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ABSTRACT

ALTERNATIVE METRICS OF GREEN ROOF HYDROLOGIC
PERFORMANCE: EVAPOTRANSPIRATION AND PEAK FLOW

REDUCTION

Daniel E. Marasco

Stormwater runoff presents an issue for many urban areas, triggering sewer overflows and water
body pollution. Green roofs, engineered vegetative systems that replicate the stormwater
absorption properties of natural landscapes, have become an attractive strategy for attenuating
stormwater runoff. Historically, green roof hydrologic research has been focused on stormwater
volume retention with less emphasis on evapotranspiration (ET) and stormwater detention. ET is
associated with green roof environmental benefits, including stormwater runoff attenuation and
urban heat island mitigation, and is an important parameter in hydrologic and energy models.
Stormwater detention limits flow rate of stormwater into sewer systems, reducing the chance of
sewer overflow. The aim of this research is to investigate green roof ET and stormwater
detention behavior and develop methods to predict these performance metrics based on readily

available environmental data.

In order to study green roof ET and stormwater detention, a series of four New York City green
roofs were instrumented with sensors to measure rainfall, runoff, ET, and other environmental

data. The green roofs span several extensive green roof installation types, specifically the



vegetated mat, built-in-place, and modular tray systems. Environmental monitoring for this

analysis began in January 2009 and concluded in October 2013.

In the first study, a dynamic chamber method was developed to conduct high-resolution
measurements of green roof ET. Results showed monthly ET depths ranging from 2.2 to 153.6
mm. Chamber results were compared to two ET estimation methods, specifically the Penman-
Monteith equation and an energy balance model. Dynamic chamber results were similar to
Penman-Monteith estimates; however, the Penman-Monteith equation over-predicted

bottommost green roof ET fluxes during the winter, and under-predicted peak summer fluxes.

In the second study, the dynamic chamber measurements were analyzed to reveal green roof ET
behavior and evaluate various predictive models, particularly in water-limited conditions.
Comparison of Hargreaves, Priestley-Taylor, Penman, and Penman-Monteith equation results to
chamber measurements revealed that the Priestley-Taylor equation best estimated ET. However,
the Priestley-Taylor equation still overestimated observations of lower ET fluxes and
underestimated high fluxes. Application of a storage model, antecedent precipitation index, and
advection-aridity model indicated that the antecedent precipitation index best estimated ET in

water-stressed conditions.

In the third study, 501 rainfall events were used to characterize green roof stormwater detention
behavior, through analysis of event peak rainfall rate reductions. Empirical models relating event
peak runoff rate to rainfall depth and peak rainfall rate were developed. Roof-specific models
allow for the comparison of peak reduction behavior among roofs, while a combined model
allows for designers to estimate green roof event peak rainfall reduction performance. The

models indicated that the modular tray system was most effective at reducing peak rainfall rate.



Overall, this research provides valuable insight into green roof hydrologic performance. Analysis
of environmental data revealed not only the ET and peak rainfall rate reduction performance of
green roofs, but also the environmental factors that affected performance. Additionally,
predictive models for ET and peak runoff rate developed as part of the research described in this
dissertation can be valuable tools for researchers, practitioners, and policymakers to estimate

green roof hydrologic performance.
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Chapter 1

INTRODUCTION

Pollution from stormwater runoff significantly impacts water quality in the United States, and
results in urban flooding as well as the impairment of coastal waters, rivers, lakes, and estuaries
(Berghage et al 2009, Bricker et al 2007). In municipalities with combined sewer systems
(CSSs), which transport both surface water and sanitary waste, these issues are magnified.
Common rainfall events, with rainfall rates as low as 3 mm hr', can cause combined sewer
overflows (CSOs) (Montalto et al 2007). CSO events discharge sewer water containing various
pollutants, including floatables, pathogenic microorganisms, oxygen-demanding substances,
suspended solids, nutrients, toxicants, and other chemicals into local water bodies (US EPA
2004). In the United States alone, CSOs impact 746 communities in 32 states, resulting in the
discharge of 850 billion gallons of polluted water each year (US EPA 2004). In New York City
(NYC), 433 CSS outfalls discharge over 20 billion gallons per year (Mayor’s Office of Long-
Term Planning and Sustainability 2008). This pollution undermines the productivity of urban

water bodies and limits natural resource availability, recreation, and commercial activity.

Mitigation of stormwater related pollution is a major focus of many US government agencies and
municipalities. Traditional “gray” stormwater infrastructure solutions, such as storage tanks and
other end of pipe solutions, face significant cost and design issues. These problems are magnified
in dense urban areas like New York City (NYC), where available land is limited and subsurface
development can be prohibitively expensive. In response, many governments have implemented

policies and stormwater control measures (SCMs) designed to retain, detain, and treat water on-



site (Fassman-Beck ef al 2013). One increasingly popular, low cost, and effective tool to
attenuate stormwater runoff is low impact development (LID). LID incorporates a distributed
network of micro-scale engineered systems in the urban environment to encourage temporary
storage, infiltration, and evapotranspiration (ET) of stormwater before it enters the sewer system.
LID techniques, including green roofs, green streets, street trees, rain gardens, and bio-swales,
can be implemented incrementally with limited impact on existing infrastructure (NYC DEP

2010).

Green roofs, also known as vegetated roofs, are a LID alternative to traditional rooftops and have
the ability to attenuate stormwater. Green roofs are normally constructed by installing a drainage
course, growing substrate, and vegetation on top of a roof’s waterproof membrane. Green roofs
have been historically used for stormwater management in Germany (Koéhler and Keeley 2005)
and according to April 2014 records from the Green Roof and Wall Projects Database

(GreenRoofs.com 2014), over 1,400 green roofs have been install within the United States.

Green roofs can be classified as either extensive or intensive based on substrate depth and
maintenance requirements. Extensive roofs typically have less than 150 mm of substrate and are
planted with shallow-rooted and drought resistant plants. Intensive roofs normally have at least
150 mm of substrate and may be planted with deep-rooted vegetation, including shrubs and trees.
In practice, extensive green roofs are cheaper, require less maintenance, and are lighter than
intensive systems. Thus, extensive systems are more prominent than intensive systems,

particularly on existing buildings where rooftop load capacity is limited.

Extensive green roofs can be categorized into three major types: the vegetated mat system, the
built-in-place system, and the modular tray system (Oberndorfer et al 2007). The vegetated mat

2



and built-in-place systems are both comprised of continuous substrate layers and drainage
courses, but are installed differently. The vegetated mat system is assembled and planted off-site,
while the built-in-place layers are placed on the roof individually. For the modular tray system,
the substrate is placed in plastic trays, which are then positioned on the rooftop waterproof
membrane. The different systems impose unique set of boundary conditions on the substrate
layer, which affect drainage behavior and runoff characteristics. Construction of the green roof
system also determines the composition and location of non-vegetated areas required for

maintenance activities, which can affect overall hydrologic performance (Carson et al 2013).

Compared to typical impervious roofs, green roofs have been shown to provide a range of
environmental benefits (Yang et a/ 2008, Berndtsson et al 2009, Getter et al 2009, Sailor and
Hagos 2011). However, research on hydrologic performance has generally been focused on
understanding green roof stormwater volume retention (Mentens et al 2006, Spolek 2008,
Berndtsson 2010, Gregoire and Clausen 2011, Stovin ef al/ 2012, Carson et al 2013, Fassman-

Beck et al 2013), with less study of green roof evapotranspiration (ET) and detention behavior.

ET behavior is important in determining vitality and performance of urban green roofs. Research
has shown that ET is directly related to environmental benefits in stormwater management
(Stovin et al 2013, Wadzuk et al 2013), urban heat island mitigation (Taha 1997), carbon
sequestration (Pataki et a/ 2006), building energy usage (Ouldboukhitine et a/ 2011), and air
pollution (Christen and Vogt 2004, Jim and Chen 2009). Furthermore, ET measurements or
predictions are required for many green roof hydrologic models (Sherrard and Jacobs 2012,

Stovin et al 2013) and energy models (Lazzarin et al 2005, Ouldboukhitine et a/ 2011).



Stormwater detention is also an important measure of green roof performance. Detention reduces
the flow rate of stormwater into sewer systems, allowing extended time for delivery and
treatment. Because sewer overflows are triggered by flow rate in the sewer system (Mayor’s
Office of Long-Term Planning and Sustainability 2008), detention of this flow is important for

mitigating water body pollution.

Through my research I aim to fill a gap in the understanding of green roof behavior by exploring
two aspects of green roof hydrologic performance, namely the ET and peak hourly rainfall rate
reduction. For each of these hydrologic performance metrics, I ask the following questions: (1)
How can the metric be measured? (2) How do green roofs perform? (3) What factors influence

the metric? (4) How can the metric be predicted?

1.1 Background

1.1.1 Green roof evapotranspiration

ET, the combined water vapor surface flux that results from evaporation and plant respiration, is
an important factor affecting the vitality and performance of urban green roofs. ET from green
roofs has historically received limited attention (DiGiovanni et a/ 2013, Voyde et al 2010b).
Since ET is invisible and difficult to measure directly, other techniques have been employed to
determine ET. Elevated lysimeters have been used to measure ET through mass balance of
precipitation, runoff, and test box weight (to estimate moisture storage) (Liu ef al 2002, Tyagi et
al 2000, Howell et al 1991, Jordan 1968, Voyde et al 2010b, DiGiovanni ef al 2013). ET has
also been estimated through water balances of precipitation and runoff measurements on full-
scale green roofs (Bengtsson et a/ 2005, Moran et al 2005, Carson et al 2013). However, these
studies have had difficulty capturing continuous data. Based on the limited study of green roof

4



ET, I ask the following questions: (1) How can high-resolution measurements of green roof ET

be conducted? (2) What are the diurnal and seasonal variations in green roof ET?

Models, such as the Hargreaves (Hargreaves and Allen 2003), Priestley-Taylor (1972), Penman
(1948), and Penman-Monteith (Monteith 1965) equations, have been developed to predict ET
from environmental data (Zhao ef al/ 2013). However, these models neglect factors that affect
actual ET, including substrate moisture availability, surface conditions, crop coefficients, plant

vitality, and weather (Allen et al 1996, 2005a, Zhao et al 2013).

Differences between modeled and actual ET primarily result from limited substrate water
availability (Brutsaert 2005). In response, various soil moisture extraction functions (SMEFs)
have been employed to relate the degree of substrate saturation to the difference between
modeled and actual ET (Sherrard and Jacobs 2012, Zhao et al 2013, DiGiovanni et a/ 2013). In
the absence of soil moisture data, other methods have been used to estimate actual ET, such as
accumulated precipitation and ET deficit models (Grindley 1970, Priestley and Taylor 1972,
Calder et al 1983, Arora 2002), antecedent precipitation indices (Choudhury and Blanchard
1983, Ali and Mawdsley 1987), the advection-aridity model (Brutsaert and Stricker 1979), water
stress - surface temperature relationships (Moran et al 1994, Boulet et a/ 2007), and relative

humidity profiles (Berthier et al 2006, Salvucci and Gentine 2013).

As the environmental processes and conditions on green roofs vary from those of agricultural
and natural environments (Graham ef a/ 2004), these models might inaccurately portray ET
behavior. Studies of ET models applied to green roofs are limited. DiGiovanni et al (2013)
showed that Penman-Monteith equation was able to predict ET on non-water-limited days and a
soil moisture reduction factor improved results when water was limited. Sherrard and Jacobs

5



(2012) developed a green roof hydrologic model which reduced Penman-Monteith ET estimates
based on substrate moisture storage, but the model showed limited correlation in the with ET.

The unique environmental conditions and the limited ET model evaluation related to green roofs
have prompted me to ask the following questions: (1) What factors influence green roof ET? (2)

What models provide the best predictions of green roof ET?

1.1.2 Green roof peak rainfall rate reduction

While volume retention performance of extensive green roofs has been documented (Mentens et
al 2006, Spolek 2008, Berndtsson 2010, Gregoire and Clausen 2011, Stovin et al 2012, Carson et
al 2013, Fassman-Beck et al 2013), there has been less focus on green roof detention. Green roof
peak rainfall rate reduction is a function of antecedent rainfall, vegetation and drainage
configuration, in addition to other environmental, site, and moisture conditions (Bliss et al 2009,
Berndtsson 2010). Some green roof hydrologic studies have reported measurements of peak
rainfall rate reduction on green roofs (Bliss ef al 2009, Fassman-Beck et a/ 2013, Hutchinson et
al 2003, Berghage et al 2009, Moran et al 2005, Kurtz 2008, Carpenter and Kaluvakolanu 2011).
However, the limited attempts at modeling peak runoff have resulted in either limited correlation
with observed data (Stovin ef al/ 2012) or complicated models requiring input of difficult to
quantify variables (Villarreal and Bengtsson 2005, Villarreal 2007). In response, I ask the
following: (1) How can green roof peak rainfall rate reduction be measured? (2) What is the
peak rainfall reduction performance of green roofs? (3) What factors affect green roof peak

rainfall rate reduction? (4) How can green roof peak rainfall rate reduction be predicted?



1.2 Research questions and dissertation format

This dissertation has a three-paper structure. The overarching question, which prompted the
research presented in this paper, is: How can alternative metrics of green roof hydrologic
performance be quantified? The structure of this dissertation and the sub-questions that
correspond to each chapter are outlined in Figure 1. In contrast to many studies, which explore
green roof volume retention, my research aims to quantify and predict two alternative aspects of

green roof hydrology, namely the ET and peak rainfall rate reduction.

The subsequent sections of this manuscript explore the research I have performed and its
importance for engineers, practitioners, and policymakers. In Chapter 2, I present a methodology
for high-resolution measurements of ET and compare results to commonly used predictive
methods. In Chapter 3, I apply results from dynamic chamber deployment on two green roofs to
evaluate ET behavior and determine the effectiveness of multiple predictive models for
estimating green roof ET. Chapter 4 explores measured rainfall event characteristics and how
they relate to stormwater peak rainfall rate reduction on green roofs. Data were used in the
development of a predictive model to estimate event peak rainfall rate reduction. In Chapter 5, I
discuss the practical and theoretical contributions of my research, while in Chapter 6 I discuss
possible avenues of future research to enhance understanding of green roof ET and stormwater
detention. The manuscript closes with a list of referenced sources and two appendices: Appendix
A, which presents more details about the green roof sites studied; and Appendix B, which
describes the design, construction, and calibration of the runoff flow meters discussed in

Chapter 4.
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Figure 1: Dissertation format and research questions




Chapter 2

QUANTIFYING EVAPOTRANSPIRATION FROM URBAN GREEN
ROOFS: A COMPARISON OF CHAMBER MEASUREMENTS WITH
COMMONLY USED PREDICTIVE METHODS

Abstract

Quantifying green roof evapotranspiration (ET) in urban climates is important for assessing
environmental benefits, including stormwater runoff attenuation and urban heat island
mitigation. In this study, a dynamic chamber method was developed to quantify ET on two
extensive green roofs located in New York City. Hourly chamber measurements taken from July
2009 to December 2009 and April 2012 to October 2013 illustrate both diurnal and seasonal
variations in ET. Observed monthly total ET depth ranged from 0.22 cm in winter to 15.36 cm in
summer. Chamber results were compared to two predictive methods for estimating ET; namely
the Penman-based ASCE standardized reference evapotranspiration (ASCE RET) equation, and
an energy balance model, both parameterized using on-site environmental conditions. Dynamic
chamber ET results were similar to ASCE RET estimates; however, the ASCE RET equation
overestimated bottommost ET values during the winter months and underestimated peak ET
values during the summer months. The energy balance method was shown to underestimate ET
compared the ASCE RET equation. The work highlights the utility of the chamber method for
quantifying green roof ET and indicates green roof ET might be better estimated by Penman-

based ET equations than energy balance methods.



2.1 Introduction

Green infrastructure is a means of re-introducing vegetation and perviousness into city
landscapes in an attempt to restore the urban hydrological cycle to pre-development conditions.
Green roofs are a component of urban green infrastructure that have proven to be a successful
and minimally invasive means of increasing the vegetated area in cities. Replacing traditional
black roofs with green roofs can enhance evapotranspiration (ET), the combined water vapor
surface fluxes that result from evaporation and plant respiration (Oke 1987), thereby reducing
building energy costs, lowering local air temperatures and decreasing stormwater runoff (Taha et
al 1989, 1991). Quantification of green roof ET can help enumerate the thermal and hydrological
benefits of these vegetated systems, enabling informed design and implementation decisions as
well as improved understanding of the impact of green roofs on urban micro-climates (Berghage
et al 2010, Gregoire and Clausen 2011, Hathaway et a/ 2008, Kurtz 2008, Liu and Minor 2005,
Moran et al 2005, Palla et al 2011, Toronto and Region Conservation Authority 2006, Taha et a/

1989, 1991, Berndtsson 2010, NYC DEP 2010, Stovin et al 2012).

Traditional ET estimation techniques are based on water or energy balance methods that evolved
from agricultural research (Hillel 1998, Liu et al 2002, Tyagi et al 2000) and have not been
widely validated against direct measurements of green roof ET. Water balance methods estimate
ET from observed differences between incoming and outgoing water fluxes. Observations are
often made with a lysimeter, a confined tank system designed to simulate a full-scale green roof
and instrumented to provide continuous data on precipitation, runoff, and change in water
storage (through weight) (Liu et al 2002, Tyagi et al 2000, Howell et al/ 1991, Jordan 1968,

Voyde et al 2010b, DiGiovanni et a/ 2013). Water balance studies of full-scale green roofs have
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also been used to estimate green roof ET (Bengtsson et a/ 2005, Moran et al 2005, Carson et al
2013). However, capturing reliable continuous data on precipitation, runoff, and water storage
has proven to be more challenging for full-scale systems than lysimeters due to rooftop drainage
configurations and the difficulty of developing measurement equipment capable of quantifying
changes in rooftop water storage as well as the full range of roof runoff rates (Carson et al 2013,

Fassman-Beck et al 2013).

Energy based methods, originally developed to predict ET from open water bodies, have been
employed for agricultural applications. These methods include the Bowen ratio as well as energy
transfer equations including Priestley-Taylor and Hargreaves (Brutsaert 2005, Hargreaves and
Allen 2003). The Bowen ratio describes the inverse relationship between sensible and latent heat
(ET), via estimation of the heat flux term in an energy balance equation (Oke 1987, Bowen 1926,
Hillel 1998, Fuchs and Tanner 1970, Fritschen 1965, Perez et al 1999, Olejnik et al 2001).
Energy transfer equations parameterize ET based on air temperature and radiation data.
However, most transfer methods do not consider many of the factors affecting green roof ET
including advection(Rosenberg 1969, Blad and Rosenberg 1974, Bertela 1989), water
limitations, and increased surface resistance during drought (Martens et al 2008, Gaffin et al

2005, Fuchs and Tanner 1970, Voyde et a/ 2010b).

The Penman-Monteith equation estimates reference ET from vegetation based on daily mean
temperature, wind speed, relative humidity, solar radiation, advective transfer and surface
resistance (Monteith 1965, Allen et al 1998). Several variations of the Penman-Monteith
equation have been found to overestimate ET for the Sedum species common on green roof

systems, especially under water-limited conditions (Oke 1987, Ouldboukhitine ef al 2011,
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DiGiovanni ef al 2013). A recent lysimeter study conducted at a green roof located in Bronx, NY
concluded that the use of on-site, versus regional, climatic data considerably improved
agreement between Penman-Monteith ET estimates and lysimeter measurements (DiGiovanni et

al 2013).

In this study, a dynamic chamber technique for high-resolution field measurement of green roof
ET is presented together with results obtained from two deployments of the chamber on Sedum
green roof systems in Manhattan, NY. In one deployment, measurements of ET were obtained at
30-minute intervals from July 2009 to December 2009 on a vegetated mat system (referred to as
W118). In the second deployment, measurements of ET were obtained at 60-minute intervals
from April 2012 to October 2013 on a built-in-place system (referred to as USPS). Chamber
measurements at the green roof sites are compared with estimates of reference ET obtained from
the Penman-based American Society of Engineers Standardized Reference Evapotranspiration
(ASCE RET) equation, parameterized with on-site climatic data. ASCE RET estimates are also
compared to ET estimates obtained from an energy balance model parameterized with data
obtained on a Sedum green roof tray system (referred to as ConEd) located in Queens, NY.
Comparisons between the dynamic chamber measurements, ASCE RET estimates, and estimates
from the energy balance model enable an initial evaluation of the performance of these

commonly used predictive ET methods against a unique field data set.

