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ABSTRACT

As one of the most important earth systems, the water cycle is significantly disrupted
by changes to land cover and water management accompanying urbanization. Recently,
researchers have developed a concept of near-natural hydrology to guide ecological
engineering of urban systems to mitigate the impacts of development on the water cycle.
Stormwater green infrastructure (GI) is one of the practices that has been used to restore
the urban hydrology. The goal of this research is to answer the overarching question: Can
GI implemented in a semiarid watershed restore the water budget to its predevelopment
condition? Field experiments and hydrologic modeling were conducted in a semiarid city,
Salt Lake City, Utah, U.S to answer this question.

This work created, for the first time, an ET observation dataset for the semiarid
intermountain west of the U.S. Based on the new dataset, empirical parameters for Penman-
Monteith ET methods, including crop coefficients and surface resistances for green roofs,
were identified and calibrated for this region, also for the first time. Their values can be
directly used for ET modeling of green roofs in similar climates.

An urban stormwater model, EPA SWMM, was modified to be able to represent
spatially heterogeneous ET rates in one catchment for up to six types of land covers,
including GI (bioretention, green roof), landscapes (turf, deciduous trees, coniferous trees),

and water surface. This creates an improved platform to study the hydrologic response of



urban watersheds by addressing the limitation of hydrologic models, not including GI and
stormwater models with poor representation of ET. Also, the EPA SWMM was modified
to be able to operate using subdaily ET time series input for the first time.

With the updated model, the final part of this work studies the potential of restoring the
predevelopment urban water budget by adopting GI strategies in a semiarid watershed.
Based on the proposed water budget restoration coefficient, the water budgets have been
restored due to GI applications 94%, 94%, and 82% of the predevelopment state in the dry,

average, and wet years, respectively.
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CHAPTER 1

INTRODUCTION

Following economic opportunity and other pursuits, humans have increasingly
concentrated in urban areas in the past century. Recently, the world’s population surpassed
50% urban, with this number expected to increase to 67% by 2050 (Heilig 2012). The
global trend of urbanization significantly alters the surface energy budget, hydrological
cycle, and biogeochemical cycles at different scales and as a function of climate,
ecosystem, and terrain characteristics (Foley et al. 2005; Grimm et al. 2008; Pauleit et al.
2005; Scalenghe and Marsan 2009; Seto and Shepherd 2009). This causes an array of
environmental problems, like water resources degradation and scarcity (Bao et al. 2012),
urban heat island (UHI) (Bornstein 1968; Brazel et al. 2000; Coutts et al. 2007; Gartland
2010; Godowitch et al. 1985; Kerr 2013; Morris and Simmonds 2000; Steinecke 1999;
Todhunter 1996; Vez et al. 2000; Yamashita 1996), energy and resources consumption
(Foley et al. 2005; Grimmond 2007; Medina Jr 2010), increased aerosols emissions (Seto
and Shepherd 2009), increased greenhouse gas emissions (Grimmond 2007; Liu et al.
2013; Seto and Shepherd 2009), biodiversity loss (Grimm et al. 2008; Maclvor and Ksiazek
2015; McKinney 2006), and net primary productivity (NPP) loss (Seto and Shepherd
2009). Although the precise situation may vary between urban locations, one consistency

is almost always urbanization leads to a modification of the water cycle.



1.1 Urbanization and Urban Hydrology

Urbanization effects on the water cycle are caused by land surface modification (Guan
et al. 2016; Jacobson 2011; Pauleit et al. 2005; Powell et al. 2008; Scalenghe and Marsan
2009; Shuster et al. 2005; Whitford et al. 2001; Yao et al. 2016) and changes to water
management. Human modifications of the water cycle remain an area of great uncertainty,
with a limited ability to project implications on underlying mechanisms and feedbacks to
associated interconnected systems. The majority of research agrees that urbanization can
significantly modify the precipitation variability and intensity in urban areas (Seto and
Shepherd 2009; Shem and Shepherd 2009; Trusilova et al. 2008), but it is still not clear
enough to conclude whether it increases (Hand and Shepherd 2009; Shepherd 2006) or
decreases (Kaufmann et al. 2007; Rosenfeld 2000) urban storm occurrences and
characteristics. The introduction of impervious areas and wide-spread stormwater drainage
networks tends to lower groundwater recharge (Jeppesen et al. 2011; Rose and Peters
2001). However, for some cases there may be a substantial increase of indirect recharge
from storm drainage systems, irrigation return flows, and leaks from pipe networks (Barron
et al. 2013; Foster et al. 1994; He et al. 2009; Hibbs and Sharp 2012; Lerner 1990; Lerner
2002; Zhang and Kennedy 2006). Similarly, baseflow varies with alterations related to
urbanization (Fletcher et al. 2013; Hamel et al. 2013), which may decrease due to reduced
infiltration (Brun and Band 2000; Nie et al. 2011), or increase due to external water inputs
or stormwater management practices (Jacobson 2011; White and Greer 2006).

Uncertainties also exist for the variations of urban evapotranspiration (ET). Some
studies report impervious surfaces can generate a significant magnitude of ET (Ramier et

al. 2011). Irrigation on urban surfaces and heat advection at microscale and mesoscale may



partially compensate for reduced ET from a decreased amount of green spaces (Dimoudi
and Nikolopoulou 2003; Gober et al. 2009; Grimmond and Oke 1986; Oke 1979; Shields
and Tague 2012). However, other studies noted increased surface sealing and underdrains
in shallow unconfined aquifers often results in a significant decline of the overall urban
ET, accompanied with a significant increase in sensible heating of the atmosphere (Barron
et al. 2013; Dow and DeWalle 2000; Haase 2009; Jeppesen et al. 2011; Rose and Peters
2001; Wijesekara et al. 2012).

Due to the reduction of ET, storage, and direct infiltration, increases of stormwater
runoff volumes and peak discharge magnitudes have been widely reported (Boggs and Sun
2011; Lee and Heaney 2003; Rose and Peters 2001; Weng 2001; Wu 2015; Zhang et al.
2013). Increased runoff is directly connected to a wide array of environmental stressors
(Hasse and Lathrop 2003), such as flood risk (Du et al. 2012; Haase 2009; Liu et al. 2006;
Rutland and Dukes 2012; Wijesekara et al. 2012), sediment erosion and transport (Nie et
al. 2011), stream quality degradation (Astaraie-Imani et al. 2012; Foley et al. 2005;
Interlandi and Crockett 2003; Zgheib et al. 2012), aquifer pollution (Chisala and Lerner
2008; Hibbs and Sharp 2012; Lerner and Barrett 1996), waterborne diseases (Narain 2012;
Vordsmarty et al. 2000), acidification of water bodies (Kelly et al. 2011; Xiao et al. 2012),
and aquatic species loss (Gillies et al. 2003). Stormwater runoff issues have been targeted
by environmental regulation (e.g., Clean Water Act, National Pollutant Discharge
Elimination System (NPDES) regulations (Lehner 2001; USEPA 2000) and design

advances.



1.2 Urban Water Cycle Restoration

A critical direct impact of urbanization on ecosystems is caused by alterations to the
hydrologic cycle, which controls ecosystem energy and matter fluxes (Sun and Lockaby
2012). Historically, and with renewed interest recently, attention has focused on restoring
or rehabilitating urban hydrology to the predevelopment or near-natural state, with the goal
to improve ecological functioning and system linkage to the urban environment (Findlay
and Taylor 2006; Vollmer 2009). Green Infrastructure (GI) is a relatively new set of
practices promoted by the United States Environmental Protection Agency (EPA) and
others to manage stormwater in a sustainable way (USEPA 2000). GI as an approach
provides an alternative to traditional grey infrastructure for stormwater runoff control. The
overarching goal of Gl is to restore the natural hydrologic cycle, when implemented as part
of Low Impact Development (LID) strategies (USEPA 2000), which are similar in concept
to Water Sensitive Urban Design (WSUD) (Lloyd et al. 2002; Wong 2006), Sustainable
Urban Drainage Systems (SUDS) (Fletcher et al. 2008), and Stormwater Control Measures
(SCMs) (Wadzuk et  al 2013). Notably, as EPA’s definition

(http://water.epa.gov/infrastructure/greeninfrastructure/gi_what.cfm), the concept of GI

could also be expanded to include “green” landscapes in cities, such as residential lawns,
parks, golf courses, and more, which occupy large portions (40-70%) of surface areas in
European and North American cities (Oke 1982). Contrary to the traditional centralized
stormwater conveyance system, which may significantly increase the peak discharge and
the flashiness of storm runoff (Miller et al. 2014), GI adopts the philosophy of distributed
networks to process stormwater and pollutants at their sources. Via various forms, GI can

apply surface storage to reduce the amount of (and delay) urban stormwater runoff,


http://water.epa.gov/infrastructure/greeninfrastructure/gi_what.cfm

supplement water supply through rainwater harvesting (RWH) (Hoff et al. 2010; Wisser et
al. 2010), and introduce low-water-use landscapes to reduce landscape irrigation, often the
highest demand in a city (Kenny et al. 2009; Reclamation 2012). Other derived ecosystem
benefits include baseflow restoration (Endreny and Collins 2009; Hamel et al. 2013),
stream erosion prevention (Tillinghast et al. 2011), surface cooling and UHI relief (Coutts
et al. 2013; Nakayama and Hashimoto 2011; Scherba et al. 2011; USEPA 2003; Wong et
al. 2003), building energy demand reduction (Kumar and Kaushik 2005), water quality
improvement (Dietz and Clausen 2008; Kim et al. 2012), air pollutant collection (Currie
and Bass 2008; Rowe 2011; Yang et al. 2008), acid rain mitigation (Berndtsson 2010;
Davis et al. 2009), greenhouse gas absorption (Gill et al. 2007), habitat protection (Madre
et al. 2015; Pall-Gergely et al. 2015), aesthetic landscaping (Kambites and Owen 2006;
Sandstrom 2002), and noise blocking (Kambites and Owen 2006; Sandstrém 2002). Due
to stormwater management and other environmental benefits, GI is a desirable climate-
adaptive measure.

Restoring the urban water budget is an important means to mitigate the impacts of
urbanization on the environment, economy, and inhabitants of cities. A critical, yet often
overlooked, component of the water budget to restore is ET, as noted in the following:

(1) Restoring predevelopment stormwater runoff volumes and peakflow rates is
supported by restoring ET capacity. Reducing stormwater runoff decreases flooding and
pollutant loading (Boggs and Sun 2011; Sun and Lockaby 2012), and related economic
loss and social disturbances.

(2) Restoring ET capacity can contribute to UHI mitigation (Alexandri and Jones 2008;

Krayenhoff'and Voogt 2010; Sailor 1995; USEPA 2008) and, in turn, reduced energy (cost)



for cooling during the summer (Gartland 2010; Levallius 2005; Saadatian et al. 2013;
Takebayashi and Moriyama 2007). Objects that help to restore ET capacity in cities also
help to reduce heating costs during the winter (Castleton et al. 2010; Gartland 2010;
Levallius 2005), and the related energy consumptions and power bills (Alexandri and Jones
2008; Barrio 1998; Fioretti et al. 2010; Getter and Rowe 2006; Kumar and Kaushik 2005;
Lazzarin et al. 2005; Levallius 2005; Mitchell et al. 2008; Ouldboukhitine et al. 2011;
Saadatian et al. 2013; Takebayashi and Moriyama 2007; USEPA 2008).

(3) ET restoration by green roofs generates cool air, which may give rise to
strengthened street canyon flow and improve air quality near roads (Baik et al. 2012).

(4) Restoring ET is facilitated by introducing green spaces in cities, which create space
for plants and strengthen carbon sinks, especially in arid regions (Sun et al. 2011).

(5) Additional benefits of ET restoring green spaces in cities are improved biodiversity
associated with fauna and flora biodiversity protection (Currie 1991).

Most urban stormwater management goals have focused on restoring runoff regimes
(Ambrose and Winfrey 2015; Booth et al. 2004; Ellis and Viavattene 2014; Guan et al.
2015a;2015b; Jarden et al. 2015; Loperfido et al. 2014; Petrucci et al. 2013; Simpson 2007;
Wella-Hewage et al. 2016) and groundwater recharge amounts (Kidmose et al. 2015;
Moglia et al. 2010; Shuster et al. 2007). Although maintaining ET seems appropriate and
is recognized as an important component of the water budget and overall watershed health
(Boggs and Sun 2011), critical studies to improve understanding of approaches are still

needed (Walsh et al. 2015).



1.3 Urban Water Budget Modeling

As a simplification of complex processes, modeling is often used as a planning tool to
simulate urban hydrology and predict the restoration of the urban water budget. Traditional
hydrologic models often do not integrate infrastructures of stormwater, water supply, and
wastewater (Cleugh et al. 2005; Dupont et al. 2006; Grimmond et al. 1986; Jarvietal. 2011;
Lemonsu et al. 2007; Mitchell et al. 2001), while conceptual models are often unable to
accurately represent hydrologic processes like routing and water quality (Fletcher et al.
2013; Mitchell et al. 2008; Zoppou 2001). Hydrologic models in general lack capacity to
simulate GI units and evaluate their impacts on restoring the urban water budget.

Stormwater models generally do have the capacity to model GI. But most of those
models currently are based on the goal of designing stormwater runoff volume reduction
and flood control measures (Cuo et al. 2008; Hamel and Fletcher 2014; James and Dymond
2012; Jia et al. 2012; Jia et al. 2002; LeFevre et al. 2010; Lucas 2010; Nania et al. 2014;
Schmitt et al. 2004; Shuster and Rhea 2013; Xiao et al. 2007; Young et al. 2011). Among
stormwater models with GI modules, the U.S. Environmental Protection Agency’s Storm
Water Management Model (SWMM) provides the highest level of fidelity and proven
accuracy (Elliott and Trowsdale 2007; Jayasooriya and Ng 2014; Lee et al. 2010).

Stormwater runoff models generally oversimplify hydrologic processes like ET
because of the uncertainties associated with modeling ET in urban areas (Berthier et al.
2006) and the historical lack of concern for ET for drainage system design and flood
control. The full water budget is also not well represented for the same reasons. For
example, irrigation is often excluded, which is an especially important water budget

component in arid and semiarid cities. Consequently, the accuracy of stormwater runoff



spatial and temporal predictions is compromised. These issues and others noted above
highlight the current lack of an integrated model capable of simulating GI hydrology and
the urban water budget at the same time (Patrick et al. 2004), which prevents the evaluation
of the impacts of GI on restoring the urban water budget under different scenarios and
climate conditions (Andrés-Doménech et al. 2012; Fletcher et al. 2013; Forsee and Ahmad
2011; Karamouz et al. 2011; Karamouz and Nazif 2013; Kerr 2013), especially in the
potentially warmer and drier southwest U.S. (Acharya et al. 2012; Division et al. 2011;
Eum et al. 2010; Gober et al. 2011; Huntington 2006; Interior and Reclamation 2011;
Jenerette and Larsen 2006; Kerr 2012; 2013; Mallya et al. 2013; Oki and Kanae 2006;
Overpeck 2013; Seneviratne 2012; Sheffield et al. 2012; Tavakoli and De Smedt 2011;

Wild et al. 2008).

1.4 Semiarid Urban Ecosystem

Due to population growth and migration, semiarid regions in the U.S. are being
developed to accommodate new residents, and some of those developing areas are among
the fastest growing in the country (Houdeshel et al. 2012). Compared to humid regions,
semiarid regions are generally more sensitive to urbanization in terms of both hydrologic
modifications and water resource sustainability (He and Hogue 2011). This leads to many
uncertainties in water budgets, because ET, runoff, groundwater recharge, and leakage are
poorly constrained (Pataki et al. 2011). Therefore, improving understanding of the relation
of land use to hydrologic functions is especially important in water-stressed regions
(Johnson et al. 2001).

Most of the existing studies about semiarid and arid regions focus on the human side



of the ecosystem. Typically, hydrologic responses related to human impacts are primarily
studied as changes to runoff (Ambrose and Winfrey 2015; Hale et al. 2014; Hogue 2009)
and recharge (Carlson et al. 2011; Gallo et al. 2013; Perrin et al. 2012). However,
environmental aspects of the ecosystem are often neglected, especially when conflicts
between human demands and environmental demands emerge. The dominating attitude to
consume and modify the ecosystem according to development prevails (Wackernagel and
Rees 1998). One solution approach is to conduct land use change in a sustainable manner.
This is manifested in many forms, including converting natural landscapes into
homogenous drought-tolerant xeriscape or nonvegetated zeroscape during urbanization,
which has the potential to reduce water demand and associated environmental impacts.
More broadly, there is potential to replace the loss of plant and insect biodiversity and
increase the connectivity of fragmented green space (Maclvor and Ksiazek 2015), and
moisture feedback to the atmosphere in ecologically sensitive regions.

ET has often been neglected in the urban water budget studies because of lack of
interest for engineering design and the perceived lack of importance compared to runoff
and recharge in semiarid urban areas. On the contrary, ET is important both spatially and
temporally, and yet a highly uncertain component of urban water budgets in semiarid
environments (Augustus 2008; Litvak et al. 2014; Shields et al. 2008). There has been and
remains a need to continue to improve the understanding and ability to represent ET in
water budget and stormwater management studies in semiarid urban environments.

The relative importance of GI compared to other urban landscapes in terms of restoring
urban ET and urban hydrology is unknown. Due to the lack of relevant studies, further

studies of the effects and efficiency of GI in restoring urban hydrology, especially ET, are
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needed for semiarid climates to help guide urban water management in the face of
uncertainty. Some uncertainties have been identified related to GI in semiarid and arid
areas like the intermountain west U.S., where the basis for urban growth and economic
development is the ability to manage water with variable resource needs and infrequent but
intensive precipitation events (Gober et al. 2011). On one hand, as GI may bring more
vegetation in desert cities (Seto and Shepherd 2009), which could also help to cool the hot
cities (Avissar 1996; Bonan 2000; Bowler et al. 2010; Buyantuyev and Wu 2010;
Emmanuel et al. 2007; Hart and Sailor 2009; Huang et al. 1987; Loughner et al. 2012;
Middel et al. 2012; Quattrochi and Ridd 1998; Sailor 1998), more imported water may be
needed to keep the plants alive during establishment and during dry periods between rain
events (Grimmond and Oke 1999; McCarthy and Pataki 2010; Milesi et al. 2005; Pataki et
al. 2011; Williams et al. 2010). On the other hand, irrigation amounts and patterns need to
be wisely designed so that irrigation will not affect GI stormwater management
performance for the next storm event (Voyde et al. 2010). Also, having urban green space,
including GI and traditional landscapes, in semiarid and arid climates may raise the cities’
water demand. However, irrigation can also increase green space and GI’s cooling effects
on urban microclimate (Grossman-Clarke et al. 2010; House-Peters and Chang 2011). Thus,
an ability to conduct a comprehensive analysis of water budget responses to GI and
traditional landscape applications is needed in semiarid cities, where the decisions
eventually are based on the tradeoffs between investments of resources like water and
multiple benefits to society, economy, and environment (Bonan 2000; Gober et al. 2009;
Gober et al. 2012; Mitchell et al. 2008; Pataki et al. 2011; Shashua-Bar et al. 2009;

Williams et al. 2010).
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1.5 Framework

The motivation of this work is therefore to explore the potential of near-natural
stormwater management in a semiarid climate. The final research question to be answered
is, Can GI implemented in a semiarid urban watershed restore the water budget to its
predevelopment condition? However, a lack of urban water budget modeling tools capable
of simulating ET in a physically realistic way creates a barrier, as ET might be a more
significant component of the water budget in the semiarid climate than other wetter
climates where ET models are often oversimplified. A research question that must be
answered before the final research question then is, Which methods are appropriate to
model GI ET and can be incorporated into an urban watershed model? However, the lack
of a realistic ET model for GI is often due to a lack of existing datasets generated from
high-quality field experiments, which are costly and difficulty to conduct. While
hydrologic performance of stormwater bioretention units in semiarid climates has been
studied (Heiberger 2013; Houdeshel 2013; Orr 2013; Steffen 2012), there are few studies
of green roofs in this climate. So the first step of this research is to establish a field
experiment to answer the research question, What are the rate and seasonal pattern of ET
of GI, and in particular a green roof, in a semiarid climate?

While three research questions are identified and linked in a top-to-bottom logic line,
they need to be answered in a bottom-to-top order (Fig. 1). Research activities related to
research question 1 will provide data to develop the ET model to be incorporated into the
updated water budget model to answer research question 2. The research activities related
to research question 2 will provide the necessary modeling platform to test the hypothesis

to answer research question 3.
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Research Question 3 Motivation: can Gl implemented in a semi-arid urban watershed restore the water budget to its predevelopment condition

Research Question 2 Barrier: which methods are appropriate to model GI ET and can be incorporated into an urban watershed model

Research Question 1 I Barrier: what are the rate and seasonal pattern of ET of GL in particular a green roof, in a semi-arid climate
L ]

Fig. 1. Driving questions of the dissertation.

The research activities to answer research question 1 are summarized in Chapter 2. This
question was approached by performing in 2014 a series of field experiments using
weighing lysimeters, which have been used to study green roofs in wet climates
(DiGiovanni et al. 2013; Feller 2011; Wadzuk et al. 2013). The key finding from this study
is that the Penman-Monteith-related methods can provide a good estimate of potential ET
for green roofs in the studied semiarid climate, and the methods using the annually
averaged parameters can achieve similar accuracy as using the monthly parameters.

The research activities to answer research question 2 are summarized in Chapter 3. This
question is designed to address the gap in model capacity by introducing and testing an
enhanced ET modeling component in the EPA SWMM. Two common types of GI,
including bioretention and green roofs, are studied by building on field experiments in this
project and from others and incorporating them into the model development process.
Compared to the original version of EPA SWMM, the updated SWMM shows more

realistic ET patterns in temporal and spatial resolutions.
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The research activities to answer research question 3 are summarized in Chapter 4. The
hypothesis of this research is that GI can effectively restore the urban water budget to the
predevelopment condition in the studied semiarid climate. The updated SWMM is used as
the main platform to simulate the urban water budget. The estimated water budgets in
different scenarios of development conditions exposed to different annual precipitation
amounts (for a given year) are compared. This study demonstrates that the water budget is
more influenced by the impacts of development in the studied semiarid climate than other
wetter climates, but GI can also more effectively restore the water budget in this climate.
A proposed metric can be useful to evaluate GI plans for the goal of achieving near-natural

hydrologic response of a watershed for other locations.



CHAPTER 2

GREEN ROOF EVAPOTRANSPIRATION OBSERVATION

AND ESTIMATION IN A SEMIARID CLIMATE

2.1 Introduction

A green roof is a common type of green infrastructure (GI) used in cities, and has been
specifically applied to stormwater management since the 1960s (Levallius 2005). One of
its most significant stormwater management benefits is that 100% of its footprint provides
stormwater management services in the form of storage and filtration, in addition to other
purposes (Fletcher et al. 2013). Hence, it can be an effective option for introducing
vegetation into older city centers (USEPA 2008) or where surface areas are limited and
expensive (Fletcher et al. 2013). In addition, a green roof is regarded as one means to cool
an urban environment and mitigate the urban heat island effect (Barrio 1998; Kosareo and
Ries 2007; Ouldboukhitine et al. 2011; Saadatian et al. 2013; Scherba et al. 2011; Wong et
al. 2003; Wong et al. 2003). Compared to other types of cool roof alternatives and
stormwater management practices, green roofs provide additional environmental benefits
for atmospheric pollutant and carbon dioxide absorption, habitat and biodiversity
protection, noise reduction, landscape aesthetics, and roof membrane protection (Castleton
et al. 2010; Getter and Rowe 2006; Levallius 2005; Smith and Roebber 2011; USEPA

2008). Further, green roofs also have a lower life cycle cost (Berndtsson 2010; Spatari et
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al. 2011; USEPA 2008; Wong et al. 2003) in spite of typically higher initial cost than
regular roofs (Carter and Keeler 2008; Levallius 2005; Saadatian et al. 2013; USEPA 2008;
Wong et al. 2003).

Previous studies on the hydrologic performance of green roofs have largely focused on
stormwater runoff controls. Most studies conclude that green roofs extend runoff duration
(Getter and Rowe 2006; VanWoert et al. 2005a) and reduce volume (Berghage et al. 2009;
DiGiovanni et al. 2010; Fassman-Beck et al. 2013; Jarrett et al. 2007; Levallius 2005;
VanWoert et al. 2005a). However, other components of the water budget of green roofs
also need attention to fully understand the mechanism for reducing stormwater runoff.

A recent study has proven that accurately estimating potential evapotranspiration (ET)
rates is essential in representing the retention capacity regeneration and stormwater
modeling (Krebs et al. 2016). A green roof, different from other types of GI, relies
primarily on ET as the mechanism to reduce the amount of retained water between storm
events (Voyde et al. 2010). In addition to its insulation (Barrio 1998; Castleton et al. 2010;
Ouldboukhitine et al. 2011), reflection (Tsang and Jim 2011), and shading (USEPA 2008)
properties, a green roof can also act as an evaporative device which uses ET as a way to
cool roof surfaces in warm seasons (DiGiovanni et al. 2010; Feller 2011; Jarrett et al. 2007,
Klein and Coffman 2015; Levallius 2005; VanWoert et al. 2005a; Voyde et al. 2010). The
ability to model ET processes of green roofs is critical to quantifying the benefits needed
for planning and designing urban areas to meet multiple sustainability objectives.

To date, most studies of green roof ET have been conducted in wetter climates (Berretta
et al. 2014; DiGiovanni et al. 2013; Schneider et al. 2011; Wadzuk et al. 2013), leaving ET

processes of green roofs less understood in dry regions like the western U.S. Further, since
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transpiration may contribute to less than 50% of the ET from green roofs (Voyde et al.
2010), evaporation from the soil covered by plants plays an important role with green roofs.
“Soil roofs” have also been found to have similar and even higher evaporation rates
compared to the ET rates of green roofs (Takebayashi and Moriyama 2007), especially in
low and high initial soil moisture conditions (Berretta et al. 2014). But these theories have
not been tested in semiarid climates.

Relative to research in humid environments, very few research studies have been
conducted to quantify green roof hydrologic performance in semiarid or arid areas, where
higher temperatures and vapor pressure deficits boost evapotranspiration (ET) rates and
affect the amount of rainwater absorbed and runoff reduced. In addition, the Intermountain
West of the U.S. generally has less intense and lower amounts of precipitation concentrated
during winters with long dry periods during summers. This precipitation pattern and
seasonal temperatures affect the ET rates and hydrologic performance of green roofs for
stormwater management.

Irrigation is often needed for GI, such as green roofs in semiarid regions, to sustain
vegetation during dry periods (Pataki et al. 2011; Williams et al. 2010). Applying irrigation
water to city landscapes has been shown to enhance urban ET (Dimoudi and Nikolopoulou
2003; Gober et al. 2009; Grimmond and Oke 1986; House-Peters and Chang 2011; Oke
1979), especially in hot and dry regions where high atmospheric demands and intensified
heat advection prevail. The water budget implications of implementing green roofs in the
Intermountain West is not well understood.

Collectively, these issues highlight a general lack of understanding of the hydrologic

performance, especially ET mechanisms, of green roofs in water-limited climates
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(Oberndorfer et al. 2007). Common studies use simplified versions of the potential ET
(PET) equation developed from agricultural reference crop without the adjustment of plant-
specific parameters (DiGiovanni et al. 2013; Wadzuk et al. 2013), which is recognized as
a need for refinement to better reflect the processes occurring within green roof
configurations (Krebs et al. 2016; Stovin et al. 2013). A lack of high-quality experiments
for the development, validation, and calibration of green roof ET models (Voyde et al.
2010) currently constrains the understanding and modeling of green roof ET processes and
their environmental benefits in arid and semiarid environments (Berndtsson 2010).

The study presented here seeks to address these gaps. A series of weighing lysimeter-
based experiments were conducted in the semiarid metropolitan area of Salt Lake City,
Utah. Four replicates were constructed to directly observe ET and other components of the
water budget. Three P-M equation methods were tested and compared with ET
observations. The research results were expected to contribute to the knowledge base to
improve modeling of green roof ET and more generally the hydrologic performance of

green roofs.

