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ABSTRACT
The combination of rapid urban growth and climate change places stringent
constraints on multisector sustainability of cities. Green infrastructure provides a great
potential for mitigating anthropogenic-induced urban environmental problems;
nevertheless, studies at city and regional scales are inhibited by the deficiency in
modelling the complex transport coupled water and energy inside urban canopies. This
dissertation is devoted to incorporating hydrological processes and urban green
infrastructure into an integrated atmosphere-urban modelling system, with the goal to
improve the reliability and predictability of existing numerical tools. Based on the
enhanced numerical tool, the effects of urban green infrastructure on environmental
sustainability of cities are examined.
Findings indicate that the deployment of green roofs will cool the urban
environment in daytime and warm it at night, via evapotranspiration and soil insulation.
At the annual scale, green roofs are effective in decreasing building energy demands for
both summer cooling and winter heating. For cities in arid and semiarid environments, an
optimal trade-off between water and energy resources can be achieved via innovative
design of smart urban irrigation schemes, enabled by meticulous analysis of the waterenergy nexus. Using water-saving plants alleviates water shortage induced by population
growth, but comes at the price of an exacerbated urban thermal environment. Realizing
the potential water buffering capacity of urban green infrastructure is crucial for the longterm water sustainability and subsequently multisector sustainability of cities.
Environmental performance of urban green infrastructure is determined by landi

atmosphere interactions, geographic and meteorological conditions, and hence it is
recommended that analysis should be conducted on a city-by-city basis before actual
implementation of green infrastructure.
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CHAPTER 1 INTRODUCTION
1.1. Literature Review
Global population has become increasingly urbanized: about 52% of the world’s
population live in cities in 2012, and this proportion is projected to increase to 67% by
2050 (United Nations 2012). During the past decades, natural terrains have been
continuously converted to urban landscapes to meet the ever-increasing demand of the
expanding urban population (Seto et al. 2011). Urbanization changes the surface energy
and moisture balances (Yang et al. 2013), leading to higher temperatures in urban areas
as compared to surrounding rural areas, which is known as the Urban Heat Island (UHI)
effect and has been considered as one of the major challenges posed to human beings in
the 21st century (Arnfield 2003, Rizwan et al. 2008). The adverse effects induced by UHI
include but are not limited to, elevated temperatures (Tran et al. 2006, Imhoff et al. 2010),
increased energy consumption (Fung et al. 2006, Hirano and Fujita 2012), air
pollution (Sarrat et al. 2006, Nazaroff 2013), heat-related mortality and morbidity (Tan et
al. 2010, Mishra and Ramgopal 2013), and disruption to ecosystems (Eigenbrod et al.
2011). On the other hand, global climate change is forecasted to cause more frequent
occurrences of climatic extremes, such as heat waves and severe floods, imposing
additional challenges on urban environment (Field et al. 2014). The synergistic
interactions between UHIs and heat waves (Li and Bou-Zeid 2013) make cities become
unprecedentedly vulnerable to environmental problems in the future that adaptation and
mitigation strategies are critical to alleviate UHIs and their subsequent adverse
environmental effects.
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During the past decades, numerous strategies have been proposed, developed and
implemented to mitigate UHIs, including reflective materials (Synnefa et al. 2006, 2008),
materials with high optical and thermal performances (Ma et al. 2002, Karlessi et al. 2009,
Yang et al. 2016b), green roofs (Dvorak and Volder 2010), urban parks and trees (Bowler
et al. 2010, Shashua-Bar et al. 2011), heat sinks (Geros et al. 2005), to name a few.
Among these techniques, green roofs, urban parks, and shade trees can be grouped as the
urban green infrastructure. Green infrastructure is recognized as an effective method for
mitigating UHIs that provides multi-scale ecological, economic and social benefits for the
urban environment (Mell 2010). Maximum surface temperature of vegetated surface can
be more than 20 K cooler than that of engineering materials (Wilmers 1988). Urban green
infrastructure cools the built-up environment mainly through two mechanisms, i.e.
evapotranspiration and shading. Via evapotranspiration, vegetation redistributes the
available solar energy incident on the land surface for latent heat of vaporization and
reduces the sensible heat flux. In terms of the shading effect, tree canopies block
transportation of solar radiation that the shaded areas receive less heat and subsequently
have a lower surface temperature.
Recent years have seen rapidly increasing number of studies on green infrastructure.
A systematic quantitative review identified a total of 115 original research papers on
urban trees published between 1981 and 2011 (Roy et al. 2012). Another review study
found 74 articles that had measured ground-level cooling effect of urban green
infrastructure (Bowler et al. 2010). Though the cooling effect is affected by patch sizes,
geographical and climatic conditions, a meta-analysis of data suggested that an urban
park would be around 1 oC cooler than a non-green site on average (Bowler et al. 2010).
2

With its capacity to reduce temperatures, urban green infrastructure can decrease building
energy consumption (Niachou et al. 2001, Wong et al. 2003, Yang and Wang 2015,
Wang et al. 2016) and enhance outdoor thermal comfort of pedestrians (Lin et al. 2010,
Park et al. 2012). A simulation study found that the installation of green roof can save the
annual energy consumption of a five-story commercial building in Singapore by 0.6 –
14.5% (Wong et al. 2003). The high surface area and roughness of green infrastructure
make it an effective sink for urban air pollutants. Using a dry deposition model, Yang et
al. (2008) suggested that 198000 m2 of green roofs could remove a total of 1675 kg air
pollutants in one year for Chicago. The soil layer of urban green infrastructure also
provides benefits for stormwater runoff retention (Mentens et al. 2006).
Most of the existing studies on urban green infrastructure has been limited to field
measurements and simulation results at neighbourhood scales, upscaling the results of
these studies for guidance on green infrastructure for a city or regional scale is difficult,
due to the substantial influence of surface heterogeneity (Ramamurthy et al. 2014). For
city and regional scales, a modelling approach is more feasible than in-situ experiments
as building green infrastructure involves high capital cost and stakeholder communication.
The lack of studies of green infrastructure at city and regional scales is mainly owing to
the complexity of coupled water and energy transport inside urban canopies. Numerical
simulations of urban green infrastructure necessarily require realistic representations of
urban surface processes and land-atmosphere interactions (Song and Wang 2015).
Among the available urban land surface models, the family of urban canopy models
(UCMs) have been demonstrated as a useful tool for capturing the coupled water and
energy budgets over urban areas (Kusaka et al. 2001, Martilli et al. 2002, Wang et al.
3

2013). An international effort was conducted to compare a wide range of these urban
canopy models and to evaluate them against site observations (Grimmond et al. 2010,
2011). It is identified that the latent heat flux is the one for which the models
demonstrated the least capability. This is because most models are inadequate in
calculating urban water budgets due to the oversimplified representation of complex
urban hydrological processes and urban vegetation. Various problems exist: for example,
Masson (2000) modelled surface intercepted water as small reservoirs and took snow
effects into consideration in urban areas, but without resolving the anthropogenic water
budget explicitly. Lee and Park (2008) and Wang (2014a) included tall trees in the urban
canopy model but neglected subsurface moisture transport. Outdoor irrigation, the
important moisture source for urban green infrastructure, is also neglected in most of the
existing urban canopy models (Yang and Wang, 2015). The net effect of the simplified
representations is that the root-mean-square error between the predicted and observed
latent heat fluxes can be up to the same order of magnitude as the latent heat flux per se
(Grimmond et al. 2010, 2011). This significant deviation consequently introduces errors
into the modelling of urban climate and impacts the reliability and accuracy of predicted
effects of urban green infrastructure.

1.2. Study Objectives
Based on the background and identified deficiency in studies of urban green
infrastructure discussed in Chapter 1.1, this study is intended to implement physicallybased representation of urban green infrastructure into the urban canopy model.
Subsequently, by coupling the urban canopy model with a mesoscale atmospheric model,
4

regional impact of urban green infrastructure can be quantified. The dissertation will
mainly address the following key issues on environmental performance of urban green
infrastructure:
1) Impact of green roofs on building energy efficiency and urban climate at the city
scale under different geographical and climatic conditions;
2) Potential of adjusting irrigation schemes for urban lawn to achieve optimal
water-energy trade-off;
3) Seasonal variation of the effect of green roofs on regional hydroclimate in a
coupled land-atmosphere system;
4) Potential water buffering capacity of urban green infrastructure and its
implications for water management towards a city of multisector sustainability.

1.3. Organization of this Dissertation
This dissertation is organized as follows. Chapter 2 describes the implementation of
urban hydrological processes into the urban canopy model and its impact on predicting
the coupled water and energy budgets over built terrains. Chapter 3 investigates the
relationship between water and energy consumption in the urban environment, and
discusses the potential of developing a smart irrigation scheme for the optimal waterenergy trade-off in a desert city. Chapter 4 presents the effect of green roofs on urban
hydroclimate in a coupled land-atmosphere system. The impact of urban hydrological
processes at the regional scale is assessed for two major metropolitan areas in the United
States. Chapter 5 explores the water buffering capacity of urban green infrastructure in
the Phoenix metropolitan area and discusses the long-term water sustainability under the
5

challenge of future climate change and population growth. Chapter 6 summarizes the
entire study and concludes the key findings on environmental performance of urban green
infrastructure. Recommendations for future research directions are also given in Chapter
6.
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CHAPTER 2 IMPACT OF GREEN ROOFS ON BUILDING ENERGY EFFICIENCY
AND URBAN CLIMATE
2.1. Introduction
Green roof, rooftop with a vegetation layer, has been proved as an effective system
to alleviate some urban environmental problems under a wide range of climate conditions
through field observations (Santamouris et al. 2007, Jim and He 2010). However, at the
city and regional scale, a numerical model that well captures energy as well as water
budget on green roof in the urban environment is still missing. On the other hand, while
existing urban canopy models have shown overall good performance in capturing urban
surface energy balance and boundary-layer structure, they are inadequate in calculating
urban water budgets due to the oversimplified representation of complex urban
hydrological processes (Grimmond et al. 2010, 2011). To understand the environmental
effect of green roofs, implementing a physically-based parameterization into the urban
canopy model with an accurate representation of the hydrological processes is therefore
critical.
Compared to natural landscapes, urban environments consist of a considerable
fraction of paved surfaces. Though a pavement is able to store water due to surface
porosity, local slope gradient and surface depressions, evaporation from paved surfaces
has been largely neglected in urban canopy models. Evaporation arising from waterholding pavement surfaces, especially during and shortly after precipitation, contributes a
substantial fraction of moisture fluxes arising from a built environment (Ramamurthy and
Bou-Zeid 2014). Another dimension of complexity in urban hydrology arises from the
anthropogenic sources, examples including water release from commercial buildings
7

(Moriwaki et al. 2008) and urban irrigation (Johnson and Belitz 2012). In addition, in
contrast to natural terrains, a considerable fraction of urban vegetation presents as
isolated patches, such as hedges, roadside trees, and garden plants. Along the upwind
edge of a vegetation canopy surrounded by a lower roughness surface, due to the lack of
obstacles to both radiation and airflow, the advection and ‘clothesline effect’ (Hagishima
et al. 2007) lead to higher rates of evapotranspiration. Patchy urban vegetation has
therefore higher rate of potential evapotranspiration, a phenomenon known as the oasis
effect (Oke 1979).
To address the challenges in modelling the urban water cycle, Wang et al. (2011a,
2013) developed an improved urban canopy model to incorporate detailed hydrological
processes, including evaporation over vegetated and engineered surfaces, sub-facet
heterogeneity for water transport, and green roof systems. Capability of the model has
been validated by field measurements under different climate conditions (Sun et al. 2013,
Wang et al. 2013). More recently, Miao and Chen (2014) formulated urban irrigation,
oasis effect, and anthropogenic latent heat into a single layer urban canopy model. It is
noteworthy that their evaporation parameterization over impervious surfaces was based
on an empirical decay function, and the model was only tested for the Beijing
metropolitan area. Inspired by the recent work, the aim of our study in this Chapter is to
further improve and test the reliability and predictability of the urban canopy model. We
adopted the single layer urban canopy model (SLUCM), a widely-used urban
parameterization scheme in the Weather Research and Forecasting (WRF) system, as the
basis for incorporating physically-based representation of urban hydrological processes.
Our objectives are to: (1) enhance and evaluate the modelling of urban hydrological
8

processes in the current SLUCM, and (2) assess the capacity of physical parametrizations
of multilayer green roofs in mitigating urban environmental problems at the city scale.
Numerical simulations are driven by meteorological forcing and compared against
surface energy budgets, both obtained from eddy-covariance measurements at four
metropolitan areas, namely Beijing (China), Montréal (Canada), Vancouver (Canada),
and Phoenix (U.S.).