2.2 Sites and Methods

2.2.1 Green Roof Characteristics and Instrumentation
Dynamic chamber deployment and environmental monitoring took place on a Columbia
University residence (termed W118) at 423 West 118" St, Manhattan, NY. The 600 m* roof was
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outfitted with a vegetated Xero Flor America XF301 + 2FL extensive green roof system in 2007
(Carson et al 2013). The 3.2 cm thick green roof substrate was planted with a variety of Sedum
species. The roof is approximately 65 m above mean sea level, and located at 40°48” North.
Chamber measurements were collected for at least 11 days each month between July 2009 and
December 2009 with the exception of September 2009; the roof was not irrigated during the
study period. Measurements of environmental data were recorded at 5-minute intervals from
January 2009 to October 2013 by a Campbell Scientific CR1000 weather station with attached
Kipp and Zonen CMP3 pyranometer, CS215 air temperature/relative humidity (RH) sensor, RM

Young 05103 wind monitor, and Met One 385 tipping bucket rain gage.

The second dynamic chamber deployment and environmental monitoring took place on the
10,000 m* USPS Morgan Processing and Distribution Center green roof (termed USPS) in
Manhattan, NY. TectaGreen of Tecta America installed the extensive green roof in 2009. 10 cm
of roof substrate was planted with Sedum and native species (Carson et a/ 2013). The roof is
approximately 45 m above mean sea level, and located at 40°45” North. The dynamic chamber
was deployed between April 2012 and October 2013; the roof was not irrigated during this
period. Measurements were continuous except from July 8 to July 29, 2012 when the rooftop lost
power. Environmental conditions were monitored from May 2012 to October 2013 with an Onset
Hobo U30 weather station with attached S-THB-MO002 2-bit air temperature/relative humidity
(RH) sensor, LIB-MO003 solar radiation sensor, S-WCA-MO003 wind speed sensor, S-SMC-M005
EC-5 Soil Moisture sensor, and S-RGB-M002 tipping bucket rain gage. The solar radiation
sensor malfunctioned from July 8, 2012 until September 14, 2012. Due to similar daily solar

radiation between W118 and USPS, missing radiation data were acquired from W118.

13



Data for parameterizing the ASCE RET equation and energy balance calculations were recorded
on the ConEdison Learning Center green roof (termed ConEd) in Long Island City, NY. The
roof is approximately 10 m above mean sea level and located at 40°45° North. The 2,700 m’
GreenGrid-G2 extensive green roof was constructed in 2008. Sedum pre-germinated modular
trays, containing 10 cm of substrate were placed on the roof (Carson et al 2013). Measurements
were recorded at 5S-minute intervals from January 2009 to December 2013 by a Campbell
Scientific CR3000 weather station with attached CNR 4L allwave radiometer, 107 temperature
probes, CS215 temperature/relative humidity sensor, Apogee IR roof surface temperature
radiometer, Nova Lynx rain gage, and RM Young 05103 wind monitor (Gaffin et al 2010). The

roof was not irrigated during the study period.

2.2.2 Dynamic Chamber Measurements

ET proliferates the quantity of water vapor in the air. Establishing a fixed measurement volume
with closed boundaries, excepting the boundary at the evaporative surface, provides a system
where observations of the rise in water vapor concentration with time in the fixed volume can be

related to the rate of water loss, or ET, from the surface (Arnone and Obrist 2003).

The Licor Biosciences LI-8100 automated soil CO; flux system (LI-8100) was used to conduct
dynamic chamber measurements of green roof ET (Figure 2). While unattended, the system was
programmed to undertake the following protocol for a 5-minute measurement period: Prior to
each period, the system’s air intake and outlet lines were purged with atmospheric air. The
system’s measurement chamber (volume, ¥ = 6850 cm® on W118, = 7005 cm’® on USPS) then
enclosed an area of the green roof surface (surface area, S = 323.6 cm?) and an infrared sensor

detected CO; and water vapor changes within the chamber every second, while a thermistor
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within the chamber recorded the ambient air temperature. At the end of every 5-minute period,
the chamber was raised. The chamber was not lowered again for a further 25 minutes on W118

or 55 minutes on USPS, which helped to minimize disruption to the gas transfer processes.

Figure 2: Image of Licor Biosciences LI-8100 automated soil CO, flux system on W118 roof.

The LI-8100 outputs chamber water vapor concentration, w,, in mmol mol™ (ppt), with a range
of 0 to 60 mmol mol™ and an accuracy of 1.5% (Rada 2006). The flux of water into the chamber,
fi, from the sealed surface (mol cm™ s™) is a measure of ET from the surface. At constant
chamber pressure, the rate at which water evaporates into the chamber, Sf,, (mol s™), is balanced
by a small flow rate of air out of the chamber, u (mol s™), leading to a water mass balance within

the chamber of

V2 = Sf, — wu D

where p."”, the number density of water vapor in the chamber (mol cm™), is equal to pew., with p.
p Y P q p p

representing the total number density of air in the chamber (Rada 2006).

The total number density of air in the chamber is given by the ideal gas law, p. = P (RT)", where

P is the pressure in the chamber (kPa), R is the gas constant (8.314 x 10’ cm® kPa K™' mol™) and
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T is the absolute temperate in the chamber (K). If P and T are constant, and taking into account

that Sf,, = u with constant P, Equation (1) can be re-organized to give

W¢

fo = 5 —w ¥ (2)

S RT (1—1000)

The rate of increase of w, within the chamber can be described by the following equation (Rada

2006, Liss 1973)

ow¢
at

= K%(WS - W) 3)

where w is the saturation concentration of water vapor at the evaporative surface (mmol mol™ )
and K is the water vapor transfer velocity (cm s'l). If K, S, V, and wy are constant, then

integration of Equation (3) with respect to time yields

S
we(t) = ws + (W (0) — Ws)e_Kvt 4)
where w,(0) is the water vapor concentration in the chamber at time # = 0 (mmol mol™).

In practice, there is a delay between the instant the LI-8100 chamber closes and the time required
to establish steady mixing of gases in the chamber. Thus, w.(0) is estimated from the intercept of
a linear regression of w, versus 7 using the first five measurement points after chamber closure.

This value is then used as a parameter in a modified version of Equation (4), viz

We(t) = wy + (we(0) — wy)e KvE ) )

where to is the time when w,(?) is equal to w.(0) (s).
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A nonlinear regression of w.(f) versus time data with an exponential function of the form given
in Equation (5) returns values for K, w;, and #. ET is then obtained from the water vapor flux at

=0, yielding

_P(0) 1 ws—w,(0)
ET ~ RT(0) (1_“1’(5)_(()00))1(( 1000 ) (6)

where the initial pressure, P(0), and initial temperature, 7(0), in the chamber are obtained from a
linear regression of the first five measurement points of chamber pressure and temperature,
respectively, after the chamber closes. ET obtained from Equation (6) was converted to units of

(cm s™) by assuming 18 grams of water per mol and a water density of 1 g cm™.

To ensure that the LI-8100 provided accurate measurements of ET, the equipment was calibrated
in the laboratory against a controlled series of pan evaporation experiments(Liss 1973, Sumner
and Jacobs 2005) involving three trials of open water pan evaporation and three trials using a wet
sample of the Xero Flor green roof system. For each trial, a pan was placed in the enclosure and
a mass of water was evaporated over 12 hours. The evaporative surface area (S = 324.3 cm®) and
average chamber volume (7 = 4968.1 cm’) across trials were comparable to field conditions. The
pan was weighed every 30 minutes. Chamber measurement cycles occurred midway between
each weight measurement. A lamp, to raise temperature, and a small fan, to pull air across the
pan surface, were utilized to induce ET fluxes between 0.006 — 0.036 cm hr”'. For each 5-minute
measurement period, the initial 10 seconds of measurements, termed the deadband, were
excluded to allow time to establish steady mixing. Thus, only measurements for the 50 seconds

that followed were fit using Equation (5) to obtain K, w, and #,. The identification of these
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parameters for the chamber system involved minimization of the error in the regression of w.(?)

across all six pan evaporation trials.

Results of the calibration demonstrate a systematic error, where the chamber records lower ET
than determined from the weight measurements. This error is believed to be caused by polar
water vapor molecules sticking to the surfaces of the air-lines between the system’s chamber and
infrared measurement sensor. A linear regression of the weight-measured evapotranspiration

(ET Actuar) versus chamber estimates (ETchamber) Was used to create a calibration equation of the

following form

ETcorrected = C(l)(ETChamber) + C(Z) (7)

Where ETcomected 18 the corrected (i.e., actual) ET value, C(1) represents the non-dimensional

correction factor (found to be 3.1) and C(2) is the equation intercept (given by -0.0062 cm hr™).
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Figure 3: ET actya (cm hr'l) from weight measurement compared to ETcoprecteq (CM hr'l) from chamber measurement
through (a) scatterplot comparison and (b) cumulative ET during one pan evaporation trial, conducted using green

roof substrate.
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A comparison of corrected ET values determined from chamber measurements during all pan
trials versus those obtained from weight measurements (Figure 3(a)) has an r-squared value of
0.95, while the r-squared values for prediction of the cumulative ET from each trial lies above
0.99 (Figure 3 (b)). Equation (7) is valid for ET fluxes above 0.003 cm hr’', below this rate, it is

assumed that ETcorrected = ETChamber.

2.2.3 ASCE Standardized Reference Evapotranspiration Calculation

The Penman Monteith-based ASCE Standardized Reference Evapotranspiration (ASCE RET)
equation for the short reference surface (e.g. cut grasses) was employed to predict daily reference
evapotranspiration (RET) on each roof. The ASCE RET equation was developed to predict ET
from a standard vegetative surface based on available weather data and specified surface and
aerodynamic resistance constants. The ASCE recommends this equation as the standard method
for predicting or comparing ET results (DiGiovanni et al 2013, Allen et al 2005b). The ASCE

equation for RET (mm d™), is given by

Cn
RET = 0.408A(Rn—G)+y(m)uz(es—ea)

A+y(1+Cgquy)

(8)

where A is the slope of the saturation vapor pressure-temperature curve (kPa °C™); R, is the
calculated net radiation (MJ m™ d™"); G is the soil heat flux density at the soil surface (MJ m™ d
"; v is the psychrometric constant (kPa °C™"); C, is the numerator constant for the short reference
type (900 K mm s> Mg d' for the daily time step); T is the mean daily air temperature at 1.5 to
2.5 m height (°C); u, is the mean daily wind speed at 2 m height (m s); e is the mean saturation
vapor pressure at 1.5 to 2.5 m height (kPa); e, is the mean actual vapor pressure at 1.5 to 2.5 m

height (kPa); and C, is the denominator constant for short reference type (0.34 s m™). The
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inverse of latent heat of vaporization (2.45 MJ kg™) multiplied by the density of water (1.0 Mg

m™) is 0.408, the coefficient in the numerator of Equation (8) (Allen et al 2005b).

Variables for Equation (8) for each green roof were defined from measurements of solar
radiation, wind speed, air temperature and relative humidity, as well as information on date, site
elevation, and latitude according to the ASCE specified daily RET methodology. The
measurements were obtained at the ASCE specified elevations above the rooftop surface. Net
shortwave radiation for the calculation of net total radiation (R,) was measured directly on
ConEd. W118 and USPS weather stations only monitored downward solar (shortwave) radiation
during chamber deployment and consequently net shortwave was estimated from albedo and
solar radiation based on the ASCE specified calculation. An albedo of 0.28, similar to the ASCE
RET suggested value of 0.23, was determined from linear regression of 5-minute upward and
downward shortwave radiation measurements from the USPS roof collected between March
2011 and June 2012 (r-squared = 0.997). Mean daily air temperatures (7), and subsequently
saturation vapor pressure (e;), were defined as the mean of the minimum and maximum hourly
values. The actual vapor pressure (e,) was calculated hourly and averaged daily, as preferred by

the ASCE methodology (Allen et a/ 2005b).

2.2.4 Energy Balance Model

ET, or the latent heat flux, can be calculated from an energy balance. The residuals of the other
components of the energy balance; net shortwave radiation Rsw (W m™), net longwave radiation
Riw (W m™), sensible heat flux Qensivle (between the air and rooftop, W m™), and conductive
heat flux Qconduction (between the rooftop and building, W m™) are the sum of the latent heat flux

Quaent (W m™) and changes to the internal energy IE of the rooftop (W m™). Over extended
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periods, changes in internal energy are nominal and the latent heat flux can be described by

(Gaffin et al 2005)

Qlatent = st + RLW - Qsensible - Qconduction (9)

Data from ConEd were used to parameterize the terms of the energy balance equation for this
roof. Net shortwave and longwave radiation were measured directly through the radiometer
while sensible heat flux was calculated based on the temperature and wind speed relationship

developed by Gaffin et al (2010).

ifuz > 1-75' Qsensible = 6-6u20'8(Troof - Tair)

else} Qsensible = 10'3(Troof - Tair) (10)

Where u; is the wind speed (m s™), 7, roor 15 the temperature in the green roof substrate (K), and

T, is the ambient air temperature (K).

Conductive heat flux (W m™) was determined from the difference in temperature between the

rooftop and ceiling, viz
Qconduction = K(Troof - Tceiling) (11)

Where « is the thermal conductivity of the roof layer (W m™> K™'), and T, ceiling 1S the temperature

below the roof (K). For ConEd, k was determined to be to 0.3 W m™ K™ (Gaffin ez al 2005).

Direct measurements of Ry w together with values obtained from Equations (10) and (11) were

input into Equation (9) to obtain Qjuen. ET (kg m™ s™') was then estimated from
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ET — Qiatent — Qiatent (12)

T, :
7 191846(7—2557)?

where A is the latent heat of vaporization (kJ kg™"), calculated from the equation developed by
Henderson-Sellers (1984). ET values obtained from Equation (12) were converted to units of cm

s assuming a water density of 1 g cm™.

2.3 Results and Discussion

2.3.1 ET Chamber Measurement Results

The dynamic chamber collected approximately 14,000 hours of usable ET measurements. Seven
percent of the collected data were removed due to physical interference preventing the chamber
from sealing (recorded in chamber data files), or high variance in regression of Equation (5) (r-
squared < 0.6) resulting from improper mixing of chamber air. Figure 4(a) displays example ET
measurements from July 2009 on W118. The measurements show clear diurnal trends with ET
increasing after sunrise and peaking just after noon. During the 2009 chamber deployment on
W118, the highest daily ET was recorded in July, with an average daily peak of 0.064 cm hr™!
(408.0 W m™), while ET in December was the lowest, only reaching 0.002 cm hr™' (14.48 W m’
%). Results from USPS show similar trends with the highest average daily peak of 0.065 cm hr'!
(439.3 W m™) in August 2012, and the lowest value of 0.001 cm hr™' (6.98 W m™) in January
2013. ET values were used to calculate average hourly ET values for each month (Figure 4(b)),
as well as monthly total ET. The average hourly results from the USPS deployment illustrate a
decrease in the number of hours over which ET occurs as the month moves from August (~ 12
hrs) to January (~ 3 hrs), as well as a decrease in the strength of the diurnal signal. With respect

to monthly total ET on W118 in 2009; July had the maximum ET depth of 14.85 cm (average
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0.0200 cm hr'") while December had the minimum depth of 0.755 cm (average 0.0010 cm hr'').
For USPS, July 2013 had the maximum monthly ET depth of 15.36 cm (average 0.0206 cm hr'),
while January 2013 had the minimum depth of 0.224 cm (average 0.0003 cm hr''"). Total yearly
ET on USPS from April 2012 to March 2013 was 62.53 cm. This represents 58% of the rainfall
over this period, indicating an average annual rooftop rainfall retention of the same amount. This

value compares well with the predicted annual retention of 53% for USPS based on roof runoff

measurements (Carson et al 2013).
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Figure 4: (a) Example of 30-minute ET results (cm hr™') from the dynamic chamber during W118 deployment in
2009. The peak ET recorded (0.115 cm hr'') is shown on July 05. (b) Cumulative average hourly ET (cm) from the

USPS dynamic chamber deployment from April 2012 to March 2013.

Chamber ET results from this study fall within the range of results reported from other green
roof ET studies in the United States and temperate regions in France and New Zealand (Table 1)

(DiGiovanni et al 2013, Feller 2011, Ouldboukhitine et a/ 2012, Sherrard and Jacobs 2012,
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Tabares-Velasco and Srebric 2011, Voyde et al 2010b). In particular, lysimeter measurements

from a green roof located in Bronx, NY from July — December 2009 are similar to the dynamic

chamber results measured on W118 during the same period (DiGiovanni ef al 2013).

Table 1: Summary of green roof ET studies and average measured ET rates.

L . Setup Measurement Study ET
Publication Location Type Method Period (cm day™)
w118 Full-Scale Dynarmic Jul 09 - Dec 09 | 0.197
Chamber
ASCE RET Jul 09 - Dec 09 0.240
ASCE RET Apr12-0Oct13 | 0.293
) Surface Model | Apr12-0Oct13 | 0.213
[This Study Dynamic
USPS Full-Scale y May 12 - Oct 13 | 0.212
Chamber
ASCE RET Apr12-0Oct13 | 0.250
ConEd Full-Scale ASCE RET Apr12-0Oct 13 0.269
Energy Balance | Apr 12 - Oct 13 0.085
DiGiovanni et al (2013) Bronx, NY Test-Box Lysimeter Jun09-Jun10 | 0.190
ASCE RET Jun09-Jun 10 | 0.284
Feller (2011) Villanova, PA Test-Box Lysimeter Apr09-Nov 09 | 0.240
Ouldboukhitine et al (2012) Rochelle, FR Test-Box Lysimeter 1 week Oct 10 0.142
Sherrard & Jacobs (2012) Seacoast, NH Test-Box Lysimeter Aug 09 - Nov 09 | 0.090
Tabares-Velasco & Srebric (2012) | University Park, PA | Lab Setup Lysimeter 43 days 0.300
Voyde et al (2010b) Auckland, NZ Greenhouse Lysimeter May 08 0.103

The chamber measurements were used to explore how Sedum green roof ET varies with air

temperature and relative humidity (RH) observations. Figure 5 provides a surface model of ET

measurements versus air temperature and RH for W118 (Figure 5(a)) and USPS (Figure 5(b))

generated using the gridfit MATLAB software package for least-squares surface reconstruction

(D’Errico 2005). Overall, and as reported by others (Liss 1973, DiGiovanni et a/ 2013), for a

constant RH, ET increases exponentially with temperature, whereas for a constant temperature

ET decreases with RH. The surface models for W118 and USPS show similar trends (Figure 5

(c)). However, W118 displays higher ET near 30 °C and 40% relative humidity. This difference
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primarily results from low ET values observed on USPS over the period July 4 — 7, 2012 (0.07 —
0.16 cm day™), caused by a span of limited rainfall and low soil moisture. Figure 5(d) provides a
surface model of ET based on the data from both roofs. Although other factors, including wind
speed, solar radiation, and soil moisture are known to influence ET (Monteith 1965, DiGiovanni
et al 2013), Figure 5(d) can be used to provide an initial empirical estimate of ET for Sedum

roofs based on two common environmental measurements. This approach is explored in section

2.3.4 below.
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Figure 5: Least squares estimated surface model of ET(cm hr'') compared to air temperature (°C) and relative

humidity (RH) (%) for (a) W118 and (b) USPS. (c) is the ET on USPS minus the ET on W118. (d) is the combined

surface model from data collected both roofs. Blank space on the figures indicates no available data.
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2.3.2 ET Estimates from the ASCE Standardized Reference Evapotranspiration Equation

Figure 6 shows the estimated monthly RET depths for each roof based on the ASCE RET
equation. The similarity of RET depths is attributed to close rooftop proximity (less than 6.3 km
apart), similar environmental conditions, and the standardized ASCE RET model. Peak ASCE
RET estimates occurred in July 2012 for all rooftops, with a total depth of 15.66 cm (average
0.021 cm hr''), 12.79 cm (average 0.017 cm hr''), and 14.36 cm (average 0.019 cm hr'') for
W118, USPS, and ConEd, respectively. Minimum ET estimates occurred in December 2012,
with a total depth of 2.40 cm (average 0.003 cm hr™'), 1.87 cm (average 0.003 cm hr™'), and 2.33
cm (average 0.003 cm hr'') for W118, USPS, and ConEd, respectively. Over the period from
April 2012 (May for USPS) to March 2013, the ASCE RET was 92.3 cm for W118, 72.3 cm for
USPS, and 86.4 cm for ConEd. This represents an annual green roof water retention of 81.0%,
72.8%, and 72.5% of the rainfall for W118, USPS and ConEd, respectively. According to Carson
et al (2013), predicted average annual water retention for W118, USPS and ConEd are 45%,
53% and 58%, respectively. Thus, the ASCE RET method returns higher values for annual green

roof water retention than a water balance study.
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Figure 6: Monthly reference evapotranspiration (RET) from the ASCE standardized RET equation for W118, USPS,

and ConEd from April 2012 — October 2013.
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2.3.3 ET Estimates from the Energy Balance Model

Figure 7 shows the monthly average latent heat flux (upward; i.e., from the roof to the
atmosphere) on ConEd, estimated from the energy balance model, compared to sensible heat flux
(upward), net radiation (downward), and conductive heat flux (upward). Sensible heat flux
peaked in April 2013 with a monthly average of 37.50 W m™. Average monthly sensible heat
flux was downward for the winter months, reaching a maximum downward flux of 31.46 W m™
in November 2012. Average latent heat followed a different trend, reaching a peak of 50.08 W
m” (0.0074 cm hr'') in June 2013, becoming slightly negative in the winter with a peak
downward flux of 11.48 W m™ (0.0016 cm hr™") in January 2013. Conductive heat flux was
generally minimal. Variation in latent and sensible heat trends confirms that energy models
employing a constant linear conversion factor like Bowen’s Ratio (f = Qsensible Quaent '), are not

likely sufficient for estimating latent heat from sensible heat on a green roof (Oke 1987).
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Figure 7: Monthly averages for net radiation (Rsw + Rpw), sensible heat (Qsensible), latent heat (Qpaeent), and conductive
heat (Qconduction) o1 the ConEd rooftop between April 2012 and October 2013. Arrows indicate direction of flux, with

upward indicating a flux from the rooftop to the atmosphere.
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2.3.4 Comparison of Methods

Monthly ET depths are net positive with the exception of energy balance winter results,
indicating water was leaving the rooftop (Figure 8). Seasonal variation was generally consistent
across methods, with maximum ET in summer months and minimum ET in winter months. This
trend agrees with both green roof and agricultural studies that state conditions in warm seasons
support higher ET (Gaffin et a/ 2010, DiGiovanni ef al/ 2013, Mentens et al 2006, Villarreal et al

2004, Sumner and Jacobs 2005, Wever et al 2002).

