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Abstract

Vegetated roof technologies are increasingly banhgpted as treatment measures
to mitigate the effects of urban stormwater. A maalance approach was used to assess
the wet weather performance of a vegetated rodhernop of city hall in Waterloo,
Ontario. Vegetated and control roof sections westrumented to measure precipitation
inputs, storage and outflow for 18 storm eventsiftlune to October, 2006.
Concentrations of suspended solids (SS), totalpdtarsis (TP), soluble reactive
phosphorus (SRP), copper (Cu), zinc (Zn), chromi@m and cadmium (Cd) in
precipitation and roof (vegetated and control) fimere measured. A total of 155.6 mm
of rain fell during the study period. The vegetatedf retained 64.5 mm (41.5%) of the
total rainfall while the control roof retained ~ 5rim (3.3 %). For individual rain events,
the vegetated roof retained an average of 3.5 nTh® @) while the control roof retained
~ 0.3 mm (4.7 %). Water retention varied with st@ize, season and was influenced by
wetting history. The vegetated roof retained &®.6f precipitation for light storm
events ( 3.5 mm) and 34.9 % for large storm events (> 31®) nThe control roof
retained 7.6 % light storm events and 3.7 % fagdastorm events. Water quality from
the vegetated roof did not show significant improeat as only Zn concentrations in
runoff from the vegetated roof were significantiyver than that measured in runoff from
the control roof. Concentrations of SS, Cu, Gt @d in vegetated roof runoff were
relative to concentrations in rainfall and cont@df runoff and TP and SRP
concentrations were significantly higher than thatinfall or control roof runoff.
Results gained from this study may assist peopjganning and stormwater
management by providing insight into the monitoyidgvelopment and application of

new stormwater controls.
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Chapter 1: Introduction
1.1: Problem Statement:

Urban stormwater runoff degrades aquatic ecosystemuses flooding and poses
a risk to drinking water (Marsalek al.,2006). To mitigate the impact on natural and
human environments, stormwater management (SWMjranas use a variety of Best
Management Practices (BMPs) as source, conveyawtceral-of-pipe controls (USEPA,
1999; OME, 2003b). In Ontario, end-of-pipe corgrelich as stormwater ponds are
primarily used to capture and treat runoff (Bradfand Gharabaghi, 2004).

Urban expansion is characterized by large areampérvious surface which
increase runoff volume (Paul and Meyer, 2001).stixg drainage systems particularly
in older parts of cities cannot handle increasedffuvolumes and meet quality control
criteria. Many conventional SWM ponds do not rexlagerall stormwater volume, but
merely capture runoff (Bradford and Gharabaghi,2200Thus, existing facilities must
be retrofitted and/or new stormwater controls cartséd to manage ever increasing
volumes of runoff. Expansion and maintenance @isivater drainage systems is costly
for cities and municipalities (Camerenal.,1999; Samplet al, 2003; Bradford and
Gharabaghi, 2004) and difficult to implement in siemirban areas (Jennirgjsal.,

2003).

To implement and manage costly stormwater managepnegrams, stormwater
fees have been adopted by many municipalitiesartthited States and Europe whereby
a property owner is charged for the stormwaterisesweceived (Lindsey, 1990;
Cameroret al.,1999). Canadian cities and municipalities hawentsower to adopt

stormwater fees as public opinion views them astiadal taxation (Cameroat al.,



1999; Caldwell, 2006). To allow customers to redfees, some municipalities and cities
in Germany (Cannata, 2005) and United States (keydsd Doll, 1999; Cameraat al.,
1999) offer financial rebates for the constructodronsite SWM controls such as a
vegetated roof. However, Canadian vegetatedres@farch has not assessed wet
weather performance as a criterion for a finanahhte. Consequently, city councils are
hesitant to provide financial incentives for theplementation of a range of BMPs
(Cameroret al.,1999).

There is increasing interest by several countoagelvelop sustainable urban
drainage systems (SUDS) whereby greater emphasiaasd on the reduction of
stormwater volume with source controls (Marsalett @hocat, 2002; Grahaet al.,

2004). Vegetated roofs are one source controlhasishown to reduce stormwater
volume (TRCA, 2006) and have potential to reduceral stormwater costs (Bantirg
al., 2005). Vegetated roofs are broadly defined emawith vegetation and known also
as green roofs, roof top gardens, garden roof systeco-roofs, sky gardens and sky rise
gardens (Velazquez, 2005; Liu and Baskaran, 20@8nmercially available vegetated
roofs typically consist of several layers of funcial materials that include vegetation,
growth medium, filter cloth, root repellent/wategopf membrane. Recently, increasing
amounts of vegetated roof research has been patlisiNorth America (NA) which
shows that infiltration by the vegetated roofs oasuce total runoff volume by 50 % or
greater, increase lag times and decrease peak lfip®w6 % or greater. These BMPs can
reduce levels of metals and suspended solids wffrbat they can be source of total
phosphorus (TRCA, 2006; Berndtssetral.,2006), soluble reactive phosphorus

(orthophosphates) and total nitrogen (Monterwetsal.,2004; TRCA, 2006).



Germany has been referred to as a leader in vegatatf technology, policy and
research (Ngan, 2004; GRHC, 2005; Cannata, 200%¢iGend Rowe, 2006). Industry
standardization, financial incentives and vegetabed integration into development
regulations has encouraged industry growth (Ng@842GRHC, 2006). In North
America, there are several barriers to the expansioegetated roof technology that
include financial constraints, public awarenessgifiable research, technical expertise
and accepted industry standardization (Getter awleR2006). Further, climatic
conditions vary between cities/regions influenciegetated roof wet weather
performance and inhibiting the utility of vegetatedf research and broader adoption of
the technology (VanWoest al.,2005a). As a result, vegetated roof implementatio
varies between cities/region and especially betveealities that have financial
incentives for vegetated roof construction (Torgtbicago, Portland) (Peck and
Goucher, 2005; Getter and Rowe, 2006). Thusemegearch is needed to: 1) assess
vegetated roof performance across varying regitonsgucate public and professional
sectors; 2) to develop relevant policies; 3) toawpvegetated roof expertise; 4) to create
vegetated roof building and performance standd&sy lower costs by financial
incentive and to encourage green roof industry gnowThis thesis examines the
following two research questions in order to insee&nowledge of vegetated roof wet
weather performance in southern Ontario and tagbedn and stormwater management
planning with recommendations based on vegetatgfdstormwater treatment
performance. The research questions are:

1. What is the wet weather performance of a vegetaof on Waterloo City Hall?



2. Based upon the wet weather performance of atagsyl roof, what are the

implications for planning and stormwater managerment

1.2: Objectives
The specific objectives of this research are:

1. Conduct a literature review on vegetated roof weatlver performance, policies,
performance and application as a best managemactiqe for stormwater
management programs as well as financing programstdrmwater
management.

2. Determine the wet weather performance of a vegetaiaf in Waterloo from
June 1, 2006 to the end of October 31, 2006.

3. Discuss implications that vegetated roof wet weapeeformance data has for

stormwater management planning in Southern Ontario.

1.3: Thesis Organization

Five chapters are presented in this thesis. Chagieesents the problem
statement, research questions and objectives anoharizes the literature concerning
vegetated roof wet weather performance, applicamhpolicy in Germany and North
America. Chapter 2 describes the experimentabdestudy site and research methods
used. Chapter 3 describes the results and trangsgietated roof wet weather
performance. Chapter 4 discusses the vegetabéaved weather performance in

relation to previous studies and its implicatioosgdlanning and stormwater



management. Lastly, Chapter 5 presents conclusiotisecommendations for future

research.

1.4: Literature Review
1.4.1: Stormwater Runoff: Cause and Effects on th&/atershed

Stormwater runoff is water that collects and rufisburban surfaces during
precipitation and meltwater events (Marsalek anddah 2002). Stormwater runoff can
seriously degrade the health of aquatic ecosys{simgotony and Olem, 1994) and can
cause flooding in areas with inadequate stormwatgstructure (USEPA, 1999; OME,
2003). Stormwater is a problem for Canadian cae$arge areas of impervious surface
(Hofmann, 2001; 2005) increase stormwater volugna factor of 5 compared to a rural
or forested landscape (Paul and Meyer, 2001).

Urban runoff has several impacts on receiving msat®&unoff of water and debris
from urban surfaces is the primary transport medomnmutrients, sediment, metals,
organic and inorganic chemical compounds (Grapesti@l.,2004). Urban runoff
increases peak discharge in streams and also desrtée lag time (Wadt al.,1989)
thus increasing erosion, decreasing stream bedAtabkity (Booth and Jackson, 1997)
and causing alteration to stream morphology (PadIMeyer, 2001). Higher stream
flow rates also decrease groundwater infiltratiomer stream base flow and

groundwater levels and increase flooding risks (BAEL999).

1.4.2: Stormwater Management Applications in Ontaio



Most cities implement stormwater management progremmitigate the impacts
of runoff (Pyzoha, 1994; OME, 2003a, Wattal.,2003). Stormwater management
(SWM) has developed from early approaches of pilgnood control to an
increasingly complex program designed to treat stathmwater quantity and quality
(Carlisleet al.,1993; Wattet al.,2003). In Ontario, SWM practicesused by most
municipalities are detailed in tf8&tormwater Management Planning and Design Manual
(OME, 2003b). Current SWM applications consisbe$t management practices (BMPSs)
which employ a range of structural or non-strudtaraasures to manage stormwater
guantity and/or quality (Marsalet and Chocat, 2402). BMPs are typically ordered in
a treatment train characterized by a series délal, conveyance and end-of-pipe

stormwater controls (OME, 2003a; 2003b).

1.4.3: Problem with Traditional Stormwater Drainage Design

Although a treatment train approach is recommeryeitie Ontario Ministry of
Environment, end-of-pipe controls like SWM ponde ased primarily to reduce the
water quality and quantity impacts of urban rurmffreceiving waters (Lawreneg al.,
1996; OME, 2003b; Bradford and Gharabaghi, 20@d)wever, these stormwater
controls are costly, land and labor intensive amnldtd reduce total stormwater volume
due to their lack of infiltration. Further, ovese of an end-of-pipe controls can also lead
to failure from continuous contaminant loading atarmwater flows that overwhelm
pond holding capacity (Andersat al, 2002; Backstronet al.,2002; Marsalek and
Chocat, 2002; Bradford and Gharabaghi, 2004; Meksslal.,2006). As a result,

additional stormwater controls are constructed @neitisting facilities retrofitted to



handle increasing volumes of runoff and contamitewels (Bradford and Gharabaghi,

2004).

1.4.4: Costs of Stormwater Management & Developmerdf Stormwater Fees

Expanding stormwater infrastructure is costly fitles and municipalities (Cameron
et al.,1999; Samplet al. 2003). For example, a $ 90 million improvement to
stormwater infrastructure is needed in Ottawa tluce bacterial input into the Rideau
River. A cost of $ 2.5 billion dollars is the estited cost to clean up 16 Remedial Action
Plan (RAP) sites in Ontario, equating roughly t@%million dollar cost per site
(Cameroret al.,1999). To meet increasing costs, fees have baéscted from the
municipal tax base to finance SWM programs in tingédl States (Cameraat al.,1999;
Lindsey and Doll, 1999) and Germany (Ngan, 2004)Canada, some municipalities
have adopted a user fee system that is attachiee ganitary sewer charge (Cameebn
al., 1999; Caldwell, 2006).

Fees structures will depend on the number of etenvaunoff units (ERUS)
originating from a parcel of property. ERUs ar&ghated by multiplying a standard
runoff coefficient with the property area (Lindsé®90; Cameroet al.,1999) or by
predetermined impervious area defined as Equiv&estdential Units (Tufgar, 2005).
The cost per ERU is determined by the revenue reopgnt divided by the number of
ERUs for a given land use category (Lindsey, 19908). The benefit of ERUs is that
individual parcels of land are charged appropnatgl the number of ERUs that originate

from the property (Lindsegt al.,1996).



Expenses can be offset by the construction otiaceccontrol thereby reducing
stormwater volume equating towards a financial teloa credit. Some municipalities in
Germany and the United States have financial imeesin place to encourage the
construction of source controls (Thursetral.,2002; Cameroet al.,1999). However,
many municipalities in the United States are hasit@a provide financial rebates due to
decreased revenues, inconsistent analysis of BMPaak of knowledge on BMP

performance (Cameraet al.,1999; Bradford and Gharabaghi, 2004).

1.4.5: Alternative Solutions to Conventional Desigroblems & Stormwater Costs
The transition to sustainable stormwater managebegan with the defining of the
term “sustainability” in 1987 by the Brundtland Repand the Rio Conference in 1992
(Larson and Guijer, 1997). This led to the adoptibbocal Agenda 21, a program in
Europe where local authorities create and/or adogtainable development strategies
(Ngan, 2004, p. 11). By mid-1990, countries imndpe began investigating sustainable
stormwater management. Several titles for sudtéerstormwater management emerged
in the literature: Sustainable urban drainage $E1P95); Alternative Stormwater
Management (Huhn and Stecker, 1997); Sustainabknuvater management (Larsen
and Gujer, 1997); Source control and distributedagfe (Andoh and Declerck, 1997);
Sustainable Water and Waste Management (Ottegidil, 1997); De-centralized
stormwater management (Sieker, 1998); SustainattdlariDrainage Systems (Marsalek
and Chocat, 2002); Integral water management (Meeteal.,2003) and Low Impact

Development (Bradford & Gharabaghi, 2004; Graleral.,2004). Consequently,



several countries have shown interest in sustamstblmwater management (Marsalek
and Chocat, 2002).

In order to link the concept of sustainable stortewananagement with realistic
application, Marsalek and Chocat (2002) note thatasnable SWM has several practical
implications. This includes; greater use of sowmetrols, increase of green space, stable
SWM funding through the adoption of stormwater feraintenance of stormwater
infrastructure and creation of stormwater ageneiésin a larger organizational
framework (ie. conservation authority) with the tgapation of both private and public
sectors.

Use of source controls “seeks to control stormwabéume at the source by reducing
imperviousness and retaining, infiltrating and regsain water on site” (Grahaet al.,
2004, p. 331). Application of source controls hamy proposed benefits such as,
increased groundwater recharge, maintenance dfiigdaology (Fujita, 1997; Mentens
et al.,2006), management of the full spectrum of raimévereduction of total runoff
volume, increased runoff lag time (CH2MHILL, 20@z2rahamet al.,2004) and
decreases in combined sewer overflows, risk of dngam flooding and costs due to a
reduction in stormwater infrastructure (Bradfordl @arabaghi, 2004; Grahagh
al.,2004; Bantinget al.,2005). Overall, a decentralized system charasdmwith greater
use of source controls creates a more reliablenstater management system as failure
of one source control does not mean failure forethiire system (Andoh and Declerck,
1999). However, due to lack of systematic and aefmgnsive monitoring of source

controls, data to enable reliable information relgeg wet weather performance is not



necessarily available (Bradford and Gharabaghi42@@d municipal cost savings

(Cameroret al.,1999).

1.4.6: Vegetated Roofs: Description, Types, and Fahon

Vegetated roofs are source controls that can bedbralefined as a roof with a
vegetation cover. There are three recognized tgpesgetated roofs: extensive, semi-
intensive and intensive. Classification help$edéntiate between heavy, moderate and
light weight vegetated roof systems as weight thsta variety of structural and
functional characteristics (Table 1). Extensiwefs being light weight, intensive roofs
being heavy weight systems and semi-Intensive roa¥e characteristics from both an
extensive and intensive vegetated roof system.

Table 1: Basic Characteristics of Different Type®f Vegetated Roofs

Characteristic Extensive Semi-Intensive Intensive

Depth of Material | 3-15cm Above and below 15 cm 15cm

Accessibility Often Partially accessible Usually accessible
inaccessible

Plant Diversity Low Varies High

Weight 12-25 Ib/ft 25-50 Ib/ft 50-200 Ib/ft
72-169.4 kg/rh | 168.4-290 kg/rh 290-967.7 kg/rh

Plant Diversity Low (Grasses, | Greater Greatest (shrubs,
herbs, mosses and trees, and plants)
succulents)

Cost Low Varies Highest

Maintenance Minimal Varies Highest

Source: GRHC, 2005, p. 11
With such characteristics, all three types of vatgt roofs have advantages (Table 2).
The characteristics of each type of vegetated vaof but they all consist of the same

basic material components.
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Vegetated roofs are composed of: vegetation, gpwiadium, filter cloth,
drainage layer and a water proof membrane (Reek,1999; GRHC, 2005, p. 13; Liu
and Baskaran, 2005, p. 1) (Figure 1). Each matesar in the vegetated roof has a

specific hydrologic and biological function.

Table 2: General Advantages of Vegetated Roof Types

Extensive Semi-Intensive Intensive

Lightweight Combines best features of Greater diversity of plants
extensive and intensive

Suitable for large areas Utilizes areas with greateBest insulation properties
loading capacity and stormwater

management

Low maintenance costs andGreater coverage at less | Greater range of design

no irrigation required cost than intensive

Suitable for retrofit projects Average maintenance | Often accessible

Lower capital costs Greater plant diversity thareater variety of human
extensive uses

Easier to replace Greater opportunities for| Greater biodiversity
aesthetic design than potential
extensive

Source: GRHC, 2005, p. 11

Typically, succulents are used for vegetated rdofsto their hardiness, ability to retain
water and grow in poor soil conditions howeveraaaty of plants, trees and shrubs can
be used. The most commonly used plant on comnligraiaailable vegetated roofs is
Sedum sppr Stone Crop. Studies conducted in Michigan caramative vegetation and
Sedum sppand showed th&edum sppsurvival rates are higher because of its high
drought tolerance and suitability in cooler clinsa{Monterusset al, 2005; VanWoert

et al.,2005b). The soil layer supports plant growth, Bglpgevent plant mortality in cold
temperatures (Boiviet al.,2001) and is a medium for moisture retention amdient
uptake. The soil layer is typically a light weighaterial consisting of a small percentage
of organic material and a large percentage of Ngkight aggregate due to structural load

capacities (Friedrich, 2005; Xero Flor, 2006 b).
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The filter cloth prevents fine particles from escgpthe growth medium and is
typically constructed of polyethylene fibers. Tdrainage layer allows excess water to
drain from the growth medium to prevent water tiag@nd moss growth. The root
barrier and waterproof membrane is the final Ilgyeventing root and water penetration

into the building’s structure (GRHC, 2005, pp.15-17

growing medium

filter membrane
drainage layer

- Waterproofiroot repellant layer

- support panel
thermal insulation

vapour control layer

structural support

Source: Liu, 2004, p.12
Figure 1: Vegetated Roof Structural Components
1.4.7: Vegetated Roof Application

Vegetated roofs have been part of the urban lapesicae over 4 100 years. One
of the most notable applications of vegetated rdoféng the Ancient period was the
Hanging Gardens of Babylon. During the medievaiqok application of vegetated roofs
in Scandinavia was evident in the constructionoaf ofs to improve building
insulation. In Renaissance lItaly, vegetated rease in the form of garden terraces and
roof gardens; soon many of wealthy in Europe a@zktiteir homes with vegetated roofs.
Late 19" — early 28 century application of vegetated roofs was dugrthitects such as
Le Corbusier, Frank Lloyd Wright, and Roberto Buvlax who used them to maximize

green space in the confined spaces of the city (@dson, 1999). In Germany,

12



vegetated roofs emerged in the 1880’'s due to thferdi. Koch who tried to decrease
roof fire hazard by tarring and adding gravel te tbof structure. Subsequently,
windblown seeds colonized and later developedvetgetated roof (Kohler and Keeley,
2005). German use of vegetated roofs for stormwatmagement began in the late
1960’s (Ngan, 2004). By the 1970’s, significarditeical research had been initiated on
vegetated roofs (Ngan, 2004; Getter and Rowe, 2006¢ 1980’s showed significant
growth in the German vegetated roof market withuahigrowth increases of 15-20 %
(GRHC, 2005). By 2001, the annual aerial extentegfetated roof was 13.5 kif13.5
million m?) (Ngan, 2004) and total vegetated roof area accduntel4 % of total roof
coverage in Germany (Cannata, 2005).