2.2. Representation of Urban Hydrological Processes
2.2.1 Single layer urban canopy model
A schematic of the single layer urban canopy model is shown in Fig. 2.1a. Building
arrays are represented as a two-dimensional and longitudinally infinite street canyon. To
better capture the urban water cycle, we include the following hydrological processes in
the new model: (1) energy and water balance of multilayer green roofs, (2) evaporation
from engineered pavements, (3) urban irrigation, (4) anthropogenic latent heat, and (5)
urban oasis effect. A detailed description of each process is provided below. Compared to
the current SLUCM scheme in the WRF model, the urban canopy model developed here
explicitly accounts for the surface heterogeneity. In particular, building roofs consist of
green roofs and engineered roofs with different hydrothermal properties (Fig. 2.1b). The
surface energy balance in the new SLUCM is given by:
Rn  QF  LE  H  G ,

(0.1)

where Rn is the net radiation, QF is the anthropogenic heat, LE, H and G are the latent,
sensible and ground heat fluxes respectively.

9

(a)

(b)

Figure 2.1. Schematics for (a) the single layer urban canopy model, and (b) a green roof
and an engineered roof. Subscripts R, W, and G denote properties of roof, wall and
ground, respectively; deng in (b) is the maximum water-holding depth of the paved surface.

In particular, the latent heat flux arising from a WRF urban grid cell consisting of both
urban (impervious) and vegetation landscape is computed as (Chen and Dudhia 2001):

LE  ( LEurb  QALH ) furb  LEveg (1  furb ) ,

(0.2)

LEveg  CH E p oasis ,

(0.3)

LEurb  rf gr LEgr  r (1  f gr ) LEr  (1  r ) LEg  2hLEw ,

(0.4)
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where QALH is the anthropogenic latent heat, furb is the fraction of urban landscape;
subscripts urb, veg, gr, r, g, and w denote the urban landscape, vegetation landscape,
green roof, roof, ground and wall respectively; Ep is the potential evaporation rate; CH is a
coefficient that accounts for the impacts of other variables on the evaporation; αoasis is the
oasis parameter; and dimensionless variables r and h represent the normalized roof width
and building height respectively. The WRF model adopts a “tile” approach, where latent
heat fluxes over built surfaces LEurb is calculated using the single layer urban canopy
model and LEveg is computed using the Noah land surface model.

2.2.2 Water balance of multilayer green roofs
A schematic of the multilayer green roof system is shown in Fig. 2.1b. Compared to
a conventional roof, it has three additional layers on top of the concrete deck, viz. the
vegetation-soil, the growing media and the drainage layers. All three layers consist of
porous materials and their volumetric water content θ is computed by vertically
discretizing the layer. Temporal and spatial distribution of θ in the intermediate layers is
given by the diffusive form of the Richards equation:

 2 
 D ( ) 2  K ( ) ,
t
z
z

(0.5)

where D(θ) and K(θ) are the θ-dependent hydraulic diffusivity and conductivity
respectively. This form is derived from Darcy’s law assuming rigid, isotropic and
homogeneous soils. Total latent heat flux over a green roof is then calculated from:
LE gr  LEdir  LEc  LEt ,
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(0.6)

where subscripts dir, c, and t represent direct evaporation from top soil layer, evaporation
of precipitation intercepted by vegetation canopy and transpiration via vegetation. Details
of these three components can be found in the community Noah land surface model
developed by Chen and Dudhia (2001). Intensive and extensive roofs are two major types
of existing green roofs. Within the green roof system, depths of the vegetation-soil layer
and growing medium layer are strongly related to plant types and root depths, which can
vary from about 0.05 m to more than 1 m depending on vegetation types (Dvorak and
Volder 2010). For simplicity, in this Chapter we used a constant thickness of 0.15 m for
both growing medium and soil-vegetation layers. The drainage layer is a thin layer
constructed to transport drainage moisture away, and therefore its depth is not explicitly
modelled.

2.2.3 Evaporation over paved surfaces
In contrast to natural landscapes (soils and vegetation), engineered surfaces admit
much simpler hydrological processes. As illustrated in Fig. 2.1b, for a paved roof, a
water-holding layer exists above the impervious datum due to the porosity of pavement.
The layer also exists on wall and road surfaces. Water is retained within this layer and
acts as the source for evaporation. The latent heat flux over engineered pavements is
given by (Wang et al. 2013):

LE 


deng

 Ep ,

(0.7)

Where ϕ is the porosity of engineered materials, deng is the maximum water-holding depth
dependent on pavement materials, and δ is the water retention depth given by:
12

0,
 

 max(0, P   E p ),
t 
 P   E p ,

if   deng
if 0    deng , P  0 ,

(0.8)

if 0    deng , P  0

where P is the precipitation intensity. Previous studies have assigned different values to
deng; for example, Grimmond and Oke (1986) used a value of 0.59 mm to represent the
retention capacity of impervious surfaces. Recently, Ramamurthy and Bou-Zeid (2014)
adopted a value of 1 mm for ground concrete and asphalt pavements. In this study, we set
deng to be 1 mm, 0.2 mm and 1 mm for engineered roof, wall and ground surfaces,
respectively.

2.2.4 Urban irrigation
A number of methods for estimating urban irrigation have been previously
developed, including the use of field measurements, the minimum-month method, and
energy balance formulas (Mayer et al. 1999, Senay et al. 2007). However, many of these
methods are computationally expensive and inaccurate at the city or regional scale
(Johnson and Belitz 2012). The impact of summertime irrigation was qualitatively
discussed in previous studies for several cities, e.g. Beijing (Miao and Chen 2014),
Phoenix (Diem and Brown 2003) and Vancouver (Grimmond and Oke 1986). Timing,
duration and amount of irrigation vary from city to city and are subject to change with
vegetation types as well as local practices and regulations. Irrigation is therefore difficult
to represent at the city scale. For simplicity, here we assume that urban irrigation is
conducted for a 2-h period from 1800 to 2000 local time each day from May to
September in all study cities. When irrigated, moisture of the top two soil layers (0.4 m
13

thick) of urban lawns or green roofs is set to reach a threshold value of 0.33 where
transpiration is not limited by water availability. Such treatment is used to broadly
represent, rather than exactly match, urban irrigation schemes in a variety of cities.
Development of a physically-based irrigation model remains an open challenge in urban
hydroclimate modelling.

2.2.5 Anthropogenic latent heat
The importance of anthropogenic heat in an urban area has been long recognized
and studied since the 1980s (Oke 1988, Grimmond 1992). To date, however, most studies
have assumed that the anthropogenic heat is sensible heat in nature without accounting
the latent heat component. In the current SLUCM, anthropogenic heat was modelled as a
fixed diurnal profile added to the sensible heat flux. Several recent studies suggested that
water vapour emissions by cooling systems constitute a substantial portion of latent heat
flux in urban areas (Sailor et al. 2007, Miao and Chen 2014); in central Tokyo, this flux
was shown to exceed 500 W m-2 during summer (Moriwaki et al. 2008). The diurnal
variation of anthropogenic latent heat follows the schedule of human activity and is
relatively independent of season (Moriwaki et al. 2008). Anthropogenic latent heat in the
surface energy budget is given by:
Q ALH  Q ALHMAX f ALH ,

(0.9)

where QALHMAX is the daily maximum anthropogenic latent heat value dependent on the
season and fALH is a diurnally-varying coefficient. Miao and Chen (2014) developed a
diurnal profile of fALH for the Beijing metropolitan area based on predicted LE from the
single layer urban canopy model and meteorological observations. Their diurnal profile
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matches with daily human activities and is similar to that of Tokyo derived by Moriwaki
et al. (2008). We adopt this profile to represent the general diurnal variability of urban
anthropogenic latent heat and apply it to Vancouver, Montréal and Phoenix in subsequent
simulations. QALHMAX is estimated to be 17.0, 41.9, 24.4 and 18.0 W m

2

for spring,

summer, fall and winter in Beijing, respectively (Miao and Chen 2014). In Vancouver,
monthly average anthropogenic latent heat is estimated using a top-down methodology
developed by Sailor and Lu (2004).
Seasonal anthropogenic latent heat data is not available for Phoenix and Montréal,
although previous studies have estimated daily maximum anthropogenic heat values for
Montréal (Lemonsu et al. 2010) and Phoenix (Sailor and Hart 2006). In this Chapter, we
adopt the approach of Bateni and Entekhabi (2012) to partition the total anthropogenic
heat into sensible and latent heat components. Given a small temperature perturbation,
based on a linear stability analysis to restore the land surface to thermodynamic
equilibrium, the ratio of anthropogenic latent heat to sensible heat is computed as (Yang
and Wang 2014b):
QALHMAX

 ,
QASHMAX


(0.10)

Q ALHMAX  Q ASHMAX  Q AHMAX ,

(0.11)

where QAHMAX is the daily maximum anthropogenic heat value, QASHMAX is the daily
maximum anthropogenic sensible heat value, Δ is the slope of the saturation vapour
pressure curve, γ is the psychrometric constant, and β is the moisture availability
parameter: β = 0 for completely dry surfaces and 1 for saturated surface. Yang et al.
(2013) evaluated the method against field measurements over lake, vegetation, and
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suburban land surfaces. It was found that a reasonable choice of β is about 0.5 in fall and
about 1.5 in summer over a vegetated surface. The value of β exceeds 1 in summers
because of the additional transpiration process by urban vegetation. Assuming the latent
heat flux over impervious surfaces is negligible in the absence of rainfall, moisture
availability of the city is calculated using:

   veg (1  f urb ) ,

(0.12)

where βveg is set as 1.0, 1.5, 0.5 and 0.2 for spring, summer, fall and winter, respectively.
This method, albeit not exact, provides a usable scheme to estimate anthropogenic
sensible and latent heat where detailed data are not available.

2.2.6 Urban oasis effect
The urban oasis effect on plant transpiration rate has been addressed in several field
experiments. A schematic of this effect is shown in Fig. 2.2. Without obstacles to
radiation and airflow, patchy vegetation in urban areas has higher rates of potential
evapotranspiration than large-area vegetation in natural environment. Oke (1979) found
that the actual evapotranspiration from an irrigated suburban lawn was about 1.3 times
greater than that from an irrigated rural pasture. Hagishima et al. (2007) conducted
experiments using 203 nearly homogeneous potted plants and concluded that scattered
small plants had a transpiration rate about 1.6 times that of large vegetation. Miao and
Chen (2014) used meteorological observations with the SLUCM and obtained an oasis
parameter of about 1.5 for Beijing. Here we adopt a value of 1.5 to account for the oasis
effect on potential evapotranspiration rate of urban vegetation.
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Figure 2.2. Schematics for oasis effect: comparing potential evapotranspiration (PET)
over vegetated surfaces in urban and rural areas.

2.3. Study Metropolitan Areas
To evaluate the enhanced single layer urban canopy model, flux measurements were
collected from eddy-covariance towers in four metropolitan areas, viz. Beijing, Phoenix,
Vancouver and Montréal. Basic meteorological quantities such as wind speed, wind
direction, air temperature and relative humidity were also measured at these sites. In the
Beijing metropolitan area, three-layer flux observations were carried out at 47, 140 and
280 m of the Chinese Academy of Sciences’ 325-m-high Meteorological and
Environmental Observation Tower (Miao et al. 2012). Footprint analysis by Wang et al.
(2009) demonstrated that the flux measurement at 140 m covered a major fraction of the
Beijing metropolitan area (20 km × 20 km). For Vancouver and Montréal, datasets were
acquired from the Environmental Prediction in Canadian Cities (EPiCC) network
(http://www.epicc.ca), which conducted measurements to evaluate the urban
meteorological numerical systems used at the Meteorological Service of Canada. Here we
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use data from the Vancouver Sunset tower location and the Montréal urban residential
site. More details can be found in Bergeron and Strachan (2012) for the Montréal site,
and in Tooke et al. (2009) and van der Laan et al. (2011) for Vancouver. In Phoenix,
observations were obtained from the eddy-covariance tower deployed at Maryvale, West
Phoenix, through the Central Phoenix Project Long Term Ecological Research program.
Local-scale surface energy balance of the area has been measured for the entire calendar
year 2012 (Chow et al. 2014).