Through observation of seasonal and daily measurements (Figure 8), a systematic error is seen
where the ASCE RET equation overestimates ET at lower fluxes and underestimates at higher
values compared to dynamic chamber measurements. The ASCE RET equation does not
consider reductions in ET caused by water limitations or limited Sedum productivity in winter.
ET measurements from a lysimeter located on a green roof in Bronx, NY between 2009 and
2010 and a forest in central Massachusetts between 1992 and 2000 show winter ET rates similar
to the dynamic chamber (DiGiovanni ef a/ 2013, Czikowsky and Fitzjarrald 2004). Particularly
high ET values from ASCE RET estimates compared to the chamber ET measurements (e.g. DC
ET =0.09 cm day™, ASCE RET = 0.60 cm day™ on July 7, 2012) occur on dry summer days, as

observed through onsite soil moisture and rainfall measurements (Figure 9).
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Figure 8: Comparison of monthly dynamic chamber (DC) ET, ASCE RET, and energy balance (EB) ET depth (cm)
for (a) W118; (b) USPS; and (c) ConEd. Error bars represent 95% confidence intervals of calibration coefficients for

dynamic chamber.

While the monthly trends of the energy balance method are similar to the dynamic chamber and
ASCE RET equation, the depths of ET, especially in warmer months, vary significantly. The
energy balance, as with other energy methods, shows a comparative underestimation of ET

(Rosenberg 1969, Blad and Rosenberg 1974, Bertela 1989).
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Figure 9: Comparison of daily ET from dynamic chamber (DC) with ASCE RET estimates. Dotted line represents

linear regression of RET vs ET for both roofs.The points labeled “USPS: Jul 4 — 7” represent the Jul 4 — 7, 2012

drought period on USPS.

The data in Figure 5(d) were used to predict ET on USPS from May 2012 to October 2013 based
on site air temperature and RH. Because Figure 5(d) displays a surface of ET in RH-temperature
space, this method is termed the “surface model”. The results of the surface model show similar
average daily ET (0.213 cm day™) compared to the dynamic chamber (0.212 cm day™") and
ASCE RET (0.250 cm day™") results. The surface model shows a comparatively higher ET peak
in July 2012 (0.71 cm day™"), where soil moisture and rainfall results show limited available
water in the first part of this month, and lower fluxes in May and June 2013 (0.26 cm day™),
which had increased rainfall (17.22 and 25.32 cm, respectively) compared to average annual

trends (Figure 10).
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Figure 10: Comparison of monthly total dynamic chamber (DC) ET,ASCE RET, and Surface model (Surf) ET depth

(cm) for USPS for April 2012 — October 2013.

2.3.5 Benefits and Limitations

This study has shown that the LI-8100 system can be used to measure green roof ET. The LI-
8100 can be quickly deployed on an existing roof, is minimally invasive, and operates
unattended. Chamber ET measurements can be taken every 30 minutes, providing an extensive
field data set useful for discerning diurnal and seasonal green roof ET trends and improving
understanding of the thermal and hydrological behavior of green roofs. The data set is also
advantageous for examining the influence of environmental factors such as relative humidity and
temperature on ET, as demonstrated by the surface model. Nonetheless, chamber methods only
record ET at a particular location. Because full-scale green roofs contain vegetated and non-
vegetated areas, measurements made at a single vegetated location might not capture the overall

performance.

Comparison of the chamber ET measurements to the ASCE RET equation and energy balance
model results indicates that the ASCE RET equation might provide a more accurate estimate of

ET than widely used energy balance methods. Parameterization of the ASCE RET method
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requires less monitoring equipment, and thus capital, to implement than the energy balance
model. However, the equation does not account for variations in soil moisture availability and
plant vitality, leading to ET overestimations, as seen during the dry period on USPS from July 4
—7,2012. Low ET estimates from the energy balance method show the need for further

calibration and refinement of this approach for adoption on green roofs.
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Chapter 3

APPLICABILITY OF COMMON PREDICTIVE MODELS FOR
ESTIMATION OF EVAPOTRANSPIRATION ON URBAN GREEN
ROOFS

Abstract

Although the ET process has historically received limited attention, it is an important factor for
assessing both the health and performance of urban green spaces. In this study, common models
for potential evapotranspiration (PET) and actual evapotranspiration (AET), parameterized by
on-site climate conditions, are compared to ET measurements from a dynamic chamber system
deployed on two extensive green roofs (termed W118 and USPS) in Manhattan, NY. Dynamic
chamber ET was measured from July 2009 to December 2009 on W118 and from April 2012 to
October 2013 on USPS. Comparison of PET estimates from the Hargreaves, Priestley-Taylor,
Penman, and Penman-Monteith equations to dynamic chamber measurements reveal that the
Priestley-Taylor equation best predicts measured ET (r-squared = 0.96 for W118, 0.82 for
USPS). However, a systematic error is seen whereby the Priestley-Taylor equation overestimates
lower ET fluxes during the winter months and underestimates high summer ET fluxes. A storage
model, antecedent precipitation index, and advection-aridity equation are applied to calculate
AET in water-stressed conditions. Results indicate that AET may be better estimated through
antecedent precipitation index (r-squared = 0.96 on W118, 0.85 on USPS), based solely on

rainfall data, than through a storage model. Results inform the understanding of green roof ET
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behavior and applicability of ET models for quantifying ET and parameterizing hydrological and

energy models.

3.1 Introduction

The expansion of urban green spaces, specifically green roofs, urban forests, bio-swales, and
green streets, is an increasingly popular decentralized strategy to counter urban land
development impacts. These green spaces are engineered vegetative systems primarily designed
to re-introduce pre-development hydrological conditions and enhance natural processes. Urban
green spaces have the potential to detain and retain stormwater, offset carbon emissions, improve
air quality, reduce energy usage, and increase public space (Taha et al 1991, Jim and Chen 2009,
NYC DEP 2010, Voyde et al 2010a, Ouldboukhitine et al 2011, Wadzuk et al 2013, Marasco et

al 2014).

Evapotranspiration (ET) is the combined water vapor surface flux that results from evaporation
and plant respiration. ET is an important factor affecting the vitality and performance of urban
green spaces; however, the quantification of ET from these spaces has historically received
limited attention (Grimmond and Oke 2002, DiGiovanni et al 2013, Voyde et a/ 2010b). Studies
have shown that the ET process is directly correlated with environmental benefits related to
stormwater management (Stovin et a/ 2013, Wadzuk et a/ 2013), urban heat island mitigation
(Taha 1997), building energy usage (Ouldboukhitine et a/ 2011), carbon sequestration (Pataki et
al 2006), and air pollution (Christen and Vogt 2004, Jim and Chen 2009). Additionally, ET is an
important parameter in many urban hydrologic (Sherrard and Jacobs 2012, Zhao et a/ 2013,
Stovin et al 2013) and energy transfer models (Lazzarin et al 2005, Ouldboukhitine et a/ 2011,

Wang et al 2013).
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ET primarily results from solar energy, but is affected by various environmental conditions,
including the stomatal resistance of vegetation, surface albedo, aerodynamic roughness,
boundary layer humidity profile, and available substrate moisture (Allen ef a/ 1996, Salvucci and
Gentine 2013, Mawdsley and Ali 1985). Because the ET process is invisible and difficult to
measure directly, equations and models have been developed to predict ET from environmental
data (Zhao et al 2013). Equations developed to estimate ET, such as Hargreaves (Hargreaves and
Allen 2003), Priestley-Taylor (1972), Penman (1948), and Penman-Monteith (Monteith 1965)
generally estimate the “potential evapotranspiration” (PET) (i.e. the energy-limited ET) over a
static underlying surface, such as water, bare soil, or specified vegetation. The Hargreaves and
Priestley-Taylor equations are based on a composite of energy and temperature data, while the
Penman and Penman-Monteith models also incorporate wind and humidity measurements to

estimate advective ET.

PET models neglect factors that affect the actual evapotranspiration (AET), including substrate
moisture availability, surface conditions, crop coefficients, plant vitality, and weather (Allen et a/
1996, 2005a, Zhao et al 2013). When transpiration is minimal (e.g. during the winter and early
spring), ET consists primarily of evaporation and is significantly correlated with substrate
moisture at the surface level (Allen et a/ 2005a). Evaporation from bare soil can be considered
“energy-limited” or “water-limited” based on the moisture availability. When evaporation is
energy-limited, sufficient surface moisture is available to supply the PET demand. As surface
moisture evaporates and insufficient moisture is available to supply the PET demand,
evaporation becomes “water-limited”, and is affected by soil heat density, soil properties, and

remaining moisture availability (Allen et a/ 2005a). Transpiration is a more complex process
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than evaporation. Even in energy-limited, or potential, conditions, transpiration is affected by
sub-surface moisture, as well as the structure and vitality of substrate vegetation (Allen et al
1996, Brutsaert 2005). Additionally, PET is often estimated from non-potential environmental
conditions. When ET drops below potential, excess energy becomes available, altering air
temperature, humidity, and turbulence near the surface (Brutsaert and Stricker 1979). PET

calculated under these conditions is referred to as “apparent” PET (Brutsaert 2005).

The environmental processes and conditions affecting the hydrologic cycle in urban green spaces
vary from those of homogeneous, well-watered, agricultural and natural settings. Consequently,
assumptions made in conventional hydrologic models may inaccurately portray the behavior and
benefits of urban green spaces (Graham et a/ 2004). ET in urban environments is generally lower
than the surrounding natural environment and is often neglected or simplified in hydrologic
models (Grimmond and Oke 2002, Berthier ef a/ 2006). However, urban ET can still be a major
component of the water balance, especially when urban trees and green spaces are present
(Grimmond and Oke 1991, 2002). ET from urban green spaces is affected by their unique
properties, including small scale, vegetation heterogeneity, shallow substrate depths, underlying
surfaces, and uncertain moisture availability (Spronken-Smith ez a/ 2000, Grimmond and Oke
2002, Jim and Peng 2012, DiGiovanni et a/ 2013). The increased air temperature and lower
humidity of the surrounding built-up environment can enhance local and micro-scale moisture
advection of urban green spaces (Spronken-Smith et a/ 2000) and alter transport of heat and
momentum (Taha 1997). In addition, as described by Jim and Peng (2012), shallow extensive

roof substrates can have elevated temperatures in water-limited conditions, enhancing ET.

36



In this study, predictive models parameterized by on-site climate conditions are employed to
calculate PET and AET on two extensive green roof systems in Manhattan, NY. The predicted
daily ET fluxes (collectively referred to as ET,) from these models are compared to ET
measurements from a dynamic chamber system (ETpc). Concurrent ETpc and on-site climate
measurements were conducted from July 2009 to December 2009 on a vegetated mat system
(referred to as W118) and from April 2012 to October 2013 on a built-in-place system (referred
to as USPS). Comparisons between ET models and dynamic chamber measurements inform the
applicability of PET and AET models for quantification of green roof benefits and calculation of

ET for input in urban hydrologic and energy transfer models.

3.2 Summary of AET models and Green Roof ET studies

3.2.1 Actual Evapotranspiration Models

AET estimation procedures generally calculate flux from PET results based on existent non-
potential conditions (Brutsaert 2005). The variation between PET and AET is primarily a
function of water availability in the soil. At substrate field capacity, AET is equal to PET; as soil
moisture decreases, so does AET. Various soil moisture extraction functions (SMEFs) based on a
combination of actual soil moisture, field capacity, and wilting point have been employed to

relate the degree of substrate saturation to AET (Zhao et a/ 2013, DiGiovanni et al 2013).

In the absence of soil moisture data, other moisture indices and PET reduction procedures have
been employed to estimate AET, including accumulated precipitation and ET deficit models
(Grindley 1970, Priestley and Taylor 1972, Calder et al 1983, Arora 2002), antecedent
precipitation indices (Choudhury and Blanchard 1983, Mawdsley and Ali 1985, Ali and
Mawdsley 1987, Westenbroek et al 2010), the advection-aridity model (Brutsaert and Stricker
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1979, Ali and Mawdsley 1987, Kahler and Brutsaert 2006), water stress - surface temperature
relationships (Moran et al 1994, Boulet et al 2007), and relative humidity profiles (Berthier et al

2006, Salvucci and Gentine 2013).

3.2.2 Studies of Green Roof ET

Green roof ET has been measured in a variety of studies in order to quantify rooftop behavior.
ET is most often measured with a lysimeter (Voyde et a/ 2010b, Ouldboukhitine et a/ 2012,
Sherrard and Jacobs 2012, DiGiovanni et al 2013, Wadzuk et al 2013). Results from these
studies show average ET rates between 1 and 3 mm day™'. DiGiovanni ef al (2013) compared
AET measurements to Penman-Monteith equations, showing that the equations performed well
on non-water-limited days. A variation of the Thornthwaite-Mather (1955) attenuating factor was
employed to estimate AET from PET, improving predictions when water was limited. Lazzarin
et al (2005) employed a empirical version of the Penman equation and a reduction factor based
on relative humidity to predict AET. The formulation worked well in well-watered conditions,

but the reduction factor was unable to account for moisture limitations.

Jim and Peng (2012) investigated the influence of substrate moisture on green roof ET by
dividing monitored days into 9 categories defined from 3 weather (sunny, cloudy, and rainy) and
substrate moisture (wet, moist, and dry) types. Results show that substrate moisture had a limited
influence on ET, and the primary factors correlated with ET were those included in PET
equations. Dry substrates on sunny days demonstrated higher ET, explained by shallow substrate

allowing solar energy to heat up the entire substrate layer, increasing temperature and enhancing

ET.
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ET estimation techniques have been employed in a variety of studies to predict behavior and
supplement green roof hydrologic and energy models. Berthier et a/ (2011) and Sherrard and
Jacobs (2012) developed and calibrated reservoir storage models to predict runoff, incorporating
daily calculations of Penman-Monteith PET. Berthier ef a/ used PET, while Sherrard and Jacobs
incorporated a soil moisture extraction function to modify PET in water limited conditions.
Sherrard and Jacobs’ calibrated model was compared to data measured from a lysimeter setup
and was shown to accurately predict daily storage and runoff (r-squared equal to 0.94 and 0.98,
respectively) but showed reduced correlation in the prediction of ET (r-squared equal to 0.59).
Stovin et al (2013) applied average monthly estimations of PET and a soil moisture extraction
function (SMEF) to better predict green roof storage and runoff. The model was used to evaluate
the performance of green roofs in four different climate regions based on variations in
precipitation and PET. Results show that climate variations affect rooftop hydrological

performance and drought susceptibility.

3.3 Site Descriptions and Methodology

3.3.1 Site Descriptions and Instrumentation

Dynamic chamber measurements and environmental monitoring were conducted on two Sedum
extensive green roofs in Manhattan, NY between January 2009 and October 2013. A more
detailed description of the site characteristics, instrumentation, and data collection is provided in
Chapter 2 and Appendix A. Initial dynamic chamber measurements were collected on a
Columbia University residential building (termed W118), located at 423 West 118" St,
Manhattan, NY (Table 2) for a minimum 11-days each month between July 2009 and December

2009, with the exception of September 2009. Solar radiation, air temperature, relative humidity,
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wind speed, and precipitation data were recorded at five-minute intervals by a Campbell
Scientific CR1000 weather station from January 2009 to October 2013. A second dynamic
chamber deployment and collection of environmental data took place on the US Post Office
Morgan Processing and Distribution Center green roof (termed USPS) in Manhattan, NY (Table
2) between April 2012 and October 2013. Measurements were continuous with the exception of
July 8 — July 29, 2012 when the rooftop lost power. An Onset Hobo U30 weather station
recorded air temperature, relative humidity, solar radiation, wind speed, and precipitation were
recorded at five-minute intervals from January 2012 to October 2013. Measurements were
continuous except in April 2012 and from July to September 2012, when sensors malfunctioned.
The substrate field capacity was measured by Carson et al (2014) and shown to match

manufacturer specifications.

Table 2: Monitored green roof site characteristics

Roof Name w118 USPS
Construction Type Vegetated mat = Built-in-place
Year Built 2007 2009
Latitude 40°48’ 40°45’
Roof Height (m) 65 45
Roof Area (m?) 600 10,000
Sub. Depth (mm) 32 100
Field Capacity (mm) 12 49
Irrigation None None

3.3.2 Dynamic chamber Measurements

Dynamic chamber measurements of green roof ET were conducted using the Licor Biosciences
LI-8100 automated soil CO; flux system. Measurements occurred every 30 minutes on W118
and 60 minutes on USPS. For each measurement, the system’s chamber (volume, V= 6850 cm’

for W118, 7= 7005 cm’ for USPS) encloses a section of the green roof (surface area, S = 323.6
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cm?) for 5 minutes and records chamber water vapor concentration, w,, in mmol mol™ (ppt). The
flux of water from the sealed green roof surface into the chamber (mol cm™ s™) is a measure of
ET. A nonlinear regression of water vapor concentration versus time data, #(s), with an

exponential function of the form

We(t) = wy + (we(0) — wy)e KrE) )

is performed for the first minute of measurement, excluding the first 10 seconds to allow for the
system to establish steady mixing. Fitting of Equation (1) to measured values of w,(¢) returns
values for wy, the saturation concentration of water vapor at the evaporative surface (mmol mol
Y, K, the water vapor transfer velocity (cm s™), and o, when we(?) is equal fo w.(0) (s). ET is then

obtained from the water vapor flux at # = 0, yielding

_ P(0) 1 ws—wc(0)
ET = RT(0) (1_“1’(5)_(()00))1(( 1000 ) (2)

where P(0) is the initial pressure (kPa), 7(0) is the initial temperature (K), and R is the gas
constant (8.314 x 10° cm® kPa K™ mol™). ET values from Equation (2) were converted to mm

day™ by assuming 18 grams of water per mol and a water density of 1 g cm™.