2.2 Study Site

This study was conducted in Salt Lake City, Utah, U.S., which is at an average elevation
of 1,320 m. According to the Kdppen climate classification (Peel et al. 2007), Salt Lake
City has a semiarid continental climate (Bailey 1979; Bair 1992; Eubank and Brough 1979;
Quattrochi and Ridd 1998; Ramamurthy and Pardyjak 2011; Russell and Cohn 2012). From
1980 to 2010, the average annual precipitation was 409 mm and the average annual air

temperature was 11.5°C (NOAA 2016). The city experiences cold, snowy winters, hot, dry
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summers, and a relatively wet transition period (Russell and Cohn 2012). The lake-effect
from the Great Salt Lake is a large contributor to the snowfall in the winter (Alcott and
Steenburgh 2013). The primary source of summer precipitation is monsoon moisture
moving in from the Gulf of California. In the winter, the temperature frequently stays
below freezing, and evening fog and daytime haze are common (Russell and Cohn 2012).

The main study site was located at the intensive green roof on top of the third floor
outdoor mezzanine of the Marriott Library (Library) at the University of Utah campus
(40.7623°N, 111.8468°W), which has a 632 m? area (305 mm to 457 mm deep soil). The
total plant coverage on the roof'is approximately 51%, which mainly consists of herbaceous
plants (74%) and shrubs (19%). Blue Grama Grass, Bouteloua gracilis is the dominant
species in the garden, which covers 37% of vegetated area; while sedums, Sedum spurium
‘Red Carpet’ and Sedum kamtschaticum, rank as the 4™ most abundant species, which take
up a total of 77% of the vegetated area. Below the plants, the green roof is composed of
the growth medium, filter fabrics, water retention panels, a moisture retention mat, a
drainage mat, root barriers, and waterproof membranes. The growth medium was made of
the Utelite E-Soil® Root Zone Mix, which was mechanically blended by the Utelite
Corporation (Salt Lake City, UT). It was volumetrically composed of 50% screened loamy
topsoil, 25% Utelite ‘fines’ expanded shale, and 25% approved compost. The bulk density
is 1.02 g/cm’, while the saturated bulk density is 1.5 g/cm®. From the test report of Utelite
Corporation, the soil porosity is 0.58, pH is 7.1, organic matter is 8.0% by mass, and
saturated hydraulic conductivity is 1.4 mm/min. The maximum water retention is also
claimed to be 0.48. However, it was observed as 0.35 when the medium is fully saturated

during the process of calibrating the soil moisture sensor for the study. The green roof was
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also installed with Rain Bird (Azusa, CA) rotating sprinklers controlled by a soil-moisture-
based control system (triggered at a volumetric soil water content of 0.21) to irrigate the
green roof at nights from May to early November.

The second site was located at the extensive green roof on top of the fifth floor of the
Natural History Museum of Utah (Museum) (40.7639°N, -111.8227° W). It is composed
of multiple green roof strips separated by solar panel arrays. The total vegetated area is
approximately 1,115 m2. The soil depth is 102 to 152 mm. Designed by Design Workshop
Inc. (Salt Lake City, UT), the green roof is made of growth media, filter fabric, drainage
mats, and a waterproof membrane. The medium type is Utelite E-Soil® 60/40 lightweight
planting media, a product mechanically blended by Utelite Corporation (Salt Lake City,
UT, U.S.A.), which is made up of 60% Utelite ‘fines’ expanded shale and 40% approved
organic matter. It has a pH value of 7.0. The bulk density is 0.91 g/cm?, while the saturated
bulk density is 1.42 g/cm?. Its water retention percentage is claimed to be 50%. The organic
matter is 6.4% by mass. The vegetated herbaceous plants cover 22% of the roof area.
Sedums cover the 44% of the planted area, which are a mix of Red Carpet Stonecrop,
Sedum spurium ‘Red Carpet’, Bailey’s Gold Stonecrop, Sedum floriferum, Russian
Stonecrop, Sedum kamtschaticum, Variegated Stonecrop, Sedum lineare ““Variegatum™,
and Spruce Stonecrop, Sedum reflexum. Tubes buried under the soil are used for drip
irrigation, while the watering schedule was controlled centrally by the Ground

Maintenance Department of the University of Utah.
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2.3 Methods
2.3.1 Field Experiment

Weighing lysimeters offer a cost-effective and engineering-efficient way to combine
multiple measurement missions together into one experiment, and they have been
successfully applied to estimate ET for green roofs (DiGiovanni et al. 2013; Feller 2011)
and stormwater bioretention systems (Denich and Bradford 2010). Moreover, they also
account for advection effects, which most other meteorological measuring methods cannot
capture. The mass changes of the container on certain time scales (e.g., hourly or daily)
are measured and converted into ET volumes. The water balance of a weighing lysimeter
can be written as follows to calculate ET:

ET=P+IR—-0—-Q —AS, (1)
where ET is evapotranspiration; P is precipitation; Irrig is Irrigation; O is surface overflow,
Q is discharge, and AS is the change of the storage. Surface overflow was neglected in this
study since the selected soil was highly pervious and no runoff was observed. Precipitation
and irrigation were measured with tipping bucket rain gauges modified for the task. During
the periods when precipitation, irrigation, and discharge are zero, the ET can be measured
directly by scales and the water balance becomes

ET = —AS. 2)

Mass changes were used to determine AS using a custom-built weighing lysimeter. The
lysimeter was made of a rectangular acrylic container (1.22 m by 0.61 m by 0.36 m) sealed
with adhesives and silicone. An underdrain made of a bulkhead fitting and a valve was
installed at one side of the lysimeter on the bottom. The container contained a replica of

the existing green roof, which from the top to the bottom includes layers of growth media,
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a filter fabric, and an AmerGreen (Thousand Oaks, CA) 50RS drainage mat. The type of
growth media used in the lysimeters was chosen to match the actual green roof setting. The
depth of the growth medium within the container was designed to be 254 mm.

On the Library site, three weighing lysimeters were built to observe the ET of the
nonvegetated growing medium, sedums (Red Carpet Stonecrop, Sedum spurium ‘Red
Carpet’ and Russian Stonecrop, Sedum kamtschaticum), and grass (Blue Grama grass,
Bouteloua gracilis) (Fig. 2). Those plants were transplanted into the lysimeters in
September, 2013, after several years of growth on site as part of the green roof installation.
Rice Lake BenchMark HE weighing scales (Rice Lake, WI, capacity: 454 kg, resolution:
0.05 kg ~ 0.06 mm, tolerance: 0.08 kg ~ 0.10 mm) with 1Q355 indicators were used to
track the mass balances of the lysimeter. The lysimeters were placed near the green roof
surface to reduce the temperature and wind differences from the surroundings. Decagon
(Pullman, WA) 5TM sensors were buried at the surface and bottom layers of each lysimeter
to measure soil moisture and temperature. Another pair of 5TM sensors was installed in
the actual green roof garden at the surface and base as a comparison. Campbell Scientific
(Logan, UT) TES525 tipping bucket rain gauges were modified and buried underground to
measure the discharge from the underdrain of each lysimeter. Another three TES25 tipping
buckets were placed near each corresponding lysimeter to measure the inflows, including
precipitation and irrigation from the rotating sprinklers. A Campbell Scientific CR1000
datalogger linked with a Campbell Scientific AM16/32B multiplexer was used to record
data from all the sensors mentioned above and to compute 5-minute averages. Data
collection started on January 1, 2014 and ended on December 31, 2014, providing a

complete year of observation. The 5-min ET data were summed to produce hourly and
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Fig. 2. Experimental set-up on top of the Marriott Library on the University of Utah
campus (surface covers of the three weighing lysimeters are indicated, with medium
meaning nonvegetated).

daily values used in the study.

The year 2014 was relatively wet, with a total precipitation of 496 mm compared to the
average annual precipitation of 409 mm. The green roof was also well watered by
sprinklers during the summer months, with a total of approximately 442 mm of applied
water (Fig. 3). Discharge from the lysimeter underdrains was observed after most irrigation
events. ET rates measured in this study were assumed to represent the potential ET (PET)
rates.

A micrometeorological weather station was deployed near the three lysimeters on the
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Fig. 3. Monthly averages of precipitation, irrigation, and 2-m air temperature of the
Library site in 2014.

library site. The station was equipped with a Campbell Scientific CSAT3 sonic
anemometer operating at 20 Hz to measure all three components of the wind speed at 2 m.
Four thermocouple probes (Omega HTTC36-T-18G-6, Stamford, CT) were mounted at
0.12m, 0.60 m, 1.50 m, and 2.50 m above the roof level to determine the local temperature
profile. Temperature and relative humidity were measured at 2 m using a Campbell
Scientific HMP155A probe (replaced by a Campbell Scientific CS210 humidity sensor
after 09/22/2015 for the relative humidity). Kipp & Zonen CNR-1 (Delft, The Netherlands)
net radiometer was mounted at 3 m above the roof level, which provided measurements of

all four components of the short and longwave radiation budget. Data were recorded using

Air Temperature (Celsius)
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a Campbell Scientific CR5000 datalogger. The weather stations (ID: WBB and MTMET)
from a nearby building on campus operated by Mesowest (http://mesowest.utah.edu/) were
used to fill the gaps caused by power failures and to distinguish precipitation events from
irrigation events during summer nights. A Decagon SC-1 Leaf Porometer (Pullman, WA)
was employed to measure the diurnal stomatal resistances of sedums and grass in the
lysimeters on June 17, 2015 to provide data for corroborating observations of the
lysimeters. The leaf area was estimated by sampling the branches and analyzing the images
based on Easy Leaf Area (Easlon and Bloom 2014).

A weighing lysimeter of the same design with inner dimensions of 1.22 m by 0.61 m
by 0.20 m was built and deployed at the Museum site. The same combination of growth
media, filter fabric, and drainage mat was used as the green roof installation at the site. A
mix of four sedum species was transplanted from the installed green roof at the site into
the lysimeter in September, 2013. The medium depth was set as 102 mm. A Rice Lake
BenchMark HE weighing scale (Rice Lake, WI, capacity: 227 kg, resolution: 0.05 kg ~
0.06 mm, tolerance: 0.04 kg ~ 0.05 mm) and an 1Q355 indicator were used to provide the
weight observations of the lysimeter. Decagon (Pullman, WA) EC-5 sensors were buried
at the surface and bottom layer of the lysimeter to measure soil moisture. The Campbell
Scientific CR10X-PB datalogger was used to store S5-minute averages of weight
measurement. A Campbell Scientific (Logan, UT) TES525 tipping bucket rain gauge was
modified and placed below the lysimeter to measure the discharge from its underdrain.
Another TE525 tipping bucket rain gauge was placed nearby to measure precipitation. A
12.7 mm-diameter Netafim tube was connected from the irrigation main line to the

lysimeter through a hole drilled in the wall, which was used to provide the same irrigation
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schedule as the green roof on site. Although a plastic flow meter with a diameter of 12.6
mm and NPS threads (Adafruit, NYC) was used to measure the inflow, it did not track the
irrigation amount accurately; hence, only days without irrigation events were used for
analysis at this site. As irrigation was applied frequently in the middle summer and due to
a power failure and datalogger malfunction in early 2014, only 117 days of data from late
June to early December were available for analysis. Consequently, the museum site is

primarily used to validate the ET model results based on data from the Library site.

2.3.2 Penman-Monteith Equations
The P-M equation (Monteith 1965) was adopted in this study in three forms to simulate
ET rates for green roofs, as it has been proven to be reasonably applicable for a wide suite
of landscapes and even green roofs (DiGiovanni et al. 2013). It is widely known in its

ASCE format as follows (Allen et al. 2005):

0.4084(Rp—G)+Y——u, (es—eq)

—_ T+273
RET = A+Y(1+C4quy) ! 3)

where RET is reference ET (RET) corresponding to short grass (mm hr'!), A represents the
slope of the saturation-vapor-pressure temperature curve (kPa °C™"), Ry is the net radiation
(MJ m? hr'!), G is the soil heat flux (MJ m™ hr!), y is the psychrometric constant (kPa °C"
1, Cn is the numerator constant (Ch=37 K mm s> Mg hr'!), T is the air temperature at 2 m
(°C), es is saturation vapor pressure (kPa), ea is actual vapor pressure (kPa), Cq is the
denominator constant (s m™) (equal to 0.24 for daytime hours and 0.96 for nighttime
hours), and Uy is the mean hourly wind speed at the 2-m height (m s™).

This version of P-M equation implicitly fixes surface resistance at 70 s m™! for daily

estimation and 50 s m! and 200 s m™! for nighttime estimation, which are often used for
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landscapes and green roofs (Berretta et al. 2014; DiGiovanni et al. 2013; Schneider et al.
2011; Wadzuk et al. 2013), though those parameters represent the surface resistance for the
short, cool-season, well-watered reference grass. Therefore, RET values needed a
correction to achieve the actual ET (AET) values for conditions different than those
assumed. One correction is using a crop coefficient (Kc¢) to adjust the difference of PET
rates between the reference grass and other species, which can be written as follows (Allen
et al. 1998):

PETy, = K. X RET. (4)

Since PET can be measured directly using lysimeters and RET rates are calculated
based on meteorological data and fixed parameters from the ASCE scheme [Eq. (3)], the
daily crop coefficients can be computed from Eq. (4). Monthly averages of daily crop
coefficients were then generated from the observations and used to simulate hourly PET
rates for different months (PET-K¢). As monthly coefficients are often difficult to obtain a
priori, a yearly-average crop coefficient was used to simulate hourly PET rates (PET-Kc-
Yearly) as a simplification.

Another correction is to use a water stress coefficient to adjust the difference between
PET rates and AET rates due to the soil moisture content variation (Allen et al. 1998). A
type of water stress coefficient, used for other green roofs (DiGiovanni et al. 2013; Stovin
et al. 2013), was used in this study to convert hourly RET rates into hourly PET rates (PET-

Ks) as follows:

0;—0y
PETy, = ef_—; x RET, (5)

where 6; is volumetric soil moisture content, Gy is soil wilting point (0.12 was used in this

study) (DiGiovanni et al. 2013), and 6% is soil field capacity (0.35 was used). As the green
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roofs were all well watered during the experiment, the PET-Ks rates should be close to
actual measurement.

Besides the FAO-56 version (Allen et al. 1998) and the ASCE version (Allen et al.
2005), the original P-M equation could also be parameterized via experiments to directly

estimate AET with varying surface resistances as follows (Monteith 1965):

(es—ea)

L, (6)

A[A+Y(1+:—:)]

A(Rp—G)+pacp

where 4 is the latent heat of vaporization, which can be calculated as A=2.501-0.00237%T
(Stull 1988), but 2.45 MJ kg'! was used in this study for simplicity, ra is the aerodynamic
resistance (s m™!), and rs is surface resistance (s m™).

There has been debate surrounding the value of surface resistance used in the P-M
equation for reference grass (Allen et al. 2006), as it is determined by leaf area index
varying across the growing stages and stomatal resistance, which is difficult to quantify
and varies during the course of a day with solar radiation, leaf temperature, vapor pressure,
leaf water potential, and carbon dioxide (Jarvis 1976). Little is known about the surface
resistance for green roofs. As the actual PET rates are tracked by lysimeters and other
meteorological data are recorded by the weather station, hourly surface resistances for each
type of studied green roof can be back calculated using the P-M equation for each month
[Eq. (6)] (Jones 1992; Schulze et al. 2005). The back-calculated hourly surface resistance
values then could be useful for estimating ET for green roofs with similar settings and
climates by using Eq. (6), and they were used in this study to estimate PET rates (PET-rs)
for comparison to observed values. As the hourly surface resistances for each month are
also difficult to obtain a priori, the yearly-averaged surface resistance was also calculated

as a simplification and used to predict PET rates (PET-rs). The statistical analysis was made
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by OriginPro 9.1.0. One-way analysis of variance (ANOVA), Kruskal-Wallis ANOVA test
and Mood’s Median test were used to explore the differences in ET time traces amongst
the three surface covers. Linear regression analysis with a fixed intercept at zero was used

to determine the fit of PET simulations.

2.4 Results
2.4.1 ET Observations

A daily ET time series for the three green roof types studied on the Library site was
determined from lysimeter measurements. The average ET rates over the one-year study
period for the nonvegetated, sedum, and grass covers are 2.01£1.16, 2.52+1.79, and
2.69+1.69 mm/d, respectively. The ET rates from the three surface covers all show a
unimodal temporal pattern over the course of the year with a peak in the summer, but their
magnitudes tend to vary significantly from each other (Fig. 4). As the requirements of
normality and equal variance for one-way analysis of variance (ANOVA) are not very well
met based on the Shapiro-Wilk test and Levene’s test, two nonparametric analysis methods
were also conducted to test their differences. The p-values of the Kruskal-Wallis ANOVA
test and Mood’s Median test are 2.08E-4 and 1.53E-6, respectively, which both indicate
that the populations among the three green roof lysimeters are significantly different at a
significance level of 0.05.

During early summer months, ET rates generally decrease in sequence from the grass,
to the sedum, and then to the medium covers. During the late summer months, sedums
were observed to have higher ET rates than grass. During the winter time when plants were

not active, soil evaporation tended to have higher ET rates than the plants. Mean monthly
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Fig. 4. Monthly averages of green roof ET rates of 2014 (error bars represent standard
deviations).

ET rates were largest in June for grass (4.93 mm/d) and medium (3.18 mm/d), while the
sedum had the maximum mean monthly ET rate of 4.07 mm/d later in August. Maximum
daily ET rates were observed as 8.50 mm and 7.90 mm for sedums and grass in August,
while that of the nonvegetated unit was observed in May (6.11 mm). The largest difference
between the grass ET rates and the rates of the other two types of covers (nonvegetated and
sedum) occurred in July and were 2.65 mm/d and 1.51 mm/d, respectively. The ET rates

of the three green roof lysimeters tended to be close to each other during the winter months.
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2.4.2 Crop Coefficients
Daily crop coefficients for the three types of green roofs were estimated by dividing
the measured PET rates by the calculated RET rates each day [Eq. (4)]. Crop coefficients
have similar temporal patterns as ET observations (Fig. 5). Although the three covers show

different relative magnitudes across the year, their annual averages were close: 0.57+0.32

(grass), 0.57+£0.36 (sedum), and 0.50+0.36 (nonvegetated).

2.4.3 Surface Resistances

The estimated surface resistances appear to vary widely among different covers,
different hours, and different months (Fig. 6). Infinite values of the surface resistance
correspond to zero ET conditions when the stomata close or the soil dries. Those infinite
data have been removed from the plot (Fig. 6). Most nighttime values were computed as
infinity, so the curves of yearly averages corresponding to nighttime were close to zero
after those infinite values were removed (Fig. 6). Specifically, the nonvegetated cover had
the highest surface resistance, and the sedum and then the grass covers followed
accordingly; their annual averages are computed as 1707, 480, and 399 s m™!, respectively.
A diurnal measurement of stomatal resistance was made on June 17, 2015 for the sedum
and grass in the same lysimeters. Their values were converted to surface resistance after
leaf areas were measured, which were compared with the hourly averages of estimated
values of June, 2014. In spite of one year’s difference, the estimated surface resistance still

showed a relatively good match to the observed values for daytime hours (Fig. 6).
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Fig. 5. Monthly crop coefficients for the three surface covers in 2014.
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2.4.4 ET Simulations

The three variations of the P-M equation described above were used to simulate hourly
ET rates based on meteorological measurements. The goodness of fit was determined by
the comparison of the daily ET estimates and the daily ET observations for nonvegetated
(Fig. 7), sedum (Fig. 8), and grass (Fig. 9) on the library site. The PET-K¢ method tends to
overestimate PET rates for the nonvegetated and sedum covers, while the PET-rs method
tends to slightly overestimate PET rates only for the sedum. They both show a good fit
with observation for the grass. The PET-Ks method largely underestimates PET rates for
all cases. The coefficients of determination (R square) show that the PET-K. method has
the best fit with the measured values, but the PET-rs method also achieves a comparatively
good fit which generates R square very close to the PET-K¢ method (Table 1). However,
the PET-Ks method seems to generate a less competitive fit compared with the other two.
The three methods were also tested for the sedums at the Museum site. There, all three
methods tended to overestimate PET rates (Fig. 10), and their R square values are all lower
than the Library site (Table 1). Notably, both the PET-rs-yearly and PET-Kc-yearly
methods generate R square values close to the PET-rs and the PET-K¢ methods, which use

more detailed monthly parameters (Table 1).

2.5 Discussion
2.5.1 ET Observations
The yearly-averaged ET rates observed in this study are higher than most rates observed
in other studies in wetter climates. For example, 1.68 mm/d for sedums and 1.06 mm/d for

medium with unlimited water supply (Rezaei 2005), 1.71 mm/d from sedums (Marasco et
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Fig. 7. PET estimates using the three methods plotted against PET observations for the
nonvegetated green roof at the Library site.
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Fig. 8. PET estimates using the three methods plotted against PET observations for the
sedum-covered green roof at the Library site.
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Fig. 9. PET estimates using the three methods plotted against PET observations for the
grass-covered green roof at the Library site.

Table 1. Statistical performance measures of the three types of P-M equations for PET

estimation.
Library Site Museum Site
Medium Sedum Grass Sedum
RMSE

Linear Fitting R> (mm/d) R?> RMSE R?> RMSE R?> RMSE
PET-Kc 0.79 1.07 0.78 1.47 093 0.89 0.59 1.84
PET-Ks 0.60 1.50 0.63 1.77  0.63 1.94 0.59 1.71
PET-rs 0.75 1.17 0.74 1.58 091 1.00 0.58 1.87

PET-rs-yearly 070 128 074 1.59 090 1.04 0.58 1.86
PET-Kc-yearly 0.75 1.17 075 154 091 098 0.61 1.80
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Fig. 10. PET estimates using the three methods plotted against PET observations for the
sedum-covered green roof at the Museum site.

al., 2014), 2.27 mm/d from sedums (DiGiovanni et al. 2013), or 2.21 mm/d from sedums

(Voyde et al. 2010). The averages of ET rates for sedums and grass from April to November
are 2.74 and 2.94 mm/d (Fig. 4), which, however, are lower than the observation (3-4
mm/d) in a humid climate (Wadzuk et al. 2013). The summer averages of ET rates of
sedums and grass from May to September are 3.52 and 3.91 mm/d, which are slightly
higher than 3.4 mm/d observed in a wetter climate when moisture is adequate (Po¢ et al.

2015). The largest monthly averages of the sedum and grass are 4.07 and 4.92 mm/d, which
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are higher than the 1.24 mm/d from sedums in a semihumid climate (Sherrard and Jacobs
2012), but lower than 4.94 mm/d in a more humid climate (Marasco et al. 2014). The lowest
monthly ET rates of sedums and grass in the winter are observed as 0.88 and 0.76 mm/d in
this study, which are higher than 0.52 mm/d (Sherrard and Jacobs 2012) and 0.24-0.72
mm/d in wetter climates (Marasco et al. 2014). It appears that sedums and grass have higher
ET rates than most studies conducted in more humid climates, even when the moisture is
adequate as well. Not surprisingly, this indicates that climate can play an important role in
determining the green roof ET rates as long as the moisture requirement can be met.

A principal component analysis was conducted for the normalized meteorological
variables (air temperature, relative humidity, wind speed, air pressure, incoming solar
radiation, and precipitation). Relative humidity, solar radiation, and air temperature, in
descending importance, explain 81.22% of the variance. A partial least squares analysis,
conducted based on the normalized daily ET measurements and the same set of
meteorological variables, further confirms that the ET rates of the three roof covers are
most sensitive to the same three variables yet in a different order. The variable importance
in projection (VIP) scores of air temperature, solar radiation, and relative humidity are
1.46, 1.38, and 1.05, respectively, while VIP scores of other variables are lower than 0.8.

Although the daily time series of ET rates appear significantly different between sedum
and grass, from the statistical analysis, the annual averages of these two roof covers are
close to each other, with a difference of 0.17 mm/d (7%). The largest difference between
them happened in June and July when the monthly averages of grass ET rates were 1.25
mm/d (34%) and 1.51 mm/d (44%) higher than sedums (Fig. 4). Their differences were

lower during winter months, when average sedum ET rates are higher than grass ET rates
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by 0.18 mm/d (17%) at most. Sedums and grass showed significant difference in ET rates
in the summer, but their ET rates were close on an annual basis. Their reversed relationship
during winter may reflect that sedums have a higher cold tolerance than grass (Monterusso
et al. 2005).

Evaporation from the nonvegetated cover tends to be lower than plants during most of
the warm months, but becomes higher during the winter months. The largest average
difference between sedum ET rates and nonvegetated evaporation rates happened in
August, when the former is 1.58 mm/d (63%) higher than the latter, which is close to the
finding of 58% under well-watered condition in a wetter climate (Rezaei 2005). The largest
average difference between grass ET rates and nonvegetated evaporation rates happened
in July when the former is 2.65 mm/d (117%) higher than the latter. During winter months,
the nonvegetated evaporation rates, however, can be as much as 0.46 mm/d (33%) and 0.45
mm/d (34%) higher than sedum ET rates in November and grass ET rates in December,
respectively. The reverse relationships between the summer and the winter may indicate
that plants on the green roof could transpire much more than the nonvegetated roof for
growth when plants are active and the moisture is unlimited, while plants can store water
via interception and around roots when moisture is not comparable and the environment is
not favorable for growth. The nonvegetated case, however, does not have such controls.
For example, higher ET rates are reflective of a larger potential to restore a green roof’s
water storage capacity to capture more water from the next precipitation event (Stovin et
al. 2013). It appears from this study that green roofs tend to have higher capacity to absorb
stormwater in the summer, while the nonvegetated roof tends to have better potential to

capture snowmelt water in the winter.
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2.5.2 ET Simulations

The PET-K¢ method achieved the best fit for almost all the cases (Table 1). The annual
crop coefficients calculated by this study are very close to some other studies in wetter
climates. For example, 0.53 was reported for a well-watered sedum canopy measured by a
weighing lysimeter of the same area as the one used in this study (Sherrard and Jacobs
2012). An annual average of 0.51 was reported for different sedums estimated based on
moisture contents of green roof platforms (1.31 m?) larger than the area of this study (Starry
2013). Similarly, 0.35-0.52 was observed for well-watered sedums calculated based on an
energy balance approach for a 1000 m? green roof (Lazzarin et al. 2005). However, the
crop coefficients calculated in this study are lower than some studies in wetter climates.
For example, Voyde (2011) reported 0.85 for well-watered sedum measured using 0.072
m? weighing trays, Schneider (2011) observed 1.0-1.7 for sedums measured with a 0.21 m?
weighing lysimeter, and Rezaei (2005) observed 1.35 on average for sedums estimated
from 0.56 m? indoor greenhouse plots. Although climate may affect the amounts of green
roof ET, it appears that climate may not greatly affect the magnitude of crop coefficients
for a green roof, at least not for sedums, as similar crop coefficients were calculated in
different climates. Different experimental settings may exert a significant influence on
determining the crop coefficient of green roofs. The lysimeters of small sizes with greater
boundary effects and disturbances or a greenhouse environment without diurnal shifts, tend
to generate larger crop coefficients. Hence, PET rates determined by such designs are more
likely to reach the RET level that a reference crop can reach within that climate.

The PET-Ks method achieves a consistent series of coefficients of determination of

around 0.6 (Table 1), which, however, are lowest for any case on the Library site, while
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close to other methods on the Museum site. The PET-Ks method underestimates the ET
rates for the Library site (Fig. 7-Fig. 9), but overestimates the ET rates at the Museum site
(Fig. 10). This may be because this method is highly sensitive to the input parameters (i.e.,
wilting point and field capacity (DiGiovanni et al. 2013), which are difficult to quantify.
The PET-rs method compares well with the PET-K¢ method at both sites (Table 1). To
compare with other studies, the annual averages of surface resistances for sedums and grass
calculated in this study were converted to the corresponding stomatal resistances for the
middle growing stage (as leaf areas keep varying), which are 679 and 372 s m’,
respectively. The calculated stomatal resistance of sedums is a little lower than the value
of 750 s m™! reported by Schneider (2011), which was not under well-watered conditions.
However, the present results are much higher than the value of 250 s m™! found by Voyde
(2011). It has been recognized that sedums could have crassulacean acid metabolism (CAM)
mechanisms, which have the ability to close stomata during the daytime to save carbon
dioxide and water, and open stomata to resume metabolism during the cooler and wetter
nights (Dvorak and Volder 2010; Jones 1992; VanWoert et al. 2005b; Voyde et al. 2010).
However, ET rates measured at night were small, and sedums in this study did not show
strong CAM mechanisms even when irrigation only happened at night, which is consistent
with other observations (Starry 2013; Voyde 2011). This may be because the sedums were
well watered in this study, which causes them to not switch from C; mode, with which
plants usually open stomata during the daytime (Jones 1992), to CAM mode when moisture
is adequate (Gravatt and Martin 1992; Kluge 1977, Starry et al. 2014). Accordingly, both
plants’ surface resistance became higher at night than during the day from either calculation

(infinite surface resistances were removed from Fig. 6) or measurement (Fig. 6). But it
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appears that their stomata may still remain slightly open at night (Fig. 6), as Blue Grama
Grass belongs to the C4 plants (Waller and Lewis 1979; Williams 1974), which even have
been shown to transpire 3-12% of their daily ET during the night when irrigated (Wang
and Dickinson 2012), in spite of higher nighttime surface resistances (Schulze et al. 2005).