In North America, vegetated roofs emerged on tlagrips with sod roof homes.
During the 1930’s, vegetated roofs decorated tlygsskpers of Rockefeller square
(Osmundson, 1999). Only recently has use of vegtatofs for technical benefits taken
place. A number of vegetated roof research cehters been established at Michigan
State University (MSU), British Colombia Institudé Technology (BCIT), Pennsylvania
State University and Institute for Research Comsiton Center in Ottawa, ON (DeNardo
et al., 2004. Overall, commercial vegetated roofs are monguper as an industry survey
documented a 72 % growth in green roof square fmotend 80 % industry growth in the
United States (GRHC, 2006b)

There are a number of public benefdsvide-scale application of vegetated
roofs. A review of literature shows vegetated so@duce building energy use (Liu,
2003; Liu, 2004); filter dust and particulate ma(@urrie, 2005), extend building life

cycle (Wonget al.,2003; Kosareo and Ries, 2006) and roof life (Recd., 1999; Liu &
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Baskaran, 2003), improve urban aesthetics (GRHG5R0ncrease biodiversity
(Schrader and Boning, 2006; Kohler, 2006), decréeseisk (Kohler, 2004; Kéhler and
Keeley, 2005;) improve human physical and psyadfiokl health (Peck et al., 1999),
increase recreation decrease stormwater infragteicbsts (Banting et al., 2005)
decrease total stormwater volume (VanWeel, 2005a; Carter and Rasmussen, 2006;
Monterusseet al.,2004) and remove contaminants from stormwater [g&dnd

Schmidt, 2003; TRCA, 2006; Berndtssetnal., 2006).

1.4.8: Stormwater Retention by Vegetated Roofs

Vegetated roofs have been recognized as a featdyl@mwater control option for
urban centers (Carter and Rasmussen, 2006). Cthe afain benefits of vegetated roofs
is the reduction of stormwater volume on site (TR@B06). They capture and store
rainfall that is later lost through the processesvaporation and transpiration. In the
United States, tighter regulations are being eistaddi to regulate stormwater runoff from
urban centers and the EPA’s Phase Il Final Rulewages the use of vegetated roofs.
Recently, vegetated roofs have become a more vigdtien because they can be
constructed on existing buildings and do not regadditional land (Jennings al,

2003; Moraret al, 2005; Carter and Rasmussen, 2006).

Several studies have shown that vegetated roofsechice total stormwater
runoff by at least 50 % (Jenningsal.,2003; Liu, 2003; Moraet al.,2005; Liu and
Minor, 2005; Liu and Connelly, 2005; La Bergeal.,2005; VanWoeret al.,2005a;
Bengtssoret al.,2005; DeNardet al.,2005; TRCA, 2006; Menteret al.,2006; Carter

and Rasmussen, 2006). Other studies have shawretention of vegetated roofs can
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reach 60 % or greater (VanWoettal, 2005a; Moraret al, 2005; Liu and Connelly,
2005; Carter and Rasmussen, 2006). With suchrieigimtion values, it is important to
understand that vegetated roof water retentionegataported should be interpreted as
absolute values as data sets do not always défnein depth criteria to include a rain
event in the data set.

The water retention of a vegetated roof is affettedeveral variables. The
variables include; frequency of storm events, steiza and seasons (Bantieal.,
2005; Villarreal and Bentsson, 2005). Jennieal.,(2003) showed that frequent storm
events over a 4 day period decreased vegetatedeteottion (Table 3). Similarly, a
study by Liu (2003) and TRCA (2006) found that vayed roof retention decreased
during months with frequent heavy rainfall, partasly during cool, wet, fall months
(Figure 2). In contrast, water retention of aetaged roof increases when weather
conditions are hot and dry for an extended peridthe. Two vegetated roofs in
Toronto were found to retain 15 mm storm eventsrwtreceded by a 6 day dry period
(Liu and Minor, 2005). Similarly Bengtssen al.,(2005) reported that a vegetated roof
retained 12 mm of rainfall which exceeded the potedi field capacity of 9 mm. Higher
evapotranspiration (ET) rates in the summer moindeswater storage space for
upcoming rain events. During summer days with\arage temperature of 30.7 ° C, the
evaporative losses through ET reached 3.2 mm/dgyldated beds dbedum album
(Rezaei and Jarrett, 2005).

Table 3: Vegetated Roof Hydrological Function dumg Frequent Rainfall

Storm Event Rainfall (in) Greenroof Runoff (in) Retained (in) % Retained
7 April 2003 0.89 0.22 0.67 75
8-9 April 2003 1.02 0.57 0.45 44
9-11 April 2003 1.63 1.11 0.52 32

Source: Jenningset al.,(2003) p. 10
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Storm size greatly influences vegetated roof staatewretention. In a study
documenting storm size impact on vegetated rooémratention, VanWoest al.,
(2005a) reported that vegetated roof retentioneseserd from 97.1 % for light storm
events (< 2 mm) to 65.1 % for heavy storm events (xm) as vegetated roof field
capacity was exceeded. Field capacity is the velafrwater that is held by the
vegetated roof after water has freely drained ([Ruamd Leopold, 1995) and can be
determined with the use of the gravimetric methobdyoa mass balance equation
(Bengtssoret al.,2005). When the rain volume does not exceed Gapacity 100 %
retention of an individual storm event is possibBengtssoret al., (2005) showed that a
30 mm vegetated roof could fully retain storm w&enm or less. VanWoeet al.,
(2005a) showed a 50 mm vegetated roof could retamm water only up to 5.86 mm.
Field capacity volumes differ due to the properboéghe growth medium. VanWoest
al., (2005) compared the retention capability of groadbstrates with and without
vegetation. He found that there was no significhffierence between the growth
medium with or without vegetation leading to thecdasion that vegetation does not
greatly influence stormwater retention. Howevenew trying to determine the
significance of varying media depths by compariiifgcences in stormwater retention,
no strong conclusions can be drawn. A study byadnd Minor, (2005) on two green
roofs (75 mm and 100 mm) found that both greensbafd an average annual retention
of 57 % despite differences in media depth. Sinyila study by Jarrett al.,(2006)
noted that increasing media depth does not greaflyove stormwater retention. Results

showed that a 30 mm growth substrate can stilim&a % to 40 % of the annual rainfall.
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When field capacity is exceeded and runoff igateid from the vegetated roof, it
flows at much slower rate. A study by DeNagtal.,(2005) showed that a vegetated
roof reduced peak flow from a rain fall intensity4o3 mm/hr to a runoff rate of 2.4
mm/hr. Miller (1998) measured peak maximum raindall.0 mm/minute and vegetated
roof peak runoff flow at 0.3 mm/minute. Howevether studies have shown that peak
flow reduction is impacted by storm size. TRCA@@Pshowed that a vegetated roof’s
peak flow reduction decreased from 87.6 % for stements between 10 mm to 19 mm to
50.3 % for storm events greater than 40 mm. Olenuation of peak flow rates is
due in part to the delay of runoff release. Vetgetaioofs increase lag time and time to
reach peak flow (Figure 3). A study on vegetateaf hydrometric performance by
DeNardoet al, (2005) documented an average vegetated roainegof 5.7 hours.
Results by TRCA (2006) showed an average lag tin2 @& minutes for the vegetated
roof and 2.9 minutes for the control. Carter andiRassen (2006) found the time to
reach peak flow for the vegetated roof was 34.9uteim and 17.0 minutes for a
bituminous roof. In a study with varying stormesz VanWoeret al, (2005a) showed
that during storm events < 2 mm vegetated roofitag was 55 minutes and during rain
fall > 6 mm lag time decreased to 5 minutes. Algtwith varying rain intensities by Liu
(2003) showed that a vegetated roof initiated riiaftér 1.5 hrs during a light intensity
rain event (0.05 mm/min) and initiated runoff aleminutes during an intense rain event
(2 mm/min). Overall, lag time varies with wettihgstory, size and intensity of the

storm event (Villareal and Bengtsson, 2005). Ceese of the delay and extended
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release of runoff is due to water flow through viegetated roof substrate. Neither slope
nor length of a vegetated roof significantly inthees runoff flow (VanWoert al.,
2005a). Rather, water infiltration within the \@ars vegetation and soil layers governs
runoff processes (Bengtssenal.,2005) that result in runoff extensions of 3 hiteiaf
cessation of rainfall (VanWoeet al, 2005a).

In North America, vegetated roofs have not beatelyiapplied. Thus, physical
measurements of stormwater volume on a watersheshmnal scale with wide-scale
vegetated roof application are not possible. Hawvesomputer modeling allows for

estimates to be made on regional vegetated roohstater volume reduction. Studies

with computer modeling results have shown thatelh®ra measurable reduction in the
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magnitude and timing of urban runoff at a registdle. One such study by the TRCA
(2006) estimated stormwater volume reduction ferdity of Toronto with 100 %
vegetated roof coverage of viable roofs at 4 % hiddo with 50 % vegetated roof
coverage of viable roofs. Another study in Athe@sorgia, estimated a 15 %
stormwater volume reduction with 100 % vegetatexd coverage of viable roofs.
However, the authors also noted that reductiomedgmnal stormwater volume would be
limited by storm size (Carter and Jackson, 20@yerall, vegetated roof stormwater
volume reduction is believed to be due to increésesgional evapotranspiration rates
(ET). TRCA (2006) noted that regional ET rates ldancrease by 37 % with a 100 %

vegetated roof coverage of viable roofs.

1.4.9: Nutrient Concentrations in Vegetated Roof Rnoff

Studies have shown that conventional roofs arecesusf pollution primarily due
to the wash off of atmospherically derived pollusaduring storm events and/or
contaminants from the break down of roofing matsrigorster, 1999; Zobrigt al.,
1999). Analysis of roof runoff showed high concations of contaminant metals such as
Al, Mn, Cu, Pb and Zn (Chargg al.,2004) and chemical compounds from agricultural
pesticides and construction chemicals used ingealing (Buchelet al, 1998). During
a storm event, the “first flush” effect is a commurserved occurrence where roof runoff
initially has elevated concentrations of pollutantsch then decrease with time
(Berndtssoret al.,2006). There is a general perception in earisearch literature that
vegetated roofs can improve water quality (ie. Recd.,1999) as studies in Germany

have reported decreased concentrations of leathinad nitrate and phosphates from a
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15 year old vegetated roof over a 4 year perioch{&band Schmidt, 2003). However, a
Swedish study by Berndtssenal.,(2006) notes that runoff quality is impacted bg th
age of the roof as runoff from newly establishedetated roofs tend to be a source of
nutrients (ie. nitrogen). In addition, the authoase that water quality is also influenced
by the depth of the growth medium, fertilizer inpudrganic composition and
surrounding land forms. In North America thera igck of research directed towards
guantifying specific pollutant concentrations irgeéated roof runoff.

Research suggests that pollutant removal capaRiliti vegetated roofs vary
across North America. Previous studies have shbatvegetated roofs are a nitrogen
source. An earlier study by Moratal., (2005) found that total nitrogen concentrations
and export in vegetated roof runoff were signifithigher than concentrations in
rainfall and runoff from the control roof (Figu4). Another study by Monterusstal,
(2005) measured nitroge&oncentrations on a variety of green roof systenaspdant
types subjected to slow release fertilizer inp@snilarly, the study found that nitrogen
levels had increased on all green roof systemgkard types except for a selection of
native plants on a Sarnafil green roof system. éil@y, a study by TRCA (2006)
documenting vegetated roof influence on water tyialbted a decrease in mean nitrogen

levels from the vegetated roof compared to therconof.
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Figure 4: Total Nitrogen Concentrations in Vegetaéd Roof Runoff

Phosphorus levels from vegetated roof runoff apécsitly higher in concentration
than from rainfall or control sites. Fertilizewiuts, bird droppings and atmospheric
deposition can contribute to vegetated roof phogpghmput (Moraret al, 2005; TRCA,
2006; Emilssoret al.,2007). Both Morart al (2005) and Berndtssaat al (2006)
report that vegetated roof phosphorus levels ajledniin concentration than in rainfall or
control roof runoff (Figure 5). TRCA (2006) rep@tiosphorus concentrations exceeding
Provincial Water Quality Objectivg©OMEE, 1999) levels for all events sampled in
Toronto during the 2 year period. However, the arghieported a significant drop in
phosphorus concentration from 2003 to 2004 in \agdtroof runoff due to initial high

phosphorus loss which dissipated over time.
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Figure 5: Total Phosphorus Concentrations of Vegetad Roof Runoff

The above studies all showed greatest phosphaosadriom vegetated roof systems while
in contrast Kéhler and Schmidt (2003) found a &%.8ecrease in runoff phosphorus
concentrations from a 15 year old vegetated roofpared to rainfall. Similarly, these
results indicate that phosphorus leaching fromgtioevth medium takes place in the first
years of a vegetated roof lifespan due to fertilraduring production, installation and
initial maintenance (Emilssaet al.,2007). More research is needed to assess the

influence of vegetated roof age on water qualggtment.

1.4.10: Suspended Solid Concentrations in Vegetat®oof Runoff

There is little research completed on total suspédrsblids (TSS) concentrations
in vegetated roof runoff. The only documented galare from TRCA (2006) which
showed a reduction in TSS concentrations comparéuketcontrol roof and precipitation

inputs. Results were based upon averages onlytlier@i003 monitoring year.
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Vegetated roofs reduced TSS mean concentratio®3y% from precipitation inputs
and 65.1 % from control roof outputs. Percentaldhces in TSS load over the
monitoring period showed that the vegetated rodficed TSS load inputs by 88.16%

over the monitoring period.

1.4.11: Metal Concentrations in Vegetated Roof Ruoff

Prior to 2006, there was a lack of information relgeg the capability of
vegetated roofs to remove metal contaminants. Beent studies (TRCA, 2006;
Berndtssoret al.,2006) found that vegetated roofs typically do Ima¢e elevated metal
concentrations. Berndtssehal, (2006) showed that concentrations of zinc aad ia
vegetated roof runoff met Swedish water qualityecbyes and were below
concentrations measured in rainfall. Copper cotragons in vegetated roof runoff
were high, but relative to concentrations measurednoff from a conventional tile roof.
Similarly, TRCA (2006) found high copper concenitras in rainfall and runoff from a
bituminous and vegetated roof that exceeded vaeely the Ontario PWQO due to
copper piping. However, the vegetated roof ruhaffl a smaller copper load than that
measured in bituminous roof runoff. In additiolyrainum, cadmium, iron, lead and
zinc loads in the vegetated roof runoff were albfier than that measured in the
bituminous roof and loads that were higher suclitts calcium and magnesium were
due to sources in the growth medium. Althoughtti® previous studies do not show
drastic reductions in metal contaminants, a stwigpieted in Germany on an older
vegetated roof showed improved metal removal céipabi Kéhler and Schmidt (2003)

documented 94.7 % and 87.6 % retention of leadcaddchium in rainfall inputs with a
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15 year old vegetated roof. Whether such resolifdcbe replicated, needs to be further

investigated within North America.

1.4.12: Cost Savings Equated from Vegetated roof &/ Weather Performance

When equating vegetated roof wet weather performémdéinancial savings for
cities or municipalities, studies have shown prangsesults. A vegetated roof study for
the City of Toronto showed a reduction in stormwaterage cost from $ 58.807per
annum over 10 years for underground storage tan&2#.26/m per anuum over 10
years for vegetated roofs (Bass and Baskaran, 20083ddition, a vegetated roof
feasibility study for the City of Waterloo estimdteegetated roof stormwater reduction
at $ 42/nmfandprojected total annual stormwater benefits for gre=n roof of $ 2 892
based upon stormwater reduction, pollutant remamdlerosion control (Waterloo,
2005). However, pollution removal and erosion calnates were based upon those of a
grass swale and not a vegetated roof. Overalkshienated financial savings from
vegetated roof wet weather performance do notitgkeaccount the high initial costs to

construct a vegetated roof as well.

1.4.13: German Policy, Legislation and Standards

The success of the German vegetated roof industrypart due to the
establishment of vegetated roof policy, standardslegislation (Peckt al., 1999;
VanWoertet al.,2005a, 2005b). Four types of policies are usexhtmurage green roof
development through direct financial incentiveslinact financial incentives, vegetated

roofs as ecological replacement measures and attegrof vegetated roofs into
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development regulations (Ngan, 2004, p. 9). Difieeincial incentives are those that
cover the cost of vegetated roof construction $etamaximum amount. Typically,
vegetated roof owners receive a benefit of $ 0059 .00 per square foot (Cannata,
2005). Indirect financial incentives are those #ratin the form of stormwater fee
rebate/credit. Vegetated roofs typically earn lestmv50 % - 100 % rebate towards the
stormwater fee (Ngan, 2004; Cannata 2005). Ovdyath direct and indirect financial
incentives are popular as 43 % of all German mpalties offer some form of financial
incentive (Cannata, 2005). The third policy typeglogical compensation or
intervention rule, is a policy that demands thatdlestruction of green space be replaced
or compensated with the creation of an equivalezd af green space. Lastly, the fourth
vegetated roof policy is the integration of vegedatoofs into building regulations;
thereby, requiring vegetated roof application drilal roofs of new buildings.