The dynamic chamber was calibrated with a series of 6 pan evaporation experiments conducted
in Columbia University’s Carleton Laboratory. During each 12-hour trial, a pan of open water or
wet substrate was placed in the chamber. The pan was weighed every 30 minutes to measure
cumulative evaporation. Chamber estimates of ET were obtained during each 5-minute
automated chamber closure, programed to occur halfway between each weight measurement. A

comparison of chamber and weight measurements reveals a systematic error, where the chamber
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records lower ET than measured by weight. The error is believed to be the result of polar water
vapor molecules adhering to the surfaces of the air-lines between chamber and infrared sensor. A
linear regression of the weight-measured ET versus the chamber estimate is able to correct this
error (r-squared = 0.95). A more detailed description of the dynamic chamber methodology and

calibration is provided in Chapter 2.

3.3.3 Potential Evapotranspiration Estimates
The four equations for estimating PET (i.e. the maximum amount of water that would evaporate
a well-watered and healthy vegetated surface) employed in this study are the Hargreaves,

Priestley-Taylor, Penman, and Penman-Monteith equations.

The empirical 1985 Hargreaves equation estimates PETy (mm day™) using air temperature and
location data, and is generally accurate for periods of a week or longer (Hargreaves and Allen

2003). The equation is as follows
PETy = 0.408(0.0023R,; (Thean + 17.8) (Tmax — Timin)®>) 3)
where 7). and T, are the daily maximum and minimum temperature, respectively.

The Priestley-Taylor (1972) equation is a refinement of the Slatyer-Mcllroy (1961) equation for
baseline PET from a moist surface. The Priestley-Taylor equation predicts PETpr (mm day™)

considering a wet vegetated surface with minimal advection. The equation for PETpr is given by

A
PETpy = 0.408 [am(Rn -6)| (4)
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The coefficient, a, is equal to 1.26 and represents the ratio between the equilibrium
evapotranspiration and observed ET from moist, advection-free land and water surfaces

(Priestley and Taylor 1972).

The Penman (1948) equation is similar to the Priestley-Taylor equation, but has an added

advection term. The equation for PET, (mm day™) is described by
A
PET, = 0.408 [m (R, — G)] + [ﬁEA] (5)

where, E;, = 2.6(1 + 0.54u,) (es — e,) (6)

The ASCE Standardized Reference Evapotranspiration (ASCE PM) equation for the short
reference surface (e.g. cut grasses) was the analyzed version of the Penman-Monteith equation
(Allen et al 2005b). This form of the equation reduces the surface and aerodynamic resistance
variables in the Penman-Monteith (Monteith 1965) equation to standard values for reference

vegetation types. The ASCE equation for PETpy (mm day™), is given by

0.408A(Rn—c)+y( uz(es—eq)

Cn
Tmean+273) (7)

PETPM = A+y(1+Cgquy)

where C,, is the numerator constant (900 K mm s Mg d”' for the daily time step) and C, is the

denominator constant (0.34 s m™) for the short reference type.

Variables used in equations (3-7), including mean temperature, 7,,.., (°C), extraterrestrial
radiation, R, (MJ m™ d), net radiation, R, (MJ m™ d), soil heat flux density, G (MJ m™> d), the
psychrometric constant, y (kPa °C™"), slope of the saturation vapor pressure-temperature curve, A

(kPa °C™), wind speed, u, (m s™"), saturation vapor pressure, e, (kPa), and vapor pressure, e,
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(kPa), were calculated on the daily timescale according to ASCE standardized reference
evapotranspiration (ASCE PM) specifications (Allen et al 2005b), described in Chapter 2. An
albedo of 0.28 was calculated from linear regression of upward and downward shortwave
radiation measurements from USPS roof between March 2011 and June 2012 (r-squared =
0.997). The density of water (1.0 Mg m™) divided by the approximate latent heat of vaporization

(2.45 MJ kg ™) is 0.408, the coefficient in equations (3-7).

3.3.4 Actual Evapotranspiration Estimates

Three methods were employed to calculate AET from PET estimates, a soil moisture extraction
function (SMEF) based on data calculated from a green roof storage model, an antecedent
precipitation index (API) based on monitored precipitation data, and an advection-aridity (A-A)

model parameterized by PET equations.

A SMEF, similar to those employed by Sherrard and Jacobs (2012), DiGiovanni et al (2013), and
Stovin et al (2013), was incorporated as a coefficient to calculate AET from PET estimates. The
dimensionless SMEF coefficient, £, is a function of soil moisture storage depth at the specified

interval, S (mm), and the field capacity of the substrate, Sy (mm) (Table 2), and is calculated on

the d™ day as follows
Sta-
By ==, (8)

AET is then calculated as the following function of f and PET

AETsm@ay = BayPET(a) )
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Because soil moisture data is not often readily available, a continuous storage model on a daily
time step, similar to those developed by Berthier ef al (2011) and Stovin et al (2013), was

applied to predict soil moisture at each interval. The model calculates storage on the 4" day as
S(d) = min{SfC, S(d—l) + P(d) - AETSM(d)} (10)

where P is precipitation (mm). Because AETsy decreases with S, specification of a substrate

wilting point or lower boundary on storage is redundant.

The antecedent precipitation index (API) model is a modification of the Priestley-Taylor (1972)
PET equation. The model modifies predicted PET based on a function of antecedent precipitation
in the previous 28 days to account for variations in soil moisture content and predict AET in

drought conditions (Ali and Mawdsley 1987, Mawdsley and Ali 1985).

The equation is as follows

AET,p; = 0.408a [ﬁ (R, — G)] (11)
where the dimensionless coefficient, a, is expressed as

a = 0.123(API) — 0.0029(API)2 — 0.0000056(API)3, for API < 20

a = 1.26, for API > 20 (12)

with the function for API (mm) for each day (d) given by Kohler and Lindsey (1951), limited to

each of the previous 28 days (=1, 2, 3, ... 28)
API(d) = X, K(t_l)P(d—t) (13)
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where is the dimensionless recession constant, K, is set to 0.9 (Kohler and Linsley 1951, Ali and

Mawdsley 1987).

The advection-aridity model (A-A), developed by Brutsaert and Stricker (1979) to predict AET,
is based on a hypothesis developed by Bouchet (1963). Bouchet postulates that when AET is less
than PET due to limited water availability, the excess energy is transferred to other components
of the energy balance, which increases PET even though AET has declined (Ali and Mawdsley
1987, Brutsaert 2005). The A-A model assumes that the increase in PET is exactly equal to the

reduction in the AET, leading to the following equation
AET,_p = 2PETpr — PETp (14)

where Brutsaert and Stricker suggested using the Priestley-Taylor model for “apparent” PET
(PETpr) in non-potential conditions, and the Penman equation for the PET given non-water-

limiting conditions (PET,). Substituting in Equations (4) and (5) into Equation (14) gives

AET,_, = (2a — 1)0.408 [ﬁ (R, — G)] - [ﬁEA] (15)

for AET .4 on each day, where E is calculated from Equation (6).

3.3.5 Daily data assimilation and comparison

All recorded environmental data, including 30-minute W118 dynamic chamber measurements,
were averaged over each hour. For the purpose of calculating daily values, missing hourly
dynamic chamber ET fluxes were estimated from a linear regression of the prior and following
ET measurements, as long as they were within 2 hours. Lower ET fluxes during nighttime

resulted in increased errors (10 %) compared to daytime data (7 %), which would result in an
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overestimation of daily ET. Days with remaining missing data were eliminated from the analysis.
Additionally, while statistics are based on all concurrent PET estimates and ETpc measurements;
due to sensor malfunctions in 2012, the focus of the USPS trend analysis is period between

October 2012 and September 2013, where measurements were continuous.

Daily ET fluxes from the dynamic chamber (ETpc) were compared to ETp estimates from
Equations (3-15). For each ETp calculation, a dimensionless crop coefficient (i.e. the ratio of

actual ET to a potential or reference ET), K., in the following equation

ETDC == KCETP (16)

was determined from a least-squares linear regression of daily results for each roof (Allen 2000).

For visualization of daily time series data, a quadratic Savitzky-Golay (S-G) filter, commonly
used to eliminate noise in lysimeter studies (Vaughan and Ayars 2009, Peters et al 2014), was
applied with a span of 11-days to more clearly illustrate ET trends. The S-G method uses local

least squares polynomial approximation to filter measurement results.

3.4 Analysis and Results

3.4.1 Precipitation and Environmental Conditions

Precipitation totals measured on W118 during July, August, and October (147, 116, and 125
mm) are similar to records from the NOAA Belvedere Castle weather station in Central Park,
New York, NY between 1970 -2012 (Figure 11(a)). Growing season (April — October)
precipitation totals during chamber deployment on USPS are less similar. In May 2012, May

2013, and June 2013, USPS received a particularly high amount of precipitation compared to the
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historic average (180, 203, and 265 mm, respectively). In April and August 2013 USPS received
limited precipitation (43 and 71 mm, respectively) compared to historic data. Snowfall events
occurred during dynamic chamber deployment in December 2009, and between November 2012
and March 2013, as recorded by the NOAA Central Park, NY weather station. Average monthly
temperatures were similar to historic data with exception of November 2009 (12.2 °C) and

March 2012 (10.8 °C), which were considerably warmer compared to historic data (Figure

11(b)).
+

400 O W118 2009 i
_ O USPS2012|
£ O USPS2013| +
£ 300} + + + + -
;‘1‘; 2001 T T T CT T |
8 T
g mo% -

Lot L 1 1 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

30

N
(&)}
T

W118 2009 % %
USPS 2012 ]
USPS 2013 % @ % -

5 8

oo

N
o
T

Temperature (C)
o o
Hier

HiH
Sl

o & 1
or 1 A
5 = .
"7 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(b) Month

Figure 11: Monthly precipitation (a) and average temperature (b) from W118 in 2009, and USPS in 2012 and 2013
compared to box plots of historic data from 1970 — 2012. Rooftop data displayed for months with at least 24 days of

measurements.
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3.4.2 Measured Evapotranspiration

The two dynamic chamber deployments resulted in 12,000 hours of ET measurements. The
seasonal variation in average ET flux was similar for W118 in 2009, USPS in 2012, and USPS in
2013 (Figure 12). Daily ET flux ranged from 0.022 to 6.94 mm day™ on W118 and 0.003 to
11.38 mm day™' on USPS. Average daily ET flux for the extent of the monitoring period was
1.55 mm day™ for W118 and 1.93 for USPS. As expected, the average daily ET flux between
April 2013 and September 2013 on USPS was higher (3.15 mm day™") compared to October 2012
— March 2013 (0.22 mm day™"), due to increased available energy for ET. A more detailed

description of the dynamic chamber results is provided in Chapter 2.
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Figure 12: Monthly average ET from W118 in 2009, and USPS in 2012 and 2013 from dynamic chamber

measurements.

3.4.3 Potential Evapotranspiration Estimates

Daily PET estimates were compared with ETpc measurements from the dynamic chamber (Table
3). Monitoring resulted in 472 days of concurrent PET and dynamic chamber data. As expected,
PET equations show higher average ET values than the dynamic chamber, as they do not account
water availability. The Priestley-Taylor equation resulted in the lowest root mean square errors

(RMSE) between PET estimates and ETpc measurements on both W118 (0.49 mm day™) and
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USPS (1.27 mm day™). Crop coefficients for the Priestley-Taylor and ASCE PM estimates are
approximately one (0.98 - 1.02) for both roofs, while the Hargreaves and Penman equations
result in lower crop coefficients (0.84 - 0.96). Inclusion of the crop coefficient only appreciably
improved results of the Penman equation (RMSE for K,PETp equal to 0.83 mm day™ for W118,
and 1.42 mm day™' for USPS); however, the dynamic chamber results were still most correlated

with Priestley-Taylor estimates.

Table 3: Average ET (mm day™), RMSE (mm day™), and crop coefficients of PET estimates compared to dynamic
chamber results.

Average ET (mm day™) RMSE (mm day™) Crop Coefficient (K;)

ET Method
w118 USPS w118 USPS w118 USPS

Dynamic Chamber 1.55 1.93
Hargreaves 1.90 2.60 0.90 1.58 0.96 0.87
Priestley-Taylor 1.61 2.28 0.49 1.27 1.02 0.98
Penman 2.27 2.72 0.95 1.49 0.84 0.85
ASCE PM 1.91 2.27 0.81 1.38 0.98 1.02

Figure 13 displays S-G filtered daily PET and ETpc for W118 in 2009 and USPS between
October 2012 and September 2013. Estimates from the PET equations generally follow similar
trends. PET peaks in summer, with a maximum flux of 7.16 mm day' on USPS on June 21, 2012
(from the Penman equation), and is lowest in the winter, with a minimum flux of 0.0048 mm
day™ on USPS on December 10, 2012 (from the Penman equation). However, there are some
particular differences in the behavior of PET estimates. In winter months, the addition of the
advective term in the Penman and ASCE PM equations results in overestimation of ET compared
to dynamic chamber and Priestley-Taylor fluxes. The empirical Hargreaves equation is generally
comparable to the radiation based transfer equations (4-7), with the exception of a few periods

where it overestimates PET (e.g. May 17 to May 27, 2013 on USPS).
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Figure 13: 11-day S-G filtered daily dynamic chamber ET (ETpc) results from (a) W118 in 2009 and (b) USPS

between October 2012 and September 2013 compared to PET estimates.

While PET patterns generally mimic those of the measured dynamic chamber ET, the PET
equations tend to over-predict ET during drought and under-predict during periods of heavy
precipitation. PET fluxes are considerably higher than dynamic chamber measurements in April,
May, and September 2013. For each of these periods, limited precipitation was recorded in the
preceding month, leading to limited substrate moisture and increased substrate surface resistance,
and consequently reduced dynamic chamber ET. Conversely, the PET equations under predict

the magnitude of ET throughout June and July 2013, where both antecedent precipitation and
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available energy were elevated. This behavior is supported by the findings of Spronken-Smith et
al (2000) and Jim and Peng (2012) who demonstrate the unique conditions of green spaces in

urban environments can increase the actual ET in relation to estimated potential.

3.4.4 Actual Evapotranspiration Equations

AET was calculated for each method and compared to dynamic chamber measurements (Table
4). The Priestley-Taylor equation was used to calculate PET for input in the storage model as it
had the strongest correlation with dynamic chamber ET measurements and was used for the API
and A-A models. As expected, all AET models show reduced ET compared to the Priestley-
Taylor equation; however, only the APl model shows an improvement in RMSE. Average ET
estimates from the storage and the A-A model were lower than dynamic chamber results for both
W118 and USPS. The API model resulted in the lowest root mean square errors (RMSE)
between ET, (PET or AET) estimates and chamber ET measurements on both W118 (0.48 mm
day™) and USPS (1.19 mm day™"). Crop coefficients for the AET models all exceed one;
however, coefficients for APl model were near unity with K. values of 1.03 and 1.04 for W118

and USPS, respectively.

Table 4: Average ET (mm day™), RMSE (mm day™"), and crop coefficients of AET estimates compared to dynamic
chamber results during dynamic chamber deployment.

Average ET (mm day™) RMSE (mm day™) Crop Coefficient (K;)
ET Method
w118 USPS w118 USPS w118 USPS
Dynamic Chamber 1.55 1.93
Storage Model 0.97 1.66 1.50 1.62 1.45 1.28
API 1.59 217 0.48 1.19 1.03 1.04
Advection-Aridity 0.93 1.82 0.88 1.32 1.09 1.10
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Figure 14 displays S-G filtered daily AET estimates and dynamic chamber measurements from
W118 in 2009 and USPS between October 2012 and September 2013. The AET equations
display dissimilar trends. The storage model shows proper ET reductions in the spring and fall;
however, high fluxes in the summer result in a loss of moisture storage, and consequently a
decline in subsequent AET. API results on W118 are very similar to Priestley-Taylor estimates.
During chamber deployment on W118, precipitation was fairly regular (Figure 11(a)) and o
hardly deviates from 1.26. Reductions in a mainly occur in cooler months where energy
available for ET is minimal (minimum a = 0.89 on November 30, 2009). The API estimates
show more significant deviations from Priestley-Taylor results on USPS (minimum a = 0.41 on
May 8, 2013). Reduced values of a correspond with periods where precipitation in the preceding
month was limited, including April, May, and September 2013. The A-A equation does not
predict any of the reductions in ET corresponding with water-stressed conditions demonstrated
by storage model, API method, or dynamic chamber results. However, on USPS, the A-A
formulation of the transfer equations better reflects the seasonal variation of dynamic chamber

ET.
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Figure 14: 11-day S-G filtered daily dynamic chamber ET (ETpc) results from (a) W118 in 2009 and (b) USPS

between October 2012 and September 2013 compared to AET estimates.

3.5 Discussion and concluding remarks

3.5.1 Evapotranspiration behavior

The evaluation of four PET estimation equations calculated from on-site environmental data

against ET measurements from a dynamic chamber system reveals that the Priestley-Taylor

equation is most effective for predicting ET on the studied green roofs (RMSE = 0.49 on W118,

1.27 on USPS). Although there are variations in the magnitude of ET, fluctuations in PET

estimates mimic those of the dynamic chamber measurements (Figure 13). While the crop
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coefficients based on linear regression of Priestley-Taylor and dynamic chamber fluxes are
approximately one (K¢=1.02 for W118, 0.98 for USPS), a systematic error is seen on USPS
where the Priestley-Taylor equation over predicts ET at lower fluxes and under predicts ET at
higher fluxes (Figure 15(a)). The PET equations overestimate ET in the winter on both rooftops,
as the equations do not consider factors which limit winter PET, including decreased vegetation

productivity, higher albedo of snow-covered surfaces (0.40 — 0.90), or increased ET resistance of

frozen substrates (Allen ef al 1998).
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Figure 15: Scatter plot of dynamic chamber ET (ETpc) results from W118 and USPS compared to (a) Priestley-

Taylor (PETpr) and (b) APT (AETp;) estimates, corrected with crop coefficients, K.

As expected, the PET equations over predict ET during periods of limited water availability,
observed through precipitation data, predicted storage, and API calculations (Figure 13(b)). In
June and July 2013 dynamic chamber ET measurements exceeded PET estimates, thought to be
the result of elevated surface temperature and more frequent precipitation during this period.

Maximum daily surface temperatures, measured by the dynamic chamber exceed maximum daily
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air temperatures in the summer, resulting in increased energy availability for ET (Jim and Peng
2012). Application of the Hargreaves equation (Equation (3)) with surface temperature values
shows maximum PET fluxes similar to dynamic chamber measurements in June and July 2013
(Figure 16). Additionally, frequent precipitation in May and June 2013 is believed to have
enhanced Sedum productivity and transpiration, as well as replenish surface moisture, reducing

surface resistance for evaporation (Allen et al 2005a).
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Figure 16: 11-day S-G filtered daily dynamic chamber ET (ETpc) results from USPS in 2013 compared to

Hargreaves estimates (PETyg) based on air temperature (7;) and surface temperature (T, ace)-

Analysis of the storage, API, and A-A model reveals that only the API model improves the
prediction of measured ET (RMSE = 0.48 on W118, 1.19 on USPS) compared to the Priestley-
Taylor equation. The API model corrects many overestimations visible in Priestley-Taylor
results (Figure 15(b)). For W118 in 2009 and USPS in 2012, precipitation was frequent enough
that API AET estimates are nearly equal to Priestley-Taylor PET estimates. However, on USPS
in May and September 2013, API AET results are comparatively lower, which corresponds to the
behavior of measured ET. During drought periods, the day where the API coefficient, a, first

decreases varies with respect to when dynamic chamber ET begins to deviate from PET;
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however, the overall behavior is similar (Figure 14(b)). As expected, when a significant

precipitation event occurs both the API and dynamic chamber fluxes return to potential.