2.4. Model Evaluation and Discussion
Here we present simulation results from the SLUCM with enhanced modelling of
urban hydrological processes, compared against measurement datasets collected at the
four aforementioned metropolitan areas. Hereafter, we refer to the current SLUCM as the
old SLUCM, and the version with proposed hydrological processes as the new SLUCM.
In this Chapter, models are run in an offline (stand-alone) mode. Simulations are driven
by half-hourly meteorological dataset measured from eddy covariance towers, including
wind speed, wind direction, air temperature, relative humidity, atmospheric pressure,
incoming shortwave and longwave radiation, and precipitation. Without records of largescale deployment of green roofs in any of these study cities during the measurement
periods, simulations are performed with 0% green roof fraction.
Performance of the SLUCM and coupled hydrological processes relies heavily on
the accurate determination of input parameters (Loridan et al. 2010; Wang et al. 2011b;
Yang and Wang 2014a). As field measurements of all input parameters of the model are
rarely possible, we only collect sensitive parameters of the model. Loridan et al. (2010)
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performed an extensive evaluation of the SLUCM and found that the latent heat flux is
most sensitive to the vegetation fraction. In Beijing, land cover and building
characteristics have been reported by Wang et al. (2009). Urban land-surface parameters
were obtained from high resolution lidar data for Vancouver (Goodwin et al. 2009), and
from satellite imagery as well as public Geographic Information System data for
Montréal (Lantz and Wang 2010). In Phoenix, Myint et al. (2011) developed a set of
multi-scale decision rules and supervised approaches using an object-based classifier, and
achieved an overall accuracy higher than 90% in urban land cover classification. This
method is employed to acquire vegetation fraction of a 1 km × 1 km area centred at the
eddy-covariance tower in Phoenix. At each site, area-averaged albedo is estimated from
measured incoming and outgoing shortwave radiations during a diurnal cycle on a
summer clear day. Facet albedo values are then assigned (i.e., for roof, wall and ground)
to achieve the correct overall surface albedo.
In addition to those obtained from field analysis, default values are used for the rest
of the parameters. Currently, urban canopy parameters are prescribed in the SLUCM for
three urban land-use categories: low-density residential, high-density residential, and
industrial and commercial. We use the industrial and commercial category to represent
the Beijing study site, and the high-density residential category for Phoenix, Montréal
and Vancouver. Properties of different vegetated surfaces are also prescribed in the
model. Based on results from Loridan et al. (2010), we select the cropland/grassland
category to represent the urban vegetation for Beijing, and the mixed shrubland/grassland
category for Phoenix, Montréal and Vancouver. Urban canopy parameters and simulation
periods for the four study sites are summarized in Table 2.1. Due to limited data
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availability, the simulation for Montréal is only run for 20 and 35 days during spring and
summer 2009, respectively.

Table 2.1. Urban canopy parameters and simulation periods for study metropolitan areas.
Input parameters

Unit

Phoenix

Beijing

Vancouver

Montréal

h (building height)

m

7.5a

18.3d

4.9e

8.35f

lroof (roof width)

m

9.4a

10a

12.3e

14f

lroad (road width)

m

9.4a

10a

9.4a

25.2f

furb (urban fraction)

-

0.844b

0.783d

0.68e

0.72f

αR (albedo of roof)

-

0.16

0.2

0.1

0.12

αW (albedo of wall)

-

0.16

0.2

0.1

0.12

αG (albedo of road)

-

0.16

0.2

0.1

0.12

QAHMAX

W m-2 10.3c

*1

*2

24.0g

Vegetation

-

shrubland/ cropland/

shrubland/

shrubland/

grassland

grassland

grassland

grassland

04/17/12-

06/30/09- 01/22/09-

04/03/09-

12/31/12

06/30/10

08/31/09#

04/17/12-

03/01/10- 03/01/09-

04/03/09-

05/31/12

05/31/10

04/23/09

06/01/12-

07/01/09- 06/01/09-

06/01/09-

08/31/12

08/31/09

08/31/09#

Simulation period
Spring
Summer

-

10/31/09
05/31/09
08/31/09

a: Default values prescribed in Noah/SLUCM; b: Myint et al. (2011); c: Sailor and Hart (2006); d:
Wang et al. (2009);
e: Goodwin et al. (2009); f: Lantz and Wang (2010); g: Lemonsu et al. (2010)
*1: Seasonal data of anthropogenic latent heat available from Miao and Chen (2014)
*2: Seasonal data of anthropogenic latent heat available from Sailor and Lu (2004)
#

: Gap exists due to data availability during the simulation period
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Figure 2.3. Averaged diurnal profiles of modelled and observed H, LE and Rn for (a)
Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.

Model predictions and field observations of H, LE and Rn are compared in Fig. 2.3.
Located in a semiarid region, Phoenix has less latent heat flux compared to the other
three metropolitan areas. It is clear from Fig. 2.3 that due to the lack of realistic urban
hydrological processes, the old SLUCM significantly underestimates LE with a
discrepancy of more than 40 W m-2 at 1400 local time. With the incorporation of urban
hydrological processes, the new SLUCM is able to predict LE with improved accuracy as
compared to field measurements, with a deviation of less than 10 W m-2 at 1400 local
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time for all study areas. Constrained by the surface energy balance, the increase in LE in
the new SLUCM leads to less available energy for H and G. It is found that (not shown
here) about 70% of the reduction is redistributed to H. This implies that the inclusion of
hydrological processes in the model has an important impact on the partition of available
energy into turbulent fluxes, without significantly altering the soil thermal storage. Figure
2.3 also illustrates that the incorporation of hydrological processes also improves the
prediction of daytime net radiation, leading to improved estimates of daytime surface
temperatures by the new SLUCM. In addition, the surface energy residual (Rn + QF – H –
LE – G) is calculated over the entire simulation period. Mean residuals for all study sites
are less than 0.15 W m-2, indicating the surface energy balance is maintained after the
implementation of hydrological processes.
Considering the seasonal variation of urban irrigation, we further evaluate model
results against observations at the intra-annual scale. Results from spring and summer
periods are plotted in Figs. 2.4 and 2.5, respectively. Predicted LE by the new SLUCM is
in good agreement with field observations (with absolute error less than 30 W m-2) except
that a substantial deviation of 60 W m-2 is found at Vancouver in spring. It is noteworthy
that Vancouver has larger LE in spring than in summer due to high precipitation; the
opposite is found in other three cities. This discrepancy in spring is possibly related to
missing hydrological processes in the current model (e.g. snow melting), necessitating a
continuous improvement of the single layer urban canopy model in the future. During
summer, the increase of LE is about 100% larger than that in spring due to irrigation in
the model; accuracy of prediction of LE is notably improved at all study sites.
Nevertheless, a significant deviation in H is observed in Vancouver, which is up to about
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50 W m-2 around noon. In general, Figs. 2.4 and 2.5 show that the new SLUCM is
capable of reproducing seasonal patterns of turbulent heat fluxes at study cities except
Vancouver.
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Figure 2.4. Averaged diurnal profiles of modelled and observed H and LE in spring for (a)
Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.
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Figure 2.5. Averaged diurnal profiles of modelled and observed H and LE in summer for
(a) Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.

To quantitatively assess the impact of the proposed hydrological processes, rootmean-square error (RMSE) between observed and modelled results is computed for the
entire simulation period. The statistics are summarized in Table 2.2, and are presented in
Fig. 2.6 to facilitate visualization of the results. Despite the locations,
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Table 2.2. Summary of the median, maximum, minimum, 25th and 75th percentile of the
RMSE (W m-2) between model prediction and observation.
Site

Statistics

Beijing

Phoenix

New SLUCM

H

LE

Rn

H

LE

Rn

Median

2.3

13.5

21.0

4.3

2.7

29.6

Minimum

0.0

4.6

1.5

0.0

0.1

0.3

25th percentile

1.2

9.6

7.2

1.3

0.6

5.5

75th percentile

7.1

21.3

51.6

8.0

4.4

44.1

Maximum

13.3

37.9

93.7

13.3

7.6

67.4

Median

10.6

11.5

13.1

6.1

1.8

4.5

Minimum

1.3

1.3

4.1

0.4

0.0

0.0

25th percentile

5.2

5.7

9.4

4.3

0.8

3.7

75th percentile

19.4

31.5

30.7

9.2

2.3

11.7

Maximum

31.8

45.8

42.7

15.3

10.2

14.6

3.3

17.4

3.2

3.9

3.8

11.8

Minimum

0.0

5.1

0.0

0.0

0.1

1.1

25th percentile

1.4

8.3

0.6

2.1

1.7

9.7

75th percentile

10.1

47.2

39.2

14.0

11.1

25.7

Maximum

17.6

62.5

58.3

33.3

20.7

47.8

Median

7.3

15.5

12.6

7.2

5.0

26.7

Minimum

0.0

6.6

0.3

1.5

0.1

1.2

25th percentile

2.5

9.1

6.9

4.2

3.3

20.3

75th percentile

17.7

31.1

73.2

12.4

8.4

56.0

Maximum

32.6

42.0

111.9

42.5

17.0

96.1

Vancouver Median

Montréal

Old SLUCM

RMSEs from the new SLUCM are notably smaller than those from the old SLUCM
with respect to LE. Averaged median RMSE of the four study sites are 14.5 and 3.3 W m2

for the old and new SLUCM, respectively. With respect to H, the old SLUCM has good
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overall performance among all study sites, with a median RMSE of 5.9 W m-2; the model
performance is slightly better for Beijing and Vancouver, and much improved for
Montréal and Phoenix in terms of maximum RMSE. In addition, the averaged median
RMSEs for H and LE for the new SLUCM are 5.4 and 3.3 W m-2, respectively, which are
significantly better than the corresponding median RMSEs of 22 and 26 W m-2 averaged
over the group of 32 urban energy balance models at the final stage (where all urban
canopy models were fine-tuned with input of most detailed field parameters) (Grimmond
et al. 2011).
From Figs. 2.3-2.6, it is evident that the major improvement of the new SLUCM is
in its capability of predicting LE, as a result of the enhanced physical representation of
urban hydrological processes. Among the proposed hydrological processes, evaporation
over pavement surfaces only takes effect during and shortly after precipitation due to the
low water-holding capacity. Considering the substantial fraction of paved surface in
urban areas, we specifically look into LE during rainfall periods to examine the impact of
different parametrization schemes.
The SLUCM is run with old (empirical decay function by Miao and Chen (2014))
and new (resolving water-holding layer in Chapter 2.2.3) schemes respectively. Figure
2.7 shows the result of comparison in summer period in Beijing and Phoenix. It is clear
that the old parametrization scheme overestimates LE after the onset of rainfall. Large
differences are observed throughout the period with a maximum error of about 80 W m-2
in Beijing and about 120 W m-2 in Phoenix. In contrast, the new evaporation scheme (Eq.
(2.8)) yields more realistic predictions of LE with better agreement with field
measurements, with maximum errors less than 40 and 70 W m-2 in Beijing and Phoenix,
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respectively. This new parametrization scheme for engineered surfaces can markedly
enhance prediction of LE and subsequently improve the representation of urban water
cycle during and after rainfall events.
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Figure 2.6. Box plots of RMSE between observed and model predicted H, LE and Rn for
(a) Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal. Top and bottom of the box
represent the 75th and 25th percentile, the horizontal line indicates the median, top and
bottom bars are the maximum and minimum values, respectively.
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Figure 2.7. Averaged LE after rainfall events during a summer period from two
evaporation parametrization schemes for (left) Beijing during 6/30/09-8/30/09 (averaged
over 4 major rainfall events), and (right) Phoenix during 7/03/12-8/31/12 (averaged over
4 major rainfall events).