German legislation provides the framework from varpolicy can develop.
There are several pieces of legislation that appmant to vegetated roof policy. The
Federal Building Code demands that urban developbwsustainable. The Federal
Nature Conservation Act provides the basis for@gichl compensation. Ecological
compensation or the “interventional rule” requitleat natural areas loss to human
incursions is replaced with an equivalent areareég space. Its objective is to protect
and sustain the function of the natural environnintegulating development with the
intervention rule. The Environmental Impacts Assesnt Act assesses the impact that
development has on the environment and whetheogicall compensation is required or
met with a vegetated roof. Lastly, the Wastew@tesirges Act is the basis for waste

water or stormwater fees and stipulates a fee wiastewater is emitted into a receiving
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body of water. It prohibits unnecessary pollutaard provides finances to fund vegetated
roof construction (Ngan, 2004).

To ensure vegetated roof quality, Germany has dpeel vegetated roof
standards that ensure consistency in vegetatecomstruction and performance. The
Landscape Construction and Development Researdbt$dmown as the FLL
(Forschungsgesellschaft Landschaftsentwicklung tenaftsbau e.V) published in
Guidelines for the Planning, Execution & Upkeefiseiman-Roof Siteis 1998 (Peclet
al., 1999; Phillipi, 2005; GRHC, 2005). The guidelivesre developed over 25 years
and contain standards for vegetated roof applicatioluding vegetated roof design,
construction and maintenance with attention paigréaving media, stormwater
retention, component material requirements andesiEng process for waterproof
membranes and root repellent layer durability (NgQ94; Phillipi, 2005). Many
German municipalities require vegetated roofs tetkd.L standards in order to qualify
for financial incentive or meet green space comaems requirements (Ngan, 2004).
Overall, Germany’s industry standardization, leagisin and development incentives

have translated into measurable degrees of grawttinéir vegetated roof industry.

1.4.14: North American Vegetated Roof Policy, Staratds & Legislation

Currently, there is no Federal or Provincial p@gin Canada that relates directly
to vegetated roofs (Liu, 2004). However, thereiadérect policies that provide financial
incentives for vegetated roofs. For example, thea@o Provincial government sponsors
a $25 000 municipal green fund that can be usedri®n roof research or construction

(Waterloo, 2005). In addition, cities and munidiies in both Canada and the United

27



States have either established or are develop&igdivn vegetated roof policy (Peck
and Goucher, 2005; Getter and Rowe, 2006). Theof@svegetated roof in North
America is typically twice the cost of a convenabroof membrane which translates to
an average of $ 12 to $187 {GRHC, 2005). To reduce vegetated roof costsyman
cities, municipalities and government agencies haw@ted financial incentives along
with policy. In Canada, the city of Toronto hasabdished a pilot program whereby the
owner can receive $ 1 /fip to maximum of $ 20 000 for a vegetated roobwever,
the roof must meet design and performance critertdn as 50 % vegetation cover, have a
minimum 150 mm growth substrate for new vegetatedsrand have a maximum runoff
coefficient of 50% (City of Toronto, 2006). In 28he Quebec Energy Board
recognized vegetated roofs as measure for energeoation and established a
financial incentive of $ 6 /4t (Lawlor et al.,2006; Young, 2006). In the city of Portland,
Oregon, vegetated roofs are recognized as a staen®B®IP and all new City-owned
buildings and roof replacements must be vegetéeatddition, the city offers floor area
increases for developers that construct a vegetatédd The city of Chicago offers a
stormwater retention credit and has a limited nunab& 5000 grants for small
residential vegetated roofs. The city also recogmivegetated roofs as a means to meet
the city’'s minimum reflectance requirement of Ozl offers floor area bonuses to
developers who construct a vegetated roof thatredd@ % of the roof (Lawloet al.,
2006).

LEED ™ (Leadership in Energy & Environmental Design) greeilding
certification is sustainable building program thatourages vegetated roof

implementation. LEEB™ standard certification is awarded on a basis aftpearned
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on several platforms such as energy savings, haiéation, and stormwater reduction
(Kula, 2005; Lawlotet al.,2006). A building with 50 % vegetated roof coveawarded
1 LEED point each for reduction in stormwater vokiand heat island effect
(Oberlandeket al.,2002) with a maximum of 15 LEED points capabléeing earned
(Kula, 2005). Although vegetated roofs are asskesehe listed criteria and LEED
certification increases the buildings value andupemcy rate (Oberlandet al.,2002),
the stringency of LEED testing is difficult to determine in that standsfdr
stormwater retention or temperature reduction ateerplicit (Kula, 2005).

The building codes in Canada do not specificallyrads vegetated roofs (Lawlor
et al.,2006). For any roof, it requires assessmentmetsiral loading, roof drainage,
water proofing, wind protection, fire risks, pubéiccessibility and exit planning (Lawlor
et al.,2006 p. 21). However, vegetated roofs have diffephysical properties than a
conventional roof and a lack of technical knowledugkes fire risks and wind rating for
vegetated roofs difficult to assess. CurrentlBiitish Columbia, insurance companies
do not insure buildings with vegetated roofs farfef fire risk although research has
shown that vegetated roofs act as a fire retar@aria, 2007). In addition, adoption of
German FLL vegetated roof standards are not alicgipe for the North American
vegetated roof industry due to differences in ctanaRecently, the American Society for
Testing and Materials (ASTM) has published seveegktated roof standards on load
determination, growth medium permeability, growtadium water retention and plant
selection and maintenance (Law#iral.,2006). However, there is no agreement within
the commercial vegetated roof sector to adopt steridards or regulatory body to

enforce adoption of ASTM standards (Getter and R@086).
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1.4.15: Summary

Vegetated roof research in North America often saoiedibility, accessibility and
replication (VanWoeret al.,2005a). In recent years, there has been incigasnount
of studies to provide much needed data for vegetatef programs being established in
the United States and Canada. Researchers haressed issues with plant species,
stormwater retention, water quality treatment, gnéoss and cost/benefit analysis
(Getter and Rowe, 2006). Vegetated roofs have shioweduce total stormwater runoff
by 50 % to 60 % and under certain conditions, cély fetain an individual storm event
(Liu, 2003; VanWoertt al.,2005a; Carter and Rasmussen, 2006). Under certain
conditions where rain falls upon the vegetated,rtief growth medium can be saturated
thereby delaying runoff initiation and increasiag kime. Once field capacity is reached,
runoff is initiated and released at a slower ra@gared to a hon-vegetated roof as water
flows through the multiple layers of the vegetateaof thereby, reducing runoff peak
flow and extending runoff release time. StudiesrfiNorth Carolina and Toronto
analyzing vegetated roof runoff have shown thay tive a source of phosphorus (Moran
et al.,2003; Jenningst al.,2005; TRCA, 2006). However, older vegetated raofs
Germany have shown to retain phosphorus from athesgpinputs (Kdhler and
Schmidt, 2003). Vegetated roofs also reduce swuigeksolid concentrations and shown
not to contribute little to metal concentrationsumoff. Further, vegetated roofs have
smaller metal loads than that originating from nustventional roof types (Berndsston
et al.,2006; TRCA, 2006). In Germany, research on aeroldgetated roof has shown

decreased metal concentrations in runoff comparedinfall metal concentrations
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(Kohler and Schmidt, 2003). The monetary benefitgegetated roofs for the city of
Toronto are estimated at over $ 300 million (Bagghal.,2005).

Although several stormwater benefits by vegetabedsrhave been shown by
research, there are still many barriers to the tolo@and implementation of vegetated
roof technology in North America. Germany’s succesth the vegetated roof industry
is due in part to available research, financiaéimoves, vegetated roof policies and
legislation that encourage vegetated roof constmg¢iNgan, 2004; Cannata, 2005).
However, due to a lack of quantifiable data, pubi@reness, financial incentives,
standards, technical expertise, policy, costs (iHeks, 2005; Getter and Rowe, 2006)
and insurance industry skepticism (Bula, 2007) tegge roof application in North
America is hindered. In order to make progredgescsuch as the city of Toronto are
developing vegetated roof policy based upon redisearch and interest from
stakeholders (City of Toronto, 2005; Lawkitral.,2006). However, access to vegetated
roof research is still limited (Getter and RoweQ@&Pand data is not always transferable
due to climatic differences (VanWoet al.,2005a). As a result, there is lack of public
and professional knowledge and awareness of vegetabfs (Peclkt al.,1999; Getter
and Rowe, 2006). Thus, regional research is needeetermine vegetated roof wet
weather treatment performance and its implicatfonplanning and stormwater
management to help develop vegetated roof polmystruction standards, technical

expertise and awareness in the public and privat®ss.
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Chapter 2: Methods

2.1: Experimental Design

A mass balance approach was used to assess tineatber performance of an
extensive vegetated roof in the City of Waterldde vegetated roof and the control roof
were instrumented to measure precipitation in@itsage and outflow (Figure 6). The
hydrological data was collected from a series ofrstevents from June 2, 2006 to
October 22, 2006 and used to determine the hydimiogss balance and quantify the
relative storage and loss from the vegetated mdfaacontrol roof. Concentrations of
suspended solids (SS), total phosphorus (TP), Eofehctive phosphorus (SRP), copper
(Cu), zinc (Zn), chromium (Cr) and cadmium (Cd) al®tvere measured during a series
of storm events from July 26, 2006 — October 1,6200

The mass balance equation (Equation 1) was used

Q-(ET+Q)= S (1)

to quantify the hydrologic function of the vegetateof. Where; = precipitation, S=
storageE = evaporation] = transpiration an@, = runoff (Black, 1991; Mulamoottit

al., 1999). A second mass balance equation (Equatisra@)used

Mi-My= S 2

to quantify the contaminant concentration and gg@i@n the vegetated roof (Fig. 11).

WhereM; = mass concentration inS = StorageandM, = massconcentration ouBlack

1991; Mulamoottilet al.,1999).
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Figur : Conceptual Diagram of ter and ontaminat Balance on the Vegetated Roof
Source: Vander Linden, 2006
2.2: Site Description:
2.2.1: Vegetated Roof Description

The vegetated and control roof are located on tapeoWaterloo City Hall
building in Waterloo, Ontario (43°28'02.16"N, 80°80.44"W). The vegetated roof was
built in August, 2005, to “enhance the environmehtbugh improvements to air quality,
providing building insulation, extending roof lifegducing ambient air temperature,
stormwater reduction and increases in green spzitedf Waterloo, 2005, p.6). Total
area of the vegetated roof is 1650 (@ity of Waterloo, 2005), but the portion of the
vegetated roof monitored covers an area of 424.@ich drains an area of 450.5 m
(Figure 7). The study site was chosen becaudeeddriain location and the direction of
water flow. City surveyors determined drainagehpatys which provided a basic outline

of the drainage basin for the vegetated and cortiadlstudy site (Figure 8).

33



2.2.2: Control Roof Description
A control roof was monitored throughout the stpeyiod which is located
approximately 30 m from the vegetated roof stutly. sirhe area of the control roof is

246.61 M (Figure 7) and consists of a bituminous singlerphy.
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Figure 7: Area Map of the Control and Vegetated Rof at Waterloo City Hall
Source: City of Waterloo, 2006

The control roof is elevated above the vegetatetfllvp approximately 4 m and a wall
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(Approximately 1.2 m x 0.3 m) that encloses the permitting precipitation to drain
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directly into the centre of the roof (Figure 7; tig 8).

Figure 8: Runoff Flow Path of the Vegetated and Canol Roofs

Source: City of Waterloo, 2006
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2.2.3: Functional Layers of the Vegetated Roof

The vegetated roof consists of light weight prevgrd&sedunspp.vegetation
mats. This product can be used on slopes of B°.tal'he vegetated roof is rated to meet
LEED project certification for credits in stormwateanagement (Credit 2) and urban
heat island effect (Credit 6) (Xero Flor, 2006b9p). The vegetated roof consists of
vegetation and growth medium, water retention #eecainage layer and root resistant
waterproof membrane (Figure 9). The vegetatigariégs composed of ¥F 301pre-
cultivated sedum-moss combination blanket whiatoimposed of 8 species &dum
spp and nylon mesh filled with a growth substratdie Growth substrate is tb& xero
terr® growing mixand consists of a 20 mm mineral substrate compoiséd % porous
materials (inert crushed brick, pumice or expanglate) with a maximum particle size of
1 mm; 25 % fine washed sand; 14 % organic compested free and 1 % Dolomite
(Xero Flor, 2006b). Beneath the growth substrai@ 12 mnmXF 158 Dwater retention
fleece with a water holding capacity of 1200 §fmmposed of synthetic fibers of
polyester, polyamide, polypropylene, and acryliefXFlor, 2006b, p. 95). Underneath
is theXF 108 Hdrainage filter fleece with water holding capacify800 g/nf of water
which filters excess draining water. The bottogelteof the vegetated roof is tié 112
root resistant water membrane composed of a pollgeth sheet that prevents root and
water penetration (Xero Flor, 2006b). The entityhe vegetated roof is 6.2 cm thick,

weighs 45.9 kg/rhand when full saturated holds 28.8{fable 4).
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Figure 9: Functional layers of the Extensive Vegetad Roof
Source: Xero Flor, 2006b, p. 82

Table 4: Vegetated Roof Layer Thickness, Weight & \ter Storing Capacity

Functional Approximate Approximate Approximate Rain

Component Thickness of layer; | Fully Saturated Depth Storage
(cm) Weight (kg/m?) (mm)

XF 301 3.5 34.5 19.0

XF 158D 1.2 10.6 9.4

XF 108H 1.5 0.8 0.4

XF 112 - - -

TOTAL 6.2 45.9 28.8

Source: Xero Flor, 2006b, p. 82

2.2.4 Fertilizer Inputs

During the study period, the vegetated roof waslitexd once from June 2, 2006
to October 22, 2006. The slow release organidifent comes in powder and granular
form (Xero Flor, 2006a) and is composed of sevglait and soil nutrients (Table 5).
According to Joy Schmidt, President of Xero Flon&da, fertilizer application rates are
estimated at 80 g/fthowever, nutrient loading is difficult to estimatee to variability in

fertilizer breakdown.
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Table 5: Fertilizer Material Components

Components Average Values | Analysis Method
Nitrogen 8.0 % DIN 38409-T12
Phosphorus (as;6b) 35% DIN 38495-T29
Potassium (as 1O) 1.3% DIN 38406-T27
Magnesium (as MgO) 0.4 % DIN 38406-T22
Calcium (as CaO) 0.5 % DIN 38406-T22
Total Carbon 37 % DIN 38409-T3
pH (25 °C) 6.5 DIN 38409-T5
C/N ratio 4.5 BGGK-94/11-11
Humidity Max. 6 % DIN 38414-T2
Organic substance 75 % DIN 38414-T3
Residue on ignition Max. 30 % DIN 38414-T3
Heavy Metals (Pb, Cd, Cr, Hg, As) Max. 100 ppm 3Bd06-T22

Source: Xero Flor, 2006a

2.3: Meteorological Data

Data was collected with a HOBGneteorological station (Figure 10). Wind

speed was measured with a Wind Speed Smart Seingdk (n/sec (2.4 mph)). Ambient

air temperature (0.7°C at 25°) and relative humi(i3%; £4% in condensing

environments) were measured with Temperature/RHiS8®msor. Solar radiation was
measured with a Silicon Pyranometer Smart Sensifr €dt2 % a year) and soil
moisture was measured with a soil moisture serh081ni/m®). Soil temperature was
measured with an 8-Bit Temperature Smart SensOrq*C at 25°C) and precipitation
was measured with a tipping bucket rain gauge (¥d.4 up to 20 mm/hour ). Data
from all sensors were collected with the Onset QateypData Logger at 5 minute

intervals and downloaded with a USB cable intopadp computer displayed by HOBO

weather station software (Figure 10).
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Figure 10: HOBO® Meteorological Station
Source: Vander Linden, 2006

2.4: Hydrological Data
2.4.1: Rain events: Definition and Categories

In order to distinguish between individual rain etg storms were separated by a
set period of time between rain events. The ptestedy used guidelines indicated in
VanWoertet al., (2005a) which required at least a 6.0 hour tim&pebetween rainfalls.
However, rain events were combined if runoff wasvihg from either roof at the
beginning of a proceeding rain event. Rain evesgi® categorized based upon the
average storage capacity of the vegetated roaftnS¢vents were separated into two
categories: those that wereverage storage capacity (3.5 mm) and those xicatded
storage capacity (> 3.5 mm).

To calculate total rainfall volume and/or total offrvolume for the drainage

basin the following equation was used:
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Q =(R x D,)x 1000 L 3)(
1

whereQ; is Precipitation input (L)R is rainfall depth (m) andD.is drainage area (t
2.4.2: Roof Drainage Weirs

The roof drainage system was not accessible wilt@rbuilding because drainage
pipes ran within the walls of Waterloo City Halkadlm directly into municipal storm
sewers. To measure runoff from roofs, cylinderrgveiere constructed and inserted and
sealed with a marine sealant into the drains dif b vegetated and control roofs
(Figure 11). Before weirs were inserted, drainsath study sites were cleaned and
sanded. After, drains were painted with white Tekd® Rust Proof Spray Paint to

prevent further rusting and provide a clean surface

Figure 11: Green Roof Drainage Weir
Source: Vander Linden, 2006

2.4.3: Measuring Runoff Flow
To determine runoff flow rates over the weir, selétial flows were simulated

with the use of a hose, stop watch and 1 L graduatender. Unknown flow rates (L/s)
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from a hose were determined with triplicate timec(nds) measurementsto filla 1 L
graduated cylinder with water and averaged. A eanfglow rates were measured and
for each, a corresponding weir height (m) was measwith a 730 Bubble Modufg+
0.0015 m) (ISCO, 2003). A rating curve was cregtetted with the range of flow rates
and corresponding weir heights (Appendix 1). Ushmegrating curve, weir height
measurements recorded by the ISCO 6700 were usedcidate weir flow rate where

is the recorded weir height agds corresponding flow rate.

X = y (4)
0.81m 0.33 L/s

Runoff from the roof was defined as water thattsrasd flows over the weir.
Sampling intervals were initially measured evewgf(5) minutes however, these
intervals were not sensitive enough to changeaimintensity and therefore changed to

every one (1) minute accordingly.