The nonvegetated medium has much higher surface resistances than both plants during
most times (Fig. 6), as plants have a more efficient water uptake mechanism by exploiting
moisture via roots, transporting it via xylems instead of dry top soil, and releasing it via
stomata. The drying of the top soil layer could lead to a several-thousand (seconds per
meter) magnitude surface resistance (Daamen and Simmonds 1996; Mahfouf and Noilhan
1991; van de Griend and Owe 1994). Thus, the nonvegetated green roof in this study had
considerably higher surface resistances but a lower ET rate than plants. The sedum cover
generally tended to have a lower ET rate than the grass cover, especially when they were
active during the summer (Fig. 4), as the former has a stricter water use strategy and
accordingly higher surface resistances than the latter (Fig. 6).

To investigate the availability of using more simplified parameters for a more general
use, yearly averages of monthly crop coefficients (the PET-K¢-yearly method) and of
monthly surface resistances (the PET-rs-yearly method) were tested. Both methods
surprisingly achieve comparably good fits with measurements, almost as well as their
counterparts using the monthly parameters for both sites (Table 1). This indicates that using
one single value of crop coefficient to convert RET, or using one single value of surface
resistance in the P-M equation may achieve reasonable accuracy compared with using the
monthly values for annual PET estimation. Furthermore, although crop coefficients of the

three roof covers vary across the year (Fig. 5), their annual averages are close.
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2.5.3 Water Budgets

As Utah overall has a semiarid climate and water is one of the most precious natural
resources, the water demands of GI also need to be considered before implementing them
in this climate. The annual water budgets of the three studied green roof covers were
estimated based on measurements (Fig. 11). The gaps of ET measurements due to power
outage or large precipitation were filled by the estimates by the PET-rs method. The gaps
of ET measurements due to power outage or large precipitation were filled by the estimates
by the PET-rs method. The gaps of drainage measurements were filled by a simple linear
regression relationship established based on observations. It appears that ET dominates the
outflow budget for all three roof covers. Higher ET fractions associated with plants
compared to nonvegetated medium emphasizes the role of transpiration on green roofs for
stormwater management. However, the total annual irrigation amounts were close to the
annual precipitation amounts, which indicates the tradeoff between higher stormwater

processing capacity by grass and the higher water demands in the dry climates.

2.5.4 Other Considerations
Moisture and temperature were also measured at the surface and bottom of the three
lysimeters and the green roof garden at the Library site (Fig. 12). The moisture content at
the bottom of each lysimeter is higher than the surface during most months. The annual
average differences of soil moisture content fraction from the bottom to the surface of each
lysimeter were 0.10, 0.17, and 0.14, corresponding to the nonvegetated, sedum, and grass
covers. It reflects the fact that the plants can effectively deplete the storage via ET

compared to the nonvegetated cover. As sedums have the highest difference, this may infer
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Fig. 11. Annual water budgets of three types of green roofs of 2014
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Fig. 12. Monthly averages of soil moisture and temperature at the surface and bottom of
three lysimeters and the green roof garden. Data are missing for the medium
(nonvegetated) lysimeter at the bottom level in February and March due to the broken

sensors. The point symbols represent monthly averages, while the lines represent the
monthly standard deviations.

that sedums make use of the surface moisture mostly due to its shallower root systems
compared to grass. Although it is intuitive to have a deeper medium to store water for
plants, especially in dry climates, this finding may indicate this may not be necessary if
only sedums are to be planted on a green roof, even in a semiarid climate. However,
compared to the lysimeter data, the green roof garden had much higher surface moisture
content than at the bottom during most months of the year. As the moisture content should
have a decreasing gradient from the surface to the bottom due to ET, this may indicate most

irrigation and precipitation did not reach the lower part of the green roof before being lost
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via ET. This may further support the idea that a large medium depth on green roofs may
not be necessary for growing grass (even in a semiarid climate), as most incoming moisture
will be lost via ET near the surface on short time scales.

The moisture content at the bottom level of the lysimeters is larger than that in the green
roof garden, where the moisture sensor was buried deeper. This may have been a result of
ET not consuming the incoming precipitation and irrigation in the lysimeters. On the other
hand, plants grown in the green roof garden with more horizontal flows and a more diverse
plant community, including shrubs with deeper roots, have higher overall ET capacity than
the lysimeters. Also, the surface moisture content of the green roof garden, on the contrary,
is higher than that of lysimeters during most months. This may be due to the fact that the
corresponding sensor to measure the garden’s surface moisture was buried at a bare ground
location in the garden without nearby roots to tap the moisture. On the other hand, a better
ecosystem in the green roof garden with more interflows and shading by tall shrubs saves
more moisture at the surface than the lysimeter environment. But, overall, the high
moisture content at the green roof garden surface and the high moisture content at the
lysimeter bottom indicate that both the garden and the lysimeters were well watered.

In addition, bottom medium temperatures of the green roof garden, grass lysimeter, and
sedum lysimeter (in a reducing order) are higher than the bottom temperature of the
nonvegetated lysimeter during most summer months. The opposite occurred during most
winter months (Fig. 12). This is consistent with other findings about green roofs’ energy
benefits in terms of summer cooling and winter heating (Castleton et al. 2010). The green
roof garden showed a similar temperature pattern compared to the nonvegetated lysimeter

on the surface level. However, the sedum and grass lysimeters have lower and higher
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surface temperatures compared to the nonvegetated lysimeter for all months. Further

studies are needed to explore this relationship.

2.5 Conclusion

To study the ET behavior and general hydrologic performance of green roofs in a
semiarid mountain west U.S. climate and to explore a better way to model green roof ET,
an experiment using weighing lysimeter units was conducted in Salt Lake City, Utah in
2014. The results confirmed the expectation that that green roof ET rates would vary
significantly between different roof covers and in different months. The annual averages of
ET rates of the studied grass, sedums, and nonvegetated covers under the well-watered
condition in this climate were 2.69+1.69, 2.52+1.79, and 2.01£1.16 mm d’!, respectively,
which are higher than other studies in wetter climates. Three methods based on the P-M
equation were tested to simulate the ET observations at two sites. Both the PET-K¢ and PET-
rs methods achieved overall good fits for both sites. The yearly averages of crop coefficients
for the nonvegetated, sedum, and grass covers were calculated as 0.50+0.36, 0.57+0.36, and
0.57+0.32, respectively; while averages over the study period of surface resistances were
calculated as 1707, 480, and 399 s m™!, accordingly. The sedum coefficients are close to
other studies in wetter climates. Using the more simplified yearly-constant parameters (the
PET-Kc-yearly and PET-rs-yearly methods) to predict ET rates was shown to achieve an
accuracy similar to the more detailed monthly parameters. The estimated water budgets
indicate that ET is by far the largest outflow contributor for all three roof covers. In fact, ET
represents more than 88% of water outflow for sedums and grass. Hence, they might not be

able to sustain themselves healthily without irrigation in this climate.



CHAPTER 3

IMPROVING EVAPOTRANSPIRATION MECHANISMS IN THE U.S.

ENVIRONMENTAL PROTECTION AGENCY’S

STORM WATER MANAGEMENT MODEL

3.1 Introduction

Over the past two decades, stormwater green infrastructure (GI) has emerged as a
leading recommended practice in new development and redevelopment. Through added
water storage and vegetation facilitating infiltration and evapotranspiration (ET), GI can
reduce and delay stormwater runoff in urban areas. The runoff reduction capacity of GI
types has been summarized in various stormwater design guidelines and research studies
(Hirschman D 2008). Bioretention, for example, has been noted to reduce discharge volume
by 70% in the climate of the Midwest United States (U.S.) (Culbertson and Hutchinson
2004). In another study, simulations show that 38% runoff volume reduction from a
watershed could be achieved by implementing bioretention on 3.9% of the impervious areas
(Abi Aad et al. 2010). Of the volume reduction, a significant amount (20-50%) exits the
bioretention unit by exfiltration and ET (Li et al. 2009). Green roof, another common type
of GI, is not designed with the same storage capacity as bioretention, but can reduce storm
peak discharges from rooftops by up to as much as 70% (Alfredo et al. 2010). A study in

Auckland, New Zealand shows green roofs with a similar soil depth in a similar climate
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could retain a median of 82% of rainfall volume per rain event, and reduce a median of 93%
peak flow (Voyde et al. 2010). More broadly, GI can also provide other ecosystem services
like restoring the predevelopment runoff volumes and peak flow rates (Burian and Pomeroy
2010; Burns et al. 2012; DeBusk et al. 2011; Olszewski and Davis 2013; Petrucci et al.
2013), recharging groundwater (Dussaillant et al. 2004; Endreny and Collins 2009; Hamel
et al. 2013; Stout et al. 2015 ), improving water quality (Brown et al. 2009; Davis et al.
2006; Li and Davis 2009), and cooling surfaces and near surface atmosphere (Coutts et al.
2013; Kumar and Kaushik 2005; Nakayama and Hashimoto 2011; Scherba et al. 2011;
USEPA 2003; Wong et al. 2003).

Stormwater models have been developed to provide runoff estimates (James and
Dymond 2012; Jia et al. 2002; Xiao et al. 2007; Young et al. 2011), but accurately modeling
other components of the water balance, like infiltration and ET, has been less emphasized
(Fletcher et al. 2013). However, a clear need has developed recently for stormwater models
to better estimate GI effects on (1) runoff volume reduction, (2) groundwater recharge, and
(3) ET and its connections to urban climate and energy consumption. In addition, most
stormwater models are not equipped with the capacity to model spatial and temporal
resolution of physically based processes in pervious areas and GI, such as ET, variable
source areas, or macropore flow (Elliott and Trowsdale 2007; Fletcher et al. 2013). For
example, two commonly used urban drainage infrastructure models, the U.S. Environmental
Protection Agency (EPA) Storm Water Management Model (SWMM)
(http://www2.epa.gov/water-research/storm-water-management-model-swmm,  accessed
08/23/2015) and the System for Urban Stormwater Treatment and Analysis IntegratioN

Model  (SUSTAIN)  (http://www2.epa.gov/water-research/system-urban-stormwater-
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treatment-and-analysis-integration-sustain, accessed 08/23/2015), only model daily ET by
user input and assume a homogeneous potential ET (PET) distribution across the modeled
watershed. On the other hand, urban hydrologic models can incorporate sophisticated
processes for the water cycle, but they do not provide high fidelity representations of
stormwater, water supply, and wastewater infrastructures (Dupont et al. 2006; Grimmond
et al. 1986; Jarvi et al. 2011; Lemonsu et al. 2007; Mitchell et al. 2008; Mitchell et al. 2001).
Currently, there is a great need to provide an enhanced modeling capacity of ET to evaluate
the hydrologic performance of GI and pervious areas in urban drainage infrastructure
models.

The objectives of this paper are to demonstrate the incorporation of a well-established
ET scheme into a widely used stormwater model, to test the modified model to validate its
performance, and to apply the model to show the impact of inaccurate spatial and temporal
representation of ET on stormwater runoff and water budget simulations. The basis of this
paper is a new set of ET modules incorporated into an update of EPA SWMM to provide
a strengthened ET modeling capacity with higher spatial and temporal resolutions for
pervious landscapes and GI. Specifically, a Penman Monteith (P-M) ET framework (Allen
et al. 1998) was adopted to estimate PET and was integrated with SWMM to estimate
actual ET (AET). A case study of five hypothetical catchments in the environmental
contexts of Salt Lake City, Utah was used to evaluate and demonstrate the updated model.
The new model was applied to understand the importance of ET for the urban water budget

and stormwater management.
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3.2 Methods
3.2.1 Modifications to SWMM

The water budget with regards to urban landscapes and GI can be described as follows:
P+IR=Q+I1+ET+AS, (7)
where P is precipitation, IR is irrigation, Q is surface runoff, | is percolation, ET is
evapotranspiration, and 4S is the change of the water storage in the water body, soil, or
plants. As indoor water uses are not related to the water demand of GI and they have similar
inflow and outflow amounts, they were excluded from the water balance here. As SWMM
can simulate most of the components except irrigation in the above equation and it had a
strong capacity in modeling precipitation-runoff-routing processes (Elliott and Trowsdale
2007) and urban drainage infrastructure components, EPA SWMM 5.0.022 was used as

the platform in this study to model the water budget.

SWMM is limited to daily (or larger time increment) PET inputs with a hypothetically
uniform distribution across the entire model domain (i.e., all subcatchments must use the
single provided PET rate). Further, the plants’ response to the soil moisture variation,
reflected by AET rates, is ignored by SWMM. To better represent actual conditions,
SWMM was reprogrammed in this study in three ways. First, changes were made to permit
subdaily PET time series due to varied weather conditions to be loaded through an external
text file. Second, modifications enabled up to six types of PET time series on behalf of
various land covers to be imported via unique columns in the same text file. Lastly, a water
stress coefficient was added to calculate AET by adjusting PET rates based on the soil
moisture balance at each time step.

Six types of PET inputs considered in this study include water evaporation and PET of
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bioretention units, green roofs, residential landscapes, deciduous trees, and coniferous
trees. The water evaporation was designed here to reflect the evaporation from ponding
and canopy interception. PET from bioretention systems and green roofs was modeled to
extract water from soil layers and storage layers/drainage mats, as represented in SWMM.
Besides the water surface and GI, SWMM uses the aquifer module underneath the pervious
areas to represent the soil layers of the landscapes and other green spaces. Only the
unsaturated zone in the aquifer module was considered in this study, which is acceptable
when the water table is deep, as is the case in the study area used in this paper. Notably,
landscape types can vary across a single catchment; thus in the updated SWMM the
pervious areas were classified into three types of land covers: vegetated landscapes,
deciduous trees, and coniferous trees. As these three landscape types still need to share the
same aquifer object within each subcatchment in SWMM, an area-weighted spatial average
of three PET rates corresponding to these three classes was calculated and used as the
overall PET for the pervious area within each subcatchment, although the three PET time
series were input into SWMM separately.

The water stress coefficient was introduced into SWMM to simulate the plant response
to the soil moisture variation. Besides weather factors which were taken into account
during the PET estimation, soil moisture can also greatly affect the plants’ stomatal control
and thereby their ET rates, especially during dry spells. SWMM adopts the concept of the
bucket model; however, this completely subtracts the absolute ET amounts from the
storage without consideration of the influence of soil moisture. Therefore, the concept of
the water stress coefficient was taken from the Penman-Monteith ET scheme (Allen et al.

1998) into SWMM to account for the plants’ regulation of water use by adjusting PET rates
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from soil layers of bioretention units, green roofs, and landscapes to achieve AET rates.
SWMM is able to provide the updated moisture balance of each subsurface layer at each
time step, which makes it possible to calculate the moisture residual and the water stress
coefficient. The specifics about the calculation procedures are described in the following

section.

3.2.2 FAO-56 Penman Monteith ET Scheme

For this study, the ET estimation scheme of the Food and Agriculture Organization of
the United Nations’ Irrigation and Drainage Paper No. 56 (FAO-56) (Allen et al. 1998)
was adopted to calculate ET for open water, pervious landscape areas, and GI, as it provides
a well-organized collection of calculation procedures and a quantitative means to
distinguish ET rates among different land covers, compared to other estimation methods,
like the Hargreaves’ equation (Hargreaves et al. 1985) included in SWMM, which is unable
to reflect the species difference and the soil moisture effect. With some redefinition, the
FAO-56 scheme can be divided into three parts. First, the reference ET (RET) is calculated
based on the P-M equation parameterized for a reference grass cover at current
meteorological conditions with unlimited water supplied; second, PET is calculated by
multiplying RET by crop coefficients, which are used to reflect the ET difference between
other species and the reference grass cover; third, AET is calculated by multiplying PET
by the water stress coefficient. Although the concept of crop coefficients is widely used,
they are highly empirical and dependent on the climatic conditions. So the crop coefficient
was not adopted in this study, instead, PET rates from different land covers were directly

calculated by plugging different parameters in the P-M equation (Table 2). Under the same



54

Table 2. Parameters used for the Penman-Monteith equation.

Types Albedo References Height (m) rs_day rs_night References
Water 0.08 (Stull 1988) 0.002* 0 0 (Oke 1988)
BR 0.305 (Stanhill et al. 1966) 0.50° 208 208 (Jones 1992)
GR 0.23 (Lazzarin et al. 2005) 0.12¢ 631 631 (Jones 1992)
LS 0.23 (Allen et al. 2005) 0.12¢ 50 200 (Allen et al. 2005)
DECI 0.16 (Stull 1988) 12.70¢ 307 307 (Jones 1992)
CONF 0.12 (Stull 1988) 14.35¢ 263 263 (Jones 1992)

Note: rs_day = daytime surface resistance; r's_night = nighttime surface resistance; Water
= ponding and intercepted water; BR = bioretention; GR = green roof; LS = landscape;
DECI = deciduous tree; CONF = coniferous tree (same for the following tables).

"Height of 2 mm was used for water surface (http:/www.nc-
climate.ncsu.edu/openwaterevap, accessed 03/17/2015).

Height of standardized tall reference crop (Allen et al. 2005) was used to represent
bioretention plants.

‘Height of standardized short reference crop (Allen et al. 2005) was used to represent turf
and green roof plants.

dAverage tree heights were measured from Lidar data (http://gis.utah.gov/, accessed
03/17/2015) for the University of Utah campus.

meteorological conditions, choices of parameters in the P-M equation could reflect
differences of species in leaf anatomy, stomatal characteristics, aecrodynamic properties,
and albedo (Allen et al. 1998). The parameters corresponding to turf grass were used here
to represent vegetated landscapes (Allen et al. 2005), as the turf was generally the dominant
species in landscapes in the urban study area. The averaged parameters corresponding to a
range of common broad-leaved deciduous woody species and evergreen coniferous species
living in semiarid regions were adopted for the deciduous and coniferous trees in this study
(Jones 1992; Stull 1988). To make it easier to show the choices of parameters in the
equation, the format of the American Society of Civil Engineers (ASCE) standardized P-
M equation (Allen et al. 2005), with modifications, was used (3).

Specifically, the important parameters in Equation (3) can be calculated as follows,

_ 3600¢
1.01XRX1,

(8)

n
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where ¢ is the ratio of molecular weights of water vapor versus dry air = 0.622, R is specific
gas constant = 0.287 (kJ kg! K1), and ra is the aerodynamic resistance for a certain type

of reference land cover (s m™'). And,

ra

where I is surface resistance (s m™). Both ra and rs were calculated in the traditional way
(Allen et al. 1998). For open-water evaporation, Is is set to zero and ra=250/(1+0.536u>)
(Shuttleworth et al. 2009; Thom and Oliver 1977). The surface resistance of the standard
cool-season grass was used for the vegetated landscape in this study (Allen et al. 1998). In
the process of calculating surface resistances, the stomatal resistances of plants were
assumed as the maximum reciprocals of their leaf conductances corresponding to the
semiarid climate (Jones 1992). The leaf area indices of bioretention units and green roofs
were estimated by a general equation for grass as LAI=24h, where h is the plant height (m)
(Allen et al. 1998). And the averaged estimates from the direct measurements for a range
of common species were adopted in this study as the leaf area indices for the deciduous
and coniferous trees (Bréda 2003). The estimated surface resistances are listed in Table 2.

After PET is calculated, AET can be estimated as the product of PET and the water
stress coefficient (Ks) under nonideal soil moisture conditions as described in Equation
(10). The water stress coefficient reflects the influence of soil moisture deficit towards the
plants functioning and ET rates. It was calculated as Equation (11) in this study instead of
the original way (Allen et al. 1998), as the former better matched observations (Colaizzi
et al. 2003). When the water supply is adequate in the soil and plants do not experience
water stress, Ks is kept as 1 and the AET rate equals the PET rate (Allen et al. 1998).

AET = K, x PET, (10)
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_ n|(1-735)100+1]

TAW.
Ks = In(101) ’ (11

where TAW is the total available soil water in the root zone (mm), which can be estimated
from field capacity and wilting point (Allen et al. 1998), and D is root zone depletion
(mm). Dy needs to be estimated by considering the full soil moisture balance at each time
step, which is often difficult to determine and therefore Ks adjustment of PET has often
been neglected. However, the water balance in the surface layer, soil layer, and storage
layer of GI and in the aquifer of landscapes is updated at each time step in SWMM, which
offers a way to calculate Dy. Therefore, the Ks-related equations were added to the SWMM
code such that they can be updated in SWMM at every time step. In this way, hourly PET
time series for different land covers were calculated outside SWMM using a Python code,
and then they were imported into the updated SWMM and adjusted by the Ks to achieve

AET rates (Fig. 13).

Hourly potential 0.4084(R, — 6) + Y% (es— en) Penman-Monteith equation
evapotranspiration (PET)

PET = A+Y(L+Cy) based Python program

Modified SWMM C++
program

‘Water stress coefficient

Modified SWMM C++
program

Actual evapotranspiration
(AET) and the water budget

H
) ey

Fig. 13. Roadmap of incorporating FAO-56 ET scheme into SWMM.
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3.3 Case Study

To test the updated ET scheme and its linkage to SWMM, five types of land covers
were studied, including bioretention units, green roofs, turf-dominated landscapes,
deciduous trees, and coniferous trees. Five hypothetical catchments (1 acre each) were
created in the updated SWMM, and each of them was assumed to be completely covered
by one of the studied land covers. The bioretention unit was parameterized to match
instrumented test units on the University of Utah campus (Orr 2013) with approximately
0.6 m soil layer and 0.6 m gravel layer. Its bottom was lined with an underdrain,
constraining release rate to 3.90 cm/hr to match measured infiltration rates. The green roof
was specified in SWMM to match the green roof experiment on the Marriott Library on
the University of Utah campus with a soil depth of 25.4 cm (Feng et al. under review). The
drain coefficient of its underdrain was estimated as 35.24 cm/hr. The effective rooting
depth for landscapes and trees was assumed to be 2 m (Allen et al. 1998). The PET
calculation and SWMM model were parameterized based on the contexts of the University
of Utah campus in Salt Lake City, Utah, which has a semiarid climate (Bailey 1979; Bair
1992; Eubank and Brough 1979; Russell and Cohn 2012) most of the time, but occasionally
is classified as humid continental-hot summer (Brough et al. 1987). From 1981 to 2010 in
Salt Lake City, the average annual precipitation was 408.94 mm and the average annual air
temperature was 11.5 °‘C (NOAA 2013). From the Web Soil Survey
(http://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm,  accessed  03/17/2015)
operated by the U.S. Department of Agriculture (USDA)’s Natural Resources
Conservation Service (NRCS), the primary soil type of the University of Utah campus was

Bingham gravelly loam. Its hydraulic conductivity is approximately 0.889 cm/hr; and its
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porosity is 0.459, while its wilting point and field capacity are estimated at 0.148 and 0.288,
respectively (Merrell 2013). From the U.S. Geological Survey (USGS) water level
network, the water table in Salt Lake City at the selected location for the site was noted to
be 38.26 m below the ground surface (U.S. Geological Survey 2015).

Besides rainfall data, other weather data were used in this study to calculate the PET
time series. Year 2013 was selected as the major study period, which had the most complete
time series data. 5-min rainfall and meteorological data (air temperature, solar radiation,
relative humidity, wind speed, and air pressure) were acquired for two weather stations on
the University of Utah campus (WBB, 40.76623N, 111.84755W; MTMET, 40.766573N,
111.828211W) by downloading from the Mesowest website (http://mesowest.utah.edu/,
accessed 03/17/2015) operated by the Department of Atmospheric Science of the
University of Utah. The average of the values before and after missing data was used to fill
the gaps, although the missing data were small, 4% of the rainfall time series and 3.6% for
other meteorological data. If the gaps of meteorological data were longer than one day, the

available data on the former day were used to cover the gap.

3.4 Results and Discussion

3.4.1 Validation
Based on the P-M equation and meteorological data, the hourly PET time series for the
water and the five land covers were calculated for the entire year of 2013. The daily
averages of annual PET rates in 2013 from water, landscapes, bioretention, coniferous
trees, deciduous trees, and green roof (listed in decreasing order) were 5.97, 4.80, 3.32,

2.92, 2.57, and 2.04 mm/day, respectively. Although there were no published PET
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comparisons between GI and traditional landscapes, this order of PET rates was consistent
with existing research in terms of the relative magnitudes of landscapes and trees (Feng et
al. under review; Litvak et al. 2014; Peters et al. 2011). The evaporation from water
surfaces during summer months (June-August) was calculated as 10.75 mm/d, which
matched the historical average of pan evaporation amounts during summers in Salt Lake
City at Saltair Salt Plant (Western Regional Climate Center 2015).

The validation of the AET calculation for bioretention units and green roofs is based
on previous field observations, while the validation for other land covers is based on
comparisons with published data. The AET of a bioretention unit with a 220-m? drainage
area and native plants grown inside (Orr 2013) was simulated using this updated SWMM
model. Its AET was measured via LI-6400 (LI-COR, U.S.A.) on a total of 29 days within
the period between 05/08/2012 to 11/04/2012 (Orr 2013). The mean of the simulated AET
rates during those days is 3.25+2.37 mm/d, compared to the mean of observed values,
3.66+2.06 mm/d. The coefficient of determination (R?) between the two time series is 0.57
(Fig. 14). The AET of a green roof consisting of vegetation from the sedum species (Feng
et al. under review) was simulated to further test the updated SWMM model. The green
roof AET was measured via a weighing lysimeter (Feng et al. under review). 112 days from
06/18/2014 to 11/02/2014 were picked and their daily AET amounts were used to validate
the SWMM model. The mean of the simulated AET rates is 2.39+0.86 mm/d, while the
mean of the observed values is 2.82+1.53 mm/d. The coefficient of determination (R?)
between these two time series is 0.78 (Fig. 14). Based on this comparison, the P-M scheme
with the updated SWMM model generates reasonable AET estimates for bioretention and

green roof systems in Salt Lake City. There is one observation that is
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Fig. 14. Comparison of AET estimates by the updated SWMM with the observations for
a bioretention site (BR) and a green roof (GR).

important to note. The simulated values tend to be lower than the measured values, which
may be due to the reference values of the stomatal/surface resistance used in this study.
The values selected might be too large for the specific plants in the bioretention unit and
the green roof, especially during daytime. Further efforts to directly measure and improve
the accuracy of the coefficients will be needed to continue to improve the modified
SWMM.

Besides field experiments, published data were also used to validate AET estimates
from the modified SWMM for the study period of 2013. During a period of eleven days in

summer 2013, AET rates of bioretention ranged from 2.62 to 0.05 mm/d, and AET rates of
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green roof ranged from 2.18 to 0.51 mm/d (Fig. 15). Similarly, the simulated AET rates of
landscapes ranged from 2.51 to 0.23 mm/d, which were lower than an observation
(10.4£1.3 mm/d) in a similar climate but with irrigation (Litvak et al. 2014). Yet, the model
results were close to other measurements for unirrigated turf grass, 2.99 mm/d (Peters et
al. 2011). And simulated AET rates of deciduous trees and coniferous trees ranged from
2.06 to 0.61 and from 2.16 to 0.56 mm/d respectively, which were slightly lower than
measurements in forest environments, 2.7+0.6 and 2.6+0.6 mm/d (Pataki et al. 2000), but
were close to observations in an urban environment, which were measured to be less than
1 mm/d (Litvak et al. 2014). The comparisons of the modified SWMM with observations
show the relative accuracy of the improved model. In addition, the comparison helps to

identify future work that can be undertaken to continue to improve the modified SWMM.