Furthermore, for each hydrological process proposed in this study, the relative
contribution is calculated as the ratio (percentage) between the change of LE by turning
off the particular process and the overall change of LE by turning on all hydrological
processes. It is found that evaporation over engineered pavements has the least relative
contribution (less than 0.1%), because it is only effective during and shortly after
precipitation. The relative contribution from irrigation varies from about 6.7% in Beijing
to about 69.0% in Phoenix. The oasis effect contributes more (> 10%) to the overall LE
changes in Phoenix, Vancouver and Montréal, than that in Beijing. It is mainly because
the urban cropland/grassland (Beijing) has higher actual rate of evapotranspiration
limited by available energy (i.e. supply) rather than the potential rate (i.e. atmospheric
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demand). The anthropogenic latent heat is determined by population density and the
urban category of the measurement site. Therefore its contribution varies vastly for
different cities, ranging from about 0.5% in Vancouver to about 50% in Beijing.

2.5. Green Roof Simulations
In this section the new SLUCM model is applied to explore the effect of green roof
systems on urban hydroclimate, especially on the modification of urban water/energy
budgets. We study five scenarios with different green roof fractions, viz. 0%, 25%, 50%,
75%, and 100% of the total roof area. Simulations are conducted for a five-day period in
mid-summer for the four study cities: Beijing, (June 19-24, 2010), Phoenix (July 05-10,
2012), Vancouver (July 16-21, 2009), and Montréal (June 02-07, 2009), driven by
measured meteorological forcing. The selected periods were characterized by clear sky
conditions with no precipitation. The initial soil moisture of green roofs is assumed to be
the same as that of the ground vegetation. Note that urban irrigation is used for
subsequent simulations; therefore model results represent the maximum (potential)
capacity of evaporative cooling and energy savings by green roofs.
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Figure 2.8. Model predicted Ts with various green roof fractions during a 5-day summer
period for (a) Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.

Predicted surface temperature (Ts), sensible and latent heat flux with different green
roof area fractions are shown in Figs. 2.8-2.10. With increased green roof fraction and
therefore a stronger evaporative cooling effect, urban Ts and H decrease while LE
increases, as expected. Figures 2.8-2.10 demonstrate the range of modelled Ts, H, and LE
that rooftop modification can produce in each city. Replacing 25% of the rooftop with
green roofs can reduce daily peak Ts by 1 to 2 oC in study areas. If green roofs are
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implemented over the entire city, reduction in daily peak Ts can be up to 5 to 10 oC,
consistent with values reported by Santamouris (2014). Compared to Beijing and
Montréal, Phoenix and Vancouver have larger reductions in Ts. In Phoenix, the reduction
is partly due to the presence of a larger roof fraction (see Table 2.1), which provides more
area for green roof systems. In addition, the dry atmosphere in the semi-arid environment
in Phoenix induces higher potential evapotranspiration, which in turn leads to more
significant cooling. In Vancouver, though its urban fraction is the lowest among all study
cities, it has the highest roof- to urban-area ratio, leading to more effective cooling per
unit urban area by green roofs. Greater available surface energy, as a result of more solar
radiation in Phoenix and lower albedo in Vancouver, also contributes significantly to
larger increase of LE and reduction of Ts in the two cities.
Figure 2.9 illustrates that green roofs are capable of substantially reducing sensible
heat flux in urban areas. As H is determined by the difference between surface and air
temperature, the magnitude of reduction in H follows the trend of reduction in Ts.
Installation of green roofs over the entire available rooftop area can decrease daily peak
H by about 100 W m-2 in Beijing and Montréal, and about 160 W m-2 in Phoenix and
Vancouver. At night, the cooling effect becomes insignificant as the energy source for
evaporation, i.e. solar radiation, vanishes. Due to the larger heat capacity of moist soils as
compared to pavement materials, nighttime Ts and H on green roofs are higher than
conventional roofs. The warming effect of green roofs at night is more evident in lowlatitude areas that accumulate more thermal energy during daytime. Among study cities,
the nighttime warming (as compared to the case without green roofs) is less than 1 oC in
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Vancouver and Montréal, but can be more than 2 oC in Beijing and Phoenix. Overall, the
nighttime temperature increase is much smaller than daytime temperature reduction.
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Figure 2.9. Model predicted H with various green roof fractions during a 5-day summer
period for (a) Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.

In addition, green roofs can lead to an increase of more than 70 W m-2 in peak LE
values in all four cities (Fig. 2.10), up to 130 W m-2 in Phoenix. It is noteworthy that
increase of LE is relatively linear when green roof fraction rises from 0% to 75%,
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consistent with the result of a previous sensitivity study (Yang and Wang 2014a).
However, as green roof fraction increases from 75% to 100%, the increment of LE
becomes much smaller, revealing a complex mechanism of surface energy partitioning
for green roof systems in this range.
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Figure 2.10. Model predicted LE with various green roof fractions during a 5-day
summer period for (a) Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.
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On one hand, the decreased H due to surface cooling contributes more available
energy for evapotranspiration (LE increases), whereas the associated reduction in
buoyancy weakens the turbulent mixing and retains more moisture at the surface (LE
decreases). Results in Fig. 2.10 indicate the existence of a threshold capacity, beyond
which further increasing green roof fraction will have negligible effect on LE.
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Figure 2.11. Model predicted Qin with various green roof fractions during a 5-day
summer period for (a) Beijing, (b) Phoenix, (c) Vancouver and (d) Montréal.
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Moreover, the cooling effect by green roofs in turn leads to saving of cooling energy
consumption of buildings, especially in summers. To assess green roofs’ impact on the
building energy consumption, we calculate the heat flux conducted into the building
through the roof (Qin). A roof thermal insulation value of R30 is used in all simulations.
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Figure 2.12. Model predicted Qin with various green roof fractions during a 5-day period
for (a) Beijing from January 20-25, 2010, (b) Phoenix from December 06-11, 2012, (c)
Vancouver from March 08-13, 2009 and (d) Montréal from April 06-11, 2009.
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Model predicted Qin with different green roof area fractions in various cities are
shown in Fig. 2.11 for the summer period. The peak Qin occurs around 1800 local time,
whereas daily peak Ts occurs at about 1400 local time. The time lag of about 4 hours
implies the temporal gap between the hottest time and the largest cooling demands of
buildings (Wang 2014b). During the study period, diurnal peak Qin values without green
roofs are greater than 15 W m-2 at all study areas, up to 50 W m-2 in Phoenix. With green
roofs, Qin can be reduced to nearly zero throughout the day in Vancouver and Montréal,
and to less than 7 W m-2 in Beijing and Phoenix, implying significant potential saving of
building cooling energy in summers.
To illustrate the impacts of green roofs on building energy consumption in cool
seasons, a second set of 5-day simulations (different from previous simulation periods in
mid-summers) are conducted for Vancouver (March 08-13, 2009), Phoenix (December 611, 2012), Beijing (January 20-25, 2010), and Montréal (April 06-11, 2009). In Fig. 2.12,
diurnal profiles of Qin exhibit a similar trend to those in summers, where negative values
indicate outward heat fluxes with a heating demand for building interiors. During the
simulation period, highest peak Qin of 18 W m-2 and lowest peak Qin of 43 W m-2 are
observed in Phoenix and Beijing, respectively. Implementation of green roofs can
increase these peaks to about 4 W m-2 and 9 W m-2 in corresponding cities, suggesting a
considerable saving of heating loads. This demonstrates that the insulation effect from
additional layers in a green roof system is important in improving building energy
efficiency under cool-to-cold climates.
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2.6. Summary
In this Chapter, physical urban hydrological parametrizations were implemented into
the single layer urban canopy model, including (1) anthropogenic latent heat, (2) urban
irrigation, (3) urban oasis effect, (4) evaporation over engineered pavements, and (5)
multilayer green roofs. Comparisons against field measurements show that the enhanced
SLUCM has improved accuracy in predicting turbulent fluxes over urban areas,
especially the latent heat flux. The new model is able to capture not only the diurnal cycle
but also intra-annual variations of H and LE in various cities. With the parametrization of
water holding capacity of paved surfaces, actual LE is better captured during and shortly
after rainfall periods.
It is shown that when well irrigated, green roofs are effective in enhancing latent
heat flux, and reducing surface temperature and sensible heat flux through evaporative
cooling. For building energy efficiency, green roofs are found to be effective in
decreasing not only summer cooling but also winter heating demands, through the
combined evaporative cooling and insulation effect. Though environmental benefits of
green roofs are encouraging based on the simulation results, their actual performance is
sensitive to geographic and meteorological conditions and is critically limited by the
availability of water resources.
In general, results of the new SLUCM are promising, even with a large number of
default urban parameters, as prescribed in the WRF model. Nevertheless, for specific
cities, e.g. Vancouver, the presence of model-measurement deviation requires more
meticulous determination of the input parameter space to achieve optimal values. In
addition, the lack of snow/ice hydrology in current urban modelling systems necessitates
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further development of physically-based urban parametrization schemes, especially those
related to the coupled energy-water transport mechanisms.
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CHAPTER 3 OPTIMIZING URBAN IRRIGATION FOR THE TRADE-OFF
BETWEEN ENERGY AND WATER CONSUMPTION
3.1. Introduction
Urban areas account for 67-76% of global energy use (Seto and Dhakal 2014), with
the percentages expected to increase under future urban expansion. Buildings are the
dominant energy consumers in the cities, around 40% of the total final energy
consumption in the United States and the European Union is in the building sector
(Retzlaff 2008, European Commission 2012). In recent years there has been a growing
concern about the energy consumption as it is the largest contributor to global CO2
emissions, which is the leading cause of climate change (Seto and Dhakal 2014).
Building energy consumption in cities is closely related to environmental temperatures
(Akbari 2009), on which urban irrigation has indirect effects by controlling the supply of
surface moisture for evapotranspiration of urban green infrastructure.
While numerous means for reducing building energy consumption have been
investigated, the impact of various urban irrigation schemes on building energy efficiency
has been less explored. Irrigation-induced cooling on near-surface temperature over
agricultural land has been extensively documented in both observational (Sacks et al.
2009) and modelling (Bonfils and Lobell 2007, Lobell and Bonfils 2008) studies. In
summers, daily maximum air temperature over 100% irrigated area can be 5 oC cooler
than that over non-irrigated area in California (Lobell and Bonfils 2008). On the other
hand, though the importance of irrigation in modelling urban energy and water budget
has been recognized (Mitchell et al. 2008, Vahmani and Hogue 2014), the explicit impact
of irrigation on urban environmental temperature and building energy consumption has
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rarely been studied. Irrigation of private gardens consumes 16-34% of the total water
supplied to an urban area, let alone the water used for irrigating large open space such as
public parks and golf courses (Mitchell et al. 2001). For residential areas within the city
of Los Angeles, nearly 225 × 106 m3 of water was used for irrigation per year (LADWP
2001). Such amount of irrigation can increase evapotranspiration and cool the urban
environment considerably, leading to significantly lower cooling load, especially in
densely built areas.
Under the challenge of future climate change, water becomes a more precious
resource in cities (Vairavamoorthy et al. 2008). Current irrigation practices in most cities
are scheduled between sunset and sunrise in order to avoid rapid moisture loss. However,
from an energy saving perspective, irrigation should be conducted during daytime as
evaporative cooling is driven by available solar radiation at the surface. In this case,
irrigating urban vegetation leads to improved building energy efficiency, albeit the tradeoff and balance between water and energy resources need to be carefully measured.
Different from agricultural irrigation whose objective is mainly on the yield of produces
(Topak et al. 2010), urban irrigation apparently needs a new paradigm by considering the
environmental sustainability of cities (e.g. mitigate urban heat islands and save building
energy consumption).
Understanding the relationship between water and energy consumption in the urban
environment is essential to develop an optimal urban irrigation scheme. In this Chapter
the single layer urban canopy model, described in Chapter 2 with realistic representation
of urban hydrological processes, is employed to identify the environmental impact of
urban irrigation in the Phoenix metropolitan area. A variety of uncontrolled and
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controlled irrigation schemes is investigated, including (1) daily constant scheme, (2)
soil-moisture-controlled scheme, and (3) soil-temperature-controlled scheme.
Considering the seasonal variation of meteorological conditions and irrigation demands,
the net saving of individual scheme is quantified at an annual scale. The trade-off
between water and energy consumption are addressed by adopting the combined
monetary saving as a measure of environmental co-benefit. The indirect benefit of
irrigation on outdoor thermal comfort of pedestrians is also discussed.