2.4.4: Temporary Storage

Both the vegetated and control roofs stored wdeing and after a storm event.
Water that was stored on the roofs either wasttostapotranspiration or was discharged
during the proceeding rain event. Thus, waterag@by the vegetated and the control
roofs was temporary. The following mass balanaeggn was used to determine

vegetated and control roof temporary storage

S=Q- Q (5)

where Sis storageq; is rainfall inputs, an@, is runoff (Black et al., 1991).
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2.4.5: Potential Evapotranspiration

Actual water loss from the control and vegetateafgdo evaporation could not be
measured directly with available equipment. Howesgaily potential evapotranspiration
rates could be estimated based on weather conslitiorthe roof of Waterloo city hall
and for the region. According to Mansell (2008)siappropriate to use the Food and
Agriculture Organization of the UN Penman-Monteastfuation (FAO P-M) to estimate
potential evapotranspiration that accounts for @aramic and vegetation surface
resistances. The FAO P-M requires weather measmsn2 m above an extensive grass
surface with full ground cover and available maistu
The FAO P-M equation is described as:

y___ 900 u(es—e)

ETo= 0.408 (R, —G) + T, +273.16 (6)
+ (1+ 0.34y)

whereET, is potential evapotranspiration (mm/daij,is average daily temperature (°C),
uyis average daily wind speed at 2 m height (m/s) il heat flux (MJ/fiday),es— e

is saturation vapor pressure deficit (kRg)s saturation vapour pressure (kPa) given by:

€ = €%(Tmax) + €°(Tmin) (7)
2
where €°(T) is saturation vapor pressure and isngy the following two equations:
€%(T) max= 0.6108exp| _17.27 (Fy) (8)
Tmax+ 237.3
€%(T) min = 0.6108exp _17.27 fln)__ 9
mih + 237.3

where Taxis maximum daily temperature ang;Jis minimum daily temperature; =

actual vapour pressure (kPa) and is given by Adkeal., (1998):
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€°(T min) RHmax+ €°(Tmay RHmin
€= 100 100 (10)
2
where Rhhax is maximum daily relative humidity (%) and Rklis minimum daily

relative humidity (%); is the slope vapor pressure curve [kPa] (Man26eD3):

= 4098|’ 0.6108e>‘ﬁ 17.27% 7 ‘| (11)
. 237.3

@+ 237.3%

= the psychometric constant (kPa/ °C) and is gbxen

= ¢,P=0.665 x10 (12)

where P is the atmospheric pressure (kPafjid} the specific heat at constant pressure
(1.013 MJ/kg/°C), is the ratio molecular weight of water vapour/diy(0.622) and is
the latent heat of vaporization (2.45 MJ/kg);iRnet radiation and is a measure of the
difference between shortwave and longwave radiat@nly shortwave radiation was
available, however afequation by Davies (1967) developed a relationbbipveen
incoming shortwave radiation and net radiationgi@ss and crops with reflectivity)(
value of 0.20 — 0.30. Vegetated roofs havevalue of 0.23 (Lazzariat al.,2005). The

Rn equation given by Davies (1967) is

R, = 0.62)s — 24 cal/cryday (13)

where R is net radiation an@sis incoming shortwave radiation.

2.5: Runoff and Rainfall Sample Collection
Runoff samples from the vegetated and control ra@fie collected with an ISCO
6700 ® automatic sampler (Figure. 12). The sammeatained 24 bottles, each able to

hold a 1 L water sample. The sample program ctatsif duplicate 200 ml samples
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taken every 28 L (1 ft°) for the first 6 samples and duplicate 200 ml sSesipken every

280 L ( 10 f) for the next six samples for a total of 12 dugécsamples.

Figure 12: ISCO 6700 Automatic Sampler
Source: Vander Linden, 2006

Composite rainfall samples were collected in a. B®ttle connected to a tipping bucket

rain gauge and bucket attached to the meteorologfiziion (Figure 13).

Source: Vander Linden, 2006

After a storm event, samples were collected whersémpling program was
completed. If the rain event took place on a Hridiaon the weekend, samples were

collected on the following Monday as access tortiod was not permitted on the
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weekends. Data recorded by the ISCO 6700® was ldadead and bottles were

collected and replaced with acid washed tripleathsample bottles (Figure 14).

Figure 14: Water Sample and Data Collection with tie ISCO 6700
Source: Vander Linden, 2006
2.6: Water Chemistry
2.6.1: Sample temperature, conductivity and pH

The temperature, conductivity and pH of each samwele measured in lab.
Sample temperature and conductivity was measurddami Orion 105A+ Conductivity
Meter and Orion Conductivity Cell (x 2%) followirggtandard Method 2510 B. The pH
of each sample was measured with a calibrated @Q&0# and Orion pH triode (+ 2%)

according to Standard Method 4500(Eatonet al. eds., 1995).

2.6.2: Suspended solids and total dissolved solids

The total suspended solids concentrations wererdeted by filtering water

samples through a pre-weighed 0.48 glass fiber filter. The filter and residue wa®i
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dried at 100° C for 24 hours and weighed (Stan8#thod 2540 D) (Eatoat al. eds.,

1995. The following equation was used to deteenfi8S (mg/L):

TSS=6-BH x 1000 (14)
Sample volume (L)

wherea is initial filter weight (mg) and b is dried filteveight (mg) (Eatoret al. 1995).
Total dissolved Solids were calculated with equafid whereC is conductivity ( S/cm)

andT ( C) is sample temperature (APHA, 1995).

TDS = C ] xo0.666 (15)
[ (1 +(0.02F{ 25))) J

2.6.3: Phosphorus and Metal Analysis

Water samples collected for phosphorus and metdysis were preserved and
prepared the day of collection. For total phospbdiTP), 100 ml runoff samples were
preserved with 1 ml of 20 % Sulfuric Acid £6(0;). TP concentrations were determined
using the stannous chloride ammonium molybdaterico&iric method after a persulfate
digestion (Standard Method 4500 P B; D). For selueactive phosphorus (SRP), 15 ml
runoff and rainfall samples were filtered with 4%. m filter into a plastic vile and
stored in a refrigerator (Standard Method 4500 P Pgtal and soluble reactive
phosphorus concentrations were measured usinghaitea Autoanalyzer (Eatost al.
eds. 1995).

Dissolved metals were filtered with a 0.4 filter and preserved with HNQo

pH 2 (Standard Method 3030 B). A number of heaeyals were analyzed (Cu, Cr, Cd,
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Zn) with an inductively coupled plasma mass spactter (Standard Method 3120 B)

(Eatonet al eds. 1995).

2.6.4. Wet Weather Performance
The wet weather performance of the vegetated rasfadetermined by measuring
% effluent reduction and % contaminant reductidhe following equations were used

to determine vegetated roof wet weather performance

% Effluent Reduction = 10Q%-Qo)/Q; (16)

% Concentration Reduction = 100(Mi-MMi a7)

whereQ; = Precipitation InputQ), = Runoff, M = Mass of Contaminant Input and, ™

Mass of Contaminant Output (Mulamoottlal.,1999, p. 20).

2.7: Quality Assurance/ Quality Control

Quiality assurance protocols described in Standagthtdl 1020 were followed.
At least 10 % of samples per batch were duplicatesreagent blanks constituted at least
5 % of the sample. During metal, TP and SRP arglggninimum of 5 standards were
measured at the initiation and end of analysisaacart with standard deviatiodi,and
correlation coefficient values was given (Eastral. eds., 1995).

Quality control protocols described in Standard iels 1030 B and C were
followed appropriately. Data quality is a measoirbias and precision and overall a
measure of error that incorporates two parts: etuerto the method and error due the

laboratory’s use of the method. Method error wetgignined by interlaboratory analysis
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and laboratory error was assessed by analysigpbtate samples to measure standard
deviation (Table 6) (Equation 18). In a few casedy analysis of duplicate samples
was possible due to time constraints and difficuitgetermining the volume needed for
triplicate samples for each water quality paramater samples had been collected and
prepared. When determining laboratory error thiefiong equation was used:

SD=( Di/n)/1.128 (18)
whereSD = Standard Deviatior); = the difference between replication values and

total number of samples (Eatehal. eds. 1995).

Table 6: Quality Control Measurements

Water Quality Method Detection Limit | Laboratory Range

Parameter Error

Total Phosphorus | 1 g/L 1 gL 1 g/L —205ug/L

(TP)

Soluble Reactive 1 gL 1 gL 1 g/L-98ug/L
Phosphorus (SRP)

Copper (Cu) 0.001 mg/L 0.017 mg/L 0.11 mg/L — 6.86 mg/L
Zinc (Zn) 0.001 mg/L 0.004 mg/L 0.05 mg/L — 2.25 mg/L
Chromium (Cr) 0.001 mg/L 0.006 mg/L 0.001 mg/L — 0.050 mg/L
Cadmium (Cd) 0.001 mg/L 0.002 mg/L 0.001 mg/L — 0.14 mg/L

2.8: Statistical Analysis

Hydrological and water quality data were analyzéith PSS 14.0 statistical
software. Descriptive analysis was performed otemguality results and Pearson
correlation tests were used to assess signifiedationships between roof rainfall
responses and hydrological data. Since there iwgkegaired observations across the
study period, T —tests were appropriate to detezmsignificant differences in stormwater

retention rates and runoff quality results betwenencontrol and vegetated roofs.
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Chapter 3: Results
3.1: Introduction
This chapter presents study limitations and repihie meteorological,
hydrological and water quality data collected &t @ity of Waterloo vegetated roof.
Meteorological data from the vegetated roof are gam®d to data collected at the
University of Waterloo (UW) weather station anddong term averages for the Region of
Waterloo (1970 — 2000). Descriptive statisticsHgdrological and water quality data are

reported as absolute values.

3.2: Limitations

In order to present and interpret the results isfstudy, the study limitations are
discussed from a technical and logistical perspeciiechnical problems arose from
attempts to instrument the stormwater drains orctimérol and vegetated roofs. Storm
water drains were not accessible from inside thigling, so drainage weirs were
constructed and inserted into the existing drdwesrvof surface which led to some
difficulties measuring discharge. The extreme weatonditions on the roof caused
several technical difficulties. On some occasiting,severe temperatures on the roof
caused the battery power to drain which led tdf@ilare of the ISCO 6700 ® auto-
sampler and 730 Bubble Module®. In addition, thé BBibble Module ® malfunctioned
on both the vegetated and control roofs in coldperatures below 5 C missing three
storm events.

Further technical problems resulted from the Flamkl® software not being

updated prior to installation of the ISCO 6700 @esampler on the control and
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vegetated roof. The samplers were supposed towppagl with the latest software.
Consequently, sample collection failed on bothwbgetated and control roofs several
times until software was updated on July 21, 2006.

However, software routines for flow weighting oéteampling intervals
continued to malfunction with the ISCO 6700 sampl€hus, water quality analysis of
storm runoff from the two roof treatments includlesee storms events with sampling of
the entire flow regime and three storm events wéttial sampling of the flow regime.
Sampling intervals for 6 storms are shown in Append

The shortwave radiation sensor on the meteorolbgiation did not work
properly and therefore incoming shortwave data ftbenUniversity of Waterloo’s
weather station was used. The station is locatétlaterloo, ON, adjacent Columbia
Lake on the north campus of the University of Wateapproximately 2.5 km northwest
of Waterloo City Hall with an elevation of 334.4(kniversity of Waterloo, 2006). Due
to the inability to measure shortwave radiatiorsit@, only potential evapotranspiration
(ET) could be measured. Potential ET calculates®ime 100 % saturation of the
growth medium and values can thus exceed actudhtband storage. Therefore,
potential ET values were not applied to the massnoca equation.

Logistical problems also placed limitations on thtigdy. For example, a micro-
scale study was planned to accompany the macre-gegktated roof study for
comparison purposes. However, securing a micrtesegyetated roof on top of
Waterloo city hall posed safety risks during higimavconditions. In addition, a small
vegetated roof sample was planned for laboratoayyais to determine vegetated roof

growth medium porosity, storage (field capacity)l &T rates. However, access to a
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vegetated roof sample was not possible and fighd@ty was determined by mass
balance equation.

Additional logistical problems were due to res&itiaccess to the study site. City
hall personnel did an exceptional job to accomn®data collection and ensure roof top
safety. However, access to the roof was limiteddaok hours of city hall employees and
staff availability to provide access to the rodiccordingly, water samples from Friday
and weekend storm events could not be collectatthatfollowing Monday or until
staff were available to allow access to the rooftop

Despite technical and logistical difficutjaneteorological data were collected for 31
storm events, hydrometric data were collected &stbrm events and a complete set of
water chemistry is available for 6 storm eventsegtéor metal concentrations which are

available for 4 storm events.

3.3: Meteorological Data:
A total of 31 rain events were monitored from M#&y 2006, to October 31,
2006. Storm magnitude varied from 0.6 mm to 48mM. nin Waterloo, total monthly
rainfall was 28.2 mm, 136.4 mm, 72.2 mm, 113.2 nmeh 513.0 mm for June, July,
August, September and October, respectively (TAblegCompared to long term averages
(1970 - 2000) for the region of Waterloo, total rtidy precipitation levels were above
average during the months of May, July, SeptembérGctober (Table 7 and Figure 15).
According to Environment Canada data, summer atuhautemperatures for the
Great Lakes/St. Lawrence region were average. @oedpo long term averages (1948 —

2006) for the Great Lakes/St. Lawrence region, sentemperatures increased by an

51



average of 1.0 °C and fall temperatures increagethtaverage of 0.3 °C.

temperatures were characterized as moderate fansuand autumn when compared to

In Waterloo,

long term averages (1970 — 2000) for the regiowafterloo (UW, 2006). However,

temperatures recorded on the roof of Waterloo Bdil vegetated roof were not

comparable to those measured at the University atevibo (Table 8). Maximum and

minimum daily temperatures on the vegetated rooftme were (60.6 © C/ 2.9 © C), July

(56.6 /6.6 °C), August (51.8 /3.7 ° C), SeptentB®.7 / -0.2 °C) and October (27.5/ -

1.1°C) (Table 8). Average daily maximum and minm temperatures were 45.7 / 10.6

0C,41.22/15.1°C,40.0/12.0°C, 23.3/,C3and 17.7 / 3.4 ° C for the months of

June, July, August, September and October, respéctiTable 9).

Table 7: Comparison of Total Monthly Rainfall (mm) During the Sample Period

Total
Meteorological June -
Station Location May June July August  September October | October
Waterloo City
Hall Vegetated
Roof N/A* |28.20 | 136.40 72.20 113.20 113.00 463.00
University of
Waterloo 113.40 |32.80 | 152.20 52.40 117.20 131.40 486.00
Region of
Waterloo Rainfall
Averages (1970 -
2000)** 75.70 | 80.00 | 92.90 87.00 87.50 67.10

* Weather Station inoperable until May 17, 2006
Source: University of Waterloo Weather Station, 206; Environment Canada, 2006 b; 2006d
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Figure 15: Monthly Precipitation Depths

Source: University of Waterloo Weather Station, 206; Environment Canada, 2006a; 2006¢

Table 8: Daily Maximum and Minimum Temperatures ( C) from the Waterloo City
Vegetated Roof and the University of Waterloo Weatér Station

Month Waterloo City Hall Green Roof | University of Waterloo Maximum
Maximum and Minimum Daily and Minimum Daily
Temperatures(°C) Temperatures(°C)

June 60.6 2.9 31.1 6.0

July 56.6 6.6 31.9 6.0

August 51.8 3.7 33.7 7.7

September| 39.7 -0.2 25.7 2.3

October 27.5 -1.1 22.6 -1.1

Source: UW, 2006

Table 9: Average Daily Maximum/Minimum Temperatures (°C) from the Waterloo
Vegetated Roof and the University of Waterloo Weatér Station

Month Waterloo University of Waterloo

City Hall Average Maximum Average Maximum and Minimum

and Minimum Temperature Temperature

Q) Q)
June 45.7 10.9 23.7 13.1
July 41.2 15.1 26.9 16.9
August 40.0 12.0 24.5 13.9
September | 23.3 9.318.6 10.3
October 14.5 2.7 12.1 3.1

Source: UW, 2006
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3.4: Stormwater Retention and Storage Capacity

Retention of stormwater on the vegetated roof Hesdlate values that varied
from 0.0 % to 100.0 % during the sample period r@teintion on the control roof
(bituminous single ply roof) had absolute valuest traried from 0 % to 16.7 % (Table
10; Figure 16; Figure 17). Overall, the vegetatsaf retained 41.5 % (64.5 mm of 155.6
mm) of total rainfall and the control roof retain@® % (5.1 mm of 155.6 mm) of total
rainfall, a difference of 38.2 % (59.4 mm). Duimdividual rain events, storage
capacity (the volume of water retained) of the vatgel roof varied from O mmto 17.4
mm while storage capacity of individual storm ewevdried from O mm to 1.4 mm for
the control roof. The mean vegetated roof storage capacity was 3.&anthmean
stormwater retention was 47.6 %. The mean conbadlstorage capacity was 0.3 mm
and absolute mean stormwater retention was 4.THis represents an increase in
average storage capacity and stormwater retenyiaheovegetated roof of 3.2 mm (42.9
%). On four occasions, the vegetated roof retait@3% of rainfall during the month of
June when a minimum of five antecedent dry daysimed between rain events. The
largest storm event to be completely retained wészn. The three other storm events
did not exceed 0.8 mm (Table 10). Negative retentates (runoff volume exceeds
rainfall input) for the vegetated roof (- 25.5 %)dathe control roof (- 0.3 %) were both
observed during the month of October. During Oetppotential ET rates were low

indicating that the vegetated roof was most likelyemain saturated after a storm event.
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Table 10: Summary of Vegetated and Control Roof Stonwater Retention Results

Storm Storm
Event Vegetated | Control | Vegetated | Control Vegetated | Control water

(Jul - | Storm Roof Roof Roof Roof Roof Roof Retention
ian Size Runoff Runoff Retention Retention Retention Retention Difference
Day) | (mm) (mm) (mm) (mm) (mm) (%) (%) (%)

153-

154 12.6 7.5 12.5 5.1 0.1 40.5 0.8 39.7
159 2.6 0 2.3 2.6 0.3 100.0 11.5 88.5
170 0.8 0 0.7 0.8 0.1 100.0 125 87.5
170 0.6 0 0.5 0.6 0.1 100.0 16.7 83.3
178 0.8 0 0.8 0.8 0.0 100.0 0.0 100.0
179-

180 11.0 2.6 10.9 8.4 0.1 76.4 0.9 75.5
207 7.8 4.1 7.6 3.7 0.2 47.4 2.6 449
226 6.8 1.1 5.9 57 0.9 83.8 13.2 70.6
231 4.0 0.9 3.8 3.1 0.2 77.5 5.0 72.5
237 7.6 1.5 6.5 6.1 1.1 80.3 14.5 65.8
245-