3.4.2 Species Differences in ET and Water Budget

After validation, the rainfall-runoff events of the case study corresponding to the
settings at the University of Utah campus in 2013 were simulated to demonstrate the
improvements of the updated SWMM. Only precipitation without irrigation was
considered in this simulation. A dry period after a 4-day rain event was selected to illustrate
the AET differences among land covers (Fig. 15). The AET temporal variations during
different rainy days reflected the influence of variable climate conditions. Although there
were comparative rainfalls on July 6™, 2013 as on July 5™, 2013, the solar radiation and
other meteorological factors did not favor a high ET. After the rainfall event concluded on
July 8%, 2013, besides climatic influence, the AET amounts were more influenced by

vegetation response to the soil moisture change, which was simulated by the water stress
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Fig. 15. Daily AET modeled by the updated SWMM from July 4, 2013 to July 14,
2013. BR = bioretention; GR = green roof; LS = landscape; DECI = deciduous tree;
CONF = coniferous tree; Water = ponding and intercepted water (same for the following
plots).

coefficient scheme. A nonmodified version of SWMM, EPA SWMM 5.1.007, was also
used to simulate the ET pattern from the same bioretention setting for comparison. As it
only allows PET inputs at a minimum of daily basis, the calculated hourly bioretention
PET time series was summed up to the daily time series as its PET input. Without the water
stress coefficient equipped, EPA SWMM 5.1.007 did not reflect the plant control of water
flux to the atmosphere. Instead, it rapidly expelled the soil moisture during rainy days,

leaving no water for ET in subsequent days.
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A noteworthy observation of the SWMM results shows that even though having lower
PET rates than landscapes, a bioretention unit could still have the highest AET amounts
among land covers during rainy days and two days after. This was caused by the stronger
infiltration capacity of bioretention, and more importantly, by the relatively high moisture
fraction in the shallower depths of both the soil layer and storage layer of the bioretention,
compared to the relatively low moisture fraction in the thicker unsaturated aquifer zone
attached to the landscapes. Similarly, the green roof with lower PET capacity could also
have higher AET amounts than trees during the first two rainy days, as its storage was
relatively full compared to the ones supporting trees. Thus, a relatively larger water stress
coefficient of the bioretention and the green roof was multiplied by their smaller PET
values, which overall resulted in larger AET amounts than landscapes and trees. In this
regard, these results also emphasize the importance of incorporating the water stress
coefficient into the ET modeling, which can significantly modify the PET in GI, especially.
To further assess the benefit of the updated SWMM, the annual water budgets of five land
covers for 2013 were analyzed (Table 3). It is important to note that because the
bioretention and the green roof were lined in this study, their percolation was zero. The
bioretention and the green roof turned out to be able to infiltrate all the received rainfall
without producing any surface runoff for the storm event sequence represented in the 2013
record, while discharge volumes from their underdrains were actually counted as runoff by
EPA SWMM as defaults which were approximately equal to 50% of their inflows (Table
3). Although landscapes and trees generated surface runoff, most of their inflows were
released via ET. This difference in the way of utilizing the stormwater may be due to the

undersizing of the storage spaces of the bioretention and the green roof, compared to the



64

Table 3. Simulated annual water budgets in 2013 (mm/yr).
Budget BR GR LS DECI CONF
Rainfall 466 466 466 466 466
ET 253 233 427 389 393
Percolation 0 0 9 47 44
Runoff 213 233 29 29 29

Note: BR = bioretention; GR = green roof; LS = landscape; DECI = deciduous tree; CONF
= coniferous tree.

larger soil storages of landscapes and trees. However, this observation was partly driven
by the selection of the characteristics of the GI, and other GI characteristics might lead to
different observations; for example, the outflows from the green roof can be designed to
be directed into landscapes or underground irrigation tanks instead of being directed into
the drainage system, as assumed in this study. But the impact of the design variation on
water budget characteristics is not the focus of this particular study.

PET rates were noted to vary among different land covers in the study period, and
landscapes and the green roof were mostly the highest boundary and lowest boundary of
all types of PET time series corresponding to different land covers, if the water evaporation
was excluded (Fig. 16). To show the effects of the misuse of one PET rate for another on
the estimation of AET rates and the water budget, a boundary value analysis was conducted
(Copeland 2004; Reid 1997). Each of the three uniform PET hourly time series was applied
for all five land covers in one of three rounds of tests. The three types of uniform PET
hourly time series included the hourly average of five land covers’ hourly PET rates, with
the PET time series of the green roof as the lower end, and the PET time series of
landscapes as the higher end. The results from the three tests were compared with the basic
condition shown in Table 3, and the changes of magnitudes of the water budgets were

evaluated (Fig. 17). Although the landscapes and the trees had the equivalent magnitudes
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Fig. 17. Changes of the water budgets of five land covers due to different choices of PET
inputs. Avg PET Input = hourly averages of PET time series of five land covers as the
PET input for each land cover, GR_PET Input = hourly PET time series of the green roof
as the PET input for each land cover, and LS PET Input = hourly PET time series of
landscapes as the PET input for each land cover.

of the changes between percolation and AET in the opposite direction, the percent of the
change with regards to percolation was much higher than that of AET, as the baseline
amount of percolation was much smaller than its baseline comparative of AET; so the
percolation was the most sensitive component in the water budgets of landscapes and trees
to the incorrect estimate of the PET inputs (by assuming a different land cover).

Specifically, if either the hourly average PET rates or the green roof PET rates were
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inaccurately represented as the PET input for the landscapes, the landscapes’ annual
percolation could experience an increase from 9.40 to 36.25 mm/yr or to 47.52 mm/yr,
which was equivalent to an increase of 26.85 mm/yr (286%) or 38.13 mm/yr (406%). As
explained above, the increases in percolation were coupled with the equal decreases of
AET amounts, which were equivalent to 6.28% and 8.92% decreases of AET amounts for
the two cases, respectively. Again, the result that the percent of changes of AET amounts
was lower than that of percolation was because the baseline AET magnitude was larger
than the baseline percolation magnitude. In contrast, if the higher landscape PET rates were
used to represent deciduous and coniferous trees, the latter’s percolation experienced a
decrease of 37.87 mm/yr (80%) and 34.52 mm/yr (79%), respectively. Also, notably, if the
landscape PET rates were used as the PET rates of GI, which is quite common for
stormwater modeling, the AET rates of the bioretention and the green roof were
overestimated by 30.28 mm/yr (12%) and 44.81 mm/yr (19%), with an underestimation of
runoff by 30.07 mm/yr (14%) and 44.42 mm/yr (19%), respectively. Thereby, the
inaccurate representation of PET rates for different GI and other land covers could generate
large errors for runoff and water budget estimates. The assumption of a uniform PET spatial

distribution can clearly be problematic if the catchment incorporates a variety of landscapes

and GI.

3.4.3 Subdaily ET Patterns
Two days were selected to show the subdaily AET patterns simulated by the updated
SWMM (Fig. 18, Fig. 19). The wet day was July 4, 2013, which had 8.51 mm of rainfall

in the early morning, and the dry day was July 8", 2013, which was the next day after four
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Fig. 19. Subdaily ET patterns on July 8", 2013.

wet days having a total 15.70 mm of rainfall. All types of land covers showed a peak of
AET rates within either day around noon. The only exception was the AET pattern of the
same bioretention setting simulated by the EPA SWMM 5.1.007 (not modified with the
updated ET modules), which simulated the highest AET rates compared with the other
cases during all hours on the wet day, even during the rainy night hours. The fluctuation of
its AET during rainy night hours was because ET was set to be zero during rainfall time
steps. As EPA SWMM 5.1.007 only allows PET inputs at a minimum of a daily step, its

imported daily PET amount is assumed to be evenly distributed at any subdaily step, so its
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PET rates are the same across a 24-hour period in a given day, even between the daytime
and the nighttime. This partly explains the discrepancy between the two models. Also
importantly, there is no further limit to control the PET rates in EPA SWMM, so the high
PET capacity consumed available stormwater quickly so that no water in the bioretention
was available for further ET on the dry day. And in turn, the available storage capacity for
next rain events is incorrectly calculated to be larger than it actually is. However, AET
rates should vary across a day, depending on the weather conditions, and AET should
typically occur for at least one day after four days of rainfall due to the plants’ regulation
of soil moisture. Thereby, the current EPA SWMM does not reflect a realistic ET temporal
pattern at the subdaily scale and during the dry periods after rain events, but the updated
SWMM can generate a more accurate pattern. Notably, the green roof accompanied with
the bioretention and landscapes had higher AET rates than trees during noon hours even
until the dry day, although trees had higher initial PET rates than the green roof. This
indicates that the green roof may also allow high AET to happen only if there are adequate

moisture and favorable weather.

3.4.4 Trrigation Effect
The landscape irrigation schedule of the University of Utah campus was used to
simulate the effect of irrigation on the water budget. Intensive irrigation on the campus
generally occurs from May to October. The irrigation amounts were controlled by a PET-
based operating system, in which RET rates were calculated based on the weather data
collected by an automatic weather station and the irrigation amounts at different vegetated

zones were determined by the PET rates computed as the products of RET rates and crop
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coefficients. One vegetated zone was watered at nights only if the accumulative daily
irrigation requirements (PET) exceeded a designated threshold value, otherwise the current
day’s PET amounts would be rolled over to the next day. As this study was designed to test
out the new model instead of simulating the campus irrigation, a constant crop coefficient
(0.6) was used, which was the minimum of the crop coefficients used on campus; and the
catchments in this study were forced to be irrigated only during the hour between midnight
and 1:00 am everyday instead of having the more sophisticated schedule used on campus.
The landscape PET time series calculated in this study was used to estimate irrigation
amounts. As GI was not supposed to be irrigated, only landscapes and trees were tested in
this section.

If all the calculated PET time series were correctly used for their matching land covers
and the simulated irrigation was added, which exceeded the annual rainfall total in 2013,
then annual ET was raised by 185%, 130%, and 153% from landscapes, deciduous trees,
and coniferous trees, respectively, while percolation was increased by 52%, 605%, and
439% (Table 4), compared to the baseline condition (Table 3). Notably, the fraction of ET
within the water budget of landscapes rises from 92% in the rain-fed condition (Table 3)
to 97% in the rain-and-irrigation-supplied condition (Table 4). However, the fractions of
ET within the water budget of the deciduous trees and coniferous trees decreases from 83%
and 84% in the rain-fed condition (Table 3) to 71% and 79% in the rain-and-irrigation-
supplied conditions (Table 4), respectively. This indicates that the response of adding
irrigation to the role of ET within the water budget may vary according to the PET
magnitudes. When water supply is not enough, the water demand of the plants having high

PET capacity, like the landscape in this study, is not fully met. When extra irrigation is
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Table 4. Simulated annual water budgets with irrigation added in 2013 (mm/yr).

Budget LS DECI  CONF
Rainfall 466 466 466
Irrigation 794 794 794
ET 1216 897 993
Percolation 14 334 237
Runoff 29 29 29

supplied, those plants could exploit more water of the water budget until they reach their
PET limits. However, the plants having lower PET capacity, like trees in this study, may
(almost) reach their PET limits even when only rainfall is supplied. Further addition of
irrigation will not be significantly used by those plants, and therefore the extra water supply
will lose via other pathways, like percolation shown in this study (Table 4). Runoff shows
no increase after irrigation was applied, due to the pervious surfaces of each type of the
studied land covers, so the fractions of runoff within the water budgets are getting lower
from 6% in the rain-fed condition (Table 3) to 2% in the rain-and-irrigation-supplied
condition (Table 4).

Next, this water budget driven by the added irrigation and the matching PET inputs was
regarded as the new baseline condition for the following comparisons. By contrast, if the
lower green roof PET time series was used as the PET inputs, the AET amounts of
landscapes, deciduous trees, and coniferous trees were underestimated by 494 mm/yr
(41%), 175 mm/yr (20%), and 272 mm/yr (27%), while their percolation amounts were
overestimated by the similar magnitudes but by the larger ratios as 3452%, 53%, and 115%,
respectively. If the higher landscape PET time series was used as PET inputs for trees, the
AET amounts of deciduous trees and coniferous trees were overestimated by 319 mm/yr

(36%) and 223 mm/yr (22%), while their percolation amounts were underestimated by the
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similar magnitudes but by higher ratios as 96% and 94%. Therefore, as irrigation will
significantly raise the amounts of ET and percolation in the semiarid or drier climates, the
assumption of the homogeneous PET distribution, which mismatches PET rates with their
corresponding species, can cause larger errors in the estimation of the water budget.
Notably, the runoff was not changed significantly in these tests; it might be because the
whole catchment was assumed as a pervious surface, which absorbed all the rainfall and
irrigation inputs, as the irrigation was given smoothly through one hour at an even and low
intensity. And although not quantified, the miscalculated storage available, given irrigation
inputs to pervious areas, is expected to cause errors in the existing EPA SWMM estimates

of long-term runoff volume reductions from GI implementations.

3.5 Conclusion

Targeting to improve the ET mechanism in stormwater modeling for a better evaluation
of water budget changes due to GI implementations, this study incorporated a revised FAO-
56 ET estimation framework (Allen et al. 1998) into a modified EPA SWMM model. The
SWMM model was then upgraded to be able to accept an input of the heterogeneous and
subdaily PET time series data, which other simple methods like monthly averages or
Hargreaves equation cannot represent. Based on the available data observed in Salt Lake
City, Utah and other places with similar climates, the results of the ET estimates from the
modified SWMM were reasonable. The updated ET routine was validated for bioretention
(R?: 0.57) and green roof (R%: 0.78) areas by comparing with direct measurements. The
importance of having matching PET inputs for the corresponding vegetated land covers

was presented. If the lower green roof’s PET time series was used as the PET input for
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landscapes, the latter’s annual percolation and AET amounts were overestimated and
underestimated by 38.13 mm/yr and 38.13 mm/yr, respectively, which were equivalent to
a 406% increase of percolation and a 9% decrease of AET amounts; but if the PET inputs
for the bioretention and the green roof were replaced by the higher landscape PET input,
their annual AET amounts could be overestimated by 30.28 mm/yr (12%) and 44.81 mm/yr
(19%) with an underestimation of runoff by 30.07 mm/yr (14%) and 44.42 mm/yr (19%),
respectively. And EPA SWMM currently can only accept PET inputs on a daily basis and
does not take into account the moisture stress, so it was shown to give unrealistic estimates
of ET at a subdaily scale and during the dry periods after the rain events. Furthermore,
irrigation activities in dry climates will greatly increase both the ET and percolation
amounts, which could further magnify the errors mentioned above with regards to the
simplified modeling of the ET process in SWMM. Therefore, the oversimplified
representation of the ET process can generate large errors for the water budget estimation,
especially in dry climates. It is thus recommended that the more physically based ET
mechanism with higher spatial and temporal resolutions proposed in this study is necessary.

This method mainly requires four weather data, including solar radiation, air
temperature, wind speed, and relative humidity. The parameters provided by this study
could be used for other places with similar climates. Lack of observational data for several
key parameters, like the stomatal conductance or resistance, for the species may lead to
uncertainty in application of the modified model; therefore more studies are required to
continue to improve the P-M scheme for GI in the modified SWMM. Although not
common in the urban water engineering literature, studies applying approaches and

measuring instruments from biology can be effectively used to fill in this gaps.



CHAPTER 4

POTENTIAL OF GREEN INFRASTRUCTURE TO RESTORE

PREDEVELOPMENT WATER BUDGET OF

A SEMIARID URBAN CATCHMENT

4.1 Introduction

Understanding the water cycle in cities is critical to plan and design systems providing
water services (e.g., supply, stormwater management, flood control) and supporting energy
generation, food security, recreation, public safety, and economic development.
Urbanization alters the water budget due to vegetation removal, creation of impervious
surfaces, changes in water use and water diversions (Claessens et al. 2006). Such
significant land use changes lead to a complicated mix of hydrologic responses. Surface
runoff in a watershed may increase by 75% or more when a watershed is completely
urbanized (Haase 2009). Subsurface recharge may be increased or decreased, depending
on the circumstances (He and Hogue 2012; Hibbs and Sharp 2012).

Evapotranspiration (ET) may be the major factor in determining how much water is
available for infiltration, and as such represents the controlling component of the urban
water balance profile (Ellis 2013). The range of ET ratios within the water budgets in urban
areas tend to be variable due to a complex combination of factors. For example,

urbanization may increase or decrease vegetation compared to predevelopment conditions
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in different environments, which can raise or dampen ET amounts. Change of land use and
the related micrometeorological conditions may promote higher potential ET (Balling and
Brazel 1987), partly caused by increased vapor pressure deficit due to urban heat island
(Gwenzi and Nyamadzawo 2014). Also, imported water can provide more water supply for
vegetation transpiration within the city boundary (Bijoor et al. 2014), which has been
evaluated as a way to mitigate the urban heat island effect (Gober et al. 2009; Gober et al.
2012; Shashua-Bar et al. 2009). To respond to these changes and uncertainties, quantifying
urban impacts on spatiotemporal water budget responses remains an area of great need,
especially in the planning and design that guides the configuration and operation of water
systems in cities.

As a remedy to alterations in the runoff component of the water budget, stormwater
management goals historically sought to reduce the impact of urbanization on runoff peak
discharge, and thus reduce downstream flooding. This goal has evolved to incorporate
runoff volume reduction, water quality restoration, public health protection, and stream
erosion control. So-called gray infrastructure approaches (i.e., pipes, channels, or storage
tunnels) have been the typical stormwater management solution (Muller et al. 2015). In the
past two decades, a second-generation approach called low-impact development (LID)
(Coffman et al. 1999) emerged as an alternative to gray infrastructure approaches.
However, most of those second-generation systems, like best management practices
(BMPs) or sustainable drainage systems (SUDS) primarily driven by runoff control, may
not provide a fully sustainable surface water management approach for urban catchment
planning. Green infrastructure (GI), on the other hand, is more generally linked with

ecosystem services and can be advocated to be more effective to achieve broader
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sustainability goals on site and catchment scales (Ellis 2013).

GI uses a range of decentralized, often vegetated practices to control stormwater
through infiltration and treatment mechanisms close to its point of generation. As the goal
of stormwater management has been inherently runoff control, most of the studies of GI
have focused on its capacity to reduce stormwater runoff volume and delay the flow event
(Alfredo et al. 2010; Brown et al. 2009; Burian and Pomeroy 2010; Culbertson and
Hutchinson 2004; DeBusk et al. 2011; Fassman and Blackbourn 2010; Li et al. 2009; Trinh
and Chui 2013; Voyde et al. 2010). However, in accordance with the concept of the
integrated ecosystem management/stewardship (Chapin III et al. 2009; Falkenmark and
Rockstrom 2004), there remains a need to consider GI in a more comprehensive water
budget framework, and to re-evaluate the effect of GI in terms of restoring all components
of the water budget (Burns et al. 2012; Fletcher et al. 2013; Olszewski and Davis 2013).

Components of the water budget other than surface runoff may also be largely affected
by applying GI, and those effects are much less understood. For example,
overcompensation of stormwater infiltration may result in a rise in the groundwater surface
(Gobel et al. 2004). Besides restoring the natural hydrological processes in urban areas, GI
may also contribute positively to other ecosystem services, like mitigating the human and
ecological stress of the UHI (Endreny 2008). This need also responds to an emerging
international trend of near-natural stormwater management, which has become established
in Germany alongside traditional urban drainage goals (Gobel and Coldewey 2013; Gdbel
et al. 2004), and aims at replicating the quasi-natural local water balance so as to preserve
the local ecosystem's integrity (KeBler et al. 2012).

However, comprehensive analysis of GI impacts on the urban water budget is limited
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by the lack of appropriate modeling tools for the water cycle components, especially ET,
which is arguably the most difficult component of the water budget to estimate in cities
and can lead to significant uncertainty in water budget accounting (Pataki et al. 2011).
Further, there is a lack of definitions and corresponding planning and design metrics that
can be applied to evaluate the effects of GI in restoration of the catchment’s water budget
and ecosystem health, and to estimate the efficiencies to compare different GI solutions.
This paper describes a modeling approach used to assess the implications of GI on the
water budget of an urban catchment in the semiarid climate of Salt Lake City, Utah, USA.
A modified version of the United States Environmental Protection Agency (EPA) Storm
Water Management Model (SWMM) was used to investigate water budget changes
affected by GI implementation compared to an existing condition and a simulated natural
condition. The study was performed for three types of 1-year periods — an average
precipitation year, a dry year, and a wet year. Two coefficients are proposed to evaluate
the efficiency of restoration of the natural hydrology by GI. The updated SWMM and the
proposed evaluation coefficients are expected to serve as guidance tools in the design
process for watershed scale stormwater management plans. The research results of this

study will also help guide future water budget studies for GI applications.

4.2 Methods
4.2.1 Modeling Framework
EPA SWMM 5.0.022 was selected as the modeling platform for this study because of
its ability to simulate the urban water budget. SWMM is able to simulate a water budget

for both natural and urban environments, and it is one of the few models with the flexibility
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to simulate multiple types of GI (Elliott and Trowsdale 2007). Another advantage of EPA
SWMM is its open-source policy, which allows modifications to its code to achieve
specific requirements.

A modified form of SWMM (Feng and Burian under review) was used in this study for
improved simulation of ET. Specifically, compared to the original EPA SWMM with
homogenous ET representation and daily ET inputs, the improved version of SWMM
allowed for a heterogeneous ET representation for up to six types of land covers, including
ponding water, bioretention, green roofs, landscape, deciduous trees, and coniferous trees.
The modified form also permitted subdaily ET time series inputs and corrections based on
calculated water stress coefficients to account for soil moisture variations (Allen et al.

1998).

4.2.2 Case Study
A small urban catchment (0.11 km?) located on the campus of the University of Utah
in northeast Salt Lake City (SLC), Utah, USA was selected as the case study of this research
(Fig. 20). SLC has a semiarid climate (Bailey 1979; Bair 1992; Eubank and Brough 1979;
Russell and Cohn 2012). Its average annual precipitation is 409 mm and the average annual
air temperature is 11.5°C, from 1981 to 2010 (NOAA 2013). From the Web Soil Survey

(http://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm, accessed  03/17/2015)

operated by U.S. Department of Agriculture (USDA)’s Natural Resources Conservation
Service (NRCS), the primary soil type of the catchment is Bingham gravelly loam. Its
hydraulic conductivity is about 0.899 cm/hr; and its porosity is 0.459, while its wilting

point and field capacity are 0.148 and 0.288, respectively (Merrell 2013). The
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Fig. 20. Delineated catchment.

water table was measured as 38.26 m below the land surface by a U.S. Geological Survey
(USGS) groundwater station near the study site (U.S. Geological Survey 2015). The
average thickness of the local valley fill aquifer was estimated as 823 m (Arnow and
Mattick 1968).

ET contributions from the deep groundwater were not considered in this study. Adding
the deep percolation in SWMM will generate a very small (1.07 mm) difference in ET for
the predevelopment condition for the year 2014 (simulated by EPA SWMM 5.1.007). This
is equivalent to 0.22% of the total annual precipitation.

Meteorological data of 5-min interval from two weather stations operated by the



81

Department of Atmospheric Science at the University of Utah were used for this study;

they were downloaded from the Mesowest website (http://mesowest.utah.edu/, accessed on

03/17/2015). The Mountain Met (MTMET) weather station (40.766573N, 111.828211W)
located within the study catchment was used to represent meteorological conditions from
July 3, 2012 to December 31, 2014. Meteorological data before that period (starting in
2011) was obtained from the nearby William Browning Building (WBB) weather station
(40.76623N, 111.84755W), which is 1.66 km from the MTMET station. Except the
precipitation, other raw data were summed up to hourly amounts.

Spatial distribution and fractions of current land cover within the watershed were
determined by manually interpreting 1-foot-resolution orthophotography images

downloaded from Utah Automated Geographic Reference Center (AGRC,

http://gis.utah.gov/, accessed 06/08/2015) and verifications by site visits. The average
building height in the catchment was estimated at 10.66 m based on 1m and 1.25m Lidar

data collected by Utah AGRC (http://gis.utah.gov/, accessed 06/08/2015) in 2006.

Similarly, the average heights of the deciduous and coniferous trees were estimated as
12.70 m and 14.35 m, respectively.

A separate storm drainage system services the catchment, and directs runoff into Red
Butte Creek. The drainage catchment was delineated and subdivided based on terrain,
locations of storm drains, and other local terrain features (e.g., curb and gutters). Several
site visits were made to identify the locations of storm drain inlets and outfalls. A 2150
Area Velocity Flow Module (Teledyne Isco, USA) was installed in the storm drain at the
outlet of the catchment to measure the flow rate at 1-minute increments.

The SWMM model corresponding to the baseline (developed) condition was manually
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calibrated by comparing the flow rates modeled by the updated SWMM with the flow rates
measured by the flow meter from late February to early June 2014 (Fig. 21). Width, slope,
imperviousness percentages, Manning’s roughness coefficients, depression storage, and
infiltration parameters (Green-Ampt method was used) of subcatchments, and size, length,
and slope of stormwater pipelines were adjusted during the calibration. Trial-and-error
method was used until no improvement of the modeling accuracy was reached compared
to the observed peak flows. As the flow peaks happen immediately after rainfall events,
evaporation and ET were assumed to be negligible for calibration. The outflow time series
modeled by the updated SWMM did not pass the Kolmogorov-Smirnov normality test at
the significance level of 0.05. The nonparametric Spearman correlation coefficient was
then used to measure the strength of the relationship between the time series of the modeled
and observed flow rates, calculated as 0.59 at a significance level of 0.05. A linear
regression analysis with a fixed intercept at zero was used to test the strength of a linear
relationship between two time series, which yielded an R-Square of 0.56. These indicate

that the baseline model has been reasonably calibrated for the purpose of this study.

4.2.3 Scenarios
Three scenarios were simulated: baseline (BL), green infrastructure (GI), and natural
hydrology (NH). In the NH scenario, the catchment was modeled as being covered with
native grasslands like wheatgrass and bluegrass (Ehleringer et al. 1992), as the open
meadow is the dominant landscape at the foothill environment right next to the study

catchment. Green roofs and bioretention applied to the catchment in the GI scenario. The
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Fig. 21. A comparison of modeled flow data with observations.

numbers and the sizes of green roofs and bioretention were determined by designing them
to reduce 1-year stormwater runoff volumes by 80%, which corresponds to an amount
consistent with goals for stormwater quality management plans (Horner et al. 2004;
Sullivan et al. 2010). SWMM simulations were executed with green roofs and bioretention
iteratively added to the BL scenario until the 80% runoff reduction was achieved. The
green roofs were placed on flat roofs and bioretention was placed on open ground areas.
These units were configured to match the existing designs and recommendations for the

climate of SLC (Houdeshel et al. 2012; Houdeshel and Pomeroy 2014).



84

The bioretention units were parameterized in SWMM to match instrumented test units
on the University of Utah campus (Orr 2013) with a 0.6 m soil layer and a 0.6 m gravel
layer. Bottoms were lined with underdrains with a 1.5 cm/hr drain rate. Green roofs were
designed to mimic a green roof and the green roof experiment on the Marriott Library on
the University of Utah campus, which has a soil depth of 25.4 cm (Feng et al. under review).
Green roof underdrains were assumed to have the same drainage rate as the bioretention
units.

Three years were selected for the simulations used in this study, based on the
availability of the data and the relative magnitudes compared to the annual average
precipitation (409 mm). It is difficult to find three years having total precipitation depths
perfectly distributed around the annual average while not having missing weather
observations at the study site. Therefore, in spite of the precipitation depth being close to
the annual average, 2012 (371 mm) was assumed as a relatively dry year for this study.
Although the yearly precipitation depth is higher than the annual average, 2014 (482 mm)
was assumed as an average year for this study. 2011 (688 mm) was assumed as a relatively
wet year for this study. SWMM simulations were independently executed for the calendar
years (January 1 to December 31) for each of these three years at a 1-minute time step.
Annual water budgets were summed and compared among different scenarios and different
years. Results of the average precipitation year (2014) were then used to further explore
the water budget variations among different scenarios at the monthly, daily, and hourly
time scales. The average precipitation year (2014) was also used to test two indices

proposed by this study.
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4.3 Results
4.3.1 Annual Water Budgets
Across all three studied years, the BL scenario always had the largest stormwater
discharge volume (Fig. 22). Specifically, the surface runoff increased from 41 mm in the
NH scenario to 155 mm in the BL scenario (274%) in the dry year, from 20 mm in the NH
scenario to 175 mm in the BL scenario (769%) in the average year, and from 30 mm to 260
mm (778%) in the wet year. The GI scenario, however, had a closer surface discharge

amount to the NH scenario, which was a sum of surface runoff and part of the discharge
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Fig. 22. Water budgets of the baseline scenario (BL), the green infrastructure scenario
(GI), and the natural hydrology scenario (NH) in dry (2012), average (2014), and wet
(2011) years.
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from the underdrains of GI units that directly flows into the drain system. From the NH
scenario, the surface discharge of GI scenario only increased by 15 mm (35%) in the dry
year, 12 mm (58%) in the average year, and 32 mm (107%) for the wet year. Compared to
the BL scenario, GI reduced surface runoff by 99 mm (64%) in the dry year, 143 mm (82%)
in the average year, and 199 mm (76%) in the wet year.