3.2. Numerical Experiment Design
3.2.1 Irrigation schemes
The Phoenix metropolitan area is selected as the study area for this Chapter. The
simulation period was one entire calendar year, 2012. Phoenix has a population of more
than 1.5 million in 2015, and is the sixth most populous city in the United States (U.S.
Census Bureau 2016). Located in a semi-arid environment, Phoenix has a tremendous
demand for cooling compared to other cities (Sivak 2008), thus providing a large
potential for building energy saving through optimizing irrigation schemes (Gober et al.
2010). In Phoenix, xeric and mesic are two typical vegetated residential landscapes. Xeric
sites usually comprise drip-irrigated, low water-use native and/or desert-adapted plants,
while mesic sites mainly consist of turf grass and shade trees (Middel et al. 2014).
Though xeric landscaping helps to conserve water resource, mesic landscaping provides
valuable environmental services by, e.g. reducing urban warming and improving
stormwater management, and is aesthetically appealing (Chow and Brazel 2012).
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A schematic of irrigation in the single layer urban canopy layer is shown in Fig. 3.1.
Focusing on irrigation of mesic neighborhoods, four different urban irrigation schemes
are tested for Phoenix. Scheme 1 is the baseline case with no irrigation during the entire
simulation period. Scheme 2 is a daily constant scheme that represents current irrigation
practice over mesic residential landscapes in Phoenix. Daily irrigation amount is
estimated by dividing monthly irrigation data from an in-situ measurement by the number
of days in each month. Following a previous study, irrigation is scheduled at 2000 local
time every day in this scheme (Yang et al. 2015a). Sensitivity analysis finds that the
irrigation time at night has limited impacts on model results. Scheme 3 is a soil-moisturecontrolled scheme proposed as a potential urban irrigation paradigm. The idea is to
maintain soil moisture at a certain level to keep evaporative cooling effective all the time.
Whenever the moisture content of top soil layer (θtop) drops below a critical value,
irrigation is carried out to increase the moisture. The amount of irrigation each time is set
to be the same as that in the daily constant scheme. Scheme 4 is similar to the soilmoisture-controlled scheme but uses the soil temperature as the controlling variable.
Targeted on reducing urban environmental temperature during hot periods, the scheme
activates urban irrigation once the temperature of top soil layer exceeds a threshold value.
Each time the irrigation amount also equals to the daily irrigation amount of scheme 2.
During prolonged daytime period of hot summers, this scheme may easily lead to over
irrigation. To avoid waste of water resource, the irrigation amount is then regulated by
either the daily irrigation amount of scheme 2 or the difference between θtop and saturated
soil moisture, whichever is smaller. For cool to cold months where soil temperature is
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consistently lower than the threshold value, essential irrigation is conducted to maintain
soil moisture above the wilting point to support biological functions of mesic vegetation.
Volo et al. (2014) has conducted a comparative analysis of the impact of irrigation
scheduling at both mesic and xeric sites in Phoenix. Typical wilting point for mesic site is
found to be from 0.15 to 0.24. In this study, the lower bound value 0.15 is used as the
wilting point and the upper bound value 0.24 is used as the controlling moisture for the
soil-moisture-controlled irrigation scheme. Residual and saturated soil moisture is set to
be 0.10 and 0.50. With respect to the threshold soil temperature for irrigation activation
in the soil-temperature-controlled scheme, a value of 22 oC is adopted as the first step to
illustrate performance of the scheme.

Figure 3.1. A schematic of lawn irrigation in residential areas. The two-dimensional “big
canyon” representation is adopted to represent the urban area with the longitudinal
dimension (canyon length) much larger than the planar dimensions (building height and
road width).
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3.2.2 Model evaluation
The single layer urban canopy model developed in Chapter 2 is used to quantify the
impact of urban irrigation. Accuracy of the UCM in capturing the energy and water
budgets of Phoenix is crucial to accurately assess the impact of urban irrigation on
environmental temperature and building energy consumption. In Chapter 2 the
performance of the UCM for Phoenix has been evaluated using annually averaged diurnal
profiles of turbulent heat fluxes. Considering the variation of meteorological conditions
and irrigation demands, the UCM is tested with calibrated parameters at a daily basis in
this Chapter. Half-hourly meteorological forcing is obtained from the eddy-covariance
tower deployed at Maryvale, West Phoenix. The experiment site has a footprint area of
about 1 km × 1 km, of which about 48.4% is impervious surface, 36.8% is bare soil, and
14.6% is vegetation (Yang et al. 2015a). Daily constant irrigation (i.e. scheme 2) is added
into the model to represent practical supply for soil moisture.
Comparison of predicted and observed average ground temperature (Tg), canyon air
temperature (Tcan), sensible heat flux (H), and latent heat flux (LE) is shown in Fig. 3.2.
Gaps in data points are due to failure and maintenance of individual sensors. It is clear
from the graphs that model predictions agree with observations reasonably well except
for LE in certain months. Discrepancy between observed and predicted LE is about 30%
in October and November. This deviation is largely caused by the spatial variability and
uncertainty in precipitation and irrigation data. For the entire simulation period, root
mean square errors are 1.39 oC, 1.02 oC, 12.51 W m-2, and 7.36 W m-2 for Tg, Tcan, H, and
LE, respectively. The calibrated input parameters are then adopted for subsequent
analysis in this Chapter.
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Figure 3.2. Comparison of predicted and observed average (a) Tg, (b) Tcan, (c) H, and (d)
LE in Phoenix during the entire simulation period.
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3.3. Results and Discussion
3.3.1 Comparison between different irrigation schemes
On the basis of the demonstrated skill of the UCM in reproducing energy and water
budgets for Phoenix, a series of simulations was conducted to investigate the effect of
various irrigation schemes on environmental temperature, building energy consumption,
and outdoor thermal comfort at an annual scale. In 2010, vegetative cover of the Phoenix
metropolitan area was estimated to be about 12% (City of Phoenix, 2010). Aiming to
create a healthier, more livable and prosperous desert city, the City of Phoenix has
initiated a Tree and Shade Master Plan to achieve the recommended average tree
coverage of 25% by American Forest for southwestern cities (City of Phoenix, 2010).
Projecting the increase onto residential areas, mesic neighborhoods may have a
vegetative cover of more than 30%. For subsequent simulations, a combination of 35%
vegetative cover and 65% impervious surface is used to represent mesic residential
landscape in the near future.
Figure 3.3 shows the temporal distribution of θtop and water consumption of all
schemes. The annual variability is markedly different for different schemes: for daily
constant irrigation scheme, water use pattern roughly follows a bell curve, with the peak
consumption in the pre-monsoon summer, June; the soil-moisture-controlled scheme
maintains θtop at a relatively constant level, water consumption increases with soil
temperature and the trend is similar to that of daily constant scheme. Irrigation of the soiltemperature-controlled scheme has the most drastic seasonal variation, with water use
mainly concentrated in the summer owing to elevated temperatures. Peak water
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consumption in July and August for the soil-temperature-controlled scheme is 4 times
more than that of other two schemes.
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Figure 3.3. Simulated temporal distribution of (a) θtop, and (b) water consumption among
different irrigation schemes in Phoenix in 2012.

With vastly different profile of θtop and water consumption, it is expected that soiltemperature-controlled and soil-moisture-controlled irrigation have significantly different
impacts on thermal condition in the urban canyon. First, various irrigation schedules
modify surface heating and turbulent mixing in the urban canyon, subsequently changing
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the heat exchange between wall surface and canyon air. Second, different cooling of the
ground surface impacts the amount of longwave radiation emitted towards building
surface. Detailed results and discussion on the difference in heat transfer are shown in
subsequent sections.

3.3.1.1 Effect of irrigation schemes on environmental temperatures
By replenishing soil moisture for evapotranspiration, urban irrigation has direct
cooling impacts on the ground temperature. Note that the UCM does not dynamically
simulate the growth and wilt of vegetation. Vegetation is assumed to be fully functional
as long as θtop is maintained above the wilting point of mesic landscape. Figure 3.4
demonstrates the reduction of Tg, Tcan, and wall temperature (Tw) by various irrigation
schemes as compared to the no-irrigation case. Calculation of these temperatures involves
complicated energy and moisture transport in cities due to urban geometry and thermal
interaction. Please refer to Wang et al. (2013) for detailed computational process. Under
the same meteorological condition, evaporative cooling is determined by the volumetric
moisture content of top soil layer. Consequently, the magnitude of reduction in Tg among
different schemes (Fig. 3.4a) follows closely the relative magnitude of θtop in Fig. 3.3a.
The soil-moisture-controlled scheme has a larger reduction of Tg than other schemes
during the winter, whereas the soil-temperature-controlled irrigation induces the greatest
cooling in the summer. Maximum monthly reduction in Tg is about 2.1 oC in the winter
and about 6.3 oC in the summer. When moisture content is relatively constant (e.g. the
soil-moisture-controlled scheme), evapotranspiration of urban vegetation is regulated by
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available radiation at the surface, resulting in the larger cooling in summer compared to
other seasons.
(a)

(b)

(c)

Figure 3.4. Monthly reduction in (a) Tg, (b) Tw, and (c) Tcan by various irrigation schemes
as compared to the baseline (no-irrigation) case. Scale of the vertical axis is different for
subplots.
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Through the thermal interaction inside the street canyon, urban irrigation has
indirect cooling impacts on building surface as lower ground temperature reduces thermal
radiation emitted towards the wall. Reduced temperatures subsequently weaken the
sensible heat flux arising from ground and wall surfaces, leading to the cooling of canyon
air. Effect of different irrigation schemes on Tcan and Tw is plotted in Figs. 3.4b and 3.4c,
respectively. Monthly variation of the reductions in Tcan and Tw is nearly identical to that
of reduction in Tg. Maximum monthly cooling in June is less than 4.0 oC for Tcan and 3.0
o

C for Tw, which is significantly lower than the direct cooling effect on Tg. It is

noteworthy that the cooler canyon air and wall surface in turn affect the
evapotranspiration process of ground vegetation, thus results here represent the effect of
urban irrigation in a built environment with interactive exchange of thermal energy.