246 13.0 7.9 12.3 5.1 0.7 39.2 5.4 33.8
261 17.6 7.3 17.6 10.3 0.0 58.5 0.0 58.5
265-

267 17.4 16.9 16.6 0.5 0.8 2.8 4.5 -1.7*
270 20.8 1.5 19.4 17.4 1.4 83.7 6.7 76.9
273-

274 13.8 9.8 13.7 4.0 0.1 29.0 0.7 28.3
276 3.4 3.3 35 0.1 -0.1* 2.9 -2.9*% 5.9
292 5.8 11.3 5.8 -5.6* 0.0 -94.8* 0.0 -94.8**
295 9.2 16 9.3 -6.8* -0.1* -73.9* -1.1* -72.8**
Mean 8.2 5.2 8.4 3.5 0.3 47.6 4.7 42.9
Total

Jun 28.4 10 27.6 18.4 0.8 64.8 2.8 62.0
Total

Jul 7.8 4.1 7.6 3.7 0.2 47.4 2.6 44.9
Total

Aug 18.4 3.5 16.2 14.9 2.2 81.0 12.0 69.0
Total

Sept. 68.8 33.6 66.8 35.2 2.9 51.2 4.2 47.0
Total

Oct. 32.2 40.4 32.3 -8.2* -0.1* -25.5* -0.3* -25.2%*
Total 155.6 91.1 150.5 64.5 5.1 41.5 3.3 38.2

* negative retention values are shown when runoffime exceeds rainfall volume input

** control roof retention values are greater th&agetated roof retention values
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3.4.1: Influence of Storm Size on Stormwater Reté¢ion and Storage Capacity
Vegetated and control roof absolute stormwatemntete values varied with storm
size. Increasing storm size notably decreasedsiater retention for the vegetated roof
and slightly for the control roof (Figure 17). Theean storage capacity of the vegetated
roof was 3.5 mm and for rain event8.5 mm the absolute mean retention rate of the
vegetated roof was 80.6 %. However when rain evwaete > 3.5 mm, mean vegetated
roof retention decreased to 34.9 %. The cont@l absolute mean retention rate was
7.6 % for storm events 3.5 mm and decreased to 3.7 % when storm eveme>g@.5
mm. Overall, with increases in storm size, greaterm volumes were stored by the
vegetated and control roofs. Increases in stozrecused increases in vegetated roof
storage capacity while increases in control roofasie capacity were smaller (Figure
19). For storm events 3.5 mm, vegetated roof mean storage capacity viasitn and
for storm events > 3.5 mm, storage capacity ine@@#s 4.4 mm. Control roof storage
capacity only increased slightly when rain evemtseeded 3.5 mm with mean storage

capacity increasing from 0.1 mm to 0.3 mm for stewrents > 3.5 mm.
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3.4.2: The Influence of Wetting History on Stormwéer Retention Rates

The wetting history also influenced stormwateengion rates. Wetting history
shows that storm size and frequency of prior stevents will impact vegetated roof
retention of the present rain event (Table 11).thode (3) respective rain events within a
six (6) day time period, the vegetated roof hadldlesst stormwater retention rate for
the third and smallest rain event. On Julian d&y, 2 rain storm of 20.8 mm fell with
17.8 mm retained (83.7%) by the vegetated roofjuian days 273 — 274, a rain storm
of 13.8 mm fell with 4.0 mm retained (29 %) by thegetated roof and on Julian day
276, a 3.4 mm rain storm fell with 0.1 mm retairi2® %) by the vegetated roof.
However, it is difficult to determine whether waetjihistory influenced control roof
retention rates with 1.4 mm, 0.1 mm and -0.1 mraimed for the three respective rain
events.

Table 11: The Influence of Wetting History on Absalite on Retention Values

Storm | Storm Vegetated | Control | Vegetated | Control Vegetated | Control

Event | Size Roof Roof Roof Roof Roof Roof Storm

Qul- | (mm) Runoff Runoff Retention | Retention | Retention | Retention | water

ian (mm) (mm) (mm) (mm) (%) (%) Retention

Day) Difference
(%)

270 20.8 1.5 19.4 17.4 1.4 83.7 6.7 76.9

273-

274 13.8 9.8 13.7 4.0 0.1 29.0 0.7 28.3

276 3.4 3.3 3.5 0.1 -0.1* 2.9 -2.9% 5.9

*Runoff volume exceeds rainfall depth

3.4.3: Evapotranspiration

The amount of water stored on the vegetated antlaianofs is influenced by
loss due to evapotranspiration (ET). Actual ETldowt be measured due to technical
limitations and only potential ET could be measuratential ET values were not

applied to the mass balance equation as they aa@edxainfall and storage levels; rather

59



they were only used as a reference. Mean poléfifiaates on both roof types varied
daily and are reported as absolute values (Table @8 the vegetated roof, the mean
daily potential ET ranged from 0.91 mm/day to 3/&day and from 1.3 mm/day to 5.4
mm/day for the control roof. Daily high potentt&l rates from June to October ranged
from 0 mm/day to 6.7 mm/day for the vegetated aad 0 mm/day to 9.6 mm/day for

the control roof.

Table 12: Potential Evapotranspiration for the Vegéated and Control Roofs

Month Average Daily ET Rate Average Daily ET Rate
from the Vegetated Roof from the Control Roof
(mm/day) (mm/day)
June 3.5 54
July 3.0 5.0
August 2.7 4.5
September 0.91 1.5
October 0.90 1.3

* Average potential ET Rates are based until October 20, 2006 due to misginet radiation data

3.5: Lag Time, Peak Flow and Runoff Flow Time

The two roof types demonstrated common rain respoharacteristics for
individual events. A representative hydrograply(iré 20) of the two roof types
illustrates that the vegetated roof increased ifuagftime, decreased runoff peak flow
and increased runoff release time compared toathirgfsponse of the control roof. The
mean vegetated roof lag time had an absolute \adldé minutes (1.23 hrs) and the
mean control roof lag time had an absolute valuEsaminutes (0.25 hrs). This is an
increase in lag time by the vegetated roof of 5Autas (0.98 hrs) or 79.7 %. The mean
vegetated roof peak flow had an absolute 0.00&@rute/nf and the mean control roof

peak flow was 0.0124 L/minutefrvhich is a reduction in peak flow of 54.8 % or
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0.0068 L/minute/rby thevegetated roof. With decreased flow rates, thetatgd roof
would sometimes increase the runoff release timgebgral hours. Average vegetated
roof flow time was 26 hrs and 1 minutes and foradbetrol roof 19 hrs and 48 minutes.
This represents an increase in average flow timthéyegetated roof of 6 hrs and 12
minutes.

Overall, the rainfall response by the vegetated was more consistent with
varying storm conditions. An increase in stormesand rain intensity showed greater
changes in roof rainfall response from the contof characterized by reduction in lag
time and increased runoff peak flow. The roof f@inmesponse from the vegetated roof

did not vary to the same extent with reductiorag time and increases in peak flow.
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Figure 20: Roof Responses from the Vegetated and @twol Roofs Julian Day 206

61



3.5.1 Influence of Storm Size on Rain Response Clzateristics

Rainfall responses varied with storm size and tgoé. Increases in storm size
did not impact runoff lag time. However, stormesiad an impact on peak flow from
the control roof (0.0081 L/ minutefm 0.0140 L/minute/ff) but not the vegetated roof
(0.0047 L/minute/rh— 0.0063 L/minute ) (Figure 21). During rain events3.5 mm,
control roof mean peak flow was 0.0103 L¥minute and 0.0048 L/ ffminute for the
vegetated roof. During rain events > 3.5 mm, ny@zak flow from the control roof was
0.0127 L/minute/rhand 0.005&/minute/nt from the vegetated roof. This represents a
mean peak flow reduction of 54.3 % by the vegetatedl (Table 13). Storm size also
influenced runoff flow time. Larger storms incredsunoff flow times from both roofs.
Storm events 3.5 mm had an average runoff flow time from thetoal roof of 7 hrs
and 12 minutes and 7 hrs and 58 minutes from thetaéed roof. Storm events > 3.5
mm average runoff flow time from the control rocsv21 hrs and 54 minutes and 29 hrs

and 2 minutes from the vegetated roof.
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Figure 21: Influence of Storm Size on Vegetated an@ontrol Roof Peak Discharge
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Table 13: Influence of Storm Size on Vegetated andontrol Roof Peak Discharge

Roof Type 3.5 mm Rain Event > 3.5 mm Rain Event
Flow Rate (L/minute/m?) Flow Rate (L/minute/m?)

Vegetated Roof 0.0048 0.0058 + 0.0005

Control Roof 0.0103 £ 0.0007 0.0127 + 0.0012

3.5.2: Influence of Storm Intensity on Roof Rainft Responses

Runoff lag times varied with rainfall intensity (mimn) (Figure 22). Hydrographs
(Figure 23 — Figure 25) of increasing storm intgasi 0.75 mm/hr, a 5.6 mm/hr and an
8.4 mm/hr illustrate differences in runoff delayween the vegetated and control roof
treatments. When categorized into low (O mm/hrs+2m/hr), moderate (2.6 mm/hr to
7.0 mm/hr) and heavy (> 7.0 mm/hr) storm intensjttee greatest lag time was recorded
during low storm intensity for both roof types. &evegetated roof lag time during low
intensity was 110.2 minutes (1.84 hrs) and 21.6ute (0.36 hrs) for the control roof.
During moderate storm intensity, the vegetated dabhyed runoff by an average of 17.3
minutes (0.29 hrs) and the control roof by 8.7 mesy0.12 hrs). During heavy storm
intensity (> 7.0 mm/hr), average vegetated rooftilag was 17.5 minutes (0.29 hrs) and

0 minutes (0 hrs) for the control roof.
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Figure 22: Influence of Storm Intensity on Vegetatd and Control Roof Lag Time
Changes in storm intensity influenced peak flovihe Tontrol roof showed

greater variability in peak flow as rain intensstighanged (Figure 23 — Figure 25).

Increasing storm intensity corresponded with insiregg peak flow from the control roof

while vegetated roof peak flow did not increasehwgteater storm intensities (Figure 26).
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7.6 mm Storm Event: Julian Day 237
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Figure 26: Influence of Storm Intensity on Vegetatd and Control Roof Peak Flow
3.6: Water Quality

Several water quality parameters (pH, conductiaample temperature, total
dissolved solids, suspended solids, total phosphanluble reactive phosphorus, copper,
zinc, chromium and cadmium) were measured forteimrs events from July 26, 2006 to
October 1, 2006 (Appendix 2) and are reported enfeflowing sections. Values

reported for each water quality parameter are absohlues.

3.6.1: pH

Vegetated roof runoff had a mean pH of 7.8 anchgeaf 6.8 to 8.4. Runoff
from the control roof had a mean pH of 6.1 wittaage of 4.0 to 7.2. The mean pH of
rainfall was 6.3 with a range of 5.3 to 7.3. O\lethe vegetated roof increases runoff

pH compared to the control roof.

3.6.2: Conductivity
Runoff from the vegetated roof had the highestoativity. The mean

conductivity of water samples from the vegetatenf veas 181.1 S/cm and ranged from
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51.6 S/cm to 338.0 S/cm over the sample period. Mean conductivityuobff from
the control roof was 48.9S/cm and ranged from 4.5/cm to 198.5 S/cm. Rainfall
samples had the lowest conductivity with a meah70® S/cm and a range of 1¥5/cm
to 33.6 S/cm.

Runoff conductivity measured during most stormmésdnad two characteristic
trends (Figure 27). Conductivity from the vegethtoof typically increased over the

storm event but conversely decreased in the cordoblsamples.

7.8 mm Storm Event: Julian Day 207
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Figure 27: Conductivity in Rainfall and Runoff from the Vegetated and Control
Roof

3.6.3: Sample Water Temperature
There was a slight variation in water temperatorgdinfall and runoff from the
two roof types. The mean temperature of the wsderples from the vegetated roof was

21.1° C with arange of 18.3° C to 22.9 ° C. ddwtrol roof had a mean sample
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temperature of 21.3 © C with a range of 19.5° 22® ° C. Rainfall's mean sample

temperature was 21.2 ° C with a range of 19.6¢ Z1t9 ° C.

3.6.4: Total Dissolved Solids

The highest concentration of total dissolved sqid3S) was measured on the
vegetated roof during the study period. The meas Toncentration of vegetated roof
was 0.131 mg/L with a range of 0.036 mg/L to 0.28FL. Runoff from the control
roof had a mean TDS concentration of 0.035 mg/lhwaitange of 0.003 mg/L to 0.144
mg/L. The TDS concentration of rainfall had a lstlg higher mean of 0.013 mg/L and a
range of 0.009 mg/L to 0.024 mg/L. During indivitlstorm events, TDS concentrations
in vegetated roof runoff typically increased andtcol roof runoff concentrations

decreased over the sampling period of the stormte¥egure 28).
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3.6.5: Suspended Solids

The highest mean suspended solid concentrationw&S)neasured in runoff
from the control roof (Figure 29). Mean SS coricaion in the control roof was 8.3
mg/L with a range of 0.0 mg/L to 66.0 mg/L over g#amnple period. The vegetated roof
had a lower mean SS concentration of 5.6 mg/L witange of 0.0 mg/L to 15.0 mg/L.
Thus, average vegetated roof SS concentration 2:&s%8 (2.7 mg/L) less than control
roof average SS concentration, however different&S concentration are 1ot
significant. Rainfall had the lowest mean SS catregion of 2.3 mg/L with a range of

0.0 mg/L to 6.5 mg/L.

Vegetated Roof Max /
Min SS Values

Control Roof Max / Min
SS Values

Rain Max / Min SS
Values

Vegetated Roof Mean SY
Control Roof Mean SS

Rainfall Mean SS

Figure 29: SS Concentrations in Rainfall and Runoffrom the Control and
Vegetated Roofs

The highest suspended solids concentration wasaipimeasured at the

beginning of a storm event. A representative scalbt graph illustrates typical
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characteristics of SS concentration from the twaf tgpes during a storm event where

initial SS concentrations decrease over the stoentgFigure 30).

13 mm Storm Event: Julian Days 245 - 246
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Figure 30: Comparison of Suspended Solid Concentriains in Rainfall and Runoff
from the Vegetated and Control Roofs
3.6.6: Total Phosphorus

The vegetated roof was a source of total phosph@ms(Figure 31) (Appendix
2). The mean TP concentration from the vegetaietiwas 99.8 ug/L and ranged from
33.8 pg/L to 204.8 ug/L. The mean TP concentratiamnoff from the control roof was
15.4 pg/L which ranged from 1.0 pg/L to 102.9 pgfrbe mean rainfall TP concentration
was 16.9 pg/L which ranged from 4.5ug/L to 33.3ug¥alues < 10 pug/L were in
guestion due to instrumental and experimental erftowever, changes in mean

concentration in rainfall and control roof runoffelto error would not vary significantly
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(= 2 pg). Overall, the mean TP concentration ofetated roof runoff was over five times

greater than that in rainfall and four times gre#tan that in control roof runoff.

250.00
I Vegetated Roof
Min/Max TP

200.00
I Control Roof

Min/Max TP

150.00 Rainfall Min/Max TP

Vegetated Roof Mean
q Of

100.00

o) Control Roof Mean
P

Rainfall Mean TP

50.00 [0)

Total Phosphorus Concentration ug/L

0.00-

207 245 261 265 270 273
Date

Figure 31: TP Concentration in Rainfall and Runofffrom the Vegetated and
Control Roofs

During individual storm events, TP concentratiomsf the vegetated and control
roofs varied temporally over the storm event. @oiations of TP in runoff from the
vegetated roof both increased and decreased (F3@)rever the storm event depending
upon the timing and duration of the storm eventirilly storm events, TP concentrations

in runoff from the control roof fluctuated but tgpily decreased over time.
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17.6 mm Storm Event: Julian Day 261
Control Roof Sample Period
Julian Day 261
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Figure 32: TP Concentrations in Rainfall and Rundf from the Vegetated and
Control Roofs on Julian Day 261

3.6.7: Soluble Reactive Phosphorus

The vegetated roof was a source of soluble reaptiesphorus SRP (Figure 33)
(Appendix 2). Mean SRP concentration from the ve&gel roof runoff was 40.0 pg/L
with a range of 7.7 pg/L to 98.0 pg/L. A majordlrunoff samples from the control
roof had SRP concentration below method detectiioi o6f 1 pg/L. Mean SRP
concentration of the control roof was 3.8 pg/L wathange of 1 pg/L to 12.5 pg/L. The
concentration of SRP in rainfall was below the deta limit of 1 pg/L with the
exception of 1 storm event which was 2 pg/L. ONe&RP concentrations in runoff
from the vegetated roof were ten times greater thanmeasured in runoff from the

control roof and twenty times greater than conegiuns measured in rainfall.
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Figure 33: Soluble Reactive Phosphorus Concentrating in Rainfall and Runoff
from the Vegetated and Control Roofs

3.6.8: Metals

Four dissolved metal concentrations (Cu, Zn, Ci),Weke analyzed in rainfall
and runoff from the vegetated and control roof (&pgix 2). Levels of Cu elevated in
samples from rainfall and runoff from the vegetated control roof compared to other
metals measured. Mean Cu levels in rainfall wa8 &g/L compared to the vegetated
roof at 0.94 mg/L and control roof at 0.92 mg/L €Tdmata suggest that the vegetated and

control roofs serve as a copper sink (Figure Ajferences in runoff and rainfall mean
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Cu concentrations show that the control roof retdifd.21 mg/L (71 %) and 2.19 mg/L

(70 %) for the vegetated roof.
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Figure 34: Cu Concentrations in Rainfall and Runofffrom the Vegetated and

Control Roofs

During individual storm events, copper concentrradifluctuated (Figure 35). A

representative scatter plot graph of copper conaton in rainfall and runoff from the

control and vegetated roofs shows copper concertsain runoff vary during the storm

event.
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13.0 mm Storm Event: Julian Days 245 - 246
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Figure 35: Cu Concentrations in Rainfall and Runof from the Vegetated and
Control Roofs on Julian Days 245 - 246

The highest mean Zinc (Zn) concentration was mealsur rainfall (1.29 mg/L)
(Figure 36; Appendix 2). Mean Zn levels in raihfainged from 0.81 mg/L to 2.25
mg/L. Overall mean Zn concentration in controlframoff was at 0.42 mg/L with a
range of 0.26 mg/L to 0.67 mg/L. The vegetated ronoff had the lowest overall mean
Zn concentration of 0.24 mg/L with a range of On@§/L to 0.39 mg/L. Differences in
rainfall and runoff mean concentrations show thatZn trap efficiency of the vegetated
roof was 81.4 % (1.05 mg/L) and 66.1 % (0.82 mddr)the control roof. Thus, the

vegetated roof showed an improved trapping efficyenf 15.3 % (0.23 mg/L) compared

to the control roof.
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Figure 36: Zn Concentrations in Rainfall and Runof from the Vegetated and
Control Roofs

During individual storm events, the most notalflarges in metal concentrations
were seen in runoff from the control roof. A reg@atative scatter plot graph (Figure 37)
illustrates a decrease in zinc concentration iffuinom the control roof over the
duration of the storm event. A decrease in zintceatration in runoff from the

vegetated roof is also apparent, however not tednee extent as is apparent in control

roof runoff.
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7.8 mm Storm Event: Julian Day 207
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Figure 37: Zn Concentrations in Rainfall and Runof from the Vegetated and
Control Roofs on Julian Day 207

There were no large differences in Cr concentratiarrainfall and runoff from
the control and vegetated roofs (Figure 38). M@anoncentration in rainfall and runoff
from the control roof was 0.11 mg/L and 0.10 mgit the vegetated roof runoff. Cr
levels ranged in rainfall from 0.06 mg/L to 0.13/ing0.08 mg/L to 0.13 mg/L for the

control roof and 0.04 mg/L to 0.13 mg/L for the e&ged roof. Overall, the vegetated

roof showed to be a Cr sink.
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Figure 38: Cr Concentration in Rainfall and Runoff from the Vegetated and

Control Roofs

During individual storm events, there were sma#irades in chromium

concentrations over the period of the storm eventnoff from the control and vegetated

roofs. A representative scatter plot illustratesomium concentrations in rainfall and

runoff from the two roof types (Figure 39). Chramm concentrations tended not to

decrease or increase markedly over the samplingdseof the storm events.
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17.6 mm Storm Event: Julian Day 261
Control Roof Sample Period
Julian Day 261
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Figure 39: Cr Concentrations in Rainfall and Runof from the Control and
Vegetated Roofon Julian Day 261

Cadmium levels in rainfall and runoff were loweathCu, Zn, and Cr and often
below detection limit. Rainfall and runoff frometwo roof types all had a mean Cd
concentration of 0.03 mg/L. Over the sampling @e&rimean Cd concentrations in
rainfall and runoff increased incrementally for leatorm event (Figure 40). Mean Cd
concentrations in runoff from the vegetated rooiged from 0.01 mg/L to 0.04 mg/L;
runoff from the control roof: 0.02 mg/L to 0.04 fagnd rainfall: 0.00 mg/L to 0.05

mg/L (Appendix 2).
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Figure 40: Cd Concentrations in Rainfall and Runofffrom the Vegetated and

Control Roofs

During individual storm events, the vegetated lofwed greatest changes in

cadmium concentration in runoff.