ET was the dominant component of the water budget, as it accounted for 50-53%, 75-
79%, and 82-95% of the water budget for the BL, GI, and NH scenarios, respectively (Fig.
22). The BL scenario had the lowest ET amounts compared to the other two scenarios (Fig.
22). Specifically, ET decreased from 315 mm in the NH scenario to 196 mm in the BL
scenario (38%) in the dry year, from 396 mm in the NH scenario to 240 mm in the BL
scenario (39%) in the average year, and from 650 mm to 358 mm (45%) in the wet year.
The GI scenario, however, had closer ET amounts compared to NH scenario, with ET only
being higher than the NH scenario by 22 mm (7%) in the dry year, 30 mm (8%) in the
average year, and 128 mm (20%) in the wet year. Compared to the BL scenario, GI restored
annual ET amounts by 97 mm (49%), 125 mm (52%), and 164 mm (46%) for the dry,
average, and wet years, respectively.

Overall, development raised surface runoff annually by 274%, 769%, and 778% in dry,
average and wet years, and reduced ET amounts by 38%, 39%, and 45%, respectively. GI
restored annual surface runoff by 64%, 82%, and 76% and annual ET amounts by 49%,
52%, and 46% in the dry, average, and wet years, respectively, compared to the BL
scenario.

Rainwater that was not stored on the surface or discharged from the surface (infiltrated

water) had three destinations: storage in unsaturated soil, deep groundwater via percolation
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when the soil is saturated, and the air via ET. Most infiltrated water was lost through ET,
and the majority of the remaining infiltrated water was stored in the soil layer (Fig. 22).
Very small amounts percolated into the deeper soil. Within each water year, there was no
significant difference in the soil moisture storage and percolation amounts between
scenarios. The only exception was the GI scenario in the wet water year when percolation

accounted for 5% of the total water budget.

4.3.2 Monthly Soil Moisture Balance Variations

The monthly water budgets between different scenarios were also compared to evaluate
the monthly soil moisture balance (Fig. 23). The average year (2014) was evaluated for
this purpose. Each component of the water budget is shown (Fig. 23), except for soil
moisture storage (note: percolated water volumes are too small to be seen at the bottom of
each stack). Monthly soil moisture storage is reflected by the difference between the
precipitation and the sum of the other components (Fig. 23). Of note is that SWMM
accounts for moisture stored within GI as surface storage by default. Therefore, when the
sum of percolated water, ET, and discharge exceeds the precipitation, the storage space of
GI is gaining moisture. For example, conversely, in March, August, and November, the
soil located beneath GI was losing moisture because the sum of the percolated water, ET,
discharge, and surface storage was greater than the total precipitation (part of the incoming
precipitation goes into the GI instead of filling the soil moisture storage).

In this regard, the gross soil moisture storage of three scenarios increased in January,
February, September, and December, while it decreased in April, May, and October. The

three scenarios showed varying soil moisture patterns in other months. The BL scenario
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Fig. 23. Monthly water budgets simulated for the average water year (2014). The three
stacked columns of each month from left to right represent BL, GI, and NH scenarios,
respectively.

was gaining soil moisture, while the GI and NH scenarios were losing soil moisture in
March and August. In the hot May, June, and July months, the GI scenario had the largest
ET amounts. This happened after the soil moisture storage of the NH scenario decreased
from March onward, when the GI scenario had surface storage. In the colder month of
November, the GI scenario also had higher ET amounts than the NH scenario, which
happened after a dry October when the soil moisture of the NH scenario was mostly
drained.

The NH scenario had the largest ET amounts of any months when all three scenarios
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received larger precipitation than the sum of ET and surface discharge. The surface
discharge amount of the BL scenario was always greater than the other two scenarios in
any month.

The GI scenario always had the largest surface storage compared to the other two
scenarios in any month (Fig. 23). The extent of surface storage of the GI scenario increased
during the months when the precipitation exceeded the sum of surface discharge and ET,
while vice versa happened when the precipitation was lower than the sum of surface
discharge and ET. The only exception was July, when the surface storage was larger than

the previous month but ET was higher than the precipitation.

4.3.3 Daily and Hourly Soil Moisture Balance Variations

The water budget simulations for the average year were further analyzed at the daily
and hourly scales to explore the mechanism of GI and the potential to restore the
catchment’s water budget after precipitation events. A period of 48 days (June 17% to
August 3™) experiencing two major rain events was selected for evaluation (Fig. 24). The
BL scenario retained the least total moisture (sum of soil and surface storages) compared
to the other two scenarios. The soil moisture storage of the GI scenario was also less than
that of the NH scenario. But by adding the surface storage capacity, the sum approximately
matched the soil moisture storage of the NH scenario, both in magnitude and temporal
pattern.

Correspondingly, the BL scenario had the lowest ET amounts because much of the
rainfall was converted to surface discharge. The GI scenario, however, produced an ET

temporal pattern that more closely matched the NH scenario in magnitude and variation.
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Fig. 24. Daily soil moisture storage, surface storage, ET, and surface discharge simulated
by the updated SWMM for the average precipitation year (2014).

Both GI and NH scenarios have much lower surface discharge amounts compared to the
BL scenario. Notably, the GI scenario had the largest final moisture storage incorporating
both the surface and the soil layers, followed by the BL scenario and then the NH scenario.
Conversely, the NH scenario had the largest sum of ET and surface discharge, followed by
the BL scenario and then the GI scenario.

Similar relationships among the three scenarios were found when results were summed
to the hourly scale (Fig. 25). The BL scenario had the least total stored rainwater. Adding

the surface storage, the GI scenario had a comparatively close total moisture storage to the
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Fig. 25. Hourly surface storage, soil moisture storage, and ET rates simulated by the
updated SWMM from June 17" to June 18" in the average precipitation year (2014).

NH scenario, in terms of magnitudes and temporal variations. Notably, the NH scenario
had larger ET amounts during the second day (June 18"). However, unlike the NH scenario,
the ET volumes in the GI scenario reached a peak then decreased. Also, the magnitude of

ET volumes in all three scenarios are much less than those of the final storage volumes.

4.4 Discussion
4.4.1 The Role of ET within the Water Budget
As shown from the results, ET is the dominant component of the water budget in this

semiarid climate case study, which is consistent with previous studies in different climates.
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Specifically, in the NH scenario, ET accounts for 82-95% of the total water budgets, which
is higher than the averages of the previous studies in natural watersheds that were mostly
conducted in wetter climates (Table 5). However, in a similar semiarid climate with an
annual precipitation of 331-477 mm, ET was estimated about twice as the annual
precipitation on land (Mariotti et al. 2002).

In the BL scenario, the ET fraction of the total water budgets is 50-53%. It is hard to

directly compare this result with other studies, as the range of urban ET ratios often vary

Table 5. A summary of ET fraction of water budget from previous studies.

ET Fraction of Water Budget

Reference

62-73% (Global Means)

65-74% (Three Watersheds in Illinois, U.S.)
61-63% (Illinois, U.S.)

57-74% (Four Watersheds in Arctic Region)
76% (Average of Three Watersheds in South
America)

73-89% (Taihu, China)

25-66% (11 Major Drainage Areas of Canada)
>60% (Five Basins of China)

44-91% (Northern Eurasia)

64% (Ohio, U.S.)

56% (Australia)

59% (Iowa, U.S.)

(Douville 1998)
(Arnold and Allen 1996)
(Yeh et al. 1998)

(Su et al. 2006)

(Su and Lettenmaier 2009)

(Zhao et al. 2013)
(Wang et al. 2014)
(Yao et al. 2014)
(Liu et al. 2015)
(Chenevey 2013)

(Barron et al. 2013)

(Holman-Dodds et al. 2003)
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widely due to a complex combination of local factors, including climate, imported water,
urban heat island effect, plant cover, city density, designs of buildings and street canyons,
and etc. But it still falls within the general range of the previous studies (Table 6).

In the GI scenario, annual ET amounts are 75-79% of the total water budget, which,
similar to the NH scenario, is higher than other estimates in the wetter climates. For
example, 32% is the fraction of ET within the total water budget after GI is applied in
Malmo, Sweden (Villarreal et al. 2004), 71% after applying the modified household
infiltration-based infrastructure and retention ponds in Trier, Germany (KeBler et al. 2012),
44% in an infiltration-based GI applied catchment in Iowa City, lowa (Holman-Dodds et
al. 2003), and 48% predicted for a GI scenario in Cincinnati, OH (Chenevey 2013).

To sum up, ET is the dominant component of the water budget in the climate of the
study area. This is consistent with a previous study (Trinh and Chui 2013), in which ET
was also found to be the greatest contributing factor for all scenarios including
predevelopment, postdevelopment, and a restoration scenario using green roofs and
bioretentions, even if ET was only measured as 5% of its own total water balance of a plot-
scale green roof. However, the ET fractions of the water budget in this study are mostly
higher than other studies in wetter climates. ET accounts for 50-53%, 75-79%, and 82-95%
of the water budgets in the BL, GI, and NH scenarios, which also matches other findings
that an increase in vegetation coverage tends to raise the ET fraction of the urban water

budgets (Yao et al. 2014; Yeakley 2014).
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Table 6. A summary of ET fractions of urban water budget from previous studies.

ET Fraction of Water Budget

Reference

38% (Vancouver, Canada; oceanic climate)

38% (Sweden; oceanic, humid, or subarctic climates)
71% (Mexico City, Mexico; subtropical climate)
34% (Hong Kong, China; humid subtropical climate)
49% (Sydney, Australia; temperate climate)

57% (Moscow, Russia; humid climate)

61% (Canberra, Australia; oceanic climate)

66% (Perth, Australia; Mediterranean climate)

55% (Sunninghill, South Africa; subtropical climate)
33-66% (Rezé, France; oceanic climate)

40% (Rezé, France; oceanic climate)

34% (Nantes, France; oceanic climate)

58-75% (Four cities in Australia; oceanic climate)
36% (San Luis Potosi, Mexico; semiarid climate)
48% (Cincinnati, OH, U.S.; humid climate)

2-56% (Perth, Australia; Mediterranean climate)

(Grimmond and Oke 1986)
(Grimmond and Oke 1986)
(Grimmond and Oke 1986)
(Grimmond and Oke 1986)
(Grimmond and Oke 1986)
(Grimmond and Oke 1986)
(Mitchell et al. 2003)
(Mitchell et al. 2003)
(Mitchell et al. 2003)
(Dupont et al. 2006)
(Rodriguez et al. 2008)
(Rodriguez et al. 2008)
(Kenway et al. 2011)
(Martinez et al. 2011)
(Chenevey 2013)

(Barron et al. 2013)
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4.4.2 Water Budget Changes Due to Development

Although multiple factors have a mixed influence in increasing or decreasing urban ET
ratios, the overall effect of urbanization is to typically decrease ET amounts due to
vegetation reduction. For example, in a study of 51 eastern U.S. watersheds (Dow and
DeWalle 2000) ET was estimated to drop by 31% (compared to annual average) with 100%
urbanization, by 25% (compared to predevelopment condition) in Leipzig, Germany
(Haase 2009), by 22% (compared to predevelopment condition) with a 9% increase in
imported water in the Mill Creek watershed in Cincinnati, OH (Chenevey 2013), and by
23% (compared to predevelopment condition) in the Qinhuai river basin, China (Hao et al.
2015). In this study, the BL scenario experienced a decrease of ET by 38-45% from the
NH scenario, which is slightly higher than estimates by the above studies.

Furthermore, the BL surface runoff in this study was 274-778% greater than the surface
runoff in the NH scenario. This increase is greater than most studies in wetter climates, like
the 182% increase demonstrated in Leipzig, Germany (Haase 2009) and the 128% increase
in Cincinnati, Ohio (Chenevey 2013). This may indicate that the water budget may
experience more severe changes after development in semiarid climates than in wetter

climates.

4.4.3 Water Budget Restoration by GI
The potential to restore the natural water budget depends on the type of GI selected.
Different GI types can target different parts of the water budget. For example, in an lowa
City, lowa study (Holman-Dodds et al. 2003), infiltration-based GI was estimated to raise

a catchment’s groundwater recharge by 100%, making it close to that of predevelopment
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conditions. However, the GI in the lowa City study was only able to increase ET by 8%
compared to the developed condition, which was an increase of 3% of the total water
budget (from 41% to 44%). In a study of a catchment in Cincinnati, OH (Chenevey 2013),
a GI plan incorporating rain barrels, porous pavement, and green roofs was estimated to
raise ET amounts by 19% compared to the developed condition, but the ET fraction (48%)
of the total water budget did not show a significant change compared to the developed
scenario without GI (40%).

In this study, the GI selected increases annual ET amounts by 46-52% compared to the
BL scenario, which is 23-26% of the water budget. As the GI selected were bioretention
and green roofs, which both have significant ET potential, the results suggest GI designs
can effectively raise the catchment’s ET level to predeveloped levels. This is also supported
by a study in Malmo, Sweden, which used green roofs, open channels, and detention ponds
that have even higher ET potential. The GI was found to raise the catchment’s annual ET
amounts by 74% compared to the developed condition (Villarreal et al. 2004).

Overall in this study, the GI scenario showed a water budget closer to the NH scenario
than the BL scenario for all types of precipitation years (dry, average, wet). The GI scenario
reduces annual runoff by 64-82%, which is higher than other studies, like 19% in Malm®,
Sweden (Villarreal et al. 2004), 33% in Cincinnati, OH (Chenevey 2013), or 35% in lowa
City, IA (Holman-Dodds et al. 2003). These may indicate that GI can more significantly

affect the water budget in a semiarid climate than wetter climates.
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4.4.4 Storage Space of GI

With storage space in soil and GI, moisture collected in winter months (December to
February) can be stored to be used in the subsequent warmer months (Fig. 23). ET rates
determine how fast the storage capacity will be recovered for the next precipitation events
(Krebs et al. 2016; Voyde et al. 2010). When precipitation is larger than the loss, the storage
of both GI and natural landscapes begins to be refilled. But if ET demand does not
regenerate the storage space fast enough, the net stored moisture may accumulate even
when precipitation is low, as in July (Fig. 23).

During the months having enough incoming precipitation in the study area (January,
February, September, December) or when soil moisture storage is still large enough
(March, April, August, October), the natural plants with highest ET potential, simulated by
the NH scenario, generate higher ET amounts than the BL scenario with least vegetation
cover and the GI scenario with lower ET potential (Fig. 23). On the other hand, the plants
in GI will deplete the soil moisture storage faster, which allows them to take in more
stormwater in subsequent precipitation events. During the months when soil moisture
storage was not enough to support high ET rates (May, June, July, November), the storage
layers of GI, especially the gravel layer in bioretention and the drainage mat in green roofs,
provide extra stored moisture to maintain ET amounts even higher than the NH condition
(Fig. 23).

GI can add extra storage space on the impervious surface in urban catchments to match
the total storage space of the predevelopment condition (Fig. 24, Fig. 25). The extra storage
of GI can create ET patterns very close to the predevelopment condition (NH scenario) at

the event scale. Due to the lack of storage space in the developed condition (BL scenario),



98

the ET amounts were 35% and 40% lower than GI and NH scenarios after 48 days (Fig.
24), and 8% and 26% lower than GI and NH scenarios after 2 days (Fig. 25). This indicates
the importance of the storage space in determining the performance of GI.

To sum up, in restoring the water budget, one of the most important features of GI
might be providing concentrated storage to match the soil storage of the predevelopment
condition, as GI can significantly raise the annual ET amounts close to the level of the
natural landscapes (Fig. 23, Fig. 24, Fig. 25) although the former’s ET capacity tends to be

lower than the latter (Fig. 23, Fig. 25).

4.4.5 Restoration Efficiency Index

The pervious areas in the BL, GI, and NH scenarios occupy 33%, 47%, and 95% of the
corresponding total catchment areas, respectively. With the replacement of the impervious
surfaces by pervious areas among the three scenarios, the water budgets change
accordingly in the average precipitation year (2014) (Table 7). From the BL to NH scenario,
the pervious areas replaces 62% impervious surfaces of the total catchment, which causes
a32% ET increase and a 32% decrease of surface runoff. The ratio of the percent of change
for one water budget component versus the percent of impervious surfaces to be replaced
is calculated. This ratio is proposed as a restoration efficiency index (REI) to evaluate the
efficiency of different types of GI to restore the water budget to the predevelopment
condition, which can be written as follows:

(hi=hy) or (hi=h))

REI; = - -
Imp—-Imp Imp—-Imp

(12)
where i represents the water budget component (ET, surface discharge, etc.), REI; is the

restoration efficiency index corresponding to a certain water budget component, h; is
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Table 7. The restoration efficiency indices for ET and runoff by the increase of pervious
areas within the catchment in the average precipitation year (2014).

Transitions  Percent of Replaced Percent of ET ET Percent of Runoftf ~ Q Restoration
Impervious Area of Increase of the Restoration Decrease of the Efficiency
the Total Catchment  Total Water Budget  Efficiency  Total Water Budget

BL->NH 62% 32% 0.52 32% 0.52

BL->GI 14% 26% 1.86 29% 2.07

the percent of the component within the water budget of the development condition (BL
scenario in this study), and h; is the percent of the component within the water budget of
the restoration condition (GI and NH scenario in this study), Imp is the imperviousness
percentage of the development condition (BL scenario in this study), and Impj is the
imperviousness percentage of the restoration condition. To make REI positive, (h; — h;)
is used when the percent of water budget component (like ET) of the development
condition is lower than that of the restoration condition; (h; — h;) is used when the percent
of water budget component (like discharge) of the development condition is higher than
that of the restoration condition. In this study, the development condition (BL scenario)
was assumed to have lower ET and higher discharge than the restoration conditions (GI
and NH scenarios).

From the BL to the GI scenario, a 26% increase of ET and a 29% decrease of runoff of
the total water budget, however, only requires 14% impervious surfaces replaced within
the total catchment. Therefore, the REI of GI in terms of restoring ET and runoff patterns
from the development condition are 1.86 and 2.07. This means that replacing 1% of
impervious areas by GI within the total catchment could bring in 1.86% increase of ET and
2.07% decrease of runoff within the total water budget from the development condition.

If assuming the natural landscape as one type of GI, then the native vegetation has an

REI of 0.52 to restore ET and surface runoff patterns from the developed condition
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(Table 7). This means that replacing 1% impervious areas by natural landscape within the
total catchment could bring in a 0.52% increase of ET and a 0.52% decrease of runoff of
the total water budget. This indicates that to gain the extra restoration effect by choosing
the traditional landscape may require retrofitting a much larger built city space.

Therefore, the proposed restoration efficiency index can be used as a way to evaluate
the restoration efficiency of different GI choices per unit area. To replace 1% impervious
areas within the catchment, GI is 260% and 301% more efficient than traditional
landscaping in terms of the restoration of ET and surface runoff in this climate.

A sensitivity analysis was conducted to test the sensitivity of REI to the imperviousness
percentages of the BL condition. The ratio between the REI of the GI scenario and the REI
of the NH scenario was calculated for different levels of imperviousness percentages of BL
scenario (Fig. 26). When the imperviousness percentage of BL scenario is lower than 10%,
the surface discharge of the BL scenario of this study can be lower than that of the NH
scenario, and ET of the BL scenario can be higher than that of the NH scenario, which lead
to negative REI (not shown in Fig. 26). This may be due to the higher infiltration capacity
and surface storage created by certain existing vegetation swales built in the BL scenario,
compared to the grassland setting in the NH scenario. When the imperviousness percentage
of the BL scenario is larger than 10%, the ratios of REI of GI scenario to REI of NH
scenario are consistently higher than 2.32 for restoring/increasing ET, higher than 3.81 for
restoring/reducing discharge. This demonstrates the advantage of using GI to restore water
budget in terms of converting less impervious areas, compared to using natural landscapes.
This advantage of reducing discharge by GI is the most significant (above 6 times larger

than the average) when the imperviousness percentage of BL scenario is as low as 10%.
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Fig. 26 The ratio of REI of GI scenario versus REI of NH scenario for the yearly ET and
surface discharge, plotted against the overall imperviousness percentage of BL scenario.

This might be because when the catchment is highly pervious, adding more natural
landscape will not reduce the surface discharge significantly anymore; but GI can further
reduce the discharge by a larger degree than the natural landscape, which leads to a much
larger REI in GI scenario than in NH scenario. After the imperviousness percentage of BL
scenario exceeds 20%, GI shows a stable advantage over natural landscapes in terms of the

necessity to convert less impervious areas in the catchment.
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4.4.6 Water Budget Restoration Coefficient

A water budget restoration coefficient (WBRC) is proposed to evaluate the overall
restoration effect of different GI plans in restoring the water budget, which is calculated as
follows:

WBRC = 1-X(filf{ — fiD), (13)
where f; is the percent of the component within the water budget of the predevelopment
condition (NH scenario in this study), and f; is the percent of the component within the
water budget of the studied condition. The range of this coefficient should be above zero
and equal or less than one. Larger values mean that the studied water budget is closer to
the predevelopment water budget, and that the infrastructure or land covers have a high
overall restoration effect.

The WBRC of the BL, GI, and NH scenarios for the dry, average and wet precipitation
years were calculated using Equation (13), assuming the NH scenario was the predeveloped
condition (Table 8). The GI scenario has coefficients more close to one than the BL
scenario in any water year, which is consistent with the previously reported results
indicating GI’s potential to restore the natural hydrology of the catchment. More generally,
the coefficient can be used to determine the degree of the water budget restoration by GI.
As an example, the WBRC were calculated for three other studies based on their published
data (Table 8). In the GI scenario, WBRC of the dry and average years in this study were
higher than WBRC of all other studies, which indicates that the GI applications in these
two cases reached better restoration effects. From BL scenario to GI scenario, WBRC of
the dry, average, and wet years of this study have increased by 36%, 31%, and 41%,

respectively, compared to 4% and 9% in the last two studies, respectively. This further
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Table 8. The water budget restoration coefficients of three scenarios in three water years
and estimated values for other studies.

BL GI NH
Dry Year 0.69 0.94 1.00
Average Year 0.72 0.94 1.00
Wet Year 0.58 0.82 1.00
Villarreal et al.,2004 - 0.85 1.00
Chenevey, 2013 0.84 0.87 1.00
Holman-Dodds et al.,2003 0.81 0.88 1.00

proves that GI has higher potential in restoring the water budget in the studied climate than
other wetter climates. After GI was applied, the water budgets have achieved 94%, 94%,
and 82% of the predevelopment state in the dry, average, and wet years, respectively.
WBRC can also be used to evaluate how far the urban water budget can be changed
away from the predevelopment condition due to urbanization. In the BL scenario, the
WBRC of this study are all lower than other studies in wetter climates. This may further
support the inference as above that the water budget may vary more severely after
development, and GI may be more effective to restore the water budget in semiarid climates
compared with wetter climates. But when the precipitation becomes higher, the restoration
effect may become closer to the wetter climate, like the case of the GI scenario in the wet

year (Table 8).

4.5 Conclusion

A modified version of EPA SWMM was used to explore the effect of GI in restoring
the urban water budget to predeveloped conditions in the semiarid climate of Salt Lake
City, Utah. Three scenarios (BL, GI, and NH) were compared in three types of precipitation

years (dry, average, and wet). Water budget variations among scenarios and water years
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were presented to analyze the effect and mechanism of GI to restore the catchment’s natural
water budget. Two coefficients were proposed and used to evaluate the efficiency of the
watershed GI plan.

Based on the results, the GI scenario was shown to produce a water budget closer to
the NH scenario than the BL scenario in all three types of precipitation years. ET is the
dominant factor of the water budgets of all scenarios in all water years, as found in previous
findings for other climates. In this study, ET accounts for 50-53%, 75-79%, and 82-95%
of the water budget for the BL, GI, and NH scenarios, respectively, which are relatively
higher than the ratios found by other studies in wetter climates. After development, the
water budget results indicated a more severe change than other studies in wetter climates.
Compared to the predeveloped condition, the surface discharge of the developed condition
is raised by 274%, 769%, and 778% in the dry, average, and wet precipitation years,
respectively; ET was reduced by 38%, 39%, and 45%, correspondingly. The results of the
present study showed GI to be more effective in restoring the water budget in the semiarid
climate than other climates. Compared to the predeveloped condition, GI annually reduces
surface runoff by 64%, 82%, and 76% and restores ET amounts by 49%, 52%, and 46%
for the dry, average, and wet precipitation years, respectively. Adding the extra storage on
the urban surface might be one of the most important features of GI to restore the water
budget in a semiarid climate, as it creates comparable total storage space as the natural
landscape. Then the difference of ET rates due to the capacity of various plant species
controls the time to recover the storage space for subsequent storms.

The proposed restoration efficiency index can be used as a way to evaluate the

restoration efficiency of different GI choices per unit area. To increase 1% of the area
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within the catchment, GI can be 260% and 301% more efficient than traditional
landscaping in terms of the restoration of ET and surface runoff in a semiarid climate. The
proposed water budget restoration coefficient (WBRC) further supports the hypothesis that
GI can restore the urban water budget close to the natural hydrology. Based on the proposed
WBRC, the water budgets have been restored due to GI applications by 36%, 31%, and
41% to approach the predevelopment condition in the dry, average, and wet years,
respectively. In other words, after GI was applied, the water budgets have achieved 94%,
94%, and 82% of the predevelopment state in the dry, average, and wet years, respectively.
Comparison with other studies indicates the water budget may vary more severely after
development, and GI may be more effective to restore the water budget in a semiarid
climate than wetter climates. But when the precipitation amount becomes closer between
the climate types, the restoration effect becomes less different. The restoration efficiency
index and the water budget restoration coefficient provide a useful metric to evaluate GI

plans for the goal of achieving the near-natural hydrologic response of a watershed.



CHAPTER 5

SUMMARY AND PERSPECTIVES

This dissertation presented the results of a study investigating the overarching question
of GI impacts on the urban water budget in a semiarid climate. Field experiments and
hydrologic modeling were conducted in a semiarid city, Salt Lake City, Utah, U.S.

This work created, for the first time, an ET observation dataset for the semiarid
intermountain west of the U.S. Empirical parameters for Penman-Monteith ET methods
including crop coefficients and surface resistances for green roofs were identified and
calibrated for this region, also for the first time. Their values can be directly used for ET
modeling of green roofs in similar climates. From the comparisons, the yearly-averaged
parameters have achieved estimates of similar accuracy as the month-averaged parameters.
This could reduce the difficulty of identifying monthly parameters and make these methods
easier to use for estimating green roof ET rates. By comparisons with the observation
dataset, the Penman-Monteith methods based on the yearly-averaged parameters can reach
acceptable estimates with the coefficients of determination (R?) as 0.58-0.91 for different
surface covers.

The EPA SWMM was modified to be able to represent spatially heterogeneous ET rates
in one catchment for up to six types of land covers, including bioretention, green roof,

landscape, deciduous trees, coniferous trees, and water surface. This creates an updated
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platform for urban water budget modeling, as it removes the previous barrier that
traditional hydrological models are not equipped with GI modules, and stormwater models
can only have one type of ET representation across a catchment. Also, the EPA SWMM
was modified to be able to operate using subdaily ET time series input, for the first time.
The updated model was validated by comparing the ET estimates with the existing
observation datasets with the coefficients of determination (R?) as 0.57 for bioretention and
0.78 for green roof.

With the updated model, the last part of this work demonstrates the potential of
restoring the predevelopment urban water budget by adopting GI strategies in a semiarid
climate. Based on the proposed water budget restoration coefficient (WBRC), the water
budgets have been restored due to GI applications by 36%, 31%, and 41% to approach the
predevelopment condition. In other words, after GI was applied, the water budgets have
achieved 94%, 94%, and 82% of the predevelopment state. The comparisons of water
budgets among different scenarios indicate that the urban water budget can be altered
significantly due to development, which suggests that the semiarid regions are much more
sensitive to development than humid regions. Similarly, the results also indicate that GI
can more effectively restore the urban water budget in this climate than humid regions.
Therefore, careful planning and designs for future development are needed in semiarid
urban areas. Although the urban water budget may be restored by GI from the quantity
perspective based on this study, certain ecosystem components, processes, and functions
may be seriously disturbed by urbanization and the changes of the water budget. To make
sure those can be restored or the impacts of the disturbances can be mitigated, a

development planning with a comprehensive evaluation of the major ecosystem responses
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is needed before the development starts, especially in semiarid regions.

The specific conclusions are summarized in the following three sections.