The SMEF used in the storage model reduces PET in periods of dry weather, however the
magnitude of these reductions is overestimated. The storage model does not account for
processes that increase water availability, including, interception, vegetation storage, temporary
detention, and ponding water or factors that alter ET fluxes, including the location of moisture in
the substrate, non-potential environmental conditions, and transpiration. It is also important to
note that reductions in dynamic chamber ET compared to PET estimates are delayed with respect
to the storage model, which supports the idea that there is a range of storage depths where ET is
still energy limited, and only when storage crosses that threshold, does AET decline in

comparison to PET (Allen et al 2005a).

3.5.2 Model Sensitivity

The crop coefficients determined for the Priestley-Taylor, ASCE PM, and API models are
between 0.98 and 1.04, indicating that calibration of these models based on the scalar crop
coefficient, K., does not considerably improve the model. The remaining variance is sensitive to

other conditions on the roof or the relationship between PET equation variables.

The storage model was shown to underestimate ET in summer months when ET fluxes were

elevated. Increased ET fluxes deplete water storage and consequentially the coefficient g used to

predict AET in Equation (9) is reduced. Modification of Equation (8) for f or specifying a
storage depth threshold where ET becomes water-limited does not considerably improve the

model, as higher PET values will deplete storage depth faster. As discussed by DiGiovanni et a/
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(2013), the model is sensitive to storage depth; however, increasing storage depth in this analysis

results in ET overestimation during the water-limited period on USPS in May 2013.

The coefficients for the cubic a function (Equation (12)) and variables in the API formulation
(Equation (13)) were analyzed to determine AET sp; sensitivity. The following variables were
analyzed within the given ranges: (1) the decay coefficient, K (0.80-0.95), (2) input antecedent
precipitation days (5-50 days), (3) maximum daily precipitation input (5-104 mm), and (4) the
maximum API for a calculation (5-50 mm), The standard API formulation results (K. AET spr)
along with two variations of the method are displayed in Figure 17. In the first modification
(AETap; — Fitted o), a cubic regression of o and ETpc (K.PETpr)" was performed to determine
coefficients for Equation (12), where all ETpc (K.PETpr)™ ratios associated with API greater
than the maximum API (i.e. 20 mm) were set to unity. In the second model (AET ap1 — Modified,
Fitted a), in addition to regression of a, K was set to 0.95, max API was set to 10 mm, and 15
antecedent precipitation days were used in the analysis. The modified API formulation showed
increased significance between the API and ETpc (K.PETpr)" (p =2.8% 10°%), compared to the
original API (p =7.4x10%). However, the analysis reveals that AET p; results are particularly
insensitive to these adjustments, with adjusted models having nominal effects on AET ap;

behavior and RMSE (Figure 17).
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Figure 17: 11-day S-G filtered daily dynamic chamber ET (ETpc) results from USPS in 2013 compared to the
original API values (AET sp), an API model with modified a (AET ap; — Fitted o), and an API model with fitted o, K

0f 0.95, and a max API of 10, calculated from 15 antecedent precipitation days (AET p; — Modified, Fitted o).

The A-A equation (15) can be considered a form of the Penman equation (5) with differing
coefficients for the radiation and advective term. The major distinction between models is that
for the A-A model, Brutsaert and Stricker (1979) assumed that advective term was negatively
correlated with actual ET. Multi-variate linear regression of the separated terms of Equation (5)

in the following form
A
ETpc = C(1)0.408 [H (R, — &) +C(2) [ﬁ Ey| (17)

reveals coefficients of a similar form to the A-A model, with C(1) = 1.34 and C(2) =-0.09 on
W118, and C(1) = 1.47 and C(2) = -0.50 on USPS. This approach improves correlation slightly
(RMSE =0.48 on W118, 1.26 on USPS) compared to the Priestley-Taylor equation with crop
coefficient (RMSE = 0.49 on W118, 1.28 on USPS) and shows that a form of the A-A model

may be useful for quantifying seasonal differences between potential and measured ET.

59



3.5.3 Evapotranspiration behavior compared to other studies

Studies of certain agricultural (Ali and Mawdsley 1987, Salvucci and Gentine 2013), natural
(Kahler and Brutsaert 2006), and green roof (Sherrard and Jacobs 2012, Wadzuk et al 2013) sites
show a systematic error where predictive algorithms overestimate lower ET fluxes and
underestimate higher ET fluxes, as seen on USPS, especially in 2013. In many studies (Ali and
Mawdsley 1987, Kahler and Brutsaert 2006, Sherrard and Jacobs 2012, Salvucci and Gentine

2013), a water availability algorithm was included, but did not account for this error.

Water limitations affect actual ET and alter PET estimates. Studies of green roof ET have
reported that estimates from predictive equations are more correlated with measured ET during
years with frequent precipitation (Lazzarin et al 2005, Wadzuk et al 2013) or when considering
only non-water-limited days in the analysis (DiGiovanni et al 2013). In this study, W118 and
USPS in 2012 (Figure 15(a)) more closely match Priestley-Taylor results than USPS in 2013,

which received irregular precipitation.

3.5.4 Application of ET models for green roof hydrologic and energy models

ET estimation techniques are important for quantifying green roof benefits and supplementing
green roof hydrologic and energy models. PET equations provide an acceptable prediction of
overall ET behavior. The Priestley-Taylor equation showed the strongest correlation with
measured ET on both W118 and USPS, with the crop coefficient, K., approximately equal to
one. The PET equations overestimated ET in winter months on both roofs where limited plant
productivity, snow reflectance, and the resistance of ET from frozen surfaces is thought to limit
ET (Allen et al 1998). Advection estimates in the winter further increased Penman and ASCE

PM estimates; however, empirical analysis of the Penman equation showed a negative
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correlation between actual ET and advection, similar to the theory of the A-A model.
Additionally, since the equations cannot account for water availability or non-potential

conditions affecting PET estimates, correlation is reduced in during water-limited conditions.

The AET models attempt to account for differences between the apparent PET and AET. The
API model proves to be a straightforward and practical method to account for water availability
when calculating AET. Although the method is empirical, it is insensitive to changes to its
formulation and unaffected by preceding ET fluxes, water storage, or site conditions. The
method is able to predict AET during significant dry periods such as during May and September
2013, where AET is most limited. During normal precipitation conditions, such as most of the
chamber deployment on W118, the AET apy is simply equal to PETpr. Although the storage
model has a more physical basis than the other AET calculation procedures, it is highly sensitive
to the rooftop water storage and environmental conditions that can affect ET. This behavior
resulted in significant underestimations of ET during the summer, when ET fluxes were high and
storage was depleted quickly. However, if a designer is only interested in estimating runoff for a
precipitation event, a storage model may be sufficient, as seen by results from Berthier ef al

(2011) and Sherrard and Jacobs (2012).
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Chapter 4

PEAK RAINFALL REDUCTION PERFORMANCE OF FOUR
EXTENSIVE GREEN ROOFS IN NEW YORK CITY: HYDROLOGIC
OBSERVATIONS AND ANALYSIS

Abstract

Green roofs are an alternative to traditional impervious rooftops that aim to replicate the
stormwater absorption properties of natural landscapes. A green roof temporarily detains
stormwater, restricting flow into the sewer, and subsequently lessening the risk of flooding and
sewerage overflows into local water bodies. In this study, event rainfall and runoff characteristics
from 501 storm events recorded between June 2011 and April 2013 are analyzed to determine
the peak rainfall rate reduction behavior of four extensive Sedum green roofs. The roofs studied
include three systems with continuous vegetation, specifically two vegetated mat systems
(termed W115 and W118) and a built-in-place system (termed USPS), in addition to a modular
tray system (termed ConEd). Results show that event peak hourly runoff rate is correlated to
event rainfall depth and peak rainfall rate. From monitored data, empirical models relating event
peak runoff per unit area of monitored green roof to rainfall depth and peak rainfall were created.
Individual roof models were developed to compare peak reduction behavior among roofs,
defined as the ratio of event peak runoff rate per unit monitored rooftop area to peak rainfall,
while a combined model for the three continuous systems was generated to predict average peak
rainfall reduction. Application of roof-specific models to historic rainfall data from Central Park,
NY shows that the ConEd modular tray system has the highest average peak rainfall reduction,
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77%, compared to 70.8, 74.3, and 75.1% for W115, W118, and USPS, respectively. Although,
unable to predict the variations between roofs, the combined model for the continuous systems
(r-squared = 0.88) can be a valuable tool for designers to estimate green roof event peak rainfall

reduction performance.

4.1 Introduction

Wet-weather triggered stormwater discharges are the predominant cause of non-point source
pollution in urban areas (US EPA 2004). These discharges, which consist of stormwater runoff,
combined sewer overflow (CSO), and sanitary sewer overflow (SSO), occur when sewer system
or wastewater treatment plant (WWTP) capacity is exceeded, leading to urban flooding and
water body impairment (Berghage et al 2009). In New York City (NYC) most wastewater
treatment plants are designed to treat twice the dry weather sewer flow (NYC DEP 2010).
However, this capacity is often exceeded, resulting in CSOs during storm events with as little as
3 mm of rainfall in 1 hour (Montalto ef al 2007). The relationship between precipitation and
CSO discharge is not universal, and depends on many factors, including rainfall, catchment, and

sewer system characteristics (Mayor’s Office of Long-Term Planning and Sustainability 2008).

To mitigate CSO discharges, many governments and municipalities in the United States and
abroad have implemented policies and stormwater control measures (SCMs) to detain water
onsite (Fassman-Beck et al 2013). One increasingly popular, low cost, and effective SCM is low
impact development (LID), also referred to as “green stormwater infrastructure”. For LID,
micro-scale engineered systems are designed to replicate pre-development hydrology in the
urban environment, in order to attenuate stormwater runoff (Coffman 2000). LID techniques can

be implemented incrementally with limited modification to existing infrastructure, making them
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ideal for urban areas (NYC DEP 2010). The temporary storage of stormwater on-site by LID
reduces the flow rate into sewer systems, allowing extended time for delivery and treatment, and
thereby lessening the chance of both flooding and sewer overflow (Mayor’s Office of Long-

Term Planning and Sustainability 2008).

Vegetated roofs, or green roofs, are a type of LID alternative to traditional impervious rooftops
that have the capability to both retain and detain stormwater (Carson et al 2013). Green roofs are
engineered systems comprising of vegetation, substrate, and drainage layers placed on a roof’s
waterproof membrane. Lightweight, low cost, and low maintenance types of green roofs, referred
to as extensive systems, can be implemented on many existing structures without modification.
The extensive roof consists of engineered lightweight substrate layer, typically less than 150 mm
deep, cultivated with shallow rooted and drought tolerant plants such as Sedum (Berndtsson
2010). At present, the three major categories of extensive green roofs are the vegetated mat,
built-in-place, and modular tray systems (Oberndorfer et a/ 2007). The vegetated mat and built-
in-place systems both consist of continuous substrate layers and drainage courses, but differ in
installation method. The vegetated mat system is assembled and planted offsite, while the built-
in-place layers are placed on the roof individually. The modular tray differs in that the substrate

is contained in plastic trays, which are then placed on the rooftop membrane.

To understand rainfall detention behavior, it is important to understand how water is stored and
transported within a green roof. At the start of a storm event, plants capture a portion of rainfall
on vegetated areas. After the initial abstractions, water then begins to saturate the substrate or
infiltrate and flow towards the drainage layer. The rainfall rate attenuation performance of the

vegetated portion of the green roof will be stronger during this time, as both permanent and
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temporary storage, as well as suction forces, reduce the flow rate on the roof (Bliss et al 2009).
Any moisture present at the start of the event will reduce the rainfall volume required to saturate
the substrate (Berndtsson 2010). When the substrate becomes fully saturated, the flow through
the media is limited by the hydraulic conductivity and excess water accumulates on the surface

(She and Pang 2010).

Saturated substrates will continue to drain until the field capacity is reached (Berndtsson 2010).
On the continuous systems, water can enter the drainage course from any part of the substrate.
However, on the modular ConEd roof, water must exit the substrate through holes on the
underside of each tray (Carson ef a/ 2013). Once water enters the drainage layer, it will flow
horizontally towards the drain, this flow can be affected by drainage layer construction, as well

as rooftop configuration (Berghage et al 2009).

The behavior of rainfall that lands on non-vegetated areas, required for rooftop access and
maintenance, varies from the behavior of vegetated portions. A small quantity of the rainfall on
non-vegetated areas is held through depression storage; however, the majority of water will flow
towards the drain (Carson et al 2013). The reduction in flow rate is dependent on construction
(e.g. gravel or asphalt) and configuration (e.g. flow path lengths and interaction with vegetated

portions of roof).

To date, much emphasis has been placed on understanding stormwater volume retention
performance of extensive green roofs (Mentens et al/ 2006, Spolek 2008, Berndtsson 2010,
Gregoire and Clausen 2011, Stovin et al 2012, Carson et al 2013, Fassman-Beck et al 2013),
with less focus on the factors influencing green roof detention. The attenuation of peak rainfall
rate by a green roof is highly variable and does not depend solely on substrate properties and

65



peak rainfall rate. Green roof peak runoff rate is a function of antecedent rainfall, vegetation and
drainage configuration, as well as other environmental, site, and moisture conditions (Bliss et a/
2009, Berndtsson 2010). A number of studies, both in the United States and abroad, have
reported the peak rainfall rate reduction on green roofs (Bliss e a/ 2009, Fassman-Beck et al
2013, Hutchinson et al 2003, Berghage et al 2009, Moran et al 2005, Kurtz 2008, Carpenter and
Kaluvakolanu 2011). However, attempts to model reduction have either resulted in limited
correlation (Stovin et al 2012), applicability to only a handful of storms, or complex models
requiring input of initial runoff delay, total runoff depth, or other variables considered difficult to

quantify (Villarreal and Bengtsson 2005, Villarreal 2007).

This study aims to advance understanding of the factors controlling green roof stormwater
detention by quantifying, analyzing, and modeling green roof peak stormwater reduction from
for three extensive systems with continuous vegetation as well as one modular tray system, all
located in New York City. Environmental data gathered from the roofs between June 2011 and
April 2013 are used to summarize green roof stormwater detention performance, analyze factors
affecting detention behavior, and develop a model to predict peak hourly runoff rate from

continuous and modular green roof systems.

4.2 Summary of previous green roof detention studies

While stormwater volume retention has been widely studied as a green roof hydrologic
performance metric (Mentens et al 2006, Spolek 2008, Berndtsson 2010, Gregoire and Clausen
2011, Stovin et al 2012, Carson et al 2013, Fassman-Beck ef al 2013), green roof capacity to
reduce the peak rate of stormwater runoff is significantly less documented. Studies have been

performed on full-scale roofs; however, many studies were performed on small, 0.37 to 12 m?,
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pilot-scale roofs or elevated test boxes (Carson et al/ 2013). As opposed to full-scale roofs, pilot-
scale roofs and test boxes generally do not include non-vegetated regions and have significantly
shorter flow path lengths. Most often, studies report this hydrologic performance metric as the
reduction in peak rainfall rate for a given storm event, as defined by the ratio of event peak
runoff rate per unit monitored rooftop area to peak rainfall. However, many studies report green
roof reduction in of event peak runoff rate per unit monitored rooftop area to measurements from
an asphalt control rooftop. Moran et a/ (2005) observed an average 5-minute peak rainfall rate
reduction of 87 and 57% for two full-scale green roof systems in North Carolina, respectively.
Carpenter and Kaluvakolanu (2011) measured runoff at 5-minute intervals on full-scale green,
stone, and asphalt roofs. Average peak flow reduction compared to the asphalt roof for the green
and stone roofs for this study were 89 and 69%, respectively. Berghage et a/ (2009) measured
runoff at 5S-minute intervals on pilot-scale green and asphalt rooftops in University Park, PA.
Results showed an 88% maximum (44% average) peak 5-min rainfall rate reduction for storms
greater than 0.5 in (12.7 mm) for the green roof, compared to a maximum of 50% (4% average)
for the asphalt control roof. Bliss et a/ (2009) recorded runoff every second from a green roof
test-box, as well as a control roof in Pittsburgh, PA. Reported green roof peak runoff rate
reduction compared to the control roof ranged from 5 to 70%. In addition, results from the Bliss
et al (2009) study showed that as storms progressed and the substrate saturation increased, green

roof peak runoff reduction compared to the control roof diminished.

Fassman-Beck et a/ (2013) analyzed peak rainfall rate reduction on 2 full-scale roofs and 4 pilot-
scale roofs. Monitored results demonstrate that the 2 full-scale roofs were more effective at

reducing peak rainfall rate, with median reductions of 90 and 84%, respectively. The pilot-scale
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roofs, while showing reduced performance compared to the full-scale system, revealed that
deeper substrates can more effectively dampen peak runoff flow, with median reduction of 74%

for the 150 mm thick substrate compared to 62% for the 100 mm thick substrate.

Stovin et al (2012) provided a thorough analysis of peak 5-minute runoff rate from an extensive
green roof test box located in Sheffield, UK. A 5-minute peak rainfall rate reduction of 20-100%
(average 59.22%) was observed for 21 storms between 8.8-99.6 mm in depth. A regression
analysis was performed to relate peak runoff rate to storm and weather characteristics, resulting
in a final model based on event rainfall duration. However, the peak runoff rate model showed

poor predictive performance (r-squared = 0.478).

Villareal and Bengtsson (2005) analyzed 1-minute rainfall data collected on an extensive green
roof test box for 4 simulated rainfall events repeated with the test box at 2°, 5°, and 8° slopes.
Their data indicate that while roof slope can influence overall retention, it does not affect the
shape of the hydrograph or the peak rainfall rate reduction. Results from a unit hydrograph
model (Singh 1976) demonstrate that the model can accurately simulate the runoff response and
peak rainfall rate for the series of events in this study; however, the model creation requires input
of accumulated rainfall before the onset of runoff and total runoff depth in addition to rainfall

data.

Models to predict peak runoff rate have been applied to larger watersheds and show varying
levels of success (Jones and Grant 1996, Tasker and Stedinger 1989). However, there are
differences between the functions of green roofs, compared to larger watersheds. Loague and
Freeze (1985) employed a regression model, a unit hydrograph model, and a physically based
model to predict event based runoff in three U.S. catchment basins. The unit hydrograph method
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assumed a constant infiltration rate, which is not appropriate for modeling green roof hydrology.
Results from the regression show that the 2-min peak rainfall rate was not able to accurately
predict peak runoff rate. For prediction of event depth and time of peak, regression analysis
showed similar or improved predictive performance compared to more data intensive, physically

based models.

4.3 Monitoring Sites and Systems

4.3.1 Site Descriptions

Four extensive Sedum green rooftops were monitored for this study. For roofs with multiple
drains (W118, USPS, and ConEd) a watershed typical of the roof configuration was chosen for
environmental monitoring. A summary of the rooftop sites is provided in Table 5. Further

description of the monitored green roofs is provided in Appendix A.

Table 5: Monitored green roof site and storm event characteristics

Roof Name w115 w118 USPS ConEd
System Type Vegetated mat Vegn?;at\ted Built-in-place  Modular Tray
. Drainage Drainage Drainage Corrugated
Drainage Layer Course Course Course Plastic
Year Built 2007 2007 2009 2008
Roof Area (m®?) 99 600 10,000 2,700
Substrate Depth (mm) 32 32 100-200 100
Monitored . Area (m?) 99 310 390 940
Watershed o, vegetated 58 53 67 52
Start 11-Jul 11-Jun 11-Jun 11-Jul
Monitoring
End 12-Oct 13-Apr 13-Mar 13-Apr
Total 130 161 199 141
# Events
Suitable 103 128 170 100

The Columbia University owned 635 West 115" Street (W115) and 423 West 118th Street

(W118) buildings in Manhattan, NY were retrofitted with a Sedum vegetated mat, specifically
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the Xero Flor America’s XF301+2FL green roof system. This system consists of a 32 mm thick
pre-vegetated mat, layered above two 6 mm thick water retention fleeces developed from
recycled synthetic fibers, a 19 mm non-woven polymer drainage mat, and a 0.5 mm polyethylene
root barrier. The roof substrate has a water-saturated density of 1.37 g cm™, water storage
capacity of 37.1%, and a saturated hydraulic conductivity of 0.021 cm s™', as measured by
Hummel and Co. Inc. in April 2007. Gravel borders, angled parapets, and bare roof comprise the

non-vegetated areas on these rooftops.