Equation Chapter (Next) Section 1
3.3.1.2 Effect of irrigation schemes on building energy consumption
Figure 3.4 clearly illustrates that urban irrigation cools the built environment
throughout the annual cycle. Reduced environmental temperature can save cooling load
of buildings during warm to hot seasons, it nevertheless increases heating demand of
buildings in cool to cold seasons. To quantify the net impact of urban irrigation on
building energy efficiency, the one-dimensional heat conduction equation through walls
is solved as:
T  x , t 
2
  w 2 T  x, t  ,
t
x

where T is temperature inside the building envelop as a function of position x and time t,
and α = k / ρc is the thermal diffusivity, with ρ the density, c the specific heat, k the
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(1.1)

thermal conductivity, and the subscript w denoting walls. The heat equation can be
solved analytically using Green’s function approach (Wang et al. 2011a) using
convolution integral. Given the temporal scale of this study (annual), and the fact that
convolution requires the saving of all temporal history of the thermal field evolution
inside the wall (for 1 year) and is not computationally effective, the finite difference
method is adopted to solve the heat equation, by discretizing the wall into a finite number
of layers. The temperature profile inside the wall in the i-th layer at time instant j is
solved as:

Ti j  Ti j 1   w

Ti j11  2Ti j 1  Ti j11

 x 

2

t ,

(1.2)

where x and t are the space and time intervals respectively. This equation is solved with a
constant inner wall surface temperature boundary condition.
Building energy consumption consists of thermal load, plug load, equipment load,
and lighting load. The analysis here focuses on thermal load as the rest is relatively
independent of outdoor meteorological condition. Thermal load is the amount of heating
and cooling energy that needs to be added to or removed from the building to maintain
thermal comfort and control moisture for occupants. Thermal load of buildings is
determined by the combination of external thermal load and internal thermal load.
External loads are made up of heat transmitted through the envelope (roof, wall, and
ground), solar gain through windows, heat loss/gain through leaks, infiltration and
ventilation, while internal loads include heat generated by people, lighting, and
equipment. Note that though the UCM is capable of reproducing energy and water
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budgets for urban area, its ability in simulating building structural details is limited.
Therefore, several factors are neglected when estimating building energy consumption.
Firstly, internal thermal load of buildings is neglected. For the studied residential
area in Phoenix, single family house is the major building type (Chow et al. 2014).
Sparsely populated with little activity and energy-intensive equipment, single family
house is generally dominated by external thermal loads. Secondly, latent load of
buildings is ignored. This assumption is acceptable for Phoenix as latent load constitutes
only about 21% of the annual ventilation load under hot and dry climate (Harriman III et
al. 1997). Thirdly, the contribution of heat flux transmitted through roof and ground floor
is not accounted for, as pilot analysis indicates that irrigation in the street canyon has
limited effects on roof temperature and soil temperature under building ground floor.
Fourthly, due to model limitation, windows are not simulated that subsequent results
represent buildings without windows. Lastly, the efficiency of air conditioning system
and the variation of the building interior temperature are not considered. Because the
efficiency of air conditioning system is always less than 1, actual energy used for heating
and cooling would be larger than the heat flux transmitted through building envelope.
Based on these assumptions, building energy consumption is estimated as the heat flux
transmitted through the wall in this study, given by:

Q 
j
in

k w Tinj  Tb 
din / 2

,

where Qinj is the heat flux entering the building via walls at time step j, din is the
thickness of the innermost (discrete) layer, Tinj is temperature of the innermost layer at
the same time calculated using Eq. (3.3), and Tb is the inner wall surface temperature. A
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(1.3)

positive Qin indicates a cooling demand of the building, while a negative value means a
heating demand.

(a)

(b)

(c)

Figure 3.5. Monthly (a) water consumption, (b) heating penalty, and (c) cooling saving
by various irrigation schemes as compared to the no-irrigation case.
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In the UCM, heat transfer within building wall is computed using a multi-layer
algorithm, which enables capturing evolution of temperature and heat transfer within the
wall as compared to a single-layer algorithm. Here a R5 insulation wall sheathing is
considered based on Energy Star recommendation and a typical value of 0.9 W m-1 K-1 is
used for kw. Inner wall surface temperature is assumed to be maintained at 24 oC by
indoor heating, ventilation, and air-conditioning (HVAC) systems for the entire
simulation period.
Figure 3.5 presents the monthly water consumption, heating penalty (additional
building heating demand), and cooling saving (reduced building cooling demand) by
different irrigation schemes as compared to the no-irrigation case. In cool to cold season
(November to March), the soil-moisture-controlled scheme consumes about 0.29 cubic
meter water per square meter vegetated ground area for irrigation, notably larger than
0.22 m3 m-2 in daily constant scheme and 0.16 m3 m-2 in the soil-temperature-controlled
irrigation. Relatively high moisture level maintained by the soil-moisture-controlled
scheme significantly increases the heating demand of buildings. Monthly maximum
penalty can be up to about 6.3 kWh m-2 in early spring and the annual heating penalty is
more than 45 kWh m-2. On the other hand, with irrigation concentrated in summer, the
soil-temperature-controlled scheme has the least heating penalty as well as the largest
cooling saving. Total water consumption of the scheme in summer is 1.23 m3 m-2, which
is about tripled compared to the consumption of 0.38 m3 m-2 in other two schemes.
Compared to the control case (no-irrigation), the maximum monthly saving is more than
20 kWh m-2 in June. For the entire simulation period, total heating penalty and cooling
saving is about 32 and 116 kWh m-2, respectively.
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3.3.1.3 Effect of irrigation schemes on net cost
The saving of summer cooling load by lawn irrigation is concomitant with the cost
of increased water usage: it takes water to cool an arid city. The trade-off between water
and energy consumption naturally leads to the classic question of cost-benefit: Is the
saving of cooling energy from urban irrigation worth the cost of water resources? Water
conservation has been a primary concern in Phoenix as the city receives water from
upstream basins and groundwater pumping. Outdoor water use per capita in Phoenix
surpasses rates in other cities. A cost-benefit analysis by combing water and energy
consumptions can provide a quantitative estimate, serving as a reasonable economic
measure of the environmental sustainability of various irrigation schemes. For unit
consistency, total cost is given by:
w
cost total  Pwater   f veg W  Pelectricity  Qin ,
h
t
t

(1.4)

where Pwater and Pelectricity are the unit prices of water and electricity usage respectively,
w/h is ration between ground and wall areas, fveg is the areal fraction of vegetation over
ground surface, and W is the water consumption rate. The absolute value function is used
to account for electricity consumption by both cooling and heating demand of the
building. Note that water cost has a unit of cubic meter water per square meter vegetated
ground area, and is multiplied by the fraction of vegetated ground area to wall surface
area (w/h)fveg for unit conversion. The resulted total cost is in dollar per square meter
wall area.
Electricity price is obtained from the basic plan of local company Salt River Project
(http://www.srpnet.com/prices/home/basicfaq.aspx#2) and water price is acquired from
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the city of Phoenix (https://www.phoenix.gov/waterservices/customerservices/rateinfo).
Table 3.1 summarizes the electricity and water prices for Phoenix, both prices have a
strong seasonal variation with high charges in summer. Note that the Salt River Project
also offers a Time-of-Use plan and an EZ-3 plan in which electricity price is higher
during on-peak hours. The choice of electricity plans may affect the results of total
monetary saving, however, comparison between different plans is beyond the scope of
this study.
Table 3.1. Summary of electricity and water prices in Phoenix.
Electricity price

Water price

(ȼ kWh-1)

($ m-3)

January

8.03

1.00

February

8.03

1.00

March

8.03

1.00

April

8.03

1.19

May

12.31

1.19

June

12.31

1.32

July

12.83

1.32

August

12.83

1.32

September

12.31

1.32

October

12.31

1.19

November

8.03

1.19

December

8.03

1.00

Month
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Monthly saving in total cost of different irrigation schemes as compared to the noirrigation case is shown in Fig. 3.6. Results show that during hot seasons, irrigating more
water leads to more total saving. Maximum monthly saving can be up to about $2.5 m-2
in the soil-temperature-controlled scheme for June and August. In cool to cold months
when heating demand dominates, additional moisture from irrigation results in increased
total cost (negative values in Fig. 3.6). Monthly cost of the soil-moisture-controlled
scheme is about $0.13 m-2 higher than that of the soil-temperature-controlled scheme
throughout the winter. Table 3.2 summarizes the annual water use, electricity
consumption, and total cost of all schemes. Among investigated schemes, the soilmoisture-controlled scheme has the largest total cost. Compared to daily constant
irrigation, it consumes more water and has higher total cost, primarily due to the
increased heating penalty during cool seasons. The soil-temperature-controlled scheme
has a significantly larger annual water usage, which is 60% more than that of other two
schemes. However, the cost of water can be offset by the saving in cooling energy.
Overall, the soil-temperature-controlled irrigation scheme is the most efficient in
reducing annual total cost of mesic neighborhoods.
Table 3.2 shows that saving by the soil-temperature-controlled irrigation is relatively
insignificant as compared to the total cost of daily constant irrigation. One plausible
reason is that the current irrigation practice in Phoenix is well planned as water is a
precious resource for the desert city. It is important to keep in mind that the soiltemperature-controlled irrigation is more effective in reducing urban temperatures during
the summer than the current irrigation scheme, thus providing benefits of a better living
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environment to residents, and being more cost-effective. At last, it is worth to point out
that results on net cost are achieved based on the assumption and simplification listed in
section 3.3.1.2. Modification of any condition, especially the efficiency of air
conditioning system, may revamp the energy-water trade-off and lead to significant
variation in efficiencies of investigated irrigation schemes.

Figure 3.6. Monthly total saving by various irrigation schemes as compared to the noirrigation case.

Table 3.2. Summary of annual water usage, energy consumption, and total cost of all
study irrigation schemes.

Water usage (m3 m-2)

No-

Daily

Soil-moisture-

Soil-temperature-

irrigation

constant

controlled

controlled

0

1.04

1.09

1.79

(kWh m-2)

1405.8

1335.7

1336.3

1321.6

Annual total cost ($ m-2)

151.29

143.28

143.32

142.44

Energy consumption

58

3.3.1.4 Effect of irrigation schemes on outdoor thermal comfort
In addition to alleviating environmental temperature and building energy demand,
urban irrigation has important implications for thermal comfort of pedestrians in outdoor
urban environment. With a large city size, warm and dry climate, and significant amount
of clear days, Phoenix is among the hubs of urban heat islands in the United States where
people experience intense thermal discomfort during hot days in outdoor or non-airconditioned indoor environments (Brazel et al. 2000). The quantification of outdoor
thermal comfort in urban areas is complicated, due to many environmental factors,
including but not limited to temperature, humidity, wind speed, radiative exposure, and
ambient evaporative and sensible fluxes (Mishra and Ramgopal 2013). Evaluation of the
outdoor thermal comfort may be performed using various indices. In this study, the Index
of Thermal Stress (ITS) developed by Givoni (1963) is selected to identify the impact of
urban irrigation on outdoor thermal comfort for Phoenix. ITS is a measure of the rate at
which the human body must give up moisture to the environment in order to maintain
thermal equilibrium, defined by:
  E

ITS  E  exp 0.6 
 0.12   ,

  Emax

(1.5)

where E is the cooling rate produced by sweat which is required for equilibrium, and Emax
is the evaporative capacity of the air. E is given by:
E  M  W  Rn  C ,

(1.6)

where M is the body’s metabolic rate, W is the energy transformed into mechanical work,
Rn and C are the environmental heat exchanges due to radiation and convection,
respectively. Detailed calculation of Emax, Rn and C using meteorological variables can be
59

found in (Shashua-Bar et al. 2011), where the net metabolic heat gain (M-W) is taken as a
constant 70 W m-2 for the pedestrian. Pearlmutter et al. (2007) has employed the index to
assess outdoor thermal comfort condition in urban canyon with different geometries.

Table 3.3. Summary of monthly averaged ITS of all study irrigation schemes.
ITS (W m-2)
Month

No-

Daily

Soil-moisture-

Soil-temperature-

irrigation

constant

controlled

controlled

January

172.2

169.6

168.9

170.7

February

237.7

233.8

233.0

235.2

March

338.4

333.5

332.3

335.2

April

452.8

438.7

436.9

439.6

May

578.0

554.4

553.9

555.1

June

658.9

627.1

626.4

625.3

July

628.8

605.2

603.2

602.9

August

614.0

595.2

594.0

590.7

September

531.5

533.4

534.1

529.1

October

358.6

345.7

346.4

348.7

November

235.5

229.5

229.0

231.8

December

151.7

149.8

149.0

150.3

The ITS for pedestrians doing gentle outdoor activities (e.g. walking) in the street
canyon is calculated. Monthly averaged ITS in different irrigation schemes are
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summarized in Table 3.3. Givoni (1963) conducted a series of empirical experiments to
correlate ITS with subjective thermal sensation. An ITS between 280 and 400 W m-2
indicates a “hot” thermal condition and above 400 W m-2 is “very hot”. Following their
definition, outdoor thermal comfort condition will be very hot for pedestrians from April
to September in Phoenix.

Figure 3.7. Monthly reduction of ITS by various irrigation schemes as compared to the
no-irrigation case.

Reduction of ITS by different irrigation schemes as compared to the no-irrigation
case is shown in Fig. 3.7. By reducing environmental temperature and increasing
humidity, urban irrigation leads to reduction in ITS throughout the year except for
September. Due to four major rainfall events, September has a significantly higher
relative humidity than other months. Further moisture brought by irrigation under the
humid condition thus results in degradation of outdoor thermal comfort. In hot summer,
reduction of ITS by the soil-temperature-controlled scheme is more significant than that
of other two schemes. Maximum reduction is about 35 W m-2 in June. It is noteworthy
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that outdoor human thermal comfort is a rather subjective measure that is related to
physiological aspects of pedestrians, which can vary from region to region. The results of
this study indicate a rather qualitatively positive impact of urban irrigation on outdoor
thermal comfort in Phoenix.

