofs in Auckland, New Zealand. Empirical approaches require the calibration and
validation of transpiration models for the variety of roof designs and environmen-
tal contexts. Currently no consensus exists on the most appropriate modeling ap-
proach for green roof contexts. Monitoring approaches including the development
of inexpensive wireless sensor networks could provide a practical way of directly
measuring the real-time water status of a roof in high spatial and temporal resolu-
tion (Starry et al. 2011; Lea-Cox et al. 2013; Chap. 2).

Diverting runoff from green roofs into a gray-water system or using secondarily
treated municipal wastewater for irrigation are two other approaches to minimizing
the impact of green roof irrigation on regional water demand. In addition, the stor-
age capacity of a gray water system can also greatly improve the stormwater perfor-
mance of roofs in some climates. In central Florida, a green roof system that incor-
porated a cistern and irrigation retained 87 % of yearly runoff compared with only
43 % retention for a system without irrigation and a cistern (Hardin 2006; Wanielista
and Hardin 2006). A number of potential problems arise with the use of gray water
for irrigation (Maimon et al. 2010). Only one published study has evaluated gray
water use in a green roof context. Moritani et al. (2013) exposed S. kamtschaticum
to periodic irrigation water with elevated salinities typical of some (but not all) gray
water. The irrigation water increased salt stress for the plants, which reduced evapo-
transpiration. This could have a positive impact on the overall irrigation requirements
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for the system, but of course could detrimentally influence long-term plant growth
and survival as well as stormwater performance.

4.5 Future Research Needs and Questions

A great deal of progress has been made in understanding how green roofs use, store,
and regulate the flow of water. However, there are still a number of areas in need
of further research as well as a number of issues for which the broader community
of green roof designers, managers, and users are still developing optimal solutions.

4.5.1 More Integrated and Regionalized System Designs

There has been progress in developing green roof designs that are better tuned to
local climates or specific user goals such as native wildlife habitat. However, there
is still great potential to develop more fully integrated system designs that coordi-
nate substrate composition, vegetation composition, water management, and long
term maintenance plans. Ideally, sets of region-specific design and management
specifications should be developed to guide designers as well as those charged with
maintaining the long-term functioning of green roofs. These specifications should
be flexible enough to guide the design of roofs that vary in functional performance
goals. For example, what is the best design for a roof in the U.S. Pacific Northwest
whose main functional goal is stormwater management? Does the design need to
change if wildlife habitat or aesthetics are prime performance goals? What if main-
tenance budgets or expertise are limited?

4.5.2 More Automated Systems for Tracking Water Status and
Broader Performance

As green roofs are increasingly used in climates that might necessitate the use of
irrigation there is a need for high spatial and temporal resolution data describing
their water status. Automated systems that track water status coupled with efficient
irrigation designs could significantly minimize the water use impa