5.1 Green Roof’s ET and Water Budget Observations

To study the hydrologic performance of green roofs in Utah’s climate and to explore a
better way to model green roof ET, an experiment using weighing lysimeter units was
conducted in 2014 in Salt Lake City, Utah. The results confirmed that green roof ET rates
can vary significantly between different roof covers and in different months. The annual
averages of ET rates of the studied grass, sedums, and nonvegetated covers under well-
watered conditions in this climate were found to be 2.69+1.69, 2.52+1.79, and 2.01+1.16,
respectively, which are higher than studies in wetter climates. Three P-M-equation-related
methods were tested to simulate the ET observations at two sites, while two methods based
on crop coefficients and surface resistances achieved overall good fits. The annual averages
of crop coefficients for the nonvegetated, sedum, and grass covers were calculated as
0.5040.36, 0.57+0.36, and 0.57+0.32, respectively; while the annual averages of surface
resistances were calculated as 1707, 480, and 399 s m™!. The values for the sedums are close
to other studies in wetter climates. Using the simplified annual-constant parameters to
predict ET rates was proven able to achieve similar accuracy as using the more detailed
monthly parameters. The estimated water budgets have shown ET as the major component
for all three covers. As the ET fraction of the water budget is more than 88% for sedums

and grass, they might not be able to sustain themselves without irrigation in this climate.
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5.2 An Improved Water Budget Model and Its Meaning

to the Semiarid Region

Targeting to improve the ET mechanism in stormwater modeling for a better evaluation
of water budget changes due to GI implementations, a revised FAO-56 ET estimation
framework (Allen et al. 1998) was merged into a modified EPA SWMM model. The
SWMM model was then upgraded to be able to accept an input of the heterogeneous and
subdaily PET time series data, which other simple methods like monthly averages or
Hargreaves equation cannot represent. Based on the available data observed in Salt Lake
City, Utah and other places with similar climates, the results of the ET estimates from the
modified SWMM were reasonable. The updated ET routine was validated for bioretention
(R?: 0.57) and green roof (R%: 0.78) areas by comparing with direct measurements. The
importance of having matching PET inputs for the corresponding vegetated land covers
was presented. If the lower green roof’s PET time series was used as the PET input for
landscapes, the latter’s annual percolation and AET amounts were overestimated and
underestimated by 38 mm/yr and 38 mm/yr, respectively, which were equivalent to a 406%
increase of percolation and a 9% decrease of AET amounts. But if the PET inputs for the
bioretention and the green roof were replaced by the higher landscape PET input, their
annual AET amounts could be overestimated by 30 mm/yr (12%) and 45 mm/yr (19%),
with an underestimation of runoff by 30 mm/yr (14%) and 44 mm/yr (19%), respectively.
EPA SWMM currently can only accept PET inputs on a daily basis and does not take into
account the moisture stress, so it was shown to give unrealistic estimates of ET at a subdaily
scale and during the dry periods after the rain events. Furthermore, irrigation activities in

dry climates will greatly increase both the ET and percolation amounts, which could further
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magnify the errors mentioned above with regards to the simplified modeling of the ET
process in SWMM. Therefore, the oversimplified representation of the ET process can
generate large errors for the water budget estimation, especially in dry climates. It is thus
recommended that the more physically based ET mechanism with higher spatial and
temporal resolutions proposed in this study is necessary.

This method mainly requires four weather datasets including solar radiation, air
temperature, wind speed, and relative humidity, which are often available from weather
stations. The parameters provided by this study could be used for other places with similar
climates. Lack of observational data for several key parameters, like the stomatal
conductance or resistance, for the species may lead to uncertainty in application of the
modified model; therefore, more studies are required to continue to improve the P-M
scheme for GI in the modified SWMM. Although not common in the urban water
engineering literature, studies applying approaches and measuring instruments from

biology can be effectively used to fill in the gaps identified in this study.

5.3 The Impact of GI on Restoring the Urban Water Budget Model

To explore the effect of GI in restoring the urban water budget to the predevelopment
hydrology in a semiarid climate, a case study was conducted in an urban catchment in Salt
Lake City, Utah using the modified SWMM. Three scenarios (BL, GI, and NH) were
compared in years with three different precipitation amounts (dry, average, and wet). The
water budget variations among scenarios and types of years were studied to analyze the
effect and mechanism of GI to restore the catchment’s natural hydrology. Two coefficients

were proposed and used to evaluate the efficiency of this process.
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Based on the results, the GI scenario showed a water budget closer to the NH scenario
than the BL scenario in all years. ET is the dominant factor of the water budgets, as found
in previous studies and for other climates. ET accounts for 50-53%, 75-79%, and 82-95%
of the water budget for the BL, GI, and NH scenarios, respectively, which are higher than
the ratios found in wetter climates. After development, the water budget showed a more
severe change than other studies in wetter climates. Compared to the predevelopment
condition, the surface runoff of the postdevelopment condition is raised by 274%, 769%,
and 778% in the dry, average, and wet years, respectively, while ET was reduced by 38%,
39%, and 45%, correspondingly. GI was shown to be more effective in restoring the water
budget in this climate than other climates. Compared to the predevelopment condition, GI
annually reduces surface runoff by 64%, 82%, and 76% and restores ET amounts by 49%,
52%, and 46% for the dry, average, and wet years, respectively. Adding the additional
storage on the urban surface might be one of the most important features of GI to restore
the water budget in this climate, as it creates comparable total storage space as the natural
landscape. Then the difference of ET rates due to the capacity of various plant species
governs the turnover time of recovering the storage space for the next storms.

The proposed restoration efficiency index can be used as a way to evaluate the
restoration efficiency of different GI choices per unit area. To increase 1% of the area
within the catchment, GI can be 260% and 301% more efficient than traditional
landscaping in terms of the restoration of ET and surface runoff in this climate. The
proposed WBRC further supports the hypothesis that GI can restore the urban water budget
close to the natural hydrology. Based on the proposed WBRC, the water budgets have been

restored due to GI applications by 36%, 31%, and 41% to approach the predevelopment
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condition. In other words, after GI was applied, the water budgets have achieved 94%,
94%, and 82% of the predevelopment state. It has been calculated for other studies using
the published data. The comparison further demonstrated the water budget varies after
development, and GI may be more effective to restore the water budget in the semiarid
climate than wetter climates. But when the precipitation amount becomes closer, the
restoration effect in dry climates may become closer to the wetter climate. The WBRC can
be expected to be used in other cases to determine the restoration effect of GI applications

for restoring the watershed natural hydrology.

5.4 Limitations and Future Work

This study serves as one of the first explorations of water budget response to GI
applications in semiarid climates, and the first to investigate the potential for GI to restore
the urban water budget. Based on the experience accumulated through the experiments and
modeling, certain points can be improved in future work.

The average ET ranges of green roofs of the studied climate have been identified by
this work. Field experiments can be further conducted to determine the appropriate species,
irrigation amounts, and storage depth for this climate. A controlled experiment composed
of several repeats with varying levels of those factors can be conducted to answer this
question.

A better groundwater model for updating the soil moisture balance in the unsaturated
soil zone is needed. The SWMM modified in this study can be mainly used for dry regions
where the water table is deep enough that it will not significantly interact with the surface

recharge. But for the mesic environments with shallower water tables, the contribution of
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ET from the deeper saturated soil zone will be significant. A three-layer groundwater
model to separately represent the rooting zones for ET estimation (using Penman-Monteith
framework), the unsaturated soil zone, and the deeper saturated soil zone seems necessary.

This work mainly considers rainfall as the major source of water supply, to separate
the influence of the climate from the anthropogenic controls to the water budget. Although
irrigation may significantly raise the ET rates for an urban site (Spronken-Smith et al.
2000), its impact to the fraction of ET within the water budget at a city scale is still unclear.
An experiment in Chapter 3 shows that the response of the ET fraction within the water
budget to irrigation addition may vary depending on the PET capacity of different plant
types. Therefore, to study the irrigation impacts, there is a further need to incorporate a
new irrigation module in SWMM, which should only allow irrigation on the pervious areas.

The weather data used for Chapter 3 and 4 were assumed as homogenously distributed
for the whole catchment, as the area of the catchment is small. But difference may still
exist for most meteorological variables due to blocking and topography. New measurement
tools or micrometeorological models are needed to better reflect the spatial variability of
those variables and improve the ET estimates spatially.

Another study comparing the tradeoffs of selecting different combinations of types,
amounts, locations, and designs of GI is necessary for guiding the future planning of GI at

the watershed scale for different climate regions.



BIBLIOGRAPHY

Abi Aad, M., Suidan, M., and Shuster, W. (2010). "Modeling techniques of best
management practices: Rain barrels and rain gardens using EPA SWMM-5." Journal
of Hydrologic Engineering, 15(6), 434-443.

Acharya, A., Piechota, T., and Tootle, G. (2012). "Quantitative Assessment of Climate
Change Impacts on the Hydrology of the North Platte River Watershed, Wyoming."
Journal of Hydrologic Engineering, 17(10), 1071-1083.

Alcott, T. 1., and Steenburgh, W. J. (2013). "Orographic influences on a Great Salt Lake—
effect snowstorm." Monthly Weather Review, 141(7), 2432-2450.

Alexandri, E., and Jones, P. (2008). "Temperature decreases in an urban canyon due to
green walls and green roofs in diverse climates." Building and Environment, 43(4),
480-493.

Alfredo, K., Montalto, F., and Goldstein, A. (2010). "Observed and modeled performances
of prototype green roof test plots subjected to simulated low- and high-intensity
precipitations in a laboratory experiment." Journal of Hydrologic Engineering, 15(6),
444-457.

Allen, R. G., Pereira, L. S., Raes, D., and Smith, M. (1998). Crop evapotranspiration -
guidelines for computing crop water requirements - FAO irrigation and drainage
paper 56, FAO - Food and Agriculture Organization of the United Nations, Rome.

Allen, R. G., Environmental Water Resources Institute, and Task Committee on
Standardization of Reference Evapotranspiration (2005). The ASCE standardized
reference evapotranspiration equation, American Society of Civil Engineers, Reston,
VA.

Allen, R. G., Pruitt, W. O., Wright, J. L., Howell, T. A., Ventura, F., Snyder, R., Itenfisu,
D., Steduto, P., Berengena, J., Yrisarry, J. B., Smith, M., Pereira, L. S., Raes, D.,
Perrier, A., Alves, 1., Walter, 1., and Elliott, R. (2006). "A recommendation on
standardized surface resistance for hourly calculation of reference ET, by the FAO56
Penman-Monteith method." Agricultural Water Management, 81(1-2), 1-22.

Ambrose, R. F., and Winfrey, B. K. (2015). "Comparison of stormwater biofiltration
systems in Southeast Australia and Southern California." Wiley Interdisciplinary



115

Reviews: Water, 2(2), 131-146.

Andrés-Doménech, 1., Montanari, A., and Marco, J. (2012). "Efficiency of Storm Detention
Tanks for Urban Drainage Systems under Climate Variability." Journal of Water
Resources Planning and Management, 138(1), 36-46.

Arnold, J. G., and Allen, P. M. (1996). "Estimating hydrologic budgets for three Illinois
watersheds." Journal of Hydrology, 176(1-4), 57-77.

Arnow, T., and Mattick, R. E. (1968). "Thickness of valley fill in the Jordan Valley east of
Great Salt Lake, Utah." Geological Survey research 1968: U.S. Geological Survey
Professional Paper 600-B, B79-B8&2.

Astaraie-Imani, M., Kapelan, Z., Fu, G., and Butler, D. (2012). "Assessing the combined
effects of urbanisation and climate change on the river water quality in an integrated
urban wastewater system in the UK." Journal of Environmental Management, 112(0),
1-9.

Augustus, N. W. (2008). "Interrelationships Among Water Cycle Fluxes and Stores in a
Semi-arid Urban Environment." M.S. Thesis, Department of Civil and Environmental
Engineering, The University of Utah.

Avissar, R. (1996). "Potential effects of vegetation on the urban thermal environment."
Atmospheric Environment, 30(3), 437-448.

Baik, J.-J., Kwak, K.-H., Park, S.-B., and Ryu, Y.-H. (2012). "Effects of building roof
greening on air quality in street canyons." Atmospheric Environment, 61(0), 48-55.

Bailey, H. (1979). "Semi-arid climates: Their definition and distribution." Agriculture in
Semi-arid Environments, Springer, 73-97.

Bair, F. E. (1992). Weather of US cities, Gale Research Incorporated.

Balling, R. C., and Brazel, S. W. (1987). "The impact of rapid urbanization on pan
evaporation in phoenix. Arizona." Journal of Climatology, 7(6), 593-597.

Bao, Z., Zhang, J., Wang, G., Fu, G., He, R., Yan, X_, Jin, J., Liu, Y., and Zhang, A. (2012).
"Attribution for decreasing streamflow of the Haihe River basin, northern China:
Climate variability or human activities?" Journal of Hydrology, 460—461(0), 117-129.

Barrio, E. P. D. (1998). "Analysis of the green roofs cooling potential in buildings." Energy
and Buildings, 27(2), 179-193.

Barron, O. V., Barr, A. D., and Donn, M. J. (2013). "Effect of urbanisation on the water
balance of a catchment with shallow groundwater." Journal of Hydrology, 485(0), 162-
176.



116

Berghage, R. D., Beattie, D., Jarrett, A. R., Thuring, C., Razaei, F., and O’Connor, T. P.
(2009). "Green roofs for stormwater runoff control." Unitied States Environmental
Protection Agency.

Berndtsson, J. C. (2010). "Green roof performance towards management of runoff water
quantity and quality: A review." Ecological Engineering, 36(4), 351-360.

Berretta, C., Poé, S., and Stovin, V. (2014). "Moisture content behaviour in extensive green
roofs during dry periods: The influence of vegetation and substrate characteristics."
Journal of Hydrology, 511, 374-386.

Berthier, E., Dupont, S., Mestayer, P. G., and Andrieu, H. (2006). "Comparison of two
evapotranspiration schemes on a sub-urban site." Journal of Hydrology, 328(3—4), 635-
646.

Bijoor, N. S., Pataki, D. E., Haver, D., and Famiglietti, J. S. (2014). "A comparative study
of the water budgets of lawns under three management scenarios." Urban Ecosyst.,
17(4), 1095-1117.

Boggs, J. L., and Sun, G. (2011). "Urbanization alters watershed hydrology in the Piedmont
of North Carolina." Ecohydrology, 4(2), 256-264.

Bonan, G. B. (2000). "The microclimates of a suburban Colorado (USA) landscape and
implications for planning and design." Landscape and Urban Planning, 49(3—4), 97-
114.

Booth, D. B., Karr, J. R., Schauman, S., Konrad, C. P., Morley, S. A., Larson, M. G., and
Burges, S. J. (2004). "Reviving Urban Streams: Land Use, Hydrology, Biology, and
Human Behavior." Journal of the American Water Resources Association, 40(5), 1351-
1364.

Bornstein, R. D. (1968). "Observations of the Urban Heat Island Effect in New York City."
Journal of Applied Meteorology, 7(4), 575-582.

Bowler, D. E., Buyung-Ali, L., Knight, T. M., and Pullin, A. S. (2010). "Urban greening
to cool towns and cities: A systematic review of the empirical evidence." Landscape
and Urban Planning, 97(3), 147-155.

Brazel, A., Selover, N., Vose, R., and Heisler, G. (2000). "The tale of two climates-
Baltimore and Phoenix urban LTER sites." Climate Research, 15(2), 123-135.

Bréda, N. J. J. (2003). "Ground-based measurements of leaf area index: A review of
methods, instruments and current controversies." Journal of Experimental Botany,
54(392), 2403-2417.

Brough, R. C., Jones, D. L., and Stevens, D. J. (1987). Utah's comprehensive weather



117

almanac, Publishers Press.

Brown, R., Hunt, W., Davis, A., Traver, R., and Olszewski, J. "Bioretention/bioinfiltration
performance in the mid-atlantic." Proc., Proceedings of the World Environmental and
Water Resources Congress, 904-913.

Brun, S. E., and Band, L. E. (2000). "Simulating runoff behavior in an urbanizing
watershed." Computers, Environment and Urban Systems, 24(1), 5-22.

Burian, S. J., and Pomeroy, C. A. (2010). "Urban impacts on the water cycle and potential
green infrastructure implications." Urban Ecosystem Ecology, Aitkenhead-Peterson, J.,
and Volder, A., eds., American Society of Agronomy, 277-296.

Burns, M. J., Fletcher, T. D., Walsh, C. J., Ladson, A. R., and Hatt, B. E. (2012).
"Hydrologic shortcomings of conventional urban stormwater management and

opportunities for reform." Landscape and Urban Planning, 105(3), 230-240.

Buyantuyev, A., and Wu, J. (2010). "Urban heat islands and landscape heterogeneity:
linking spatiotemporal variations in surface temperatures to land-cover and
socioeconomic patterns." Landscape Ecol, 25(1), 17-33.

Carlson, M. A., Lohse, K. A., Mclntosh, J. C., and McLain, J. E. T. (2011). "Impacts of
urbanization on groundwater quality and recharge in a semi-arid alluvial basin."
Journal of Hydrology, 409(1-2), 196-211.

Carter, T., and Keeler, A. (2008). "Life-cycle cost—benefit analysis of extensive vegetated
roof systems." Journal of Environmental Management, 87(3), 350-363.

Castleton, H. F., Stovin, V., Beck, S. B. M., and Davison, J. B. (2010). "Green roofs;
building energy savings and the potential for retrofit." Energy and Buildings, 42(10),
1582-1591.

Chapin III, F. S., Kofinas, G. P., Folke, C., and Chapin, M. C. (2009). Principles of
ecosystem stewardship: resilience-based natural resource management in a changing
world, Springer Science & Business Media.

Chenevey, B. (2013). "Development and Its Impact on the Water Balance of an Urban
Watershed." M.S. Thesis, Department of Environmental Engineering, University of
Cincinnati.

Chisala, B., and Lerner, D. (2008). "Distribution of sewer exfiltration to urban
groundwater." Proceedings of the ICE-Water Management, 161(6), 333-341.

Claessens, L., Hopkinson, C., Rastetter, E., and Vallino, J. (2006). "Effect of historical
changes in land use and climate on the water budget of an urbanizing watershed." Water
Resources Research, 42(3).



118

Cleugh, H. A., Bui, E. N., Mitchell, V. G., Xu, J., Grimmond, C. S. B., and Simon, D. A.
P. "Evapotranspiration in Urban Water Balance Models: A Methodological
Framework." Proc., MODSIM 2005 International Congress on Modelling and
Simulation, 170-176.

Coffman, L., Goo, R., and Frederick, R. (1999). "Low-impact development: An innovative
alternative approach to stormwater management." WRPMD'99: Preparing for the 21st
Century, Wilson, E. M., ed., American Society of Civil Engineers, 1-10.

Colaizzi, P., Barnes, E., Clarke, T., Choi, C., and Waller, P. (2003). "Estimating soil
moisture under low frequency surface irrigation using crop water stress index." Journal
of Irrigation and Drainage Engineering, 129(1), 27-35.

Copeland, L. (2004). A practitioner's guide to software test design, Artech House.

Coutts, A. M., Beringer, J., and Tapper, N. J. (2007). "Impact of Increasing Urban Density
on Local Climate: Spatial and Temporal Variations in the Surface Energy Balance in
Melbourne, Australia." Journal of Applied Meteorology and Climatology, 46(4), 477-
493.

Coutts, A. M., Tapper, N. J., Beringer, J., Loughnan, M., and Demuzere, M. (2013).
"Watering our cities: The capacity for water sensitive urban design to support urban

cooling and improve human thermal comfort in the Australian context." Progress in
Physical Geography, 37(1), 2-28.

Culbertson, T. L., and Hutchinson, S. L. "Assessing bioretention cell function in a midwest
continental climate." Proc., 2004 ASAE Annual Meeting, American Society of
Agricultural and Biological Engineers, St. Joseph, Michigan.

Cuo, L., Lettenmaier, D. P., Mattheussen, B. V., Storck, P., and Wiley, M. (2008).
"Hydrologic prediction for urban watersheds with the Distributed Hydrology—Soil—
Vegetation Model." Hydrological Processes, 22(21), 4205-4213.

Currie, B., and Bass, B. (2008). "Estimates of air pollution mitigation with green plants
and green roofs using the UFORE model." Urban Ecosyst., 11(4), 409-422.

Currie, D. J. (1991). "Energy and Large-Scale Patterns of Animal- and Plant-Species
Richness." The American Naturalist, 137(1), 27-49.

Daamen, C. C., and Simmonds, L. P. (1996). "Measurement of evaporation from bare soil
and its estimation using surface resistance." Water Resources Research, 32(5), 1393-
1402.

Davis, A., Hunt, W., Traver, R., and Clar, M. (2009). "Bioretention Technology: Overview
of Current Practice and Future Needs." Journal of Environmental Engineering, 135(3),
109-117.



119

Davis, A. P., Shokouhian, M., Sharma, H., and Minami, C. (2006). "Water quality
improvement through bioretention media: Nitrogen and phosphorus removal." Water
Environment Research, 78(3), 284-293.

DeBusk, K., Hunt, W., and Line, D. (2011). "Bioretention outflow: Does it mimic nonurban
watershed shallow interflow?" Journal of Hydrologic Engineering, 16(3), 274-279.

Denich, C., and Bradford, A. (2010). "Estimation of evapotranspiration from bioretention
areas using weighing lysimeters." Journal of Hydrologic Engineering, 15(6), 522-530.

Dietz, M. E., and Clausen, J. C. (2008). "Stormwater runoff and export changes with
development in a traditional and low impact subdivision." Journal of Environmental
Management, 87(4), 560-566.

DiGiovanni, K., Gaffin, S., and Montalto, F. (2010). "Green roof hydrology: Results from
a small-scale lysimeter setup (Bronx, NY)." Low Impact Development. San Francisco,
California, United States, 1328-1341.

DiGiovanni, K., Montalto, F., Gaffin, S., and Rosenzweig, C. (2013). "Applicability of
classical predictive equations for the estimation of evapotranspiration from urban green
spaces: Green roof results." Journal of Hydrologic Engineering, 18(1), 99-107.

Dimoudi, A., and Nikolopoulou, M. (2003). "Vegetation in the urban environment:
microclimatic analysis and benefits." Energy and Buildings, 35(1), 69-76.

Division, W. a. E. R., Group, W. R. P. a. O. S., Gangopadhyay, S., and Pruitt, T. (2011).
"West-Wide Climate Risk Assessments: Bias-Corrected and Spatially Downscaled
Surface Water Projections." U.S. Department of the Interior's Bureau of Reclamation.

Douville, H. (1998). "Validation and sensitivity of the global hydrologic budget in stand-
alone simulations with the ISBA land-surface scheme." Climate Dynamics, 14(3), 151-
172.

Dow, C. L., and DeWalle, D. R. (2000). "Trends in evaporation and Bowen Ratio on
urbanizing watersheds in eastern United States." Water Resour. Res., 36(7), 1835-1843.

Dow, C. L., and DeWalle, D. R. (2000). "Trends in evaporation and Bowen ratio on
urbanizing watersheds in eastern United States." Water Resources Research, 36(7),
1835-1843.

Du, J., Qian, L., Rui, H., Zuo, T., Zheng, D., Xu, Y., and Xu, C. Y. (2012). "Assessing the
effects of urbanization on annual runoff and flood events using an integrated
hydrological modeling system for Qinhuai River basin, China." Journal of Hydrology,
464-465(0), 127-139.

Dupont, S., Mestayer, P. G., Guilloteau, E., Berthier, E., and Andrieu, H. (2006).



120

"Parameterization of the urban water budget with the submesoscale soil model."
Journal of applied meteorology and climatology, 45(4), 624-648.

Dussaillant, A., Wu, C., and Potter, K. (2004). "Richards Equation Model of a Rain
Garden." Journal of Hydrologic Engineering, 9(3), 219-225.

Dvorak, B., and Volder, A. (2010). "Green roof vegetation for north american ecoregions:
A literature review." Landscape and Urban Planning, 96(4), 197-213.

Easlon, H. M., and Bloom, A. J. (2014). "Easy Leaf Area: Automated digital image analysis
for rapid and accurate measurement of leaf area." Applications in Plant Sciences, 2(7),
1-4.

Ehleringer, J. R., Negus, N. C., Arnow, L. A., Arnow, T., and McNulty, I. B. (1992). "Red
Butte Canyon Research Natural Area: history, flora, geology, climate, and ecology."
RED, 52(2).

Elliott, A. H., and Trowsdale, S. A. (2007). "A review of models for low impact urban
stormwater drainage." Environmental Modelling & Software, 22(3), 394-405.

Ellis, J. B. (2013). "Sustainable surface water management and green infrastructure in UK
urban catchment planning." Journal of Environmental Planning and Management,
56(1), 24-41.

Ellis, J. B., and Viavattene, C. (2014). "Sustainable Urban Drainage System Modeling for
Managing Urban Surface Water Flood Risk." CLEAN - Soil, Air, Water, 42(2), 153-
159.

Emmanuel, R., Rosenlund, H., and Johansson, E. (2007). "Urban shading—a design option
for the tropics? A study in Colombo, Sri Lanka." International Journal of Climatology,
27(14), 1995-2004.

Endreny, T. (2008). "Naturalizing urban watershed hydrology to mitigate urban heat-island
effects." Hydrological processes, 22(3), 461.

Endreny, T., and Collins, V. (2009). "Implications of bioretention basin spatial
arrangements on stormwater recharge and groundwater mounding." Ecological
Engineering, 35(5), 670-677.

Eubank, M. E., and Brough, R. C. (1979). Mark Eubank’s Utah weather, Weatherbank.

Eum, H., Simonovic, S., and Kim, Y. (2010). "Climate Change Impact Assessment Using
K-Nearest Neighbor Weather Generator: Case Study of the Nakdong River Basin in
Korea." Journal of Hydrologic Engineering, 15(10), 772-785.

Falkenmark, M., and Rockstrom, J. (2004). Balancing water for humans and nature: the



121

new approach in ecohydrology, Earthscan.

Fassman-Beck, E., Voyde, E., Simcock, R., and Hong, Y. S. (2013). "4 Living roofs in 3
locations: Does configuration affect runoff mitigation?" Journal of Hydrology, 490(0),
11-20.

Fassman, E., and Blackbourn, S. (2010). "Urban runoff mitigation by a permeable
pavement system over impermeable soils." Journal of Hydrologic Engineering, 15(6),
475-485.

Feller, M. (2011). "Quantifying evapotranspiration in green infrastructure: A green roof
case study." M.S. Thesis, Department of Civil and Environmental Engineering,
Villanova University.

Feng, Y., and Burian, S. (under review). "Improving evapotranspiration mechanisms in the
U.S. Environmental Protection Agency's Storm Water Management Model." Journal
of Hydrologic Engineering.

Feng, Y., Burian, S. J., and Pardyjak, E. (under review). "Green roof evapotranspiration
observation and estimation in Salt Lake City, Utah." Hydrological Processes.

Findlay, S. J., and Taylor, M. P. (2006). "Why rehabilitate urban river systems?" Area,
38(3), 312-325.

Fioretti, R., Palla, A., Lanza, L. G., and Principi, P. (2010). "Green roof energy and water
related performance in the Mediterranean climate." Building and Environment, 45(8),
1890-1904.

Fletcher, T. D., Deletic, A., Mitchell, V. G., and Hatt, B. E. (2008). "Reuse of Urban Runoff
in Australia: A Review of Recent Advances and Remaining Challenges." J. Environ.
Qual., 37(5_Supplement), S-116-S-127.

Fletcher, T. D., Andrieu, H., and Hamel, P. (2013). "Understanding, management and
modelling of urban hydrology and its consequences for receiving waters: A state of the
art." Advances in Water Resources, 51(0), 261-279.

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., Chapin, F.
S., Coe, M. T., Daily, G. C., Gibbs, H. K., Helkowski, J. H., Holloway, T., Howard, E.
A., Kucharik, C. J., Monfreda, C., Patz, J. A., Prentice, I. C., Ramankutty, N., and
Snyder, P. K. (2005). "Global Consequences of Land Use." Science, 309(5734), 570-
574.

Forsee, W., and Ahmad, S. (2011). "Evaluating Urban Storm-Water Infrastructure Design
in Response to Projected Climate Change." Journal of Hydrologic Engineering, 16(11),
865-873.



122

Foster, S. S. D., Morris, B. L., and Lawrence, A. R. (1994). "3. Effects of urbanization on
groundwater recharge." Groundwater problems in urban areas, Wilkinson, W. B., ed.,
43-63.