A representatieatter plot graph illustrates the

changes in concentration from the onset of rurmthe end of sampling (Figure 41).

The range in Cd from the control roof did not irege greatly during individual storm

events although concentrations did increase.
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7.8 mm Storm Event: July 26, 2006
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Figure 41: Cd Concentrations in Rainfall and Runof from the Vegetated and
Control Roofs on Julian Days 207 — 208
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Chapter 4: Discussion

4.1: Introduction

The benefits of vegetated roofs as a stormwataceaontrol measure are being
increasingly reported (VanWoeet al.,2005a; DeNardet al.,2005; TRCA, 2006;
Carter and Rasmussen, 2006) but there is a lad&tafon the wet weather performance
vegetated roofs in a variety of geographical sg#tifGetter and Rowe, 2006). In addition,
much of the existing wet weather performance datkd accessibility, replication nor has
it been peer reviewed (VanWoertatt, 2005a; Getter and Rowe, 2006). Accordingly, if
vegetated roofs are to be considered as a viableesaontrol stormwater management
option then a more rigorous review of their besedimd limitations is required before
they can be fully utilized by the general publidarofessional sectors (ie. planners,
engineers, architects, policy makers) (Getter amad? 2006). Such information will aid
planning, improve stormwater management, assigolicy development, refine
construction and performance standards and infoeptiblic and professional sectors on
vegetated roof storm water control capability.tHa following sections, results from the
present study are compared to published literatnreet weather performance of
vegetated roofs. Implications of the study fompliag and stormwater management are
discussed.
4.2 Vegetated Roof Hydrological Performance
4.2.1: Stormwater Retention Rates

Vegetated and control roof absolute stormwatentete rates and magnitudes
are compared with data from previous studies togpthe present study within the

context of the literature (Table 14). This tabdtews that stormwater
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Table 14: Summary of Stormwater Retention Resultsn Published Literature

Study Location Events| Media | Slope Vegetated | Hard
Depth (%) Roof Surface Roof
(mm) Retention Retention
(%) (%)
Waterloo Waterloo, 19 30 <2 4.0
Vegetated Ontario 47.9
Roof 41.4*
Jennings Kinston & 6 100 3; Goldsboro: | -
et al.2003 Goldsboro, <2 70.0
North Carolina
Monterrusso | East Lansing, 4 20; 2 20 mm — -
et al.,2004 Michigan 100 39.6
100 mm —
58.1
Moran et al, | Raleigh & 8 75, <2 Raleigh: -
2005 Goldsboro, 100 7 55.0
North Carolina Goldsboro:
63.0
Liu, 2003; Ottawa, Ontario | - 150 2 54.0 -
Liu &
Baskaran,
2005
VanWoert et | East Lansing, 83 30 <2 60.6* 27.2
al. 2005a Michigan
Liu & Minor, Toronto, - 75 - 57.0 -
2005 Ontario
La Bergeet Chicago, lllinois | - - 2.5 68.5 11.0
al., 2005
Bengtssoret | Malmo, - 30 2 46.4* -
al., 2005 Sweeden
DeNardo et Rock Springs, 7 89 - 45.0 -
al., 2005 Pennsylvannia
Liu & Vancouver, 7 75 - 67.0 -
Connelly, British
2005 Columbia
Carter & Athens, Georgia | 31 76.2 <2 78.0 -
Rasmussen,
2006
TRCA, 2006 Toronto, - 140 10.0 65.0* 6.0
Ontario

* Retention rate of total rainfall

retention rates from the current study are simidahose reported in previous studies

(ie.VanWoertet al.,2005a; La Berget al.,2005; TRCA, 2006). In Waterloo, higher
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retention rates were observed in the vegetatedamopared to the control roof.
Differences in stormwater retention between the twaj types are due to the nature of
the vegetated roof's growth medium properties &edpresence of water retention fabric.
The porous surface of the vegetated roof allowdétter water infiltration and storage
compared to the hard surface of the control roainWoertet al.,2005a). Water

retention by the control roof is due to the drailei being elevated over the surface of the
roof allowing for some water to pool.

The absolute storm water retention rate of the Yiadesegetated roof is slightly
lower than rates reported in the majority of conapée studies (Table 14) which reported
absolute mean or total retention rates 50 % ortgrédenninget al.,2003; Liu, 2003;
Moranet al.,2005; Liu and Minor, 2005; Liu and Connelly, 200%; Bergeet al.,2005;;
DeNardoet al.,2005; TRCA, 2006; Menteret al.,2006; Carter and Rasmussen, 2006).
The higher retention rates reported in the liteatoay be due to the thickness of the
vegetated roof growth mediums studied. VanWegtsl.,(2005a) noted that increasing
growth medium thickness increases storm water tieterates. The thickness of the
Waterloo vegetated roof growth medium is 35 mm amnaigjority of previous studies
were conducted on deeper vegetated roof growthumesdlranging from 75 mm to 100
mm. Some studies on thinner growth substrate&&5(mm) have lower retention rates
similar to the Waterloo vegetated roof (Table 14)20 mm vegetated roof in Michigan
had a mean retention rate of 39.6 % (Monteretsd.,2004) and a 30 mm vegetated
roof in Sweden retained 46.4 % of total rainfale(@tssoret al.,2005).

There are a number of factors that influence statanwetention of a vegetated

roof. The Waterloo vegetated roof showed an invezkdionship between storm size and
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stormwater retention (p<0.05). Several previoudistishow stormwater retention rates
decrease as storm sizes increase (LaBetrge, 2005; VanWoeret al.,2005a; Carter
and Rasmussen, 2006). Overall, larger storm &iaes a greater potential to exceed the
vegetated roof’s water storage capacity.

The wetting history of the vegetated roof is anotheportant factor that
influences stormwater retention (Morahal.,2005). Storm size and the time period
between storm events will influence vegetated reténtion rates. A saturated vegetated
roof from consecutive rain events will retain lesging subsequent rain events (Jennings
et al.,2003; Moraret al.,2005;Carter and Rasmussen, 2006) compared to a dry
vegetated roof.

Seasonality also influences vegetated roof stormwatention. Frequent
rainfall, low temperatures and lower rates of evegspiration during fall and winter
months can reduce vegetated roof stormwater retergites. The results from the
Waterloo vegetated roof are comparable to otheliestuvhich documented lower
retention rates in the fall and winter months Bengtssoret al.,2005; TRCA, 2006;
Carter and Rasmussen, 2006). The negative reteraties (runoff volume exceeds
rainfall input) observed on Julian days 292 and @&ober 19 and October 22, 2006) in
Waterloo was due to a previous 28.6 mm rain everdulian day 290 (October 17) not
included in the data set. Water detained (tempgrstored) by the vegetated roof during
the storm event on Julian day 290 would later couate to runoff measured from storm

events on Julian days 292 and 295.
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4.2.2: Lag time, Runoff Peak Flow and Runoff Flowfime

The Waterloo vegetated roof significantly increasabff lag time compared to

the control roof (p<0.05) and the results are cawpa to that reported in the literature

(Table

15).

Table 15: Roof Rainfall Response Characteristics &ém the Present and Past Studies

Study Location Events Media| Slope | Vegetated| Control Reduction | Mean
Depth | (%) Roof Roof in Peak Runoff
Runoff Runoff Flow (%) | Time
Lag Time | Lag (relative Extension
(minutes) | Time to control | (relative
(minutes) | roof) to control
roof)
(minutes)
Present Waterloo, 19 30mm| <2 69.0 14.0 54.0 39.0
Study ON
Jennings Kinston & 6 100 3; Kinston - Kinston -
et al.2003 | Goldsboro, mm; <2 120.0 70.0
NC 100
mm
Moran et Raleigh& | 8 75 <2 30.0 - Raleigh: -
al., 2005 Goldsboro, mm, 57.0
NC 100 Goldsboro:
mm
VanWoert | Lansing, 83 30mm| <2 28.3 18.3 - 30.0
et al.2005a | Ml
Liu & Toronto, - 75 - 20 -40 - 42.5 -
Minor, ON mm;
2005
DeNardoet | Rock 7 89 mm 342 - 44.0 -
al., 2005 Springs,
PN
Liu & Vancouver, | 7 75mm| - 72.4 - - -
Connelly, BC
2005
Carter & Athens, GA | 31 76.2 <2 34.9 17.0 53.0 -
Rasmussen, mm
2006
TRCA, Toronto, - 140 10.0 29.8 29 73.1 -
2006 ON mm

Variability in lag time values (Table 15) could thee to several reasons. A report

by theToronto Region Conservation Authoribdicated that there a number of factors

affecting lag time such as soil moisture, substtaiath, storm size, rain intensity, air
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temperature and relative humidity. The study ditiprovide any conclusive evidence on
any one variable but rather concluded it was a ¢oation of factors that could affect
vegetated roof lag time. However, rain intensitgn®e factor that influences the lag time
of the Waterloo vegetated and control roof. As ratensity increased, vegetated and
control roof lag time decreased significantly (38). Greater rainfall intensity exceeds
vegetated and control roof water storage capatigycmicker rate and therefore
decreases lag time.

The Waterloo vegetated roof also significantly restirunoff peak flow (p<0.05).
Results from the Waterloo vegetated roof are coatparto those reported in previous
studies (Table 15). The reduction in peak flowkisly due to the saturation and flow of
stormwater through the vegetated roof componemr&afBengtssoat al.,2005). In
comparison, the hard surface of the control rodfrait slow stormwater flow and
increased with rain intensity (p<0.01).

Overall, the reduced flow rate from the Waterlogetated roof increased total
runoff flow time and data from this thesis is comgide to results reported by VanWoert
et al.,(2005a) whom also documented an extended rurof fime. An increase in
vegetated runoff flow time is due to the slowingahfall infiltration and flow through

the multiple layers of the vegetated roof system.

4.3: Vegetated Roof Water Quality Treatment
Althoughvegetated roofs have been identified as a feasablenology that could
be used to improve stormwater quality by reduciagient and metal concentrations

(Johnston and Newton, 1996; Petlal.,1999), there are relatively few studies that have
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examined the water quality treatment performanocegegetated roofs in Canada. The first
studies of vegetated roof water quality were cotetilan Germany (VanWoeet al.,

2005a; Getter and Rowe, 2006). Subsequent strepest vegetated roofs as a source of
phosphorus and show that vegetated roofs are neffegtive technology to remove

metal from stormwater (Jenningsal.,2003; Monterusset al.,2004; TRCA, 2006;
Berndtssoret al.,2006). In the present study, water quality ofaffifrom the Waterloo
vegetated roof was examined by measuring pH, teatyoe, conductivity, total

dissolved solids, suspended solids, total phospheluble reactive phosphorus, copper,
zinc, chromium and cadmium. In the following $&a$, water quality results of the
Waterloo vegetated roof are presented and discussbd context of published literature
and water quality standards set by OntarRrgvincial Water Quality Objectives

(PWQO).

4.3.1: pH, Conductivity, Total Dissolved Solids ath Suspended Solid Concentrations

The mean pH measured in vegetated roof runoffjisifscantly higher than that
measured in rainfall or control roof runoff (p<0)03 he levels recorded are comparable
to results in a previous study that reported admngiverage pH in vegetated roof runoff
(TRCA, 2006) (Table 16). A higher average pH lemeregetated roof runoff is most
likely due to the alkalinity of the growth mediumRCA, 2006) which tends to buffer
stormwater runoff.

The mean conductivity measured in runoff from tegetated roof is significantly
greater than that measured in either the rainfatbatrol roof runoff (p<0.05). Results

from the present study are similar to results pmevious study (TRCA, 2006) which
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measured greater conductivity levels in vegetaved nunoff (Table 16).

conductivity does not necessarily equate to podefmguality but indicates the presence

Higher

of a variety of inorganic anion and cation spe¢igshler and Schmidt, 2003). TRCA

(2006) found vegetated roof Cl concentrations 248 .dreater than control roof ClI

concentration which could lead to greater TDS igetated roof runoff.

Table 16: Mean pH, Conductivity, TSS and TDS levels Rainfall and Runoff from
the Vegetated and Control Roofs

Water Quality Present Study TRCA (2006) PWQO
Properties
Control | Rain | Vegetated| Control | Rain | Vegetated
Roof Roof Roof Roof
Mean pH 6.1 6.3 7.8 7.3 5.9 8.1 6.5-95
Conductivity ( S/cm) | 49.3 179 | 181.1 45.5 17.9 2053 | -
Total Suspended 8.3 2.3 5.6 5.55 - 1.25 -
Solids (SS) (mg/L)
Total Dissolved 0.035 0.013 0.131 - - - -
Solids (TDS) (mg/L)

The mean total dissolved solids (TDS) in vegetated runoff is significantly
greater than that measured in rainfall and combot runoff (p<0.05). No other previous
studies have reported TDS concentrations in veggtaiof runoff (Table 16). A higher
TDS concentration is related to higher conductiletyels present from the vegetated roof
growth medium and fertilizer application.

Total suspended solids (SS) concentrations medsurgegetated roof runoff are
lower than levels measured in control roof runbfiyever are not significant. Vegetated
roof SS levels are comparable to a previous stydyRCA (2006) which reported an
85.4 % reduction in SS concentration in vegetabed nunoff (Table 16). The lower
vegetated roof SS concentration is likely due #ofther cloth layer in the Waterloo
vegetated roof system which prevents the lossgdrac material from the growth

medium.
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4.3.2: Total Phosphorus and Soluble Reactive Phosptus

Total phosphorus and soluble reactive phosphornsardrations in runoff from
the Waterloo vegetated roof are significantly geetthan concentrations in either rainfall

or control roof runoff (p<0.05). Levels measuradhe present study exceed the OME

PWQO for total phosphorus at 30pug/L. However, eoiations of TP in the control

roof are comparable to levels measured in raiafadl well below the limits set by the

PWQO. These results are similar to those fourtdermajority of literature which

indicates that vegetated roofs are a source of totdlhphosphorus and soluble reactive

phosphorus (Table 17).

Table 17: Vegetated roof TP and SRP Levels Relative Levels in Rainfall

Study Vegetated roof | Vegetated Roof | Exceed
Total Soluble Reactive | PWQO
Phosphorus Phosphorus Guidelines for TP
levels levels (0.03 mg/L)

Waterloo vegetated Higher Higher Yes

roof

Jenningset al.,2003 Higher - -

Kohler and Schmidt, Lower - -

2003

Moran et al.,2005 Higher - -

Berndtssonet al.,2006 | Higher Higher -

TRCA, 2006 Higher Higher Yes

Sources of phosphorus for the vegetated roof likelye from the growth

medium and fertilizer application (Jennirgsal.,2003; Berndtssoet al, 2006; TRCA,

2006; Emilssoret al.,2007). Studies concluded (TRCA, 2006; Berndtssaa., 2006,

Emilssonet al.,2007) that the organic content in the growth medand fertilizer
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application is the likely source of phosphorus. Waterloo vegetated roof growth
medium consists of 14 % organic material and feetik (3.5 % FO,) were applied June
9, 2006 (Xero Flar2006). Fertilizers are used in the maintenande@iVaterloo
vegetated roof to help establish plant growth amgerage (Berndtssaat al., 2006;
Emilssonet al.,2007). TRCA (2006), Berndtssenal.,(2006) and Emilssoet al.,
(2007) recommend the use of controlled releas#izers to limit nutrient input and to
reduce phosphorus leaching.

Older established vegetated roofs with limited ieatrinput have shown to retain
phosphorus. Kohler and Schmidt (2003) documentesphorus retention of 67 % by a
15 year old vegetated roof in Germany. In addjtgindies indicating vegetated roofs as
a source of phosphorus have reported decreasé®aplporus concentrations. TRCA
(2006) showed that vegetated roof phosphorus l@relsped 214 % over a one year
period. With time, excess phosphorus will leart eoncentrations can possibly

decrease.