The US Post Office Morgan Processing and Distribution Center green roof (USPS) in
Manhattan, NY was installed by TectaGreen of Tecta America. The roof was built-in-place by
installing drainage layers and substrate in areas bounded by metal brackets. Most of the
vegetated area consists of 100 mm of substrate and was planted with various Sedum types,
however a selection of 200mm thick, 2 m wide berms created on the roof have different plant
species. The substrate has a water-saturated density between 1.15-1.35 g cm™, water storage
capacity between 35-65%, and a saturated hydraulic conductivity between 0.001-0.120 cm s™, as
measured by Skyland USA LLC in March 2011. Non-vegetated areas in the monitored watershed

consist of gravel ballast.

The ConEdison Learning Center (ConEd) green roof in Queens, NY consists of 61 cm x 122 cm
x 10 cm GreenGrid-G2 modular trays. Trays were packed with substrate and placed in adjacent
rows on the roof. 15 Sedum varieties were established on the roof with plugs and cuttings. The
substrate has a water-saturated density of 1.18 g cm™, water storage capacity of 31.8%, and a

saturated hydraulic conductivity of 0.326 cm s™, as measured by Penn State University’s

70



Agricultural Analytical Services Laboratory in July 2008. The non-vegetated portions of this

roof consist of rubber mat walkways, gravel ballast borders, and raised skylights.

4.3.2 Instrumentation

An Onset Hobo U30 weather station was installed on each green roof to record rainfall, runoff,
and environmental conditions in the monitored watershed. An Onset tipping bucket rain gauge
measured rainfall and a custom designed flow meter measured runoff. The Onset tipping bucket

is accurate to + 1.0% at up to 20 mm h™' and temperatures between 0 and 50 °C.

The runoff flow meters consist of a runoff chamber with an outlet weir and a Senix TSPC-30S1
ultrasonic distance sensor. The distance sensor measures the depth of water behind the weir face
with a resolution of 0.086 mm. As flow increases, the distance sensor detects the rise in water
height behind the weir face and adjusts its output voltage. The flow meters were designed to fit
into existing rooftop drains and accommodate roughly 50 mm hr’' of rainfall in saturated
substrate conditions based on watershed arca. Above this flow rate, water overflows into the roof
drain to prevent backup and ponding of water on the roofs. The flow meters function between 0
and 70 °C. Each flow meter was calibrated at flow rates up to maximum capacity in a chamber
designed to mimic water flow conditions in roof drains. Once calibrated, weirs were installed in
rooftop drains and connected to the logger for data recording. Further description of flow meter

design, construction, and calibration is provided in Appendix B.

Flow meter voltage readings were sampled every second. Five minute rainfall totals and five
minute flow meter averages were recorded by the data logger and wirelessly uploaded the to the
Onset Hobolink data service. Continuous data were collected at all rooftop sites from June 2011
to April 2013, except during several intermittent offline periods due to hurricane safety
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measures, power loss, or equipment failure. Data were imported into MATLAB and the unique
calibration equation for each flow meter was then applied to the voltage records. Flow rates were
normalized by the monitored watershed area to calculate runoff depth per unit time at each
interval. Further data manipulation, analysis, visualization, and statistics were performed with

the MATLAB software package and Statistics Toolbox.

4.4 Results

4.4.1 Determination of storm events and characteristics

A modified version of the National Oceanic and Atmospheric Administration (NOAA) definition
of a 6-hour “no rainfall” period required to separate storm events was used in this analysis. An
event begins when rainfall is first recorded and ends when no rainfall or runoff has been
observed for six hours. Once individual events were determined in this manner, events
considered unsuitable for analyses were removed based on the following four exclusion criteria:
(1) peak runoff rate exceeded 90% of the flow meter’s voltage output range, as turbulence at
flows above this rate distort depth readings (36 Events); (2) rainfall or runoff measurements
resulted from snowfall, since the time scale of snowmelt prevents reliable event separation (29
Events); (3) total event runoff was in excess of rainfall, the result of partial blockage of the flow
meter outlet weir by debris and sediment (40 Events); and (4) sensor errors, due to power loss or
equipment failure (25 Events). Following data removal based on the discussed exclusion criteria,
501 storm events from 631-recorded events across all monitored roofs were used for analysis
(Table 5). From this point forward, all discussion and analysis of monitored storm events is

limited to the 501 suitable events.
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In order to analyze green roof detention performance, a series of event rainfall and runoff
characteristics were determined. For this study, the most important event rainfall and runoff
characteristics and their abbreviated names are described in Table 6. To determine maximum
hourly peak rain and peak runoff; at each five-minute measurement interval, rainfall and runoff
depth over the following hour were summed. The peak hourly rainfall and runoff were defined as
the maximum of these values. The 1-hour duration for peak rain was used for analysis due to the
availability of hourly historic rainfall data in New York City (Central Park, NY). Unless
otherwise specified, all discussion of peak rain or peak runoff refers to the maximum event 1-hr

peak rates. All other statistics are based on 5-minute data collected during each storm event.

Table 6: Event rainfall, runoff (normalized by area), and reduction characteristics for analysis

Characteristic Unit Description
Rain Depth mm Total event rainfall depth
Peak Rain mm hr” Peak hourly rainfall rate
— | 5-min Peak Rain mm min™ Peak 5-minute rainfall rate
% Time to Peak min Time between event start and Peak Rain
« Rain Depth to Peak mm Rainfall depth before Peak Rain
Rain Duration hr Time between initial and final event rainfall records
Average Rain mm hr” Average rainfall rate (Rain Depth/Rain Duration)
Runoff Depth mm Total event runoff depth
Peak Runoff mm hr” Peak hourly runoff rate
. 5-min Peak Runoff mm min™ Peak 5-minute runoff rate
g Runoff Delay min Time from event start to initial runoff
« Rain Depth to Runoff mm Rain Depth before initial runoff
Runoff Duration hr Time between initial and final event runoff records
Average Runoff mm hr”' Average runoff rate (Runoff Depth/Runoff Duration)
g Peak Reduction % (1- (Peak Runoff/Peak Rain))x100
g 5-min Peak Reduction % (1- (5-min Peak Runoff/5-min Peak Rain))x100
é Average Rate Reduction % (1- (Average Runoff/Average Rain))x100
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4.4.2 Rainfall peak analysis and distribution

In order to compare monitored peaks to historic data, hourly precipitation data recorded at the
Belvedere Castle weather station in Central Park, NY were downloaded from the NOAA
National Climatic Data Center website (ncdc.noaa.gov) for the years 1971-2010. Events were
separated based on the NOAA standard 6-hour dry weather period. Peak rain and rain depth were
determined for each of the 4,291 precipitation events from the 40-year historic period. As actual
1-hour peak rainfall rates do not necessarily occur at clock-hour intervals; in order to correct for
differences between clock-hour and 1-hour values, the National Weather Service correction
factor, 1.13, was applied to event hourly peak rainfall rates from historic data for events longer

than 1 hour (Hershfield 1963, Fredrick et al 1977).
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Figure 18: (a) Peak rain and (b) rain depth frequency analysis of monitored events compared to historic data (Central
Park, NY 1971-2010). Exceedance probabilities from 0.1-100% displayed. Exceedance probability is defined as the

probability that a single storm event will have a peak rain rate or rain depth above the corresponding value.

Figure 18 displays the exceedance probability of monitored 1-hour event peak rainfall rate and
event rainfall depth compared to historic events. Exceedance probability is defined as the

probability that a given storm event will have a peak rain rate or rain depth above the
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corresponding value. For smaller event peak rain rates, with an exceedance probability greater
than 10%, W118, USPS, and ConEd events have a similar frequency distribution to historic data
(Figure 18(a)), with events on W118 showing slightly higher peak rainfall rates. Below 10%
exceedance probability, peak rain rates are lower for W118 and ConEd, while USPS maintains a
similar distribution to historic data. Monitored events on W115 have smaller peaks than the other
roofs, as well as the historic data as a result of shading by adjacent buildings. The maximum
monitored peak rain rate is 14.5 mm hr! for W115, 24.1 mm hr”' for W118, 38.6 mm hr' for
USPS, and 21.1 mm hr”' for ConEd, compared to 49.5 mm hr™' for the historic data. Rain depth
distributions vary similarly (Figure 18(b)), with W118, USPS, and ConEd showing differences
below 10% exceedance probability compared to historic data. The maximum monitored event
rain depth is 61.7 mm for W115, 180.3 mm for W118, 162.8 mm for USPS, and 74.7 mm for
ConEd, compared to 233.4 mm for the historic data. Reduced frequency of events with large rain
depth on ConEd is the result of removal of certain large events due to overflows and sensor

malfunctions, as discussed in section 4.4.1.

4.4.3 Peak rainfall rate and rainfall depth cumulative probabilities

In order to evaluate and compare extensive green roof performance based on event magnitude
and frequency, storm events were classified by cumulative probability (the complement of
exceedance probability) and probability intervals for rain depth and peak rain based on the
distribution of historic data. Cumulative probability describes the likelihood that peak rain or rain
depth will be less than the specified values. Probability intervals categorize storms within the
bounds of two specified cumulative probabilities. Due to limited data corresponding to higher

cumulative probabilities from the historic data, cumulative probabilities and probability intervals
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were restricted to events below 99 and 95% cumulative probability, respectively. The cumulative
probabilities of 90, 95, and 99%, together with probability intervals of 0-25%, 25-50%, 50-75%,
and 75-95%, were used to evaluate each green roof’s peak reduction performance. Cumulative
probabilities and probability intervals were assigned to each event based on rain depth or peak

rain, whichever had a greater cumulative probability (Table 7).

Table 7: Rain depth and peak rain values associated with cumulative probability.

Event Cumulative Probability (%)

Characteristic 25 50 75 920 95 99
Rain Depth (mm) 1.02 483 1549 31.75 46.23 83.57
Peak Rain (mm hr") 0.76 : 2.30 | 545 10.91:15.75:28.70

4.4.4 Runoff detention statistics

Analysis of variance (ANOVA) (Hogg and Ledolter 1987) of peak and average runoff rates
shows distributions from all roofs were significantly lower than corresponding rainfall rates (p <
0.05). To compare roofs, performance characteristics were calculated from rainfall and runoff
properties. Table 8 displays average rainfall detention statistics for each roof. Zero runoff events

represents the percent of events with 100% retention. Rate reductions are defined in Table 6.

Table 8: Green roof average rainfall detention statistics.
Roof Name W115 | W118 | USPS | ConEd

Zero Runoff Events (%) 32.0 38.3 45.3 20.0

1-hr Peak Reduction (%) 83.0 81.7 85.3 82.3
5-min Peak Reduction (%) 87.7 88.2 91.7 88.2

Avg. Rate Reduction (%) 866 | 86.4 | 902 | 856

1-hr Peak Reduction (%) 75.0 70.3 73.1 77.8
5-min Peak Reduction (%) 81.9 80.9 84.8 85.2
Average Rate Reduction (%) | 80.3 78.0 82.1 81.9

Runoff Delay (min) 44.9 96.3 125.0 | 57.8

Non-zero runoff events| All events

Rain Depth to Runoff (mm) 1.28 4.02 3.85 1.57
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USPS was able to fully retain the highest percent of events, 45.3 %, compared to ConEd, which
was only able to fully retain 20.0 % of events. ConEd showed the strongest 1-hr peak rain rate
reduction of 77.8 %, compared to W115, W118, and USPS when only considering events with
non-zero runoff. USPS had the longest average runoff delay (125 minutes) from the start of event
rainfall. Values for runoff delay and rain depth to runoff were highly variable, with an average
standard deviation across roofs of 121 min and 1.95 mm, respectively. Considering all events,
USPS showed the highest overall reductions in peak and average rainfall rates. Events with peak
hourly rain rate greater than or equal to 3 mm hr™' (cumulative probability = 42%), stated by
Montalto et a/ (2007) to cause CSO events in NYC had 1-hr peak rain rate reductions of 62.0,

68.2, 68.2, and 65.9 % for W115, W118, USPS, and ConEd, respectively.
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Figure 19: Peak 1-hour rainfall and runoff rate probability of monitored events for (a) W115, (b) W118, (c) USPS,

and (d) ConEd. Exceedance probabilities from 0.5-100% displayed.
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Exceedance probabilities of peak rain and peak runoff for each roof were analyzed (Figure 19) to
compare distributions, normalizing data for variations in site, climate, and rainfall characteristics
that affect peak reduction performance. While this analysis cannot be used to forecast
performance for individual events, it provides basic understanding of expected flows. Results
from the frequency analysis show that, for all roofs, percent difference in peak rain and runoff
rates decreases with exceedance probability. Maximum peak runoff rates for the monitored data

were 8.3, 17.4, 18.0, and 9.9 mm hr’' for W115, W118, USPS, and ConEd, respectively.
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Figure 20: Frequency analysis of peak rain and rain depth from analysis of all historic NYC events (Central Park,
1971-2010); (a) observed maximum peak runoff rate (mm hr™) within 90, 95, and 99% cumulative probabilities, and

(b) observed average peak reduction (%) within 0-25, 25-50, 50-75, and 75-95% probability intervals.

To evaluate trends in peak runoff rate and peak reduction, observed events were assigned
cumulative probabilities based on the methodology described in section 4.4.3. Figure 20(a)
shows the maximum-recorded peak runoff rate (mm hr'l) at events within 90, 95, 99%
cumulative probabilities. USPS shows the lowest maximum peak runoff rate, 6.1 mm hr', for
90% of events; however, maximums above 90% cumulative probability are heavily influenced

by variance in the size of large storms monitored on each roof. W118 and USPS, where larger
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events were recorded, show higher maximum peak runoff rates, 10.6 and 11.2 mm hr',

respectively for events within 99% cumulative probability.

Peak reduction performance decreases with cumulative probability (Figure 20 (b)). USPS shows
the highest average peak reduction (96%) for the smaller 75% of events. However, W118 shows

highest average peak reduction (69%) for events between 75 and 95% cumulative probabilities.

4.4.5 Seasonal analysis of rainfall rate and peak reduction
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Figure 21: Seasonal variation of average (a) peak rain, and (b) peak reduction for all monitored events.

An analysis of variance (ANOVA) was performed for seasonal peak rain rate and peak reduction
(Figure 21). Seasonal variation in event peak rain rate (Figure 21(a)) is significant on W118 and
USPS (p < 0.05), with higher average rates in the summer, 6.4 and 8.2 mm hr”', compared to the
winter, 3.2 and 2.9 mm hr”', for W118 and USPS, respectively. Analysis of peak reduction shows
no statistically significant performance variations between winter (Dec-Feb), spring (Mar-May),

summer (Jun-Aug), and fall (Sep-Nov) on any roof (p > 0.05) (Figure 21 (b)).
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4.4.6 Event based comparative analysis of peak runoff behavior

It is difficult to directly compare peak reduction performance as the distribution of the event
peak rain rate varies between the monitored rooftops (Figure 18). To understand the factors that
influence peak runoff and analyze peak reduction performance, an event based regression
analysis was performed, based on event rainfall characteristics from each roof specified in
section 4.4.1. A single-factor linear regression model to predict peak runoff was undertaken for
each event rainfall characteristic. The characteristics with the highest coefficients of
determination (r-squared) were rain depth, peak rain, rain depth to peak, time to peak, and rain
duration (Table 9). Differences in r-squared values between roofs show variation in the
significance of certain variables for prediction of peak runoff. On ConEd, the modular system,
peak rain is the strongest predictor for peak runoff (r-squared = 0.84); however, on the
continuous systems, event rain depth has equal or more significance (r-squared = 0.85 for W115,
0.86 for W118, and 0.73 for USPS). Rain depth to peak showed limited correlation compared to
total event rain depth, as event peak runoff is not necessarily a response to the peak rain,
especially when peak rain occurs early in an event. Across all roofs, 70% of event peak runoff

rates occurred within 30 minutes of the event peak rain rate.

Table 9: Coefficient of determination (r-squared) for linear regression of 5 strongest rainfall based predictors for
peak runoff.

Roof Name W115 | W118 | USPS |ConEd
Rain Depth (mm) 0.85 | 0.86 | 0.73 | 0.69
Peak Rain (mm hr'1) 064 | 060 | 0.73 | 0.84
Rain Depth to Peak (mm)| 0.58 | 0.77 | 0.45 | 0.38
Time to Peak (min) 0.40 | 040 | 0.16 | 0.31
Rain Duration (min) 032 | 0.36 | 0.38 | 0.05
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A forward selection stepwise regression (Draper and Smith. 1998) was performed to evaluate the
combined significance of multiple event rainfall characteristics (Table 6) for prediction of event
peak runoff. The analysis first performs a linear regression of peak runoff against each rainfall
characteristic individually. The rainfall characteristic that provides the best prediction is then
added to the model. Remaining rainfall characteristics are then individually tested in the primary
model. The characteristic that most improves the model is then added and the process is repeated
until remaining characteristics do not significantly improve the prediction (p > 0.05). Rain depth
showed the strongest correlation with peak runoff in the final stepwise model for W115 and
W118 data, while peak rain showed strongest correlation for USPS and ConEd. Additionally,
rain depth to peak showed stronger correlation for USPS and ConEd compared to rain depth only

once peak rain was included in the model.

4.4.7 Roof-specific peak runoff models

As rain depth and peak rain showed the strongest average coefficient of determination among
rainfall characteristics, a generalized linear regression was performed for each roof to predict
peak runoff from these values. Squared terms were included in the model for both predictors as
they significantly (p <0.05) improved the in the peak runoff model for at least one roof. The

regression model equations to calculate peak runoff rate (R,) are of the following form
R, =C(1) + C(QP,* +CB)P, + C(4)P* + C(5)P,

where, 0 < R, < B, (1)
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where P, is peak rain, P; is the total rain depth, and C(1)-C(5) are empirical model coefficients
listed in Table 10. The final model (Equation (1)) is referred to as a Characteristic Peak Runoff

Equation (CPRE).

Table 10: Coefficients for the roof-specific CPRE regression models (Equation (1))

Roof Name | W115 w118 USPS | ConEd
C(1) -0.153 | -0.157 | -0.422 | -0.056
C() 0.010 0.007 0.008 0.019
C3) -0.035 | -0.102 | -0.046 | -0.044
C(4) -0.001 0.000 | -0.001 0.000
C(5) 0.157 0.163 0.174 0.097

Only storm events with non-zero runoff were used for analysis in order to prevent overestimation
of peak runoff in small events. However, zero runoff events were still applied to calculate r-
squared values in the model selection and application process. Excluding zero-runoff events in
model creation (and defining negative predictions of peak runoff to be equal to zero) improved
CPRE r-squared values for all roofs. Event peak runoff (R,) predictions are constrained between
0 and the event peak rain (P,). While complex rooftop configurations and accumulated rainfall
can theoretically cause peak runoff rates in excess of peak rain, this is abnormal, only occurring
in 1 monitored event on W115 and 1 event on USPS; the ratios of peak runoff and peak rain for
both of these events were outliers compared to the total dataset, 4.1 and 5.6 standard deviations
away from the mean ratio for W115 and USPS events, respectively. Figure 22 shows the
comparison of observed and modeled peak runoff for each rooftop. The final regression models

have r-squared values of 0.87 for W115, 0.90 for W118, 0.88 for USPS, and 0.91 for ConEd.
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Figure 22: Modeled peak runoff rate compared to observed peak runoff rate (mm hr') for (a) W115, (b) W118, (¢)

USPS, and

(d) ConEd.

Figure 23 shows the modeled values of peak runoff rate based on the CPRE models. The upper

boundary signifies that peak rain rate cannot exceed rain depth. The lower boundary indicates

where CPREs predict peak runoff in excess of peak rain. Below this boundary, it is assumed that

peak runoff is equal to peak rain.