Gallo, E. L., Brooks, P. D., Lohse, K. A., and McLain, J. E. T. (2013). "Land cover controls
on summer discharge and runoff solution chemistry of semi-arid urban catchments."
Journal of Hydrology, 485, 37-53.

Gartland, L. (2010). Heat islands: Understanding and mitigating heat in urban areas,
Routledge.

Getter, K. L., and Rowe, D. B. (2006). "The role of extensive green roofs in sustainable
development." HortScience, 41(5), 1276-1285.

Gill, S. E., Handley, J. F., Ennos, A. R., and Pauleit, S. (2007). "Adapting Cities for Climate
Change: The Role of the Green Infrastructure." Built Environment, 33(1), 115-133.

Gillies, R. R., Brim Box, J., Symanzik, J., and Rodemaker, E. J. (2003). "Effects of
urbanization on the aquatic fauna of the Line Creek watershed, Atlanta—a satellite
perspective." Remote Sensing of Environment, 86(3), 411-422.

Gobel, P., Stubbe, H., Weinert, M., Zimmermann, J., Fach, S., Dierkes, C., Kories, H.,
Messer, J., Mertsch, V., Geiger, W. F., and Coldewey, W. G. (2004). "Near-natural
stormwater management and its effects on the water budget and groundwater surface

in urban areas taking account of the hydrogeological conditions." Journal of
Hydrology, 299(3-4), 267-283.

Gobel, P., and Coldewey, W. G. (2013). "Concept for near-natural storm water control in
urban areas." Environ Earth Sci, 70(5), 1945-1950.

Gober, P., Brazel, A., Quay, R., Myint, S., Grossman-Clarke, S., Miller, A., and Rossi, S.
(2009). "Using watered landscapes to manipulate urban heat island effects: How much
water will it take to cool Phoenix?" Journal of the American Planning Association,
76(1), 109-121.

Gober, P., Wentz, E. A., Lant, T., Tschudi, M. K., and Kirkwood, C. W. (2011).
"WaterSim: a simulation model for urban water planning in Phoenix, Arizona, USA."
Environment and Planning B: Planning and Design, 38(2), 197-215.

Gober, P., Middel, A., Brazel, A., Myint, S., Chang, H., Duh, J.-D., and House-Peters, L.
(2012). "Tradeoffs between water conservation and temperature amelioration in
Phoenix and Portland: implications for urban sustainability." Urban Geography, 33(7),
1030-1054.

Godowitch, J. M., Ching, J. K. S., and Clarke, J. F. (1985). "Evolution of the Nocturnal
Inversion Layer at an Urban and Nonurban Location." Journal of Climate and Applied



123

Meteorology, 24(8), 791-804.

Gravatt, D. A., and Martin, C. E. (1992). "Comparative ecophysiology of five species of
sedum (crassulaceae) under well-watered and drought-stressed conditions." Oecologia,
92(4), 532-541.

Grimm, N. B., Faeth, S. H., Golubiewski, N. E., Redman, C. L., Wu, J., Bai, X., and Briggs,
J. M. (2008). "Global Change and the Ecology of Cities." Science, 319(5864), 756-760.

Grimmond, C. S. B., and Oke, T. R. (1986). "Urban water balance: 2. Results from a suburb
of Vancouver, British Columbia." Water Resour. Res., 22(10), 1404-1412.

Grimmond, C. S. B., Oke, T. R., and Steyn, D. G. (1986). "Urban Water Balance: 1. A
Model for Daily Totals." Water Resour. Res., 22(10), 1397-1403.

Grimmond, C. S. B., and Oke, T. R. "Evapotranspiration rates in urban areas." Proc.,
Impacts of urban growth on surface water and groundwater quality (IUGG 99
Symposium, International Association of Hydrological Sciences, 235-243.

Grimmond, S. U. E. (2007). "Urbanization and global environmental change: local effects
of urban warming." Geographical Journal, 173(1), 83-88.

Grossman-Clarke, S., Zehnder, J. A., Loridan, T., and Grimmond, C. S. B. (2010).
"Contribution of Land Use Changes to Near-Surface Air Temperatures during Recent
Summer Extreme Heat Events in the Phoenix Metropolitan Area." Journal of Applied
Meteorology and Climatology, 49(8), 1649-1664.

Guan, M., Sillanpdi, N., and Koivusalo, H. (2015a). "Modelling and assessment of
hydrological changes in a developing urban catchment." Hydrological Processes,
29(13), 2880-2894.

Guan, M., Sillanpéé, N., and Koivusalo, H. (2015b). "Assessment of LID practices for
restoring pre-development runoff regime in an urbanized catchment in southern
Finland." Water Science and Technology, 71(10), 1485-1491.

Guan, M., Sillanpdd, N., and Koivusalo, H. (2016). "Storm runoff response to rainfall
pattern, magnitude and urbanization in a developing urban catchment." Hydrological
Processes, 30(4), 543-557.

Gwenzi, W., and Nyamadzawo, G. (2014). "Hydrological impacts of urbanization and
urban roof water harvesting in water-limited catchments: A review." Environmental
Processes, 1(4), 573-593.

Haase, D. (2009). "Effects of urbanisation on the water balance — A long-term trajectory."
Environmental Impact Assessment Review, 29(4), 211-219.



124

Hale, R. L., Turnbull, L., Earl, S. R., Childers, D. L., and Grimm, N. B. (2014).
"Stormwater Infrastructure Controls Runoff and Dissolved Material Export from Arid
Urban Watersheds." Ecosystems, 18(1), 62-75.

Hamel, P., Daly, E., and Fletcher, T. D. (2013). "Source-control stormwater management
for mitigating the impacts of urbanisation on baseflow: A review." Journal of
Hydrology, 485(0), 201-211.

Hamel, P., and Fletcher, T. D. (2014). "Modelling the impact of stormwater source control
infiltration techniques on catchment baseflow." Hydrological Processes, 28(24), 5817-
5831.

Hand, L. M., and Shepherd, J. M. (2009). "An Investigation of Warm-Season Spatial
Rainfall Variability in Oklahoma City: Possible Linkages to Urbanization and
Prevailing Wind." Journal of Applied Meteorology and Climatology, 48(2), 251-269.

Hao, L., Sun, G., Liu, Y., Wan, J., Qin, M., Qian, H., Liu, C., Zheng, J., John, R., Fan, P.,
and Chen, J. (2015). "Urbanization dramatically altered the water balances of a paddy
field-dominated basin in southern China." Hydrol. Earth Syst. Sci., 19(7), 3319-3331.

Hargreaves, G., Hargreaves, G., and Riley, J. (1985). "Irrigation Water Requirements for
Senegal River Basin." Journal of Irrigation and Drainage Engineering, 111(3), 265-
275.

Hart, M., and Sailor, D. (2009). "Quantifying the influence of land-use and surface
characteristics on spatial variability in the urban heat island." Theor. Appl. Climatol.,
95(3-4), 397-406.

Hasse, J. E., and Lathrop, R. G. (2003). "Land resource impact indicators of urban sprawl."
Applied Geography, 23(2-3), 159-175.

He, B., Wang, Y., Takase, K., Mouri, G., and Razafindrabe, B. N. (2009). "Estimating
Land Use Impacts on Regional Scale Urban Water Balance and Groundwater
Recharge." Water Resour. Manage., 23(9), 1863-1873.

He, M., and Hogue, T. S. (2011). "Integrating hydrologic modeling and land use
projections for evaluation of hydrologic response and regional water supply impacts in
semi-arid environments." Environ. Earth Sci., 65(6), 1671-1685.

He, M., and Hogue, T. (2012). "Integrating hydrologic modeling and land use projections
for evaluation of hydrologic response and regional water supply impacts in semi-arid
environments." Environ. Earth Sci., 65(6), 1671-1685.

Heiberger, J. R. (2013). "Infiltration and Potential groundwater recharge performance of
stormwater bioretention designed for semiarid climates."M.S. Thesis, Department of
Civil and Environmental Engineering, The University of Utah.



125

Heilig, G. K. (2012). "World Urbanization Prospects The 2011 Revision." Presentation at
the Center for Strategic and International Studies (CSIS) June, Washington, DC.

Hibbs, B. J., and Sharp, J. M. (2012). "Hydrogeological impacts of urbanization."
Environmental & Engineering Geoscience, 18(1), 3-24.

Hirschman D, C. K., Schueler TR. (2008). "Technical memorandum: The runoff reduction
methods." Center for Watershed Protection.

Hoft, H., Falkenmark, M., Gerten, D., Gordon, L., Karlberg, L., and Rockstrom, J. (2010).
"Greening the global water system." Journal of Hydrology, 384(3—4), 177-186.

Hogue, T. S. (2009). "Predicting the Impacts of Urbanization on Basin-scale Runoff and
Infiltration in Semi-arid Regions." University of California Water Resources Center.

Holman-Dodds, J. K., Bradley, A. A., and Potter, K. W. (2003). "Evaluation of hydrologic
benefits of infiltration based urban storm water management." Journal of the American
Water Resources Association, 39(1), 205-215.

Horner, R. R., Lim, H., and Burges, S. J. (2004). "Hydrologic monitoring of the Seattle
ultra-urban stormwater management projects: Summary of the 2000-2003 water
years." Water Resources Series Technical Report, 181.

Houdeshel, C. D., Pomeroy, C. A., and Hultine, K. R. (2012). "Bioretention Design for
Xeric Climates Based on Ecological Principles." Journal of the American Water
Resources Association, 48(6), 1178-1190.

Houdeshel, C. D., Pomeroy, C. A., and Hultine, K. R. (2012). "Bioretention Design for
Xeric Climates Based on Ecological Principlesl." JAWRA Journal of the American
Water Resources Association, 48(6), 1178-1190.

Houdeshel, C. D. (2013). "Adapting bioretention for stormwater treatment in xeric
climates." The University of Utah.

Houdeshel, D., and Pomeroy, C. (2014). "Storm-Water Bioinfiltration as No-Irrigation
Landscaping Alternative in Semiarid Climates." Journal of Irrigation and Drainage
Engineering, 140(2), 06013004.

House-Peters, L. A., and Chang, H. (2011). "Modeling the impact of land use and climate
change on neighborhood-scale evaporation and nighttime cooling: A surface energy
balance approach." Landscape and Urban Planning, 103(2), 139-155.

Huang, Y. J., Akbari, H., Taha, H., and Rosenfeld, A. H. (1987). "The Potential of
Vegetation in Reducing Summer Cooling Loads in Residential Buildings." Journal of
Climate and Applied Meteorology, 26(9), 1103-1116.



126

Huntington, T. G. (2006). "Evidence for intensification of the global water cycle: Review
and synthesis." Journal of Hydrology, 319(1-4), 83-95.

Interior, U. S. D. o. t., and Reclamation, B. 0. (2011). "SECURE Water Act Section 9503(c)
- Reclamation Climate Change and Water 2011."

Interlandi, S. J., and Crockett, C. S. (2003). "Recent water quality trends in the Schuylkill
River, Pennsylvania, USA: a preliminary assessment of the relative influences of
climate, river discharge and suburban development." Water Research, 37(8), 1737-
1748.

Jacobson, C. R. (2011). "Identification and quantification of the hydrological impacts of
imperviousness in urban catchments: A review." Journal of Environmental
Management, 92(6), 1438-1448.

James, M., and Dymond, R. (2012). "Bioretention hydrologic performance in an urban
stormwater network." Journal of Hydrologic Engineering, 17(3), 431-436.

Jarden, K. M., Jefferson, A. J., and Grieser, J. M. (2015). "Assessing the effects of
catchment-scale urban green infrastructure retrofits on hydrograph characteristics."
Hydrological Processes.

Jarrett, A. R., Hunt, W. F., and Berghage, R. D. (2007). "Evaluating a spreadsheet model
to predict green roof stormwater management." Low Impact Development, 252-259.

Jarvi, L., Grimmond, C. S. B., and Christen, A. (2011). "The surface urban energy and
water balance scheme (SUEWS): Evaluation in Los Angeles and Vancouver." Journal
of Hydrology, 411(3-4), 219-237.

Jarvis, P. (1976). "The interpretation of the variations in leaf water potential and stomatal
conductance found in canopies in the field." Philosophical Transactions of the Royal
Society of London. B, Biological Sciences, 273(927), 593-610.

Jayasooriya, V. M., and Ng, A. W. M. (2014). "Tools for Modeling of Stormwater
Management and Economics of Green Infrastructure Practices: a Review." Water, Air,
& Soil Pollution, 225(8), 1-20.

Jenerette, G. D., and Larsen, L. (2006). "A global perspective on changing sustainable
urban water supplies." Global and Planetary Change, 50(3—4), 202-211.

Jeppesen, J., Christensen, S., and Ladekarl, U. L. (2011). "Modelling the historical water
cycle of the Copenhagen area 1850-2003." Journal of Hydrology, 404(3—4), 117-129.

Jia, H., Lu, Y., Yu, S. L., and Chen, Y. (2012). "Planning of LID-BMPs for urban runoff
control: The case of Beijing Olympic Village." Separation and Purification
Technology, 84(0), 112-119.



127

Jia, Y., Ni, G., Yoshitani, J., Kawahara, Y., and Kinouchi, T. (2002). "Coupling simulation
of water and energy budgets and analysis of urban development impact." Journal of
Hydrologic Engineering, 7(4), 302-311.

Johnson, N., Revenga, C., and Echeverria, J. (2001). "Managing Water for People and
Nature." Science, 292(5519), 1071-1072.

Jones, H. (1992). "Plants and microclimate: A quantitative approach to environmental plant
physiology." Camb. Univ. Press, Cambridge.

Kambites, C., and Owen, S. (2006). "Renewed prospects for green infrastructure planning
in the UK." Planning Practice & Research, 21(4), 483-496.

Karamouz, M., Hosseinpour, A., and Nazif, S. (2011). "Improvement of Urban Drainage
System Performance under Climate Change Impact: Case Study." Journal of
Hydrologic Engineering, 16(5), 395-412.

Karamouz, M., and Nazif, S. (2013). "Reliability-Based Flood Management in Urban
Watersheds Considering Climate Change Impacts." Journal of Water Resources
Planning and Management, 139(5), 520-533.

Kaufmann, R. K., Seto, K. C., Schneider, A., Liu, Z., Zhou, L., and Wang, W. (2007).
"Climate Response to Rapid Urban Growth: Evidence of a Human-Induced
Precipitation Deficit." Journal of Climate, 20(10), 2299-2306.

Kelly, R. P., Foley, M. M., Fisher, W. S., Feely, R. A., Halpern, B. S., Waldbusser, G. G.,
and Caldwell, M. R. (2011). "Mitigating Local Causes of Ocean Acidification with
Existing Laws." Science, 332(6033), 1036-1037.

Kenny, J. F., Barber, N. L., Hutson, S. S., Linsey, K. S., Lovelace, J. K., and Maupin, M.
A. (2009). Estimated use of water in the United States in 2005, US Geological Survey
Reston, VA.

Kenway, S., Gregory, A., and McMahon, J. (2011). "Urban Water Mass Balance Analysis."
Journal of Industrial Ecology, 15(5), 693-706.

Kerr, R. A. (2012). "The Greenhouse Is Making the Water-Poor Even Poorer." Science,
336(6080), 405.

Kerr, R. A. (2013). "A Stronger IPCC Report." Science, 342(6154), 23.
KeBler, S., Meyer, B., Seeling, S., Tressel, E., and Krein, A. (2012). "Influence of Near-to-
Nature Stormwater Management on the Local Water Balance Using the Example of an

Urban Development Area." Water Environment Research, 84(5), 441-451.

Kidmose, J., Troldborg, L., Refsgaard, J. C., and Bischoff, N. (2015). "Coupling of a



128

distributed hydrological model with an urban storm water model for impact analysis of
forced infiltration." Journal of Hydrology, 525, 506-520.

Kim, M. H., Sung, C. Y., Li, M.-H., and Chu, K.-H. (2012). "Bioretention for stormwater
quality improvement in Texas: Removal effectiveness of Escherichia coli." Separation
and Purification Technology, 84(0), 120-124.

Klein, P. M., and Coffman, R. (2015). "Establishment and performance of an experimental
green roof under extreme climatic conditions." Science of The Total Environment, 512—
513(0), 82-93.

Kluge, M. (1977). "Is sedum acre L. a CAM plant?" Oecologia, 29(1), 77-83.

Kosareo, L., and Ries, R. (2007). "Comparative environmental life cycle assessment of
green roofs." Building and Environment, 42(7), 2606-2613.

Krayenhoff, E. S., and Voogt, J. A. (2010). "Impacts of Urban Albedo Increase on Local
Air Temperature at Daily—Annual Time Scales: Model Results and Synthesis of
Previous Work." Journal of Applied Meteorology and Climatology, 49(8), 1634-1648.

Krebs, G., Kuoppamiki, K., Kokkonen, T., and Koivusalo, H. (2016). "Simulation of green
roof test bed runoff." Hydrological Processes, 30(2), 250-262.

Kumar, R., and Kaushik, S. C. (2005). "Performance evaluation of green roof and shading
for thermal protection of buildings." Building and Environment, 40(11), 1505-1511.

Lazzarin, R. M., Castellotti, F., and Busato, F. (2005). "Experimental measurements and
numerical modelling of a green roof." Energy and Buildings, 37(12), 1260-1267.

Lee, J., and Heaney, J. (2003). "Estimation of Urban Imperviousness and its Impacts on
Storm Water Systems." Journal of Water Resources Planning and Management,
129(5), 419-426.

Lee, S.-B., Yoon, C.-G., Jung, K. W., and Hwang, H. S. (2010). "Comparative evaluation
of runoff and water quality using HSPF and SWMM." Water Science & Technology,
62(6), 1401-14009.

LeFevre, N., Watkins, D., Gierke, J., and Brophy-Price, J. (2010). "Hydrologic
performance monitoring of an underdrained low-impact development storm-water
management system." Journal of Irrigation and Drainage Engineering, 136(5), 333-
339.

Lehner, P. H. (2001). Stormwater Strategies: Community Responses to Runoff Pollution,
Natural Resources Defense Council.

Lemonsu, A., Masson, V., and Berthier, E. (2007). "Improvement of the hydrological



129

component of an urban soil-vegetation—atmosphere—transfer model." Hydrological
Processes, 21(16), 2100-2111.

Lerner, D. N. (1990). "Groundwater recharge in urban areas." Atmospheric Environment.
Part B. Urban Atmosphere, 24(1), 29-33.

Lerner, D. N., and Barrett, M. H. (1996). "Urban Groundwater Issues In The United
Kingdom." HYJO, 4(1), 80-89.

Lerner, D. N. (2002). "Identifying and quantifying urban recharge: a review." HYJO, 10(1),
143-152.

Levallius, J. (2005). "Green roofs on municipal buildings in Lund: Modeling potential
environmental benefits." M.S., Physical Geography and Ecosystem Science Lund
University, Sweden.

Li, H., and Davis, A. (2009). "Water quality improvement through reductions of pollutant
loads using bioretention." Journal of Environmental Engineering, 135(8), 567-576.

Li, H., Sharkey, L., Hunt, W., and Davis, A. (2009). "Mitigation of impervious surface
hydrology using bioretention in North Carolina and Maryland." Journal of Hydrologic
Engineering, 14(4), 407-415.

Litvak, E., Bijoor, N. S., and Pataki, D. E. (2014). "Adding trees to irrigated turfgrass lawns

may be a water-saving measure in semi-arid environments." Ecohydrology, 7(5), 1314-
1330.

Liu, J., Wang, B., Cane, M. A., Yim, S.-Y., and Lee, J.-Y. (2013). "Divergent global
precipitation changes induced by natural versus anthropogenic forcing." Nature,
493(7434), 656-659.

Liu, Y., Zhuang, Q., Miralles, D., Pan, Z., Kicklighter, D., Zhu, Q., He, Y., Chen, J.,
Tchebakova, N., Sirin, A., Niyogi, D., and Melillo, J. (2015). "Evapotranspiration in
Northern Eurasia: Impact of forcing uncertainties on terrestrial ecosystem model
estimates." Journal of Geophysical Research: Atmospheres, 120(7), 2647-2660.

Liu, Y. B., Gebremeskel, S., De Smedt, F., Hoffmann, L., and Pfister, L. (2006).
"Predicting storm runoff from different land-use classes using a geographical
information system-based distributed model." Hydrological Processes, 20(3), 533-548.

Lloyd, S., Wong, T. H. F., and Chesterfield, C. J. (2002). Water sensitive urban design : a
stormwater management perspective, CRC for Catchment Hydrology, Clayton, Vic.

Loperfido, J. V., Noe, G. B., Jarnagin, S. T., and Hogan, D. M. (2014). "Effects of
distributed and centralized stormwater best management practices and land cover on



130

urban stream hydrology at the catchment scale." Journal of Hydrology, 519, Part C(0),
2584-2595.

Loughner, C. P., Allen, D. J., Zhang, D.-L., Pickering, K. E., Dickerson, R. R., and Landry,
L. (2012). "Roles of Urban Tree Canopy and Buildings in Urban Heat Island Effects:
Parameterization and Preliminary Results." Journal of Applied Meteorology and
Climatology, 51(10), 1775-1793.

Lucas, W. (2010). "Design of integrated bioinfiltration-detention urban retrofits with
design storm and continuous simulation methods." Journal of Hydrologic Engineering,
15(6), 486-498.

Maclvor, J. S., and Ksiazek, K. (2015). "Invertebrates on Green Roofs." Green Roof
Ecosystems, Sutton, R. K., ed., Springer International Publishing, 333-355.

Madre, F., Clergeau, P., Machon, N., and Vergnes, A. (2015). "Building biodiversity:
Vegetated facades as habitats for spider and beetle assemblages." Global Ecology and
Conservation, 3, 222-233.

Mahfouf, J., and Noilhan, J. (1991). "Comparative study of various formulations of
evaporations from bare soil using in situ data." Journal of Applied Meteorology, 30(9),
1354-1365.

Mallya, G., Zhao, L., Song, X., Niyogi, D., and Govindaraju, R. (2013). "2012 Midwest
Drought in the United States." Journal of Hydrologic Engineering, 18(7), 737-745.

Marasco, D. E., Hunter, B. N., Culligan, P. J., Gaffin, S. R., and McGillis, W. R. (2014).
"Quantifying Evapotranspiration from Urban Green Roofs: A Comparison of Chamber
Measurements with Commonly Used Predictive Methods." Environmental Science &
Technology, 48(17), 10273-10281.

Mariotti, A., Struglia, M. V., Zeng, N., and Lau, K. M. (2002). "The Hydrological Cycle
in the Mediterranean Region and Implications for the Water Budget of the
Mediterranean Sea." Journal of Climate, 15(13), 1674-1690.

Martinez, S. E., Escolero, O., and Wolf, L. (2011). "Total urban water cycle models in
semiarid environments—quantitative scenario analysis at the area of San Luis Potosi,

Mexico." Water Resour. Manage., 25(1), 239-263.

McCarthy, H., and Pataki, D. (2010). "Drivers of variability in water use of native and non-
native urban trees in the greater Los Angeles area." Urban Ecosyst., 13(4), 393-414.

McKinney, M. L. (2006). "Urbanization as a major cause of biotic homogenization."
Biological Conservation, 127(3), 247-260.

Medina Jr, M. A. (2010). "Global water crisis and climate change." Journal of Hydrologic



131

Engineering, 15(3), 167-170.

Merrell, D. J. (2013). "A two-dimensional storm drain model for cyber-infrastructures for
water resources." M.S. Thesis, Department of Civil and Environmental Engineering,
Brigham Young University.

Middel, A., Brazel, A. J., Gober, P., Myint, S. W., Chang, H., and Duh, J.-D. (2012). "Land
cover, climate, and the summer surface energy balance in Phoenix, AZ, and Portland,
OR." International Journal of Climatology, 32(13), 2020-2032.

Milesi, C., Running, S., Elvidge, C., Dietz, J., Tuttle, B., and Nemani, R. (2005). "Mapping
and Modeling the Biogeochemical Cycling of Turf Grasses in the United States."
Environmental Management, 36(3), 426-438.

Miller, J. D., Kim, H., Kjeldsen, T. R., Packman, J., Grebby, S., and Dearden, R. (2014).
"Assessing the impact of urbanization on storm runoff in a peri-urban catchment using
historical change in impervious cover." Journal of Hydrology, 515, 59-70.

Mitchell, V. G., Mein, R. G., and McMahon, T. A. (2001). "Modelling the urban water
cycle." Environmental Modelling & Software, 16(7), 615-629.

Mitchell, V. G., McMahon, T. A., and Mein, R. G. (2003). "Components of the Total Water
Balance of an Urban Catchment." Environmental Management, 32(6), 735-746.

Mitchell, V. G., Cleugh, H. A., Grimmond, C. S. B., and Xu, J. (2008). "Linking urban
water balance and energy balance models to analyse urban design options."
Hydrological Processes, 22(16), 2891-2900.

Moglia, M., Perez, P., and Burn, S. (2010). "Modelling an urban water system on the edge
of chaos." Environmental Modelling & Software, 25(12), 1528-1538.

Monteith, J. L. (1965). "Evaporation and environment." Symposium of the Society for
Experimental Biology, The State and Movement of Water in Living Organisms, Fogg,
G. E., ed., Academic Press, Inc., NY., Swansea, 205-234.

Monterusso, M. A., Rowe, D. B., and Rugh, C. L. (2005). "Establishment and persistence
of sedum spp. and native taxa for green roof applications." HortScience, 40(2), 391-
396.

Morris, C. J. G., and Simmonds, 1. (2000). "Associations between varying magnitudes of
the urban heat island and the synoptic climatology in Melbourne, Australia."
International Journal of Climatology, 20(15), 1931-1954.

Muller, M., Biswas, A., Martin-Hurtado, R., and Tortajada, C. (2015). "Built infrastructure
is essential." Science, 349(6248), 585-586.



132

Nakayama, T., and Hashimoto, S. (2011). "Analysis of the ability of water resources to
reduce the urban heat island in the Tokyo megalopolis." Environmental Pollution,
159(8-9), 2164-2173.

Nania, L., Ledn, A., and Garcia, M. (2014). "Hydrologic-Hydraulic Model for Simulating
Dual Drainage and Flooding in Urban Areas: Application to a Catchment in the
Metropolitan Area of Chicago." Journal of Hydrologic Engineering, 20(5), 04014071.

Narain, S. (2012). "Sanitation for all." Nature, 486(7402), 185-185.
Nie, W., Yuan, Y., Kepner, W., Nash, M. S., Jackson, M., and Erickson, C. (2011).
"Assessing impacts of Landuse and Landcover changes on hydrology for the upper San

Pedro watershed." Journal of Hydrology, 407(1-4), 105-114.

NOAA (2013). "Salt Lake City climate information."
<http://www.wrh.noaa.gov/slc/climate/slcclimate/SLC/index.php>. (03/15, 2015).

NOAA (2016). "Salt Lake City climate information."
<http://www.wrh.noaa.gov/slc/climate/slcclimate/SLC/index.php  (Last Accessed:
2016/02/23)>. (02/23, 2016).

Oberndorfer, E., Lundholm, J., Bass, B., Coffman, R. R., Doshi, H., Dunnett, N., Gaffin,
S., Kéhler, M., Liu, K. K. Y., and Rowe, B. (2007). "Green roofs as urban ecosystems:
Ecological structures, functions, and services." BioScience, 57(10), 823-833.

Oke, T. R. (1979). "Advectively-assisted evapotranspiration from irrigated urban
vegetation." Boundary-Layer Meteorology, 17(2), 167-173.

Oke, T. R. (1982). "The energetic basis of the urban heat island." Quarterly Journal of the
Royal Meteorological Society, 108(455), 1-24.

Oke, T. R. (1988). Boundary Layer Climates, Routledge.

Oki, T., and Kanae, S. (2006). "Global Hydrological Cycles and World Water Resources."
Science, 313(5790), 1068-1072.

Olszewski, J., and Davis, A. (2013). "Comparing the hydrologic performance of a
bioretention cell with predevelopment values." Journal of Irrigation and Drainage
Engineering, 139(2), 124-130.

Orr, A. M. (2013). "Transpiration performance in bioretention systems designed for
semiarid climates."M.S. Thesis, Department of Civil and Environmental Engineering,
The University of Utah.

Ouldboukhitine, S.-E., Belarbi, R., Jaffal, I., and Trabelsi, A. (2011). "Assessment of green
roof thermal behavior: A coupled heat and mass transfer model." Building and


http://www.wrh.noaa.gov/slc/climate/slcclimate/SLC/index.php
http://www.wrh.noaa.gov/slc/climate/slcclimate/SLC/index.php

133

Environment, 46(12), 2624-2631.