4.3.3. Metal Concentrations in Rainfall and Runofffrom the Vegetated and Control
Roofs

The Waterloo vegetated roof was not a source ¢élsiehowever had levels that
exceeded the OME PWQO of 0.05 mg/L. The vegetatedcontrol roof both had
smaller mean Cu concentrations than that measaorednfall, however the very high
rainfall Cu concentrations was likely due to crosatamination from the tipping bucket
rain gauge. To collect rainfall samples, rainfimived through the tipping bucket rain

gauge and then into the sample collection bottlén contrast to the present study’s
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results, TRCA (2006) and Berndtssatral.,(2006) both found higher Cu levels in
vegetated and control roof runoff than in rain&{plaining that roof drainage pipes was
the likely source (Table 18).

The concentrations of Zn in runoff from the Waterleegetated roof are
significantly lower than levels measured in raihéalthe control roof runoff (p < 0.05).
Results from previous studies are comparable aod shvegetated roof reduction in Zn
concentrations (Berndtssenal. 2003; TRCA, 2006) (Table 18). Retention of Znthy
vegetated roof is most likely due to the growth maedor possible due to plant uptake.
No studies have directly investigated mechanisnmethl cycling in vegetated roof
systems. However, a study on plant uptake of metalhina showe&edum alfredito

be a zinc hyperaccumulating plant as it aids imsté@d shoot development (Yaagal.,

1977).
Table 18: Vegetated roof Metal Concentrations Retase to Metal in Rainfall
Metal Present Kohler and | Berndtssonet al., | TRCA, 2006
Study Schmidt 2006
(2003)
Cu No difference | - Higher Lower
Exceed Cu Higher - Higher Higher
PWQO
0.05 mg/L
Zn Lower - Lower Lower
Exceed Zn Higher - - Lower
PWQO
0.02 mg/L
Cr No difference | - No difference Below Detection Limit
Exceed Cr Higher - - Below Detection Limit
PWQO
0.009 mg/L
Cd No difference | Lower Below Detection Limit | Below Detection Limit
Exceed Cd Higher - - Below Detection Limit
PWQO
0.0001 mg/L

Mean Cr concentration in runoff from the Waterl@getated roof is comparable

to levels measured in rainfall and the control maofoff. The mean Cr concentrations in
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vegetated and control roof runoff exceed the OMEFWbf 0.0089 mg/L. These results
are comparable to Berndtsseinal. (2006) who also found that vegetated roof Cr level
were also similar to Cr levels in rainfall and aahtoof runoff (Table 18). Considering
there is no significant difference in Cr concentnag¢ between vegetated and control roof
runoff and rainfall, the most likely source is aspberic deposition.

The mean Cd concentration in vegetated roof ruisafibt significantly different
from concentrations in rainfall and control roohaif (p> 0.05). Mean Cd levels
measured in vegetated and control roof runoff dicked the PWQO standard of 0.0001
mg/L. Other studies report that Cd concentratiorsoften below the method detection
limit (Table 18). However, Kohler and Schmidt (3)@neasured an 87.6 % retention of
Cd by a 15 year old vegetated roof in Berlin, GerynaEnhanced Cd retention may be
possible after several years of vegetated roofatjmer as excess metals leach from the
growth medium. Whether this phenomenon is indieatif all older vegetated roofs is

guestionable as this study is yet to be replicated.

4.4: Implications for Watershed Planning and Stormvater Management

Various plans and technologies have been adopteutigate the impacts of
storm water runoff (Marsalek, 2005). However, caortienal planning using traditional
drainage systems has been ineffective due to austélexible application and inability
to reduce total storm water volume (Chocat, 200&rddlek and Chocat, 2002; Bradford
and Gharabhagi, 2004). As a result, greater govent adoption of sustainable planning
techniques (watershed planning), development sfiedie.LID), and storm water

management technologies (ie. vegetated roofs) éaveed over the last 30 years
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(Marsalek and Chocat, 2002; Marsalek, 2005). Ita€mn, the Provincial government
initiated watershed planning in the early 1990'$8MEE, 1993a; 1993b; Khandl, 2005)
and identified four parts of a watershed planssye identification and data gathering; 2)
analysis and planning; 3) implementation and 4) imong (PMC, 1997; Khandl, 2005).
One of the main purposes of watershed plannindbas the long term protection,
management and restoration of important watersbatifes and fair allocation of water
resources (OME, 2001, p.31). Watershed plan goalgaidelines encompass the entire
watershed down to the lot level. The objectivea afatershed plan are implemented at
the lot level with storm water management planstaedapplication of BMP(s) (OMEE,
1993b; Marsalek and Chocat, 2002; Khandl, 2005¢anitdring of BMP(s) is crucial to
gathering wet weather performance data and asgesbiether watershed objectives are
achievable or need to be updated (Montgone¢l.,1995; Khandl, 2005). The
following section evaluates the wet weather peréomoe of an extensive vegetated roof
and discusses the implications for storm water mament planning and vegetated roof

application and design.

4.5: Implications for Stormwater Management Plannng and BMP Application
Stormwater management plans seek to mitigate tpadtof runoff on the natural
and human environment at the lot level (OME, 2008pplication of storm water
management plans addresses BMP(s) selectionasiddpcation and should adequately
demonstrate that selected storm water controlsmekkt the goals of the watershed plan
(OMEE, 1993b). The OMBtormwater Management Planning and Design Manual

(SWMPDM) (2003) assists with BMP implementation gmadvides an overview of BMP
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performance. The manual recommends that BMP(sppkea as a treatment train
consisting of lot level, conveyance and end-of-mpetrols (OME, 2003b; Khandl,
2005). However, water quantity and quality treattns primarily focused upon the use
of end-of-pipe controls such as storm water manageimponds (OME, 2003b; Bradford
and Gharabhagi, 2004). Recent interest in SUDSArtiphasizes greater use of
source/lot level controls that reduce total storatew volume (Marsalek and Chocat,
2002). Yet, little attention is given to SUDS dDLtechnologies like vegetated roofs
within the SWMPDM (Bradford and Gharabhagi, 2004ack of information on new
storm water technologies makes it difficult to detme the application of vegetated
roofs and the combination of BMPs to use with itrteet watershed plan objectives
(Marsalek and Chocat, 2002)

Results from the present study and others (VanWaett,2005a; TRCA, 2006;
Carter and Ramussen, 2006) has shown that vegetattsdare a proven source control,
able to reduce storm water volume, decrease pewakdihd increase runoff lag time.
When stormwater management ponds are not feasilgiéyicores due to cost and land
availability (Bradford and Gharabhagi, 2004), apgiion of vegetated roofs is very
possible as they can be built on existing rooft@esnningst al.,2003). Greatest
changes to historical hydrological conditions hbeen in urban centers where older
storm water infrastructure (combined sewers) isrotiverwhelmed by larger storm
events (Graharat al.,2004; Carter and Ramussen, 2006). Implementafiergetated
roofs in these areas can improve storm water managgeby reducing runoff volumes

and peak flows (Jennings al.,2003; Carter and Ramussen, 2006).
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Although BMP performance is described in the SWMP[2W03), Marsalek and
Chocat (2002) describe BMPs as dynamic systemsware affected by multiple
variables causing wet weather performance to vaResults from the present study and
others (TRCA, 2006; DeNardst al.,2005) have shown lower vegetated roof stormwater
retention rates during fall and winter months beeanf cooler temperatures and lower
evapotranspiration rates. Application of vegetatexf as a source control should be
combined with other stormwater controls in a treattrtrain to supplement decreased
performance in fall and winter months (Bradford &tthrabaghi, 2004). In addition,
vegetated roof water quality results also illugtdite changing nature of BMPs. Results
from the present study and others (Monterwetsal.,2004; Moraret al.,2005; TRCA,
2006; Berndtssoat al.,2007) show that vegetated roofs are a source fgstayus. It
has been well documented that phosphorus is angriiactor of algal growth within
bodies of water (Tubea, Bt al.,1981; Havens, K.Eet al.,1999; Pietilainen and
Niinioja, 2001). Marsalek and Chocat (2002) ddszphosphorus leaching as a
“secondary impact” due to organic content in thgetated roof growth medium and
fertilizer application. BMP secondary impacts afien not considered during
stormwater management planning (Marsalek and Cha6ag) and can be lessened with
remedial measures such as modifying maintenan@eg@uoes such as limiting fertilizer
input or using aggregate based growth mediums (Besonet al.,2006; Emilssoret al.,

2007).
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Chapter 5: Conclusions and Recommendations

The main purpose of the study was to evaluate #tengather performance of an
extensive vegetated roof in southern Ontario. rEiselts of the study provide a better
understanding of vegetated roofs as a stormwatecsaontrol. In addition,
performance results can aid the development oingreaf policy, help establish
performance standards, aid vegetated roof desidinarease vegetated roof awareness
among public and professional sectors. Based apanalysis of the present study, the

following conclusions and recommendations can kergi

5.1: Meteorological Results

1) A total of 31 rain events were monitored during Bh@onth study period from
June, 2006 to October, 2006

2) Rain events size ranged from 0.6 mm to 48.4 mm

3) Total monthly rainfall depths for May, July, Septasn and October were above
long term averages (1970 — 2000)

4) Temperatures on the roof of Waterloo City Hall fluete to a greater degree than
ground level temperatures. Absolute daily maxinamd minimum temperatures
ranged from 60.9 C/ 2.9 C on the vegetated rashpared to 31.1 C/6.0 C at

the University of Waterloo Weather Station.

5.2: Vegetated Roof Wet Weather Performance — Hyatogical Results
1) The vegetated roof is an effective source contraigasing absolute total
stormwater volume retention by 37 % over a harfaserroof (control roof). The

vegetated roof retained an absolute total stormwateme of 41.5% over the 5
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month study period and had an absolute mean staenwatention rate of 47.6
%. The control roof retained an absolute totalsteater volume of 3.3 % and
had an absolute mean retention rate of 4.7 %.

2) The vegetated roof had an absolute mean storageitapt 3.5 mm and the
control roof's absolute mean storage capacity wasrin.

3) Increasing storm size and seasonality influencegteded roof stormwater
retention. Increasing storm size reduced vegetataidstormwater retention.
Cooler temperatures and lower evapotranspiratitas ria the fall months reduced
stormwater retention rates.

4) Analysis of individual rain events showed that Wlegetated and control roofs
demonstrated common rain response characteristiesvegetated roof increased
lag time, reduced peak flow and extended runoff/flitme compared to the
control roof. However, rain response charactesstiere also subject
meteorological conditions. Increased storm intgrd#icreased lag time for both
roof types and increased control roof peak flowitiihcreased storm size,
control roof peak flow increased and runoff flomé was extended for both the

vegetated and control roofs.

5.3: Vegetated Roof Wet Weather Performance — Wat&uality Results
1) The pH range of the vegetated roof runoff was 6.8.4 with a mean of 7.8; 4.0
to 7.2 for control roof runoff with a mean of 6.4d85.3 to 7.3 for rainfall with a
mean of 6.3. The neutral pH level of vegetated roooff was likely due to the

dolomite present in the growth medium which acta asiffer.
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2)

3)

4)

5)

6)

Conductivity levels for the vegetated roof rangeahf 51.6 uS/cm to 338.0
pS/cm with a mean of 181.1 uS/cm, 4.7 uS/cm to5LA&/cm for control roof
runoff with a mean 48.9 pS/cm and 13.0 uS/cm t6 g%/cm for rainfall with a
mean of 17.9 uS/cm. Greater conductivity levelasoeed in vegetated roof
runoff is like due to the inorganic material in tp@wing medium

Sample temperatures of vegetated roof runoff rariged 18.3 C to 22.9 C, 19.5
C to 22.9 C for control roof runoff and 19.6 C #1..9 C for rainfall.

Total dissolved solids in vegetated roof runoff vsignificantly greater than
TDS measured in control roof runoff. TDS levelyegetated roof runoff ranged
from 0.036 mg/L to 0.235 mg/L with a mean of 0.184d/I and 0.003 mg/L to
0.144 mg/L with a mean 0.035 mg/L for the contomf. Higher TDS in
vegetated roof runoff is indicative of greater cemications of inorganic
compounds which could be due leaching or fertileggplication.

Suspended solid concentrations in vegetated rowfffuvere relative to
concentrations in control roof runoff. Mean SS @amtration for the vegetated
roof ranged from 0.0 mg/L to 15.0 mg/L with a medrb.6 mg/L and for control
roof runoff 0.0 mg/L to 66.0 mg/L with a mean o88ng/L.

The vegetated roof was a source of total phosphammdssoluble reactive
phosphorus. Phosphorus loss from the vegetatégxaeeeded PWQO limits.
TP concentrations for the vegetated roof rangenh 88.8 pg/L to 204.8 pg/L
with a mean of 99.8 ug/L, for the control roof Téhcentrations ranged from 1.0
pg/L to 102.9 pg/L with a mean of 15.4 pg/L andrfainfall, TP concentrations

ranged from 4.5 pg/L to 33.3 pg/L and a mean 09 1&)/L. SRP concentrations
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7)

8)

9)

in vegetated roof runoff ranged from 7.7 pg/L 8&®ug/L with a mean of 40.0
png/L and 1.0pg/L to 12.5 pg/L for the control reath a mean of 3.8 pg/L.
Sources of phosphorus were most likely the orgaratter in the vegetated roof
growth medium and the application of fertilizer.

The vegetated roof was not a source of metals.nNlraconcentration from the
vegetated roof was 0.94 mg/L, 0.92 mg/L for thetammoof runoff and 3.13
mg/L from rainfall. High Cu concentrations in r&h is likely due cross
contamination from tipping bucket rain gauge as s@mples collected drained
through the tipping bucket rain gauge and intosta@ple collection bottle
Chromium concentrations varied little between ralirdnd the vegetated and
control roof. Cr concentrations ranged from 0.G#loto 0.13 mg/L with a mean
of 0.10 mg/L for the vegetated roof, 0.08 mg/L td3dmg/L with a mean of 0.11
mg/L for control roof runoff and 0.06 mg/L to 0.h®)/L with a mean of 0.11
mg/L for rainfall. Sources of Cr is likely due amospheric deposition
Cadmium concentrations did not vary between rdiafad runoff from the
vegetated and control roofs. Mean Cd concentratfdhO3 mg/L was measured
in rainfall and runoff from both the vegetated aaatrol roofs. Sources of Cd is

likely from atmospheric deposition

10)Zn metal concentrations in vegetated roof runoffeasgnificantly lower than Zn

concentrations in control roof runoff and rainfalh concentrations in vegetated
roof runoff ranged from 0.09 mg/L to 0.39 mg/L wahmean of 0.24 mg/L, 0.26
mg/L to 0.67 mg/L with a mean of 0.42 mg/L for amhtroof runoff and 0.81

mg/L to 2.25 mg/L with a mean of 1.29 mg/L. Lowvi@&r levels in vegetated roof
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runoff could be du&edum alfredipresent in the vegetated roof system which has

been shown to be a zinc hyper-accumulating plant.

5.4: Implications for Planning and Management

Monitoring of vegetated roofs is important in ensgrgoals and objectives of the
watershed plan and stormwater management plarearg imet or need to be updated
(Montgomeryet al.,1995). The vegetated roof is effective at redgi¢otal stormwater
volume however it is a dynamic system with wet \Weaperformance influenced by
varying meteorological conditions. Applicationw&getated roofs should be structured
within the BMP treatment train to optimize wet weatperformance. In addition,
secondary impacts like nutrient leaching shoulglbened for and may be mitigated by
changing maintenance procedures and selectingvetlgroedium with lower organic

content.

5.5: Recommendations for Future Research

Analysis of results from the present study hasedhss number of questions
concerning the influence of vegetated roofs omsteater quality. Further long term
research is needed to investigate the impact c#tedgd roofs on stormwater quality.
The following recommendations for future study based on results from this research
and findings in the literature.

1) Few studies have researched older (> 5 years) ategetoof systems. A more

detailed study investigating older vegetated rgstems and their influence on

stormwater quality is needed.
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2)

3)

4)

Studies have shown phosphorus loss from vegetatddystems decrease over
time. However, no studies have showed a reduatipmosphorus loss lead to
phosphorus retention. Thus, long term studiemaeeled to monitor phosphorus
loss from vegetated roof systems over several grgweasons and determine
ways to minimize or control phosphorus leachingrfribie vegetated roof system.
There is a need for studies to investigate vargmucentrations of organic
content in growth mediums and their influence ogetated roof nutrient loss.
There is a need to use monitoring data to devel@niifative tools for use in the

design of stormwater controls.
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Appendix 1

Weir Height and Runoff Flow Points

Vegetated Roof Vegetated Roof Control Roof Control Roof
Weir Height Runoff Flow Weir Height Runoff Flow
(m) (L/s) (m) (L/s)
0.078 0.000 0.060 0.000
0.081 0.033 0.063 0.033
0.083 0.049 0.065 0.049
0.086 0.079 0.068 0.079
0.089 0.119 0.071 0.119
0.091 0.151 0.073 0.151
0.092 0.169 0.074 0.169
0.096 0.252 0.078 0.252
0.100 0.357 0.082 0.357
0.101 0.386 0.083 0.386
0.107 0.593 0.089 0.593
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13 mm Storm Event: Julian Days 245 - 246
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13.8 mm Storm Event: Julian Days 273 - 274
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Appendix 2

Vegetated Roof Daily Potential ET Rates

Date ET Date ET Date ET Date ET Date ET
(mm/day) (mm/day) (mm/day) (mm/day) (mm/day)