83



—— 25

— 30 [99% -~ =
iy e | 207 E
£ | E ¢ £
E 20 \ 15 £ E 20 E
< 5 £ ©
& | 105 § 5

| o o
é 10 x é 10 S
x ve e i

0 ' 0 0
0 50 100
(a) Rain Depth (mm) (b)
USPS ConEd
— 30 [99% <~ ~ 30 —
e 20 s e 20 '
£ E € £
E 15 £ £ 5 15 E
= 5 < 5
ks 105 & 10 S
x T =10 <
3 5 % 8 5 %
o g < g
0 0 0
100 0 50 100

(c) Rain Depth (mm) (d) Rain Depth (mm)

Figure 23: Modeled peak runoff rate (mm hr™') based on rain depth and peak rain rate for (a) W115, (b) W118, (c)
USPS, and (d) ConEd. Marked lines represent 90%, 95%, and 99% cumulative probability peak rain rate and rain

depth.

The marked lines in Figure 23 represent peak rain rates and rain depths with cumulative
probabilities of 90, 95, and 99%, based on the analysis of historic data in section 4.4.3. However
due to limited monitored data for events with peak rain greater than 20 mm hr’', CPREs may not
properly represent roof behavior for large events, greater than 95% cumulative probability.
Based on CPREs, the maximum recorded hourly runoff rate for 90% of all events from the

historic period is 4.9 mm hr™' (Figure 23(a)).
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Results indicate a difference in comparative influence of peak rain and rain depth for the
prediction of peak runoff (Figure 23). The CPRE for W118 shows rain depth is the primary
predictor for peak runoff, which corresponds to the strong r-squared (Table 9) for rain depth in
the initial linear regression. In contrast, the CPRE for ConEd shows peak rain to be most
influential. W115 and USPS CPREs show similar influence of both factors for the prediction of

peak runoff.

4.4.8 Unified model for peak rainfall reduction
Because the continuous green roof systems (W115, W118, and USPS) showed similar trends, a
combined model was developed to predict overall peak rain reduction behavior of green roofs.

The combined equation is as follows

R, = —0.2493 + 0.0087P,% — 0.0665P, — 0.0005P,” + 0.1631P,

where, 0 < R, < B, (2)

The combined model still accurately predicts peak runoff on each roof (r-squared = 0.86 for
W115, 0.90 for W118, and 0.87 for USPS) (Figure 24(a)), but does not capture comparative
variations in peak reduction behavior between roofs. Equation (2) shows a similar behavior to
the individual equations of W115 and USPS (Figure 24(b)) but is still able to approximate peak
runoff on W118. While not as effective as the roof-specific equation for the modular ConEd
system, the equation can still give an estimation of the peak runoff response (r-squared = 0.81).
Additionally, models for each combination of the continuous systems (i.e. W115 and W118,

W115 and USPS, W118 and USPS) were validated against the monitored data from the
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remaining system. Each model was able to estimate behavior of the remaining roof, with r-

squared values between 0.84 and 0.88.
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Figure 24: Results from combined runoff model for W115, W118, and USPS; (a) modeled compared to observed

peak runoff rate (mm hr™"), (b) peak runoff predictions (mm hr™') based on rain depth and peak rain.

4.4.9 Modeled peak reduction performance

To determine peak runoff responses on each roof, the roof-specific and combined CPREs were
applied to historic rainfall data discussed in section 4.4.2. For the roof-specific CPREs, variances
in modeled peak rain reduction and peak runoff distributions between roofs are significant
(»<0.05). USPS still showed the highest percent of fully retained storms, 39.3% compared to
24.9% for W115, 30.7% for W118, and 18.4% for ConEd. ConEd showed the best performance
overall and for events with non-zero runoff (Table 11). For events with peak rain greater than 3
mm, peak rainfall reductions are 53.9, 58.4, 55.2, and 63.7% for W115, W118, USPS, and

ConEd, respectively.
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Table 11: Green roof model detention statistics.
Roof Name W115 W118 USPS ConEd Combined

Zero Runoff Events (%) 24.9 30.7 39.3 18.4 33.5

1-hr Peak Reduction (%)
-All events 70.8 74.3 75.1 771 76.7

-Non-zero runoff events 61.1 63.0 58.9 72.0 65.0

W118 had the lowest maximum peak runoff, 13.3 mm hr’' for events less than 99% cumulative
probability (Figure 25(a)); however, this was not indicative of overall performance. Figure 25(b)
displays average peak reductions at different event probability intervals. USPS has highest
average peak reduction (98.6%) for events below 50% cumulative probability, while ConEd

shows the highest average reduction (69.2%) for events between 50 and 95% cumulative

probability.
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Figure 25: Frequency analysis of peak rain and rain depth from analysis of all historic NYC events (Central Park,
1971-2010); (a) modeled maximum peak runoff (mm hr") within 90, 95, and 99% cumulative probabilities, and (b)

modeled average peak reduction (%) within 0-25, 25-50, 50-75, and 75-95% probability intervals.

The combined model shows slightly improved peak reduction performance than the roof-specific
models for W115, W118, and USPS (Table 11). The combined model benefited from W118’s

better performance in large events and USPS’s higher retention performance for small events.
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Combination of data permitted the model to be parameterized by both large volume events from

W118 and events with higher peak rain rates from USPS (Figure 18).

4.5 Discussion and concluding remarks

4.5.1 Peak rainfall reduction behavior of green roofs

The peak rain reductions observed for W115, W118, USPS and ConEd are within the range of
performance documented by others, discussed in section 4.2. During the monitoring period,
USPS showed the highest observed average peak rain reduction (85%) for all events, due in part
to the roof’s ability to fully retain 45% of storm events. Because of differences in peak rain
distributions between rooftops, W118 showed the highest average reduction in events with

higher cumulative probability, especially above 90%.

Modeling of peak runoff rates using historic data allowed better evaluation and comparison of
the studied green roofs. Modeled results show that ConEd has the strongest overall average peak
rain reduction (77%); however, USPS still shows the best performance for events below 50%
cumulative probability, with 98.6% peak rain rate reduction. W118 shows the lowest maximum
peak runoff for events below 95 and 99% cumulative probability (Figure 25(a)), but its overall

peak reduction performance is lower than ConEd and USPS.

Analysis of peak runoff and rainfall characteristics demonstrates that peak rain and event rain
depth can be applied to predict event peak runoff. However, the correlation of these factors with
peak runoff varies among roofs (Table 9). It is hypothesized that differences in the relative

influence of peak rain rate and rain depth is the result of two main factors: (1) the configuration
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of rooftop non-vegetated regions and (2) flow paths through green roof substrate and drainage

layers, which vary between the continuous and modular green roof systems.

It is theorized that runoff rates on the modular tray system, ConEd, are dominated by rainfall on
non-vegetated areas. On ConEd, a significant section of the non-vegetated area, including a
sloped glass skylight, is located adjacent to the watershed drain; as a result, runoff from these
sections flows directly to the drain. Additionally, the open space beneath the modular trays is
less effective than a drainage course at dampening horizontal water flow. In contrast, the distance
from the drain and configuration of non-vegetated areas on W115, W118 and USPS allows
increased opportunity for runoff to be delayed and buffered, reducing flow rate before water
reaches the roof drain. It is believed that on W118, where peak runoff rate was most correlated
with rain depth, flow rate is controlled by the volume of water within roof vegetated areas. As
the volume of water in the substrate and drainage layers increases, retention and detention
performance is reduced, resulting in higher runoff flow rates in large rainfall events. In contrast,
on ConEd, the hydraulic conductivity from the roof substrate is restricted by small outlets at the

base of each modular tray, limiting flow from vegetated areas during these larger events.

Rooftop configuration (e.g. size, slope, flow paths) also appears to affect peak rain reduction.
Modeled average reduction for the four roofs corresponded with the roof size. Stronger
reductions in peak flow were shown for larger roofs with long and irregular flow paths. The
rectangular configuration and small comparative size of W115 makes it is most similar to a
“pilot-scale” roof, which other studies have shown to have reduced detention performance

(Fassman-Beck et a/ 2013). Due to W115’s small size and simple configuration, 75% of peak
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runoff rates occurred within 30 minutes of the peak rain rate, compared to 69, 63 and 62% for

W118, USPS, and ConEd, respectively.

4.5.2 Benefits and Limitations of CPRE Models

Green roof peak reduction performance was predicted by applying roof-specific CPRE models to
a standard rainfall dataset. Variations in monitored event peak rain distributions influence overall
peak reduction performance. For example, W118 had the highest average rain depth (12.6 mm),
and consequently worst average peak rain rate reduction (82%). Application of CPRE model

normalized the distribution of events among roofs, improving W118’s comparative performance.

Unexplained variance in the CPRE model of peak runoff each roof is believed to be the result of
differences in site conditions and event rainfall characteristics. Initial substrate moisture has been
shown to influence hydrologic performance of green roofs, especially in small events (Carson et
al 2013). No significant seasonal variation was found in peak attenuation or peak runoff rates;
however, higher peak rain rates may have offset benefits from increased substrate moisture
evapotranspiration in warmer months, as discussed in Chapter 2. Empirical models based on a
singular variable, similar to the CRE method for event runoff volume discussed by Carson et a/
(2013), were unable to capture the complex peak runoff behavior on all roofs; however, models
based on both peak rain and rain depth provide a reasonable approximation. The combined
model based on data from W115, W118, and USPS, was still able to predict peak runoff for each
roof (r-squared = 0.88), demonstrating its utility for determining the rainfall detention
performance of green roofs for stormwater management purposes. When applied to historic data,
the model reveals that on average a continuous vegetated mat or built-in-place system can fully

capture 33.5% of events and reduce peak rainfall rate 76.7%, compared to a modular system,
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which only fully retained 18.4% of events but is able to reduce event peak rainfall by 77.1% on

average.
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Chapter S

CONTRIBUTIONS

The research presented in this dissertation makes significant theoretical and practical
contributions to the areas of environmental measurement methods, urban sustainability, green
infrastructure performance, stormwater management, hydrology, and boundary layer
climatology. Overall, this composition aims to improve the understanding of the hydrologic
performance of green roofs. The processes of evapotranspiration (ET) and peak rainfall rate
reduction were analyzed to allow researchers, practitioners, and policymakers to quantify and
maximize environmental benefits of green roofs. Specific contributions are described in the

following sections.
5.1 Theoretical Contributions

Chapter 2: Quantifying Evapotranspiration from Urban Green Roofs: A Comparison of
Chamber Measurements with Commonly Used Predictive Methods

High-resolution measurement of green roof ET has historically been limited. Measurements have
often made indirectly, through a water balance of precipitation, runoff, and moisture storage data
measured with an elevated lysimeter system (Ouldboukhitine et al 2012, DiGiovanni et al 2013,
Wadzuk et al 2013). Study of the dynamic chamber method discussed in Chapter 2 contributes to
existing literature by: providing a methodology for high-resolution measurement of ET;
presenting diurnal and seasonal green roof ET behavior; and providing an initial evaluation of

predictive methods for calculating green roof ET.
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The dynamic chamber technique is valuable for directly measuring ET from green roofs, shallow
vegetation, or bare soil at 30 to 60-minute intervals. While sealed chambers have been employed
for measurement of ET in arid environments (Arnone and Obrist 2003, Garcia et al 2008), they
have not been applied for continuous ET measurement in urban environments. The system
utilized and described in this PhD dissertation can be rapidly deployed on existing sites, is
minimally invasive, and operates autonomously, allowing researchers to conduct continuous
measurements over an extended period (as performed in this study), or individual measurements

at multiple sites.

While the LI-8100 system is expensive, the measurement, deployment, and calibration
methodology discussed in Chapter 2 can also be applied to a low-cost single-measurement
system. Custom single-measurement chamber systems have successfully been employed in
studies of arid environments (Arnone and Obrist 2003, Garcia et al 2008). Thus, it is thought that
a low-cost single-measurement chamber system can be developed and calibrated for
measurement of ET in urban environments using readily available materials and affordable

SENSors.

Results of this study allowed an initial evaluation of green roof ET performance and the utility of
the Penman-Monteith equation and the energy balance method for estimating ET. Extensive data
collected from chamber deployment expands upon the limited number of studies reporting
diurnal (Ouldboukhitine et a/ 2012) and seasonal (DiGiovanni et a/ 2013, Wadzuk et al 2013)
green roof ET trends. With respect to diurnal trends, chamber measurements show that ET

increased after sunrise and peaked just after noon. Seasonal trends agreed with ET studies that

93



state warm weather conditions support higher ET fluxes (Gaffin ef a/ 2010, DiGiovanni ef a/

2013, Mentens et al 2006, Villarreal et al 2004, Sumner and Jacobs 2005, Wever et al 2002).

Comparison of measured and predicted fluxes revealed that the Penman-Monteith equation
overestimated ET at lower fluxes and underestimated higher fluxes compared to dynamic
chamber measurements; similar to results from models employed in certain agricultural (Ali and
Mawdsley 1987, Salvucci and Gentine 2013), natural (Kahler and Brutsaert 2006), and other
green roof studies (Sherrard and Jacobs 2012, Wadzuk et al 2013). The energy balance, as with
other energy methods, was shown to underestimate ET (Rosenberg 1969, Blad and Rosenberg

1974, Bertela 1989).

Chapter 2 contributes to the existing literature on green roof ET by presenting a new technique
for measuring ET from green roof, which can be employed for high-resolution measurement and
analysis. The study further contributes by providing hourly ET results, which revealed important
diurnal and seasonal trends in green roof ET. Overall, the work provided an important base for

further analysis of green roof ET behavior and evaluation of predictive techniques.

Chapter 3: Applicability of common predictive models for estimation of evapotranspiration on
urban green roofs

Because the unique properties of green roofs (including the small scale, vegetation heterogeneity,
shallow substrate depth, underlying impervious layers, and uncertain moisture availability) can
affect the ET flux (Spronken-Smith et a/ 2000, Grimmond and Oke 2002, Jim and Peng 2012,
DiGiovanni ef al 2013); it is important to validate predictive models against measured ET data.
In Chapter 3, potential ET and actual ET models parameterized by on-site climate conditions
were evaluated against ET measurements from the urban green roofs that were the focus of this
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PhD research. This work expands upon comparison studies of predictive ET equations on green
roofs by Lazzarin et al (2005), Sherrard and Jacobs (2012), and DiGiovanni et al (2013), where
reduction factors to reduce ET estimates in water-limited conditions were applied with varying
levels of success. While Wadzuk et al (2013) also compared potential ET estimates from the
Hargreaves, Priestley-Taylor, and Penman-Monteith equations to ET measurements, correlation
was only evaluated for monthly results. Additionally, concerns arise over the abnormally high
potential ET fluxes calculated from the Hargreaves equation and the absence of an under drain

on the monitored lysimeter setup.

Furthermore, application of the Savitzky-Golay filter (Vaughan and Ayars 2009, Peters et a/
2014) to daily data was shown to enhance visualization of ET trends compared to other display
methods. Observed vs. predicted scatter plots (Lazzarin ef al 2005, Sherrard and Jacobs 2012,
DiGiovanni et al 2013), monthly tables (Wadzuk ef al 2013), and raw line graphs (DiGiovanni et
al 2011) employed in other studies did not reveal the complex relationships between ET
estimates and measurements. This type of filtering has been used in studies of ET in agricultural
and natural environments (Wu 1997, Hargreaves and Allen 2003, Czikowsky and Fitzjarrald
2004, Vaughan and Ayars 2009, Peters et a/ 2014) and can be an important for evaluating ET

behavior in green roof studies.

Results of this PhD research component demonstrated that the Priestley-Taylor equation was the
most effective potential ET model for predicting ET on the studied green roofs. Furthermore,
crop coefficients based on linear regression of Priestley-Taylor and dynamic chamber fluxes
were approximately one, meaning the equation gives reasonable estimates of ET without

calibration. These results demonstrate the applicability of the Priestley-Taylor equation for both
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input in green roof hydrologic models (Sherrard and Jacobs 2012, Stovin ef al 2013) and energy
models (Lazzarin et al 2005, Ouldboukhitine et al 2011). This analysis also expands on results
from other studies that showed estimates from predictive equations were more correlated with
measured ET during years with frequent precipitation (Lazzarin ef al 2005, Wadzuk et al 2013)

or when considering only non-water-limited days in the analysis (DiGiovanni ef al 2013).

Analysis of the antecedent precipitation index, originally applied by Mawdsley and Ali (1985) at
agricultural sites, revealed that it properly reduced potential ET estimates on green roofs in
water-limited conditions. The storage model applied in this study was very sensitive to storage
depth, which agrees with findings by DiGiovanni et a/ (2013), and underestimated ET in the
summer when energy available for ET was high. Reductions in ET estimates from the storage
model occurred before those in dynamic chamber ET, which supports the belief that there is a

range of moisture conditions where ET remains energy limited (Allen et al 2005a).

Further exploration of trends in dynamic chamber measurements and potential estimates revealed
more details about green roof ET behavior. Results showed that green roof ET exceeded
potential ET during the in the summer, where elevated surface temperatures and increased
precipitation were recorded. Records from this period showed that maximum daily surface
temperatures were significantly higher than maximum air temperatures, which resulted in more
energy available for ET, as discussed by Jim and Peng (2012). Additionally, increased
precipitation during this period is believed to have enhanced Sedum transpiration and surface
water availability (Allen et al 2005a). Potential ET equations overestimated ET in the winter,
which is thought to be caused by seasonal variations in crop coefficients and surface reflectance

(Allen et al 1998).
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The analysis in Chapter 3 contributes to current green roof ET literature through evaluation of
green roof ET estimates from various predictive methods, including models designed to account
for water availability. A secondary contribution is the data visualization methodology, which
allowed a thorough analysis ET behavior. In the end, Chapter 3 revealed important ET behavior
and the applicability of various ET models for predicting performance and parameterizing

hydrologic and energy models.

Chapter 4: Peak rainfall reduction performance of four extensive green roofs in New York City:
hydrologic observations and analysis

Peak rainfall rate reduction has historically received less attention than rainfall volume retention.
While some previous studies have reported the peak rainfall rate reduction of green roofs (Moran
et al 2005, Carpenter and Kaluvakolanu 2011, Fassman-Beck et a/ 2013), there has been limited
research related to predicting peak runoff (Stovin ef a/ 2012, Villarreal and Bengtsson 2005).
Chapter 4 makes significant contributions to existing literature by presenting an instrumentation
method for full scale green roofs, performance data from four green roof installations, an

analysis of factors influencing peak reduction, and a model for predicting performance.

Due to limited access and difficulty instrumenting full-scale roof downspouts, many studies of
peak rainfall reduction have been conducted on elevated test boxes or miniature “pilot-scale”
roofs (Berghage et al 2009, Bliss et al 2009, Sherrard and Jacobs 2012, Stovin ef al 2012). The
runoff flow meters employed in this study can be installed in existing downspouts without
alteration of the rooftop membrane or drainage system, in order to monitor runoff behavior of

full-scale green roofs. Due to the success of this monitoring system, similar flow meters have
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been deployed on a green roof at the University of Bologna in Bologna, IT and a rooftop farm in

Brooklyn, NY.

The analysis techniques used to evaluate peak rainfall rate reduction are valuable tools for
exploring green roof hydrologic behavior. The frequency analysis employed by Fassman-Beck et
al (2013) was expanded to compare measured peak rainfall and runoff rates and classify storm
events based on both rainfall depth and peak rainfall rate. Additionally, regression models
presented in Chapter 4 are valuable tools for assessing relationships between multiple event

rainfall and runoff characteristics.

Chapter 4 contributes to existing literature reporting the reduction in peak rate of stormwater
runoff from green roofs. Green roof peak rainfall rate reduction performance has historically
received limited attention, especially compared to the volume retention performance (Mentens e?
al 2006, Spolek 2008, Berndtsson 2010, Gregoire and Clausen 2011, Stovin et al 2012, Carson et
al 2013, Fassman-Beck et al 2013). Monitored and modeled green roof peak rainfall rate
reduction performance reported in Chapter 4 expands on the results from full scale roofs
presented by Moran et al (2005), Carpenter and Kaluvakolanu (2011), and Fassman-Beck et al
(2013). Performance variations between the thin vegetated mat systems and deeper systems
match findings by Fassman-Beck et a/ (2013) that demonstrated deeper substrates more
effectively dampened peak runoff flow. Performance was also correlated with rooftop size. The
lowest overall reduction was predicted on the smallest green roof system. The smallest system is
most similar to “pilot-scale” roofs, which other studies have shown to have reduced hydrologic

performance (Fassman-Beck et al 2013).
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Expanding upon the findings by Carson et al (2013) that showed that rooftop configuration was
related to volume retention; results from Chapter 4 revealed that peak rainfall reduction
increased with roof size and was affected by rooftop configuration. The influence of the non-
vegetated areas adjacent to the downspout on the modular tray system discussed by Carson et a/
(2013) was shown in the development of the empirical peak runoff models. On the modular tray
system, peak runoff was most correlated with peak rainfall, which supports the idea that rainfall
from non-vegetated areas flows uninhibited to the rooftop drain. This behavior contrasted that of
the continuous systems, which showed that peak rainfall rate was more correlated to event
rainfall depth. Additionally, the small event detention performance, as with retention (Carson et

al 2013), for modular tray system was lower than the other roofs.