3.3.2 Optimal soil temperature for the soil-temperature-controlled irrigation
The comparative analysis in section 3.3.1 indicates that the soil-temperaturecontrolled irrigation is the best scheme in terms of annual total saving. The governing
mechanism of the scheme is to generate saving in cooling energy in summers as well as
to minimize heating penalty during winters. The use of water to cool a city in summers
necessarily points to the intricate balance of water-energy nexus. Is there an optimal
temperature regulating the soil-temperature-controlled irrigation that can maximize the
combined saving of energy and water resources? To address this question, a set of
simulations with six controlling top-soil temperatures (in addition to the initial
controlling temperature of 22 oC) is carried out, namely 20, 21, 23, 24, 25, and 26 oC,
above which the soil-temperature-controlled irrigation will be activated.
Figure 3.8 demonstrates the annual saving in energy, water and the combined cost
by different soil-temperature-controlled irrigation schemes as compared to the noirrigation case. Positive values in the graph denote net saving. At a lower activating
temperature, the soil-temperature-controlled scheme consumes more water during hot
periods. Due to the nonlinear distribution of temperature, cost of water decreases more
rapidly at a lower soil temperature. The combined annual saving exhibits a nonlinear
trend as a function of activating soil temperature. Water usage with an activating
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temperature of 26 oC is only about 18% of that with an activating temperature of 20 oC.
The latter consumes 17.1 kWh m-2 less energy than the former. Maximum annual saving
is about $9.20 per square meter wall area at 23 oC, while minimum saving of $6.47 per
square meter wall area is found with an activating temperature of 20 oC.
12

energy use
8

Saving ($ m-2)

total
4

0

-4

-8
19

water use

20

21

22

23

24
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26

27

o

Activating top-soil temperature ( C)

Figure 3.8. Annual saving in cost of water consumption, energy cost and total cost by
soil-temperature-controlled irrigation scheme with various activating soil temperatures as
compared to the no-irrigation case.

Comparing with the annual saving of $8.01 m-2 by daily constant scheme, the
activating top-soil temperature needs to be carefully determined in order to yield the
optimal irrigation scheme using temperature control in terms of the trade-off between
water and energy. It is worth to mention that optimal activating soil temperature depends
on meteorological conditions and thus can vary vastly for different seasons or different
climatic zones. Analysis here using a yearly constant activating temperature serves as a
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first step towards optimizing irrigation schemes for building energy efficiency. Further
studies on a temporally varying activating soil temperature are needed.

3.4. Summary
In this Chapter, the enhanced urban canopy model developed in Chapter 2 was used
to identify the environmental effect of urban irrigation for the Phoenix metropolitan area.
The performance of various uncontrolled and controlled irrigation schemes on mesic
residential landscapes was investigated, including (1) daily constant irrigation, (2) soilmoisture-controlled irrigation, and (3) soil-temperature-controlled irrigation. In general,
irrigating mesic landscape in urban areas cools the urban environment via enhanced
evapotranspiration. Maximum cooling effect on canyon air temperature can be more than
3 oC in summer. Results show that the soil-temperature-controlled irrigation can reduce
annual building energy consumption and the combined energy-water cost of the no
irrigation case by about 6%, which is the most efficient among investigated schemes. By
design, the soil-temperature-controlled scheme activates irrigation during hot periods and
helps to preserve water during cold seasons, thus optimizes the trade-off between energy
and water use. Annual saving can be up to about $1.19 per square meter wall area
compared to the current irrigation practice (daily constant) in Phoenix. The total saving of
the soil-temperature-controlled scheme requires a fine balance in energy-water use. Sitespecific analysis is therefore required to determine the optimal activating soil
temperatures.
It is noteworthy that estimated saving in this Chapter provides a qualitative rather
than quantitative guidance for water-energy trade-off in urban irrigation, due to (i) the
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simplifications made in estimating the building energy consumption, and (ii) the neglect
of the uncertainty inherent in model physics and the parameter space. In addition,
modelling results, especially those for the daily constant irrigation scheme, are based on
the monthly available in-situ measurement of irrigation over mesic residential landscapes.
Timing, duration and amount of actual irrigation vary from neighbour to neighbour thus
the results cannot be directly up-scaled to extract monetary saving for the entire city.
Having more detailed data availability in other study areas will help to validate and
improve the proposed irrigation schemes in this study. Nevertheless the analysis in this
Chapter deepens our insight into the trade-off between energy and water use and
facilitates a development of new paradigm for urban irrigation.
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CHAPTER 4 REGIONAL EFFECT OF GREEN ROOFS ON TWO CITIES IN
CONTRASTING CLIMATES
4.1. Introduction
Impact of green roofs on building energy efficiency and urban climate at the city
scale has been accessed in Chapter 2. However, studied in an offline (i.e., not
dynamically coupled to the overlying atmosphere) setting, simulation results in Chapter 2
did not account for the interaction between the land and atmospheric system, and the
potential omission of important feedback mechanisms can lead to significant uncertainty
and potential errors (Brubaker and Entekhabi 1996). To model the exchanges between the
land surface and the atmosphere, mesoscale atmospheric and urban canopy models need
to be coupled, whereby mesoscale models compute meteorological forcings for the
surface, while urban canopy models provide the lower boundary conditions for the
overlying atmospheric system (Best 2005, Chen et al. 2011). In the literature, there have
been only a handful of studies investigating climatic (Georgescu et al. 2014, Georgescu
2015) and meteorological (Li et al. 2014) impacts of green roofs in a coupled
atmosphere-urban modelling framework. Georgescu et al. (2014) explored the benefits of
green roofs and the potential to offset urban-induced warming at seasonal and annual
timescales across the contiguous U.S. Nevertheless, assuming green roofs were infinitely
evaporating without water constraint, their results represented the maximum potential
benefits of evaporating rooftop water pools rather than green roofs. Li et al. (2014)
investigated the effectiveness of green roofs by coupling the Princeton urban canopy
model into the WRF system. They focused on a 3-day summer heat wave event whereas
the long-term performance of green roofs was not addressed. More importantly, urban
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hydrological processes were not adequately represented in these studies (e.g., urban
irrigation and urban oasis effect), leading to potential uncertainty in the findings.
It is therefore imperative to implement green roofs into a coupled atmosphere-urban
modelling system to investigate their impacts under a fully interacting environment. In
addition, the effect of hydrological processes (described in Chapter 2) on urban regional
hydroclimate needs to be addressed. In this chapter we coupled the enhanced SLUCM
developed in Chapter 2 into the integrated WRF-Urban modelling system to: (1) evaluate
the impact of hydrological processes on prediction of urban hydrometeorological
variables, and (2) assess the effect of green roofs at the regional scale with seasonal
variability. To investigate model results under different geographical and climatic
conditions, simulations are conducted for two major cities in the United States, namely,
Phoenix and Houston.

4.2. Methodology
4.2.1 WRF-Urban modelling system
WRF is a fully compressible, non-hydrostatic modelling system that has been used
for a variety of applications, ranging from local to global scale (Skamarock and Klemp
2008). At this stage, four urban parametrization options are available in the WRF-urban
modelling system that are coupled to the Noah land surface model, namely the bulk
parametrization, the single layer urban canopy model (Masson 2000, Kusaka et al. 2001),
the multi-layer urban canopy model (Building Energy Prediction, BEP) (Martilli et al.
2002), and BEP plus indoor-outdoor exchange building energy model (Salamanca et al.
2010). The coupled WRF-urban modelling system has been applied to major
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metropolitan regions and its performance has been validated against ground-based
observations, atmospheric soundings, and wind-profiler measurements (Lin et al. 2008,
Miao and Chen 2008, Kusaka et al. 2012a). Mid- to end-of-century urban climates have
also been studied with the modelling system (Georgescu et al. 2012, Kusaka et al. 2012b).
Here we used WRF version 3.4.1 to conduct simulations over study metropolitan
areas. Initial meteorological conditions for the WRF simulations were obtained from the
National Centers for Environmental Prediction Final Operational Global Analysis data,
which were available on a 1o × 1o resolution with a 6-hour temporal frequency (details
can be found on http://rda.ucar.edu/datasets/ds083.2/). The Noah land surface model,
coupled with the single layer urban canopy model, was used to simulate land surface
processes after initiation. Note that we adopted an enhanced version of SLUCM as
described in Chapter 2, which featured the integration of (1) anthropogenic latent heat, (2)
urban irrigation, (3) evaporation from water-holding engineered pavements, (4) urban
oasis effect, and (5) multilayer green roof system. Other major physical parameterization
schemes used in this study include: (1) the new Thompson scheme for microphysics
(Thompson et al. 2008); (2) the rapid radiative transfer model for longwave radiation
(Mlawer et al. 1997); (3) the Dudhia scheme for shortwave radiation (Dudhia 1989); (4)
the MM5 similarity scheme for surface layer and (5) the Yonsei University scheme for
planetary boundary layer (Hong et al. 2006). Cumulus parametrization is turned on only
for the outer and middle domain, using the Kain-Fritsch scheme (Kain 2004).

68

4.2.2 Experiment design
To compare the effect of urban hydrological processes under different geographical
and climatic conditions, we selected Phoenix and Houston as our study sites. These two
are among the top ten most populous cities in the U.S., whose urban heat island and
hydroclimate has been extensively studied in the literature (Salamanca et al. 2011,
Georgescu et al. 2012, Yang et al. 2016a). Distinct conditions in two regions (e.g., inland
semi-arid for Phoenix and coastal humid for Houston) facilitate a better understanding of
urban hydrological processes under different geographical and climatic conditions.
For both areas, we used a two-way nested grid configuration with all three domains
centered on the city (see Fig. 4.1). Spatial resolution for the outer, middle, and inner
domains was 32 km, 8 km, and 2 km, respectively. The outer domain covered a surface
area of 1856 km × 1856 km, and the inner domain had a size of 212 km × 212 km. As the
outer and middle domains cover portions of Mexico, MODIS global land cover data was
used (Friedl et al. 2002). For the inner domain, we used the National Land Cover
Database (NLCD) 2006 (Fry et al. 2011) to represent the heterogeneous urban landscape
which is subdivided into 3 categories (see Fig. 4.1c and Fig. 4.1d). We selected year 2006
for this study to represent a normal annual climatic condition for both cities. Simulations
were initiated on 0000 UTC, 1 November, 2005 and concluded at 0000 UTC, 1
December, 2006. November 2005 was the spin-up period and not included in subsequent
analysis. Considering the time span of simulations and geographical locations, sea
surface temperature was updated at an interval of 1 day. In this Chapter, our analysis
focused on the inner domain and results of the other two domains are not discussed.

Equation Chapter (Next) Section 1
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(a)

(b)

(c)

(d)

Figure 4.1. Geographical representation of the domain extent with topography (in meters)
overlaid for (a) Phoenix, and (b) Houston. Land use land cover information of the inner
domain for (c) Phoenix, and (d) Houston.

For each city, a total of three sets of simulation were conducted (see Table 4.1). The
first case was a control run with the default SLUCM (hereafter ‘Old SLUCM’) in WRF.
The second case employed the recently enhanced SLUCM ((Yang et al. 2015a), hereafter
‘New SLUCM’) with a more realistic representation of urban hydrological processes. The
last case assumed a 100% areal fraction of green roof deployment over the study cities
using the new SLUCM. With this experiment design, the impact of hydrological
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processes can be readily obtained by comparing results from the first and second cases.
And the difference in results between the second and last cases renders the regional
impact of green roofs.