Jun.1/06 1.3 Jul.1/06 3.8 Aug.1/06 3.3 Sept.1/06 25 Oct.1/06 1.0
Jun.2/06 1.2 Jul.2/06 2.8 Aug.2/06 2.0 Sept.2/06 0.0 Oct.2/06 1.6
Jun.3/06 0.5 Jul.3/06 3.5 Aug.3/06 0.0 Sept.3/06 0.0 Oct.3/06 1.2
Jun.4/06 3.3 Jul.4/06 3.3 Aug.4/06 3.3 Sept.4/06 1.1 Oct.4/06 0.0
Jun.5/06 4.0 Jul.5/06 2.3 Aug.5/06 4.2 Sept.5/06 1.1 Oct.5/06 1.9
Jun.6/06 5.0 Jul.6/06 3.6 Aug.6/06 3.1 Sept.6/06 1.9 Oct.6/06 2.3
Jun.7/06 4.6 Jul.7/06 5.3 Aug.7/06 2.9 Sept.7/06 25 Oct.7/06 2.3
Jun.8/06 3.3 Jul.8/06 5.6 Aug.8/06 4.5 Sept.8/06 2.2 Oct.8/06 2.1
Jun.9/06 0.0 Jul.9/06 3.9 Aug.9/06 4.1 Sept.9/06 0.2 Oct.9/06 0.8
Jun.10/06 5.1 Jul.10/06 0.7 Aug.10/06 3.8 Sept.10/06 2.7 Oct.10/06 14
Jun.11/06 3.2 Jul.11/06 2.8 Aug.11/06 5.8 Sept.11/06 1.6 Oct.11/06 0.0
Jun.12/06 2.7 Jul.12/06 0.0 Aug.12/06 5.2 Sept.12/06 0.0 Oct.12/06 0.5
Jun.13/06 3.6 Jul.13/06 4.4 Aug.13/06 5.2 Sept.13/06 0.4 Oct.13/06 0.0
Jun.14/06 6.7 Jul.14/06 3.8 Aug.14/06 0.5 Sept.14/06 0.0 Oct.14/06 0.2
Jun.15/06 6.3 Jul.15/06 4.0 Aug.15/06 3.0 Sept.15/06 0.7 Oct.15/06 15
Jun.16/06 6.2 Jul.16/06 4.3 Aug.16/06 4.1 Sept.16/06 1.0 Oct.16/06 1.1
Jun.17/06 6.2 Jul.17/06 4.4 Aug.17/06 3.1 Sept.17/06 15 Oct.17/06 0.0
Jun.18/06 2.8 Jul.18/06 5.1 Aug.18/06 3.8 Sept.18/06 0.0 Oct.18/06 1.0
Jun. 19/06 2.7 Jul.19/06 4.2 Aug.19/06 0.7 Sept.19/06 0.7 Oct.19/06 0.0
Jun.20/06 5.2 Jul.20/06 1.1 Aug.20/06 0.0 Sept.20/06 0.7 Oct. 20/06 0.0
Jun.21/06 1.4 Jul.21/06 3.3 Aug.21/06 4.4 Sept.21/06 1.7 Oct. 21/06 1.0
Jun.22/06 3.6 Jul.22/06 0.3 Aug.22/06 3.8 Sept.22/06 0.1 Oct. 22/06 0.0
Jun.23/06 4.9 Jul.23/06 2.0 Aug.23/06 35 Sept.23/06 0.0

Jun.24/06 5.4 Jul.24/06 3.7 Aug.24/06 1.0 Sept.24/06 0.0

Jun.25/06 5.2 Jul.25/06 1.7 Aug.25/06 0.0 Sept.25/06 1.0

Jun.26/06 0.5 Jul.26/06 0.7 Aug.26/06 0.0 Sept.26/06 1.9

Jun.27/06 1.1 Jul.27/06 1.9 Aug.27/06 0.1 Sept.27/06 0.5

Jun.28/06 3.4 Jul.28/06 2.6 Aug.28/06 1.3 Sept.28/06 0.0

Jun.29/06 1.4 Jul.29/06 2.4 Aug.29/06 1.6 Sept.29/06 1.3

Jun.30/06 3.3 Jul.30/06 2.0 Aug.30/06 3.1 Sept.30/06 0.0

Jul.31/06 35 Aug.31/06 3.3
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Control Roof Daily Potential ET Rates

Date ET Date ET Date ET Date ET Date ET
(mm/day) (mm/day) (mm/day) (mm/day) (mm/day)

Jun.1/06 25 Jul.1/06 6.0 Aug.1/06 5.9 Sept.1/06 3.8 Oct.1/06 1.8
Jun.2/06 2.0 Jul.2/06 5.0 Aug.2/06 4.1 Sept.2/06 0.0 Oct.2/06 2.6
Jun.3/06 15 Jul.3/06 5.7 Aug.3/06 0.0 Sept.3/06 0.0 Oct.3/06 2.2
Jun.4/06 5.2 Jul.4/06 5.4 Aug.4/06 5.5 Sept.4/06 1.9 Oct.4/06 0.0
Jun.5/06 6.0 Jul.5/06 4.1 Aug.5/06 6.8 Sept.5/06 1.6 Oct.5/06 2.9
Jun.6/06 7.8 Jul.6/06 5.6 Aug.6/06 5.3 Sept.6/06 3.0 Oct.6/06 3.5
Jun.7/06 7.0 Jul.7/06 8.1 Aug.7/06 4.8 Sept.7/06 3.9 Oct.7/06 3.4
Jun.8/06 5.0 Jul.8/06 8.3 Aug.8/06 6.9 Sept.8/06 3.5 Oct.8/06 3.2
Jun.9/06 0.3 Jul.9/06 5.9 Aug.9/06 6.7 Sept.9/06 0.7 Oct.9/06 1.3
Jun.10/06 7.3 Jul.10/06 2.1 Aug.10/06 5.7 Sept.10/06 4.0 Oct.10/06 2.2
Jun.11/06 5.2 Jul.11/06 4.9 Aug.11/06 8.4 Sept.11/06 2.7 Oct.11/06 0.0
Jun.12/06 4.8 Jul.12/06 0.0 Aug.12/06 7.9 Sept.12/06 0.0 Oct.12/06 1.1
Jun.13/06 5.5 Jul.13/06 7.3 Aug.13/06 7.9 Sept.13/06 1.0 Oct.13/06 0.1
Jun.14/06 9.6 Jul.14/06 6.2 Aug.14/06 1.0 Sept.14/06 0.0 Oct.14/06 0.6
Jun.15/06 8.9 Jul.15/06 6.7 Aug.15/06 4.9 Sept.15/06 1.3 Oct.15/06 2.2
Jun.16/06 8.4 Jul.16/06 6.6 Aug.16/06 6.6 Sept.16/06 1.6 Oct.16/06 1.6
Jun.17/06 8.8 Jul.17/06 6.8 Aug.17/06 5.1 Sept.17/06 2.7 Oct.17/06 0.0
Jun.18/06 4.8 Jul.18/06 7.9 Aug.18/06 6.1 Sept.18/06 0.0 Oct.18/06 0.0
Jun. 19/06 4.5 Jul.19/06 6.7 Aug.19/06 1.3 Sept.19/06 1.4 Oct.19/06 0.0
Jun.20/06 7.5 Jul.20/06 2.0 Aug.20/06 0.5 Sept.20/06 15 Oct. 20/06 0.0
Jun.21/06 2.4 Jul.21/06 5.4 Aug.21/06 6.8 Sept.21/06 2.6 Oct. 21/06 0.4
Jun.22/06 5.4 Jul.22/06 0.9 Aug.22/06 5.8 Sept.22/06 0.5 Oct. 22/06 0.0
Jun.23/06 7.1 Jul.23/06 3.4 Aug.23/06 5.2 Sept.23/06 0.3

Jun.24/06 8.3 Jul.24/06 6.0 Aug.24/06 2.0 Sept.24/06 0.0

Jun.25/06 7.9 Jul.25/06 34 Aug.25/06 0.0 Sept.25/06 1.8

Jun.26/06 14 Jul.26/06 2.1 Aug.26/06 1.0 Sept.26/06 2.9

Jun.27/06 2.3 Jul.27/06 3.6 Aug.27/06 0.9 Sept.27/06 1.3

Jun.28/06 5.5 Jul.28/06 5.0 Aug.28/06 2.4 Sept.28/06 0.1

Jun.29/06 3.1 Jul.29/06 4.4 Aug.29/06 2.9 Sept.29/06 2.1

Jun.30/06 5.5 Jul.30/06 35 Aug.30/06 5.0 Sept.30/06 0.0

Jul.31/06 6.0 Aug.31/06 5.4
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Total Phosphorus Concentrations in Rainfall and Runff Samples from the

Vegetated & Control Roofs

Storm Vegetated

Event Roof (na/L)

Julian Number of Median | Std. Std.

Day Samples Minimum |Maximum Mean Deviation Error
207 12 33.8 104.7 68.7 65.8 21.3 6.2
245 12 67.0 187.1 109.6 98.9 39.0 11.3
261 12 94.7 162.5 131.4 134.4 23.9 6.9
266 12 94.4 139.5 108.7 104.9 144 4.1
270 12 67.5 105.0 84.8 84.7 9.7 2.8
273 12 54.1 204.8 95.6 80.8 46.1 13.3
Average 68.6 150.6 99.8 25.7 7.4
Storm Control

Event Roof (ug/L)

Julian Number of Median | Std. Std.

Day Samples Minimum |Maximum Mean Deviation Error
207 11 6.3 29.0 12.3 9.3 8.2 2.4
245 12 3.3 102.9 36.9 33.0 30.3 8.8
261 12 7.0 43.4 15.8 10.6 12.1 3.5
266 9 1.0 10.7 4.3 4.7 4.0 1.2
270 12 2.4 175 9.5 8.7 4.7 14
273 9 2.7 21.6 8.5 6.4 8.0 2.3
Average 6.3 37.5 154 11.2 3.2
Storm

Event Rainfall (ug/L)

Julian Number of Median | Std. Std.

Day Samples Minimum |Maximum Mean Deviation Error
207 1 14.4 14.4 14.4 - - -
245 1 33.3 33.3 33.3 - - -
261 1 15.3 15.3 15.3 - - -
266 1 5.0 5.0 5.0 - - -
270 1 15.6 15.6 15.6 - - -
273 1 19.3 19.3 19.3 - - -
Average 16.9 16.9 16.9
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Soluble Reactive Phosphorus Concentrations in Raiall & Runoff Samples from
the Vegetated & Control Roofs

Storm Vegetated

Event Roof (na/L)

Julian # of valid Median | Std. Std.

Day Samples Minimum Maximum [Mean Deviation Error
207 12 7.7 68.0 34.6 34.9 20.3 5.9
245 12 27.6 98.0 44.2 37.0 21.1 6.1
261 12 38.2 79.5 60.6 67.0 13.5 3.9
266 12 25.9 68.7 50.2 54.7 12.3 3.5
210 12 14.4 47.5 30.2 29.1 10.6 3.1
213 12 12.0 31.9 20.3 20.0 6.5 1.9
Average 20.9 65.6 40.0 14.1 4.1
Storm Control

Event Roof (na/L)

Julian # of valid Median | Std. Std.

Day Samples Minimum Maximum Mean Deviation Error
207 0 n/a n/a n/a i nl/a n/a

245 1 2.6 2.6 2.6 i nl/a n/a

261 2 11.5 12.5 12.0 12.0 0.7 0.5

266 2 2.9 4.2 3.5 3.0 1.0 0.7

270 1 2.3 2.3 2.3 i n/a n/a

213 1 2.4 2.4 2.4 i nl/a n/a
Average 43 48 4.6 0.8 0.6
Storm

Event Rainfall (ng/L)

Julian # of valid Median | Std. Std.

Day Samples Minimum Maximum [Mean Deviation Error
207 0 - - - - - -

245 0 - - - - - -

261 0 - - - - - -

266 ! 2.1 2.3 2.2 22 ] ]

270 0 - - - - - -

273 0 - - - - - -
Average - - - ) - -
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Suspended Solid Concentrations

Storm Vegetated

Event Roof (mg/L)

Julian # of valid Median | Std. Std.

Day Samples Minimum  Maximum Deviation Error
207 12 0.0 10.1 5.0 4.9 3.7 1.1
245 12 0.0 10.0 4.5 4.9 3.3 1.0
261 12 4.9 10.1 5.4 5.0 15 0.4
266 12 0.0 5.1 4.2 5.0 2.0 0.6
210 12 4.9 14.9 6.4 5.0 3.3 1.0
213 12 4.4 15.0 8.3 9.9 3.3 1.0
Average 2.4 10.9 5.6 2.8 0.8
Storm Control

Event Roof (mg/L)

Julian # of valid Median | Std. Std.

Day Samples Minimum  Maximum Deviation Error
207 12 0.0 29.9 9.6 9.9 7.5 2.2
245 12 0.0 66.0 19.9 15.3 19.3 5.6
261 12 0.0 15.4 4.2 5.0 4.8 14
266 12 0.0 5.1 2.9 4.9 2.6 0.7
210 12 0.0 15.2 9.2 10.0 5.2 15
213 12 0.0 15.5 4.3 50 4.9 14
Average 0.0 24.5 8.3 7.4 2.1
Storm

Event Rainfall (mg/L)

Julian # of valid Median | Std. Std.

Day Samples Minimum  Maximum Deviation Error
207 ! 6.5 6.5 6.5 |~ ] ]

245 ! 4.9 4.9 49|~ ] j

261 ! 0.8 0.8 0.8 ]|" ] ]

266 ! 0.0 0.0 0.0 ]|~ ] ]

210 ! 1.8 1.8 1.8 |~ ) j

213 ! 0.0 0.0 0.0~ ) j
Average 2.3 2.3 23| ] ]
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Copper Concentrations in Rainfall and Runoff from the Vegetated and Control

Roofs
Storm Range Minimum | Maximum | Mean Std.
Sample Julian N Statistic | Statistic Statistic Statistic | Std. Deviation | Variance
Source Day Statistic | (mg/L) (mg/L) (mg/L) (mg/L) Error | Statistic Statistic
Vegetated 207 12 3.22 0.11 3.33 152 | 0.30 1.05 111
Roof 245 12 1.6 0.55 2.15 127 | 0.14 0.46 0.21
261 12 0.52 0.24 0.76 0.48 | 0.05 0.17 0.03
273 12 0.67 0.25 0.91 0.50 | 0.05 0.18 0.03
Average 12 1.50 0.29 1.79 094 | 0.14 0.46 0.35
Control 207 12 5.52 0.34 5.86 181 | 0.51 1.75 3.06
Roof 245 12 0.73 0.22 0.95 0.60 | 0.08 0.26 0.07
261 12 0.32 0.27 0.58 0.42 | 0.04 0.12 0.02
273 12 1.19 0.39 1.59 0.86 | 0.12 0.42 0.18
Average 12 1.94 0.31 2.25 0.92 | 0.18 0.64 0.83
Rainfall** 207 1 6.86 6.86 6.86
245 1 0.29 0.29 0.29
261 1 1.24 1.24 1.24
273 1 4.13 4.13 1.56
Average 1 3.13 3.13 3.13

** Composite Sample
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Zinc Concentrations in Rainfall and Runoff from the Vegetated and Control Roofs

Storm Range Minimum | Maximum | Mean Std.
Sample Julian N Statistic | Statistic Statistic Statistic | Std. Deviation | Variance
Source Day Statistic | (mg/L) (mg/L) (mg/L) (mg/L) Error | Statistic Statistic
Vegetated 207 12 0.55 0.12 9.45 0.39 | 0.04 0.15 0.02
Roof 245 12 0.22 0.18 0.29 0.28 | 0.02 0.07 0.00
261 12 0.36 0.09 1.24 0.21 | 0.03 0.09 0.01
273 12 0.11 0.05 4.16 0.09 | 0.01 0.04 0.00
Average 12 0.31 0.11 3.78 0.24 | 0.03 0.09 0.01
Control 207 12 1.11 0.33 0.67 0.67 | 0.09 0.32 0.10
Roof 245 12 0.65 0.12 0.40 0.48 | 0.07 0.25 0.06
261 12 0.16 0.15 0.46 0.26 | 0.02 0.06 0.00
273 12 0.28 0.10 0.17 0.28 | 0.03 0.09 0.01
Average 12 0.55 0.18 0.42 042 | 0.05 0.18 0.04
Rainfall** 207 1 0 2.25 2.25 2.25
245 1 0 0.81 0.81 0.81
261 1 0 1.13 1.13 1.13
273 1 0 0.98 0.98 0.98
Average 1 0 1.29 1.29 1.29

** Composite Samples
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Chromium Concentrations in Rainfall and Runoff from the Vegetated and Control

Roofs
Storm Range Minimum | Maximum | Mean Std.
Sample Julian N Statistic | Statistic Statistic Statistic | Std. Deviation | Variance
Source Day Statistic | (mg/L) (mg/L) (mg/L) (mg/L) Error | Statistic Statistic
Vegetated 207 11 0.05 0.01 0.06 0.04 | 0.005 0.016 | 0.00025
Roof 245 12 0.02 0.09 0.11 0.10 | 0.002 0.007 | 0.00005
261 12 0.02 0.12 0.13 0.13 | 0.002 0.006 | 0.00003
273 12 0.01 0.13 0.14 0.13 | 0.001 0.005 | 0.00002
Average 12 0.03 0.09 0.11 0.10 | 0.002 0.008 | 0.00009
Control 207 12 0.03 0.06 0.09 0.08 | 0.003 0.009 | 0.00008
Roof 245 12 0.01 0.11 0.12 0.11 | 0.001 0.004 | 0.00002
261 12 0.01 0.13 0.14 0.13 | 0.001 0.004 | 0.00002
273 12 0.01 0.12 0.14 0.13 | 0.001 0.004 | 0.00002
Average 12 0.02 0.11 0.12 0.11 | 0.002 0.005 | 0.00003
Rainfall** 207 1 0 0.06 0.06 0.06
245 1 0 0.12 0.12 0.12
261 1 0 0.12 0.12 0.12
273 1 0 0.13 0.13 0.13
Average 1 0 0.11 0.11 0.11

** Composite Sample
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Cadmium Concentration in Rainfall and Runoff from the Vegetated and Control

Roofs

Storm Range Minimum | Maximum | Mean Std.
Sample Julian N Statistic | Statistic Statistic Statistic | Std. Deviation | Variance
Source Day Statistic | (mg/L) (mg/L) (mg/L) (mg/L) Error Statistic Statistic
Vegetated | 207 11 0.02 0.00 0.02 0.01 | 0.0015 0.0048 | 0.000023
Roof 245 12 0.01 0.02 0.03 0.03 | 0.0007 0.0024 | 0.000006

261 12 0.01 0.03 0.04 0.04 | 0.0007 0.0026 | 0.000007

273 12 0.01 0.04 0.04 0.04 | 0.0005 0.0019 | 0.000003

Average 12 0.01 0.02 0.03 0.03 | 0.001 0.003 | 0.000010
Control 207 12 0.009 0.02 0.02 0.02 | 0.0008 0.003 | 0.000007
Roof 245 12 0.008 0.03 0.03 0.03 | 0.0008 0.003 | 0.000007

261 12 0.009 0.04 0.05 0.04 | 0.0008 0.003 | 0.000007

273 12 0.008 0.04 0.05 0.04 | 0.0007 0.002 | 0.000006

Average 12 0.009 0.03 0.04 0.03 | 0.0008 0.003 | 0.000007
Rainfall** | 207 1 0 0 0 0

245 1 0 0.03 0.03 0.03

261 1 0 0.04 0.04 0.04

273 1 0 0.05 0.05 0.05

Average 1 0 0.03 0.03 0.03

*Composite Sample
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