The influence of rainfall depth on peak runoff supports findings by Bliss et a/ (2009) that showed
accumulated rainfall and increased substrate saturation reduced green roof detention
performance. The empirical model developed to predict peak rainfall rate improved upon
previous models, which resulted in limited correlation (Stovin ef al 2012), or were applicable to
only a handful of storms and required input of initial runoff delay and total runoff depth

(Villarreal and Bengtsson 2005, Villarreal 2007).

The peak rainfall rate reduction study presented in Chapter 4 expands on the volume retention
study performed by Carson et al (2013). Monitoring, statistical analysis, and modeling of
performance reveal important details about the effects of rooftop configurations on peak rainfall
rate reduction. Overall, Chapter 4 contributes to existing research by providing an extensive
analysis of peak rainfall rate reduction behavior together with a useable model for predicting

reduction performance from readily available rainfall data.
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5.2 Practical Contributions

A large number cities in the US and abroad are investing in low impact development (LID) as
part of larger stormwater runoff mitigation programs designed to counter the detrimental impacts
of sewer overflows. For example, New York City (NYC) has adopted a stormwater management
plan incorporating LID techniques. The plan focuses on reducing runoff volume and peak
rainfall rates to help mitigate local combined sewer overflow (CSO) pollution (NYC DEP 2010).
The predictive models and environmental measurements presented in this dissertation allow
governing entities, building owners, and other stakeholders to evaluate the performance and

maximize the effectiveness of green roof systems.

The research presented in Chapter 2 and Chapter 3 explored ET behavior of green roofs, which is
important for evaluating green roof benefits. While ET is generally estimated in order to
determine irrigation requirements for agriculture, green roof ET is correlated with many urban
environmental benefits. Quantifying ET can enhance understanding of green roof stormwater
retention (Stovin et al 2013, Wadzuk et al 2013) and detention (Bliss et a/ 2009), urban heat
island mitigation (Taha 1997), reduction to building energy usage (Ouldboukhitine et al 2011),
carbon sequestration (Pataki ef a/ 2006), and vegetation vitality (Stovin ef al 2013). ET
measurements or predictions can parameterize green roof hydrologic models (Sherrard and
Jacobs 2012, Stovin et al 2013) to improve stormwater retention and detention predictions, as
well as energy models (Lazzarin et al 2005, Ouldboukhitine et al 2011) to determine reductions
to urban air and building temperatures. Subsequently, accurate quantification of ET can better
inform green roof investment, implementation, and design decisions, in order to maximize

environmental benefits and minimize cost.
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The high-resolution dynamic chamber ET measurement system and daily ET models are
important tools for analyzing and optimizing green roof urban heat island mitigation and
stormwater management performance. When ET drops below potential due to limited water
availability, excess energy availability causes increased soil and air temperatures. ET
quantification and the antecedent precipitation index can be used to identify water-limited
periods for manual or active control of rainwater irrigation. Green roofs can be irrigated with
stored rainwater in water-limited conditions to enhance ET, reduce temperature, improve plant
vitality, and increase overall volume retention performance. For effective irrigation control, it is
important to have the temporal resolution of the methods discussed in Chapter 2 and 3 of this

dissertation.

Because many North American municipalities, including: Philadelphia, PA; Milwaukee, WI;
New York, NY; Portland, OR; Syracuse, NY; Washington, D.C.; Aurora, IL; and Toronto,
Ontario; are specifying LID solutions in stormwater management plans, developing on-site
retention standards, and offering financial incentives for LID implementations (Garrison and
Hobbs 2011), it is important to understand rainfall detention behavior and how hydrologic
performance can be optimized. The analysis of peak rainfall rate reduction presented in Chapter
4 helps quantify how green roof installations reduce the flow rate of stormwater into the sewer
system. Additionally, runoff data from green roofs can be input into a sewer system model to
quantify CSO reduction performance. Results showed that stormwater detention varied based on
green roof installation method, configuration of non-vegetated areas, and substrate depth.

Additionally, results from the combined model for continuous systems showed that a singular

101



model may be applied to approximate performance of a network of similar continuous green roof

systems.

The utility of a green roof is dependent on stormwater management goals. Modeled runoff data
showed that, on average, the modular tray system was more effective at reducing peak rainfall
rate compared to the three continuous systems. However, considering that even small rainfall
rates, as little as 3 mm hr™', can cause CSOs in NYC (Montalto ef al 2007), a governing body
may be more interested in keeping smaller events from causing a CSO. In this case, the built-in-
place system might be preferred as it fully captured 45% of all storms. Finally, it is important to
note that the vegetated mat system might also be the most constructible on a wider range of
existing building stock due to its significantly lower weight. Additionally, if designers are
interested in the maximum flow from a certain percent of storms, in order to size drainage
systems and determine sewer system loading, Figure 23 and Figure 24(a) are valuable tools for

determining peak runoff.

Insights about the effect of configuration on performance are important for maximizing the
effectiveness of future green roofs installations. Study of peak rainfall rate reduction in small
events demonstrated that on the modular tray system, non-vegetated areas adjacent to the drain
resulted in excess runoff in small storms. Relocating non-vegetated areas to locations farther
from the drain in future installations would improve hydrologic performance for small events
with no increase to cost. Longer flow paths between non-vegetated areas and the rooftop
downspouts would improve rainfall detention and allow more opportunities for depression

storage.
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Chapter 6

PROPOSED AVENUES OF FUTURE RESEARCH

The study of green roof evapotranspiration (ET) and peak rainfall rate reduction behavior in this
dissertation greatly expands upon the scientific literature exploring the hydrologic monitoring
and performance of green roofs. It is thought that future research can be built upon methods and
results from this PhD research to further explore these performance metrics. Additionally, it is
important to note that the methodologies presented here can be employed with minimal
modification for determining the hydrologic performance of other low impact development

implementations, specifically, tree pits, bio-swales, and green streets.

Development of low cost evapotranspiration measurement system

The measurement, deployment, and calibration methodologies discussed in Chapter 2 are not
unique to the LI-8100 system. Similar approaches have been used for custom single-
measurement chamber systems (Arnone and Obrist 2003, Garcia et al 2008). Future work could

explore how a low-cost single-measurement chamber system can be developed.

The chamber can be constructed with readily available materials and affordable sensors. The
requirements for the simplified system are: (1) an open-faced container that is otherwise sealed
(e.g. a large plastic bin); (2) a relative humidity/temperature sensor that could respond quickly to
humidity changes; and (3) a fan or air pump to establish steady mixing. The system can be
laboratory calibrated as described in Chapter 2 and deployed for ET measurements on tree pits,

bio-swales, green streets, and other green infrastructure implementations. To compare
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measurements from different sites at different times, results can be normalized based on potential

ET estimates and antecedent rainfall.

Evapotranspiration estimates from humidity gradients

During exploratory analysis of dynamic chamber measurements, it was shown that an empirical
model for daily ET, based on multi-variate regression of mean temperature (°C), net radiation
(MJ m™ d™), saturation vapor pressure (kPa), and air vapor pressure (kPa) could be significantly
improved by including the vapor pressure at the rooftop surface, as recorded by the dynamic
chamber. Results showed that if surface vapor pressure was near or below air vapor pressure,
measured ET was significantly lower. This behavior suggests that if there is energy and water

available for ET, there will be increased water vapor in the surface boundary layer (Oke 1987).

Humidity gradients have been employed for ET estimation in previous studies (Berthier ef a/
2006, Salvucci and Gentine 2013). Required relative humidity sensors are very affordable and
require minimal setup. If explored, the method could allow for estimation of ET on a large green
infrastructure network, especially if the systems are calibrated with the dynamic chamber or

another existing ET measurement technique.

Continuous Runoff Model

The analysis in Chapter 4 and previous study by Carson et al (2013) provide methodologies for
estimating two major storm event runoff characteristics, i.e. the peak runoff rate and the runoff
volume, respectively. However, attempts to predict high-resolution continuous performance are
limited (Berthier et al 2011, Stovin et al 2013). Development of a model to predict runoff

hydrographs, based on inputs of rainfall, site characteristics, and ET estimations can provide
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valuable insight into other factors of runoff behavior, including time and rainfall depth before

runoff initiation, which were shown to vary greatly among the monitored storm events.

Green roof performance compared to green roofs and non-vegetated roofs in different climates

The analysis discussed in Chapter 4 is important for evaluating the effectiveness of green roofs
for stormwater management. However, only extensive green roofs in New York City were
monitored. There is still limited understanding of the hydrologic performance of green roofs in

New York City compared to green roofs and non-vegetated roofs in other climates.

In October 2013, three runoff flow meters, similar to those discussed in Chapter 4, were installed
on two vegetated roofs and one non-vegetated roof in Bologna, Italy. Bologna has a sub-
Mediterranean climate and receives less precipitation compared to New York, especially in
summer months, where potential evapotranspiration is higher (Figure 12) and New York City is
subject to higher precipitation intensities (Figure 21(a)). Additionally, precipitation records from
Bologna show increased seasonal variations in precipitation depth compared to New York City.
Comparison of precipitation and runoff data from Bologna and New York City can enhance the
understanding of the effects of climate on green roof hydrologic performance and the
performance variations between green roofs and non-vegetated roofs. Additionally, the
determined effects of climate on hydrologic performance can be used to refine the peak runoff

models and predict performance in other regions.

Controlled setups to evaluate hydrologic performance
The analysis presented in Chapter 4 and previous study by Carson ef a/ (2013) demonstrated the

relationship between green roof hydrologic performance and configuration. However, there are
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construction aspects that differ between the roofs, specifically substrate depth, watershed shape,
flow path lengths, slope, drainage pathways through substrate, and the locations and type of non-
vegetated area on these rooftops. The complex interaction of these construction aspects makes

determining their exact influence of on hydrologic performance difficult.

Future research can explore the effect of these variables individually by monitoring a system of
test boxes, which include non-vegetated areas. Test boxes have been studied to explore the
influence of substrate depth (De Cuyper et al 2004, VanWoert et al 2005), rooftop slope (Getter
et al 2007, VanWoert et al 2005), areal plant coverage (Berghage et al 2009, Morgan et al 2013),
plant type (Nardini e a/ 2011), and orientation (Mentens et a/ 2003) on hydrologic performance.
However, these studies have generally excluded non-vegetated regions in their test box designs.
Evaluating performance of test boxes with varying non-vegetated area percentages,
constructions, and configurations would provide a better understanding of how these properties
affect performance. This experiment would provide a relationship to extrapolate green roof test
box performance reported in many studies (Berghage et al 2009, De Cuyper et al 2004,
VanWoert et al 2005, Getter et al 2007, DiGiovanni et al 2010, Morgan et al 2013, Nardini et al
2011, Schroll et al 2011, Stovin et al 2012) to predict behavior of full-scale roof, especially if

results are related to data from the full-scale green roofs discussed in this dissertation.
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APPENDIX A: SITE DESCRIPTIONS

A.1 Green Roofs and Monitoring Equipment

The following table provides a summary of the green roof installations that were monitored as

part of this PhD dissertation. The installations span a variety of commercially available green

roofs. The green roof components in each case were all provided and installed by various and

independent green roofing companies (Table A-1). Figure A-1 illustrates the locations of the

green roof sites, which are distributed throughout New York City.

Table A-1: Summary of monitored green roof sites

Roof Name W115 w118 USPS ConEd
Construction Type Vegetated mat Vegetated mat Built-in-place Modular tray
Manufacturer Xero Flor America | Xero Flor America Tecta Green GreenGrid Roofs
Year Built 2007 2007 2009 2008
Substrate Depth (mm) 32 32 100 100

(200 berms)
Vegetation Type Sedum mix Sedum mix Sedum mix & Sedum mix

natives

Monitored Watershed Area (m?) 99 310 390 940
Watershed Vegetated (%) 58 53 67 52

Weather stations installed on each roof to monitor environment conditions, specifically,
precipitation, runoff, temperature, radiation, humidity, and wind speed and direction. Monitoring

equipment budgets varied for each roof and thus sensor selection was not identical everywhere.
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A.2 Green Roof Site Descriptions

The following paragraphs provide images and descriptions of the study’s monitored rooftops.
Figure A-2 through to Figure A-5 consist of: (a) Satellite images of each roof (Courtesy Google
Maps), with locations of green roof water quantity measurements (VGy), as well as, green roof
dynamic chamber measurements (DC). Drainage areas monitored for green roof water quantity
are denoted by the dotted lines. (b) Photographs of the flow meters used to measure green roof

water quantity. (c¢) Photographs of the roof taken on-site.
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Figure A-1: Monitored green roof locations in New York City and construction diagrams.
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Wi15 and W118:

The 635 West 115™ Street building (W115) houses the Columbia University Office of
Environmental Stewardship, while the 423 West 118th Street building (W118) is a Columbia
University graduate student residence. In 2007, a pre-vegetated mat, Xero Flor America’s
XF301+2FL green roof system, was retrofitted on both buildings. This system consists of a 32
mm thick pre-vegetated mat, supported by two 6 mm thick water retention fleeces created from
recycled synthetic fibers, a 19 mm non-woven polymer drainage mat, and an 0.5 mm
polyethylene root barrier. A variety of sedums species, such as: Saxifraga granulata, Sedum
acre, Sedum album, Sedum ellacombianum, Sedum hybridum ‘Czars Gold’, Sedum oregonum,
Sedum pulchellum, Sedum reflexum, Sedum sexangulare, Sedum spurium var. coccineum, Sedum
stenopetalum, are present on these roofs. The growing substrate on these roofs has a water-
saturated density of 1.37 g cm™, water storage capacity of 37.1%, and a saturated hydraulic
conductivity of 0.021 cm s™, as reported by Hummel and Co Inc in April 2007. The W115 green
roof has a single 99 m?, 58% vegetated watershed connected to an exterior parapet downspout.
The 600 m> W118 total roof area consists of two watersheds connected to exterior parapet
downspouts, of which the 310 m* 53% vegetated drainage area of the Southeast watershed was
monitored for rainfall and runoff. Gravel walkways, parapets, and the raised rooftop above the

elevator shaft comprise the non-vegetated areas of both rooftops.
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Figure A-3: W118 roof; (a) satellite photograph, (b) weir device, and (c) roof photograph.
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USPS:

The 10,000 m* US Post Office Morgan Processing and Distribution Center green roof (USPS) in
mid-Manhattan, NY was installed in 2009 by TectaGreen of Tecta America. The roof was built-
in-place. Roof edges were established with 100 mm tall metal brackets, and an expanded shale
based substrate of varying depth was placed in the bounded area. A majority of the green roof is
comprised of 100 mm of substrate depth and was planted with sedum types, including: Sedum
acre, Sedum album 'Coral Carpet', Sedum album murale, Sedum reflexum, Sedum sexangulare,
Sedum reflexum 'Blue Spruce’, Sedum grisebachii, Sedum kamtschaticum, Sedum 'Matrona',
Sedum pluricaule 'Rosenteppich’, Sedum spurium 'Roseum’, Sedum telephium "Autumn Joy'.
200mm thick berms throughout the roof, usually about 2 m wide, have the following larger plant
species: Achilea filipendula "Moonshine', Alium schoenoprasum, Coreopsis vert 'Moonbeam',
Silenecaroliniana ssp. wherryi, Talinum calycinum, Tradescantia ohiensis. The growing
substrate has a water-saturated density between 1.15-1.35 g cm™, water storage capacity between
35-65%, and a saturated hydraulic conductivity between 0.001-0.120 cm s™, as reported by
Skyland USA LLC in March 2011. Monitoring equipment was installed in a 390 m* watershed in
the Northwest corner of the roof. The watershed has one 6 m long berm and a single internal

downspout. The watershed is 67% vegetated with the remaining area consisting of gravel ballast.
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Figure A-4: USPS roof; (a) satellite photograph, (b) weir device, and (c) roof photograph.

ConEd:

ConEdison Learning Center (ConEd) green roof in Queens, which was installed in 2008, consists
of GreenGrid-G2 modular trays with dimensions 61 cm % 122 cm % 10 cm. The trays were
packed with a proprietary expanded shale substrate and then placed in adjacent rows on the 2,700
m” roof area. The growing substrate has a water-saturated density of 1.18 g cm™, water storage
capacity of 31.8%, and a saturated hydraulic conductivity of 0.326 cm s™, as reported by Penn
State University’s Agricultural Analytical Services Laboratory in July 2008. Plugs and cuttings
used to plant the were comprised of the following 15 sedum varieties: Sedum oreganum, Sedum
kamtschaticum 'Weihenstephaner Gold', Sedum kamtschaticum, Sedum ternatum, Sedum 'John
Creech', Sedum spurium 'Album Superbum’, Sedum spurium 'Fulda Glow', Sedum spurium
'Dragons Blood', Sedum spurium 'Bronze Carpet', Sedum angelina, Sedum sexangulare, Sedum

‘Ruby Glow', Sedum 'pachclados’, Sedum 'Bertram Anderson’, Sedum 'Vera Jameson'.
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Monitoring equipment was installed in the 52% vegetated, 940 m” Eastern watershed. Both of the
watershed’s internal downspouts were monitored for runoff. The non-vegetated sections of this

roof are comprised of rubber mat walkways, gravel ballast transitions and raised glass skylights.

Figure A-5: ConEd roof; (a) satellite photograph, (b) weir device, and (c) roof photograph.
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APPENDIX B: FLOW METER DESCRIPTION

Figure B-1: (a) Runoff monitoring weir device (b) Calibration chamber used to simulate rooftop runoff.

The flow meters for runoff measurement consist of a runoff chamber with an outlet weir and a
Senix TSPC-30S1 ultrasonic sensor (Figure B-1(a)).The ultrasonic depth sensor measures the
depth of water behind the weir face with a resolution of 0.086 mm. As flow increases the water
level behind the weir’s face rises. The ultrasonic sensor detects the rise in water height and
adjusts its output voltage accordingly. The flow meters were sized to fit into existing rooftop
drains and accommodate roughly 50 mm hr™' of rainfall in saturated substrate conditions based
on the drainage area. Above this flow rate, water overflows the weir into the roof drain to
prevent backup and ponding of water on the roofs. Each flow meter was constructed by cutting
acrylic parts and joining them with Scotch-Weld DP-810NS acrylic epoxy. The weir face was
cut from flat piece of acrylic and attached to a vertical cutout on the side of the weir cylinder. A
baffle was installed at the top of the device and rubber based sealant was applied on all edges to

minimize turbulence and eliminate leaks without restricting water flow. The flow meters
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function between 0 and 70 °C. To calibrate each flow meter, a box was built that effectively
simulates water flow conditions into roof drains (Figure B-1(b)). Weirs were sealed into the
simulation box, as they would be under field conditions, and calibrated up to their designated
maximum capacity. Water was pumped into the simulation box, flowed under the baffle, then
rose up to enter the flow meter from all directions. Repeat measurements were taken at
incrementally increasing flow rates using an Armfield F1-10 hydraulic bench, which was
supplemented with a 6 L s™' pump at high flow rates. The corresponding voltage output was
recorded from the Senix ultrasonic sensor. The resulting data points were used to derive a
calibration curve that related sensor output voltage and flow rate. This calibration method
significantly reduces errors compared to other techniques that rely on, for example, a
combination of measurements at low flow rates and reported weir equations. Once calibrated,
flow meters were sealed into the rooftop drains to prevent water loss prior to measurement.
Finally, the voltage output of the Senix ultrasonic sensor was connected to the rooftop data

logger for recording.
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