Overpeck, J. T. (2013). "Climate science: The challenge of hot drought." Nature,
503(7476), 350-351.

Pall-Gergely, B., Kyro, K., Lehvavirta, S., and Vilisics, F. (2015). "Green roofs provide
habitat for the rare snail (Mollusca, Gastropoda) species Pseudotrichia rubiginosa and
Succinella oblonga in Finland." Memoranda Societatis pro Fauna et Flora Fennica,
90.

Pataki, D., Boone, C., Hogue, T., Jenerette, G., McFadden, J., and Pincetl, S. (2011).
"Socio-ecohydrology and the urban water challenge." Ecohydrology, 4(2), 341-347.

Pataki, D. E., Oren, R., and Smith, W. K. (2000). "Sap flux of co-occurring species in a
western subalpine forest during seasonal soil drought." Ecology, 81(9), 2557-2566.

Pataki, D. E., Boone, C. G., Hogue, T. S., Jenerette, G. D., McFadden, J. P., and Pincetl,
S. (2011). "Socio-ecohydrology and the urban water challenge." Ecohydrology, 4(2),
341-347.

Pataki, D. E., Carreiro, M. M., Cherrier, J., Grulke, N. E., Jennings, V., Pincetl, S., Pouyat,
R. V., Whitlow, T. H., and Zipperer, W. C. (2011). "Coupling biogeochemical cycles
in urban environments: Ecosystem services, green solutions, and misconceptions."
Frontiers in Ecology and the Environment, 9(1), 27-36.

Patrick, G., Laura, M., Dan, M., Avinash, P., and Gabor, V. (2004). "The role of water
balance modelling in the transition to low impact development." Anglais, 39(4), 12.

Pauleit, S., Ennos, R., and Golding, Y. (2005). "Modeling the environmental impacts of
urban land use and land cover change—a study in Merseyside, UK." Landscape and
Urban Planning, 71(2—4), 295-310.

Peel, M. C., Finlayson, B. L., and McMahon, T. A. (2007). "Updated world map of the
Koppen-Geiger climate classification." Hydrology and Earth System Sciences
Discussions, 4(2), 439-473.

Perrin, J., Ferrant, S., Massuel, S., Dewandel, B., Maréchal, J. C., Aulong, S., and Ahmed,
S. (2012). "Assessing water availability in a semi-arid watershed of southern India
using a semi-distributed model." Journal of Hydrology, 460—461(0), 143-155.

Peters, E. B., Hiller, R. V., and McFadden, J. P. (2011). "Seasonal contributions of
vegetation types to suburban evapotranspiration." Journal of Geophysical Research:
Biogeosciences, 116(G1), G01003.

Petrucci, G., Rioust, E., Deroubaix, J.-F., and Tassin, B. (2013). "Do stormwater source
control policies deliver the right hydrologic outcomes?" Journal of Hydrology, 485,



134

188-200.

Poé, S., Stovin, V., and Berretta, C. (2015). "Parameters influencing the regeneration of a
green roof’s retention capacity via evapotranspiration." Journal of Hydrology, 523,
356-367.

Powell, S. L., Cohen, W. B., Yang, Z., Pierce, J. D., and Alberti, M. (2008). "Quantification
of impervious surface in the Snohomish Water Resources Inventory Area of Western
Washington from 1972-2006." Remote Sensing of Environment, 112(4), 1895-1908.

Quattrochi, D. A., and Ridd, M. K. (1998). "Analysis of vegetation within a semi-arid urban
environment using high spatial resolution airborne thermal infrared remote sensing
data." Atmospheric Environment, 32(1), 19-33.

Ramamurthy, P., and Pardyjak, E. R. (2011). "Toward understanding the behavior of
carbon dioxide and surface energy fluxes in the urbanized semi-arid Salt Lake Valley,
Utah, USA." Atmospheric Environment, 45(1), 73-84.

Ramier, D., Berthier, E., and Andrieu, H. (2011). "The hydrological behaviour of urban
streets: long-term observations and modelling of runoff losses and rainfall-runoff
transformation." Hydrological Processes, 25(14), 2161-2178.

Reclamation, U. S. D. o. t. I. s. B. 0. (2012). "Uppler Colorado River Basin Consumptive
Uses and Losses Report 2006-2010."

Reid, S. C. "An empirical analysis of equivalence partitioning, boundary value analysis
and random testing." Proc., Software Metrics Symposium, 1997. Proceedings., Fourth
International, IEEE, 64-73.

Rezaei, F. (2005). "Evapotranspiration rates from extensive green roof species." Master,
Pennsylvania State University.

Rodriguez, F., Andrieu, H., and Morena, F. (2008). "A distributed hydrological model for
urbanized areas — Model development and application to case studies." Journal of
Hydrology, 351(3—4), 268-287.

Rose, S., and Peters, N. E. (2001). "Effects of urbanization on streamflow in the Atlanta
area (Georgia, USA): a comparative hydrological approach." Hydrological Processes,
15(8), 1441-1457.

Rosenfeld, D. (2000). "Suppression of Rain and Snow by Urban and Industrial Air
Pollution." Science, 287(5459), 1793-1796.

Rowe, D. B. (2011). "Green roofs as a means of pollution abatement." Environmental
Pollution, 159(8-9), 2100-2110.



135

Russell, J., and Cohn, R. (2012). Climate of Salt Lake City, LENNEX Corp.

Rutland, D., and Dukes, M. (2012). "Performance of Rain Delay Features on Signal-Based
Evapotranspiration Irrigation Controllers." Journal of Irrigation and Drainage
Engineering, 138(11), 978-983.

Saadatian, O., Sopian, K., Salleh, E., Lim, C. H., Riffat, S., Saadatian, E., Toudeshki, A.,
and Sulaiman, M. Y. (2013). "A review of energy aspects of green roofs." Renewable
and Sustainable Energy Reviews, 23(0), 155-168.

Sailor, D. J. (1995). "Simulated Urban Climate Response to Modifications in Surface
Albedo and Vegetative Cover." Journal of Applied Meteorology, 34(7), 1694-1704.

Sailor, D. J. (1998). "Simulations of annual degree day impacts of urban vegetative
augmentation." Atmospheric Environment, 32(1), 43-52.

Sandstrom, U. G. (2002). "Green infrastructure planning in urban Sweden." Planning
Practice and Research, 17(4), 373-385.

Scalenghe, R., and Marsan, F. A. (2009). "The anthropogenic sealing of soils in urban
areas." Landscape and Urban Planning, 90(1-2), 1-10.

Scherba, A., Sailor, D. J., Rosenstiel, T. N., and Wamser, C. C. (2011). "Modeling impacts
of roof reflectivity, integrated photovoltaic panels and green roof systems on sensible
heat flux into the urban environment." Building and Environment, 46(12), 2542-2551.

Schmitt, T. G., Thomas, M., and Ettrich, N. (2004). "Analysis and modeling of flooding in
urban drainage systems." Journal of Hydrology, 299(3—4), 300-311.

Schneider, D. (2011). "Quantifying evapotranspiration from a green roof analytically."
M.S. Thesis, Department of Civil and Environmental Engineering, Villanova
University.

Schneider, D., Wadzuk, B. M., and Traver, R. G. (2011). "Using a weighing lysimeter to
determine a crop coefficient for a green roof to predict evapotranspiration with the FAO
standardized Penman-Monteith equation." World Environmental and Water Resources
Congress 2011, 3629-3638.

Schulze, E. D., Beck, E., and Miiller-Hohenstein, K. (2005). Plant ecology, Springer.

Seneviratne, S. 1. (2012). "Climate science: Historical drought trends revisited." Nature,
491(7424), 338-339.

Seto, K. C., and Shepherd, J. M. (2009). "Global urban land-use trends and climate
impacts." Current Opinion in Environmental Sustainability, 1(1), 89-95.



136

Shashua-Bar, L., Pearlmutter, D., and Erell, E. (2009). "The cooling efficiency of urban
landscape strategies in a hot dry climate." Landscape and Urban Planning, 92(3—4),
179-186.

Sheffield, J., Wood, E. F., and Roderick, M. L. (2012). "Little change in global drought
over the past 60 years." Nature, 491(7424), 435-438.

Shem, W., and Shepherd, M. (2009). "On the impact of urbanization on summertime
thunderstorms in Atlanta: Two numerical model case studies." Atmospheric Research,
92(2), 172-189.

Shepherd, J. M. (2006). "Evidence of urban-induced precipitation variability in arid climate
regimes." Journal of Arid Environments, 67(4), 607-628.

Sherrard, J., and Jacobs, J. (2012). "Vegetated Roof Water-Balance Model: Experimental
and Model Results." Journal of Hydrologic Engineering, 17(8), 858-868.

Shields, C., and Tague, C. (2012). "Assessing the Role of Parameter and Input Uncertainty
in Ecohydrologic Modeling: Implications for a Semi-arid and Urbanizing Coastal
California Catchment." Ecosystems, 1-17.

Shields, C. A., Tage, C. L., and Beighley, R. E. "Relative importance of evapotranspiration
variability in a semi-arid urban environment." Proc., American Geophysical Union,
Fall Meeting 2008.

Shuster, W., Gehring, R., and Gerken, J. (2007). "Prospects for enhanced groundwater
recharge via infltration of urban storm water runoff: A case study." Journal of Soil and
Water Conservation, 62(3), 129-137.

Shuster, W., and Rhea, L. (2013). "Catchment-scale hydrologic implications of parcel-level
stormwater management (Ohio USA)." Journal of Hydrology, 485(0), 177-187.

Shuster, W. D., Bonta, J., Thurston, H., Warnemuende, E., and Smith, D. R. (2005).
"Impacts of impervious surface on watershed hydrology: A review." Urban Water
Journal, 2(4), 263-275.

Shuttleworth, W. J., Serrat-Capdevila, A., Roderick, M. L., and Scott, R. L. (2009). "On
the theory relating changes in area-average and pan evaporation." Quarterly Journal of
the Royal Meteorological Society, 135(642), 1230-1247.

Simpson, M. G. (2007). "Low impact development modeling to manage urban storm water
runoff and restore predevelopment site hydrology." Master, Department of Civil and
Environmental Engineering, Colorado State University.

Smith, K. R., and Roebber, P. J. (2011). "Green roof mitigation potential for a proxy future
climate scenario in Chicago, Illinois." Journal of Applied Meteorology and



137

Climatology, 50(3), 507-522.

Spatari, S., Yu, Z., and Montalto, F. A. (2011). "Life cycle implications of urban green
infrastructure." Environmental Pollution, 159(8-9), 2174-2179.

Spronken-Smith, R. A., Oke, T. R., and Lowry, W. P. (2000). "Advection and the surface
energy balance across an irrigated urban park." International Journal of Climatology,
20(9), 1033-1047.

Stanhill, G., Hofstede, G. J., and Kalma, J. D. (1966). "Radiation balance of natural and
agricultural vegetation." Quarterly Journal of the Royal Meteorological Society,
92(391), 128-140.

Starry, O. (2013). "The comparative effects of three Sedum species on green roof
stormwater retention." Doctor, University of Maryland.

Starry, O., Lea-Cox, J. D., Kim, J., and van lersel, M. W. (2014). "Photosynthesis and
water use by two sedum species in green roof substrate." Environmental and
Experimental Botany, 107(0), 105-112.

Steffen, J. R. (2012). "Bioretention Hydrologic Performance in a Semi-Arid Climate."
Master of Science M.S. Thesis, Department of Civil and Environmental Engineering,
University of Utah.

Steinecke, K. (1999). "Urban climatological studies in the Reykjavik subarctic
environment, Iceland." Atmospheric Environment, 33(24-25), 4157-4162.

Stout, D. T., Walsh, T. W., and Burian, S. J. (2015 ). "Ecosystem services from rainwater
harvesting in India." Urban Water Journal (in press, available online: DOI:
10.1080/1573062X.2015.1049280).

Stovin, V., Poé, S., and Berretta, C. (2013). "A modelling study of long term green roof
retention performance." Journal of Environmental Management, 131, 206-215.

Stull, R. B. (1988). An introduction to boundary layer meteorology, Springer.

Su, F., Adam, J. C., Trenberth, K. E., and Lettenmaier, D. P. (2006). "Evaluation of surface
water fluxes of the pan-Arctic land region with a land surface model and ERA-40
reanalysis." Journal of Geophysical Research: Atmospheres (1984-2012), 111(D5).

Su, F., and Lettenmaier, D. P. (2009). "Estimation of the Surface Water Budget of the La
Plata Basin." Journal of Hydrometeorology, 10(4), 981-998.

Sullivan, M., Busiek, B., Bourne, H., and Bell, S. (2010). "Green Infrastructure and
NPDES Permits: One Step at a Time." Proceedings of the Water Environment
Federation, 2010(8), 7801-7813.



138

Sun, G., Caldwell, P., Noormets, A., McNulty, S. G., Cohen, E., Moore Myers, J., Domec,
J.-C., Treasure, E., Mu, Q., Xiao, J., John, R., and Chen, J. (2011). "Upscaling key
ecosystem functions across the conterminous United States by a water-centric
ecosystem model." Journal of Geophysical Research: Biogeosciences, 116(G3), 1-16.

Sun, G., and Lockaby, B. G. (2012). "Water Quantity and Quality at the Urban—Rural
Interface." Urban-Rural Interfaces: Linking People and Nature, Laband, D. N.,
Lockaby, B. G., and Zipperer, W. C., eds., American Society of Agronomy, Soil
Science Society of America, Crop Science Society of America, Inc., Madison, WL

Takebayashi, H., and Moriyama, M. (2007). "Surface heat budget on green roof and high
reflection roof for mitigation of urban heat island." Building and Environment, 42(8),
2971-2979.

Tavakoli, M., and De Smedt, F. (2011). "Impact of Climate Change on Streamflow and
Soil Moisture in the Vermilion Basin, Illinois." Journal of Hydrologic Engineering,
17(10), 1059-1070.

Thom, A. S., and Oliver, H. R. (1977). "On Penman's equation for estimating regional
evaporation.”" Quarterly Journal of the Royal Meteorological Society, 103(436), 345-
357.

Tillinghast, E. D., Hunt, W. F., and Jennings, G. D. (2011). "Stormwater control measure
(SCM) design standards to limit stream erosion for Piedmont North Carolina." Journal
of Hydrology, 411(3-4), 185-196.

Todhunter, P. E. (1996). "Environmental indices for the Twin Cities Metropolitan Area
(Minnesota, USA) urban heat island - 1989." Climate Research, 06(1), 59-69.

Trinh, D. H., and Chui, T. F. M. (2013). "Assessing the hydrologic restoration of an
urbanized area via an integrated distributed hydrological model." Hydrol. Earth Syst.
Sci., 17(12), 4789-4801.

Trusilova, K., Jung, M., Churkina, G., Karstens, U., Heimann, M., and Claussen, M.
(2008). "Urbanization Impacts on the Climate in Europe: Numerical Experiments by
the PSU-NCAR Mesoscale Model (MM5)." Journal of Applied Meteorology and
Climatology, 47(5), 1442-1455.

Tsang, S. W., and Jim, C. Y. (2011). "Theoretical evaluation of thermal and energy
performance of tropical green roofs." Energy, 36(5), 3590-3598.

U.S. Geological Survey (2015). "Groundwater watch at site 404531111510101."
<http://groundwaterwatch.usgs.gov/AWLSites.asp?mt=g&S=404531111510101&ncd
=awl>. (03/15, 2015).

USEPA (2000). "Low Impact Development (LID); A Literature Review."


http://groundwaterwatch.usgs.gov/AWLSites.asp?mt=g&S=404531111510101&ncd=awl
http://groundwaterwatch.usgs.gov/AWLSites.asp?mt=g&S=404531111510101&ncd=awl

139

USEPA  (2000). "Stormwater = Phase II  Final Rule  Fact  Sheet."
<http://ctpub.epa.gov/npdes/stormwater/swfinal.cfm?program_id=6>.

USEPA (2003). "Cooling summertime temperatures: Strategies to reduce urban heat
islands."USEPA, Washington, D.C.

USEPA (2008). "Reducing urban heat islands: Compendium of strategies."

van de Griend, A. A., and Owe, M. (1994). "Bare soil surface resistance to evaporation by
vapor diffusion under semiarid conditions." Water Resources Research, 30(2), 181-
188.

VanWoert, N. D., Rowe, D. B., Andresen, J. A., Rugh, C. L., Fernandez, R. T., and Xiao,
L. (2005a). "Green roof stormwater retention: Effects of roof surface, slope, and media
depth." J. Environ. Qual., 34(3), 1036-1044.

VanWoert, N. D., Rowe, D. B., Andresen, J. A., Rugh, C. L., and Xiao, L. (2005b).
"Watering regime and green roof substrate design affect sedum plant growth."
HortScience, 40(3), 659-664.

Vez, J. P. M., Rodriguez, A., and Jiménez, J. 1. (2000). "A study of the urban heat island
of Granada." International Journal of Climatology, 20, 899-911.

Villarreal, E. L., Semadeni-Davies, A., and Bengtsson, L. (2004). "Inner city stormwater
control using a combination of best management practices." Ecological Engineering,
22(4-5), 279-298.

Vollmer, D. (2009). "Urban waterfront rehabilitation: can it contribute to environmental
improvements in the developing world?" Environmental Research Letters, 4(2),
024003.

Vorosmarty, C. J., Green, P., Salisbury, J., and Lammers, R. B. (2000). "Global Water
Resources: Vulnerability from Climate Change and Population Growth." Science,
289(5477), 284-288.

Voyde, E., Fassman, E., and Simcock, R. (2010). "Hydrology of an extensive living roof
under sub-tropical climate conditions in Auckland, New Zealand." Journal of
Hydrology, 394(3—4), 384-395.

Voyde, E., Fassman, E., Simcock, R., and Wells, J. (2010). "Quantifying
evapotranspiration rates for New Zealand green roofs." Hydrologic Engineering, 15(6),
395-403.

Voyde, E. (2011). "Quantifying the complete hydrologic budget for an extensive living
roof." Doctor, Department of Civil and Environmental Engineering, The University of
Auckland.


http://cfpub.epa.gov/npdes/stormwater/swfinal.cfm?program_id=6

140

Wackernagel, M., and Rees, W. (1998). Our ecological footprint: Reducing human impact
on the earth, New Society Publishers.

Wadzuk, B., Schneider, D., Feller, M., and Traver, R. (2013). "Evapotranspiration from a
green-roof storm-water control measure." Journal of Irrigation and Drainage
Engineering, 139(12), 995-1003.

Waller, S., and Lewis, J. (1979). "Occurrence of C3 and C4 photosynthetic pathways in
North American grasses." Journal of Range Management, 12-28.

Walsh, C. J., Booth, D. B., Burns, M. J., Fletcher, T. D., Hale, R. L., Hoang, L. N.,
Livingston, G., Rippy, M. A., Roy, A. H., and Scoggins, M. (2015). "Principles for
urban stormwater management to protect stream ecosystems." Freshwater Science.

Wang, K., and Dickinson, R. E. (2012). "A review of global terrestrial evapotranspiration:
Observation, modeling, climatology, and climatic variability." Reviews of Geophysics,
50(2).

Wang, S., McKenney, D. W., Shang, J., and Li, J. (2014). "A national-scale assessment of
long-term water budget closures for Canada's watersheds." Journal of Geophysical
Research: Atmospheres, 119(14), 8712-8725.

Wella-Hewage, C. S., Alankarage Hewa, G., and Pezzaniti, D. (2016). "Can water sensitive
urban design systems help to preserve natural channel-forming flow regimes in an
urbanised catchment?" Water Science and Technology, 73(1), 78-87.

Weng, Q. (2001). "Modeling Urban Growth Effects on Surface Runoff with the Integration
of Remote Sensing and GIS." Environmental Management, 28(6), 737-748.

Western Regional Climate Center (2015). "Average pan evaporation data by State."
<http://www.wrcc.dri.edu/climatedata/climtables/westevap/>. (03/15, 2015).

White, M. D., and Greer, K. A. (2006). "The effects of watershed urbanization on the
stream hydrology and riparian vegetation of Los Penasquitos Creek, California."
Landscape and Urban Planning, 74(2), 125-138.

Whitford, V., Ennos, A. R., and Handley, J. F. (2001). "“City form and natural process”—
indicators for the ecological performance of urban areas and their application to
Merseyside, UK." Landscape and Urban Planning, 57(2), 91-103.

Wijesekara, G. N., Gupta, A., Valeo, C., Hasbani, J. G., Qiao, Y., Delaney, P., and
Marceau, D. J. (2012). "Assessing the impact of future land-use changes on

hydrological processes in the Elbow River watershed in southern Alberta, Canada."
Journal of Hydrology, 412-413(0), 220-232.

Wild, M., Grieser, J., and Schér, C. (2008). "Combined surface solar brightening and


http://www.wrcc.dri.edu/climatedata/climtables/westevap/

141

increasing greenhouse effect support recent intensification of the global land-based
hydrological cycle." Geophys. Res. Lett., 35(17), L17706.

Williams, G. J. (1974). "Photosynthetic adaptation to temperature in C3 and C4 grasses: A
possible ecological role in the shortgrass prairie." Plant physiology, 54(5), 709-711.

Williams, N. S. G., Rayner, J. P., and Raynor, K. J. (2010). "Green roofs for a wide brown
land: Opportunities and barriers for rooftop greening in Australia." Urban Forestry &
Urban Greening, 9(3), 245-251.

Wisser, D., Frolking, S., Douglas, E. M., Fekete, B. M., Schumann, A. H., and Vorésmarty,
C.J.(2010). "The significance of local water resources captured in small reservoirs for
crop production — A global-scale analysis." Journal of Hydrology, 384(3—4), 264-275.

Wong, N. H., Chen, Y., Ong, C. L., and Sia, A. (2003). "Investigation of thermal benefits
of rooftop garden in the tropical environment." Building and Environment, 38(2), 261-
270.

Wong, N. H., Cheong, D. K. W., Yan, H., Soh, J., Ong, C. L., and Sia, A. (2003). "The
effects of rooftop garden on energy consumption of a commercial building in
Singapore." Energy and Buildings, 35(4), 353-364.

Wong, N. H., Tay, S. F., Wong, R., Ong, C. L., and Sia, A. (2003). "Life cycle cost analysis
of rooftop gardens in Singapore." Building and Environment, 38(3), 499-509.

Wong, T. H. (2006). "Water sensitive urban design—the journey thus far." Australian
Journal of Water Resources, 10(3), 213-222.

Wu, H. (2015). "Protecting Stream Ecosystem Health in the Face of Rapid Urbanization
and Climate Change." Ph.D. Dissertation, Department of Landscape Architecture, The
University of Oregon.

Xiao, F., Simcik, M. F., and Gulliver, J. S. (2012). "Perfluoroalkyl acids in urban
stormwater runoff: Influence of land use." Water Research, 46(20), 6601-6608.

Xiao, Q., McPherson, E. G., Simpson, J. R., and Ustin, S. L. (2007). "Hydrologic processes
at the urban residential scale." Hydrological Processes, 21(16), 2174-2188.

Yamashita, S. (1996). "Detailed structure of heat island phenomena from moving
observations from electric tram-cars in Metropolitan Tokyo." Atmospheric

Environment, 30(3), 429-435.

Yang, J., Yu, Q., and Gong, P. (2008). "Quantifying air pollution removal by green roofs
in Chicago." Atmospheric Environment, 42(31), 7266-7273.

Yao, L., Wei, W., and Chen, L. (2016). "How does imperviousness impact the urban



142

rainfall-runoff process under various storm cases?" Ecological Indicators, 60, 893-905.

Yao, Y., Liang, S., Xie, X., Cheng, J., Jia, K., Li, Y., and Liu, R. (2014). "Estimation of
the terrestrial water budget over northern China by merging multiple datasets." Journal
of Hydrology, 519, Part A, 50-68.

Yeakley, J. A. (2014). "Urban Hydrology in the Pacific Northwest." Wild Salmonids in the
Urbanizing Pacific Northwest, Springer, 59-74.

Yeh, P. J.-F., Irizarry, M., and Eltahir, E. A. B. (1998). "Hydroclimatology of Illinois: A
comparison of monthly evaporation estimates based on atmospheric water balance and
soil water balance." Journal of Geophysical Research: Atmospheres, 103(D16), 19823-
19837.

Young, K., Dymond, R., and Kibler, D. (2011). "Development of an improved approach
for selecting storm-water best management practices." Journal of Water Resources
Planning and Management, 137(3), 268-275.

Zgheib, S., Moilleron, R., and Chebbo, G. (2012). "Priority pollutants in urban stormwater:
Part 1 — Case of separate storm sewers." Water Research, 46(20), 6683-6692.

Zhang, L., and Kennedy, C. (2006). "Determination of Sustainable Yield in Urban
Groundwater Systems: Beijing, China." Journal of Hydrologic Engineering, 11(1), 21-
28.

Zhang, X., Zhang, X., Hu, S., Liu, T., and Li, G. (2013). "Runoff and sediment modeling
in a peri-urban artificial landscape: Case study of Olympic Forest Park in Beijing."
Journal of Hydrology, 485(0), 126-138.

Zhao, X., Liu, Y., and Wan, R. (2013). "Satellite data application for the assessment of
water balance in the Taihu watershed, China." APPRES, 7(1), 073482-073482.

Zoppou, C. (2001). "Review of urban storm water models." Environmental Modelling &
Software, 16(3), 195-231.



	preliminarypages_Feng_20160414.pdf
	POTENTIAL OF STORMWATER GREEN INFRASTRUCTURE
	TO RECREATE THE NATURAL WATER BUDGET OF
	A SEMIARID URBAN CATCHMENT
	Youcan Feng
	A dissertation submitted to the faculty of
	Department of Civil and Environmental Engineering
	The University of Utah

	Dissertation Texts_Feng_20160414.pdf
	INTRODUCTION
	1.1 Urbanization and Urban Hydrology
	1.2 Urban Water Cycle Restoration
	1.3 Urban Water Budget Modeling
	1.4 Semiarid Urban Ecosystem
	1.5 Framework

	GREEN ROOF EVAPOTRANSPIRATION OBSERVATION
	AND ESTIMATION IN A SEMIARID CLIMATE
	2.1 Introduction
	2.2 Study Site
	2.3 Methods
	2.3.1 Field Experiment
	2.3.2 Penman-Monteith Equations

	2.4 Results
	2.4.1 ET Observations
	2.4.2 Crop Coefficients
	2.4.3 Surface Resistances
	2.4.4 ET Simulations

	2.5 Discussion
	2.5.1 ET Observations
	2.5.2 ET Simulations
	2.5.3 Water Budgets
	2.5.4 Other Considerations

	2.5 Conclusion

	IMPROVING EVAPOTRANSPIRATION MECHANISMS IN THE U.S. ENVIRONMENTAL PROTECTION AGENCY’S
	STORM WATER MANAGEMENT MODEL
	3.1 Introduction
	3.2 Methods
	3.2.1 Modifications to SWMM
	3.2.2 FAO-56 Penman Monteith ET Scheme

	3.3 Case Study
	3.4 Results and Discussion
	3.4.1 Validation
	3.4.2 Species Differences in ET and Water Budget
	3.4.3 Subdaily ET Patterns
	3.4.4 Irrigation Effect

	3.5 Conclusion

	POTENTIAL OF GREEN INFRASTRUCTURE TO RESTORE
	PREDEVELOPMENT WATER BUDGET OF
	A SEMIARID URBAN CATCHMENT
	4.1 Introduction
	4.2 Methods
	4.2.1 Modeling Framework
	4.2.2 Case Study
	4.2.3 Scenarios

	4.3 Results
	4.3.1 Annual Water Budgets
	4.3.2 Monthly Soil Moisture Balance Variations
	4.3.3 Daily and Hourly Soil Moisture Balance Variations

	4.4 Discussion
	4.4.1 The Role of ET within the Water Budget
	4.4.2 Water Budget Changes Due To Development
	4.4.3 Water Budget Restoration by GI
	4.4.4 Storage Space of GI
	4.4.5 Restoration Efficiency Index
	4.4.6 Water Budget Restoration Coefficient

	4.5 Conclusion

	SUMMARY AND PERSPECTIVES
	5.1 Green Roof’s ET and Water Budget Observations
	5.2 An Improved Water Budget Model and Its Meaning
	to the Semiarid Region
	5.3 The Impact of GI on Restoring the Urban Water Budget Model
	5.4 Limitations and Future Work

	BIBLIOGRAPHY