Table 4.1. Summary of numerical experiments performed.
Case number

Model

Hydrological process

1

Old SLUCM

Same as default WRF 3.4.1

2

New SLUCM

Case 1 + anthropogenic latent heat + urban
irrigation + evaporation from waterholding engineered pavements + urban
oasis effect

3

New SLUCM

Case 2 + multilayer green roof system

4.3. Impact of Urban Hydrological Processes
Performance of the WRF simulations was evaluated against hourly meteorological
observations from ground-based weather stations. Simulated 2-m air temperature (T2) and
2-m dewpoint temperature (Td2) at one hour frequency were available for direct
comparison to observed data. These two variables were selected because of their
importance in fire weather prediction (Cheng and Steenburgh 2005). Besides, they are
essential inputs to a variety of hydrological and ecological models for resolving
evapotranspiration process and plant productivity (Dodson and Marks 1997). For Phoenix,
we utilized data from Arizona Meteorological Network (AZMET) and NOAA’s National
Centers for Environmental Information (NCEI).
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Table 4.2. Summary of name, location, and land use type of meteorological stations used
in this study.
City

Station name

Source

Encanto

AZMET 33.479 -112.096

Urban

Mesa

AZMET 33.387 -111.867

Urban

Skyharbor airport NCEI
Phoenix

Lat

Lon

Land use

33.428 -112.004

Urban

Buckeye

AZMET 33.400 -112.683

Rural

Waddell

AZMET 33.618 -112.460

Rural

Greenway

AZMET 33.621 -112.108

Rural

Desert ridge

AZMET 33.733 -111.967

Rural

Pearland

NCEI

29.519

-95.242

Urban

D.W. Hooks

NCEI

30.068

-95.556

Urban

NCEI

29.638

-95.282

Urban

Intercontin

NCEI

29.980

-95.360

Rural

Suger

NCEI

29.622

-95.657

Rural

Houston William

Details of the meteorological stations are summarized in Table 4.2. Based on NLCD
2006 land use classification, 4 stations were identified as urban and the rest as rural. With
respect to Houston, only data from NCEI were used, among which 3 stations were urban
and 2 were rural. Arithmetic average of ground-based measurements is compared against
that of simulation results at corresponding model grids for evaluation.
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Figure 4.2. Comparison of annual average diurnal profiles of simulated and observed (a)
urban T2, (b) urban Td2, (c) rural T2, and (d) rural Td2 for Phoenix.

Figure 4.2 compares the simulated annual average diurnal profiles of T2 and Td2 with
the old and new SLUCM against the observations for Phoenix. Hydrological processes
are expected to reduce air temperature and increase dewpoint temperature at the 2 m level
of urban areas, nevertheless Fig. 4.2 shows that the effect on 2-m air temperature is
negligible. One important reason for this phenomenon is the limited effective area and
time of hydrological processes. Among the implemented urban hydrological processes,
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urban irrigation and oasis effect are effective over vegetated area, which is only 20% of
the urban land surface in Phoenix. Evaporation from water-holding engineered
pavements functions during and shortly after rainfall, therefore its long-term average
impact is trivial. Another critical reason is the parameterization schemes in the WRF
model. The WRF model adopts a “tile” approach, where fluxes over built and vegetated
surfaces are weighted by their respective areal fractions to calculate the total flux arise
from the urban land surface. In this case, surface temperature and air temperature are
largely determined by the built surface, whose areal fraction and temperature are
significantly larger than those over the vegetated surface. Anthropogenic latent heat is
directly added to the latent heat flux term that it does not modify partitioning of solar
radiation into different fluxes over the urban area. On the other hand, moisture and
humidity over the urban land surface are primarily controlled by the vegetated part, as
there is no evaporation over the built surface most of the time.
In terms of Td2, it is clear from Fig. 4.2 that modelled Td2 is significantly
underestimated in WRF simulations with the old SLUCM. Diurnal minimum Td2 is found
at 1600 local time, which corresponds to maximum T2. After accounting for urban
hydrological processes, model prediction agrees better with observations. Increase of Td2
can be up to about 1.5 oC for the urban area across the diurnal cycle. Via urban-rural
circulations, urban hydrological processes also have detectable effects on rural Td2,
though with a smaller magnitude. Results for Houston are plotted in Fig. 4.3. Located in a
coastal area, Houston has a lower air temperature and a higher dewpoint temperature than
Phoenix. Daytime onshore flow provides moisture for the urban area, therefore weakens
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the influence of urban hydrological processes. Increase in Td2 by hydrological processes
is about 0.3 oC for Houston.
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Figure 4.3. Comparison of annual average diurnal profiles of simulated and observed (a)
urban T2, (b) urban Td2, (c) rural T2, and (d) rural Td2 for Houston.

Figures 4.2 and 4.3 illustrate that urban hydrological processes have limited effects
on T2. Therefore we used the daily maximum, mean and minimum 2-m dewpoint
temperatures for statistical analysis in this Chapter. Evaluating these temperatures is very
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useful as they are indices for climate extremes (Alexander et al. 2006; Perkins et al.
2007). Seasonally-averaged results for Phoenix and Houston are summarized in Table 4.3,
which shows that with the old SLUCM, WRF simulations considerably underestimate
daily maximum and mean Td2. The new SLUCM with enhanced urban hydrological
modelling enables improved predictions for the entire simulation period.

Table 4.3. Summary of average daily maximum, mean, and minimum Td2 (oC) for
different seasons. Obs is short for observation, Old and New denote simulation results
with the old and new SLUCM, respectively.
Daily maximum
City

Daily mean

Daily minimum

Td2
Obs

Old

New

Obs

Old

New

Obs

Old

New

DJF

-1.91

-3.15

-1.61

-5.71

-6.63

-5.50

-9.12

-10.22

-9.28

MAM

4.69

3.67

4.10

0.62

-0.07

0.36

-3.66

-3.75

-3.37

JJA

15.54 13.02 13.33 11.81 10.36 10.64

7.83

7.68

7.93

SON

8.86

8.49

4.92

4.52

5.18

0.94

1.15

1.79

DJF

10.94 11.51 11.92

6.25

6.27

6.8

1.58

1.15

1.74

MAM

18.25 19.65 19.75 15.64

15.9

16.02 12.47

11.79

11.93

JJA

23.54 22.41 22.45 22.01 19.76 19.83

20.1

15.84

15.94

SON

18.57 18.22 18.47 15.59 14.17 14.44 12.25

9.89

10.27

Phoenix
7.87

Houston

For Phoenix, increase in daily maximum and mean Td2 is about 1.2, 0.4, 0.3, and 0.6
o

C for winter (DJF), spring (MAM), summer (JJA), and fall (SON), respectively. With

respect to daily minimum Td2, the improvement is less clear. Improvement is observed in
winter while degradation is reported for fall. In Houston, the impact of urban
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hydrological processes is weak due to the presence of sea-land breezes. During spring
and summer when temperature difference is distinct between the land and sea surface,
strong onshore flow makes the effect of urban hydrological processes negligible. For fall
and winter, average daily maximum, mean and minimum Td2 is increased by about 0.6
and 0.3 oC, respectively.

4.4. Regional Hydroclimatic Effect of Green Roofs
On the basis of the demonstrated skill of the modelling system in capturing the
urban meteorological field, we conducted simulations to investigate the regional effect of
green roofs for both Phoenix and Houston. Our hypothetical scenario assumes that all
rooftops of the two cities are replaced by green roofs, with results indicating the
maximum possible effect. Here we select short grasses for green roof vegetation type
with a 0.3-m deep loam soil layer. Sensitivity of green roof performance to parameters
related to soil and vegetation type is referred to the previous study (Yang and Wang
2014a).
Figure 4.4 shows the seasonal variability of impacts of green roofs on land surface
temperature Ts at 1400 LT for Phoenix. We present the result at 1400 LT as subsequent
analysis find the time corresponds to diurnal maximum effect (see Fig. 4.13). From Fig.
4.4 it is clear that green roofs can reduce Ts of the urban area by more than 4 oC
throughout the year (please refer to Fig. 4.1c for the urban area in Phoenix). Compared to
other seasons, fall (SON) has the smallest reduction in Ts, primarily due to the extensive
amount of precipitation simulated in this season. Simulated accumulated precipitation
depth for spring, summer, fall, and winter is about 47.9, 59.4, 100.5, and 4.8 mm,
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respectively. Seasonal variation of precipitation in green roof case is similar to that of
control case (see Table 4.4). Compared to in-situ measurements, model prediction
underestimates precipitation in summer and overestimates it in fall for Phoenix. The
deviation in precipitation pattern can be caused by various physical parametrizations,
such as microphysics, planetary boundary layer, and cumulus schemes. Closing the gap
between simulated and observed precipitation requires a thorough sensitivity analysis in
the future and is beyond the scope of this study.

(a)

(b)

(c)

(d)

Figure 4.4. Simulated impact of green roofs on land surface temperature at 1400 LT for
Phoenix during (a) winter, (b) spring, (c) summer, and (d) fall.
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Table 4.4. Summary of observed and simulated precipitation (mm) for different seasons.
Obs is short for observation, New and GR denote simulation results using the new
SLUCM with and without green roofs, respectively.
City

Precipitation

Obs

New

GR

Precipitation

DJF

1.6

4.8

4.8

DJF

185.7 134.5 132.8

MAM

39.7

47.9

46.5

MAM

141.2 172.7 165.3

JJA

307.6 205.3 202.7

SON

365.5 301.6 268.7

Phoenix

Obs

New

GR

Houston
JJA

82.3

59.4

55.6

SON

79.4 100.5 99.0

Chapter 2 suggested a green roof cooling of Phoenix metropolitan area by about 8 oC
at 1400 LT in summer. This significant difference between offline and online simulation
results indicates that feedback between the atmospheric system and land surface has
notable influences on the performance of green roofs. Results in this Chapter, derived
from the fully coupled WRF-urban modelling system, are more representative of actual
effects. To demonstrate impacts during nighttime hours, results at 0200 LT are shown in
Fig. 4.5.
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(a)

(b)

(c)

(d)

Figure 4.5. Simulated impact of green roofs on land surface temperature at 0200 LT for
Phoenix during (a) winter, (b) spring, (c) summer, and (d) fall.

With additional soil layers on top of buildings, green roofs are able to store extra
solar energy during daytime as compared to conventional roofs. The energy is released
and causes a considerable warming effect at night. Figure 4.5 demonstrates that increase
in Ts is about 1 - 2 oC from spring to fall and is less than 1 oC in winter. The magnitude of
nighttime warming is much smaller than that of daytime cooling by green roofs for
Phoenix. These results are consistent with recent high-resolution simulations for
urbanizing regions in California, which similarly indicated an increased nighttime
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warming tendency for green roofs deployment that was considerably smaller in
magnitude relative to daytime cooling (Georgescu 2015).
(a)

(b)

(c)

(d)

Figure 4.6. Simulated impact of green roofs on land surface temperature at 1400 LT for
Houston during (a) winter, (b) spring, (c) summer, and (d) fall.

Cooling effect of green roofs on Ts at 1400 LT for Houston is shown in Fig. 4.6
(please refer to Fig. 4.1d). Compared to Phoenix, temperature reduction in fall and winter
for Houston is much lower. Evaporative cooling of green roofs is mainly controlled by
two factors: available energy and availability of water at the surface. As precipitation for
Houston is abundant throughout the year, evapotranspiration arising from green roofs is
largely determined by the available solar radiation. Houston is known to have a much
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cloudier weather and thus less total available solar radiation than the desert city Phoenix.
In winter, when the sun angle is lower, solar radiation intensity decreases significantly
and green roofs become relatively less effective. Precipitation also plays a role in
determining the cooling effect. During the simulation period, Houston receives nearly
double the amount of rainfall in fall as compared to spring (see Table 4.4), which
indicates less clear days on average, leading to ineffectiveness of green roofs.

(a)

(b)

(c)

(d)

Figure 4.7. Simulated impact of green roofs on 2-m air temperature at 1400 LT for
Phoenix during (a) winter, (b) spring, (c) summer, and (d) fall.
Difference in simulated 2-m air temperature between 0% and 100% green roof
fraction cases at 1400 LT for Phoenix is shown in Fig. 4.7. Opposite to the trend of
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surface temperature, it is found that the strongest cooling effect on T2 of more than 1.2 oC
occurs in winter, while the smallest reduction is less than 0.8 oC in summer. A reason for
this phenomenon is that non-linear relation exists between surface temperature and 2-m
air temperature. When green roofs reduce Ts, buoyancy effect is also reduced such that
the reduction of T2 is smaller than the reduction of Ts.

(a)

(b)

(c)

(d)

Figure 4.8. Simulated impact of green roofs on 2-m air temperature at 0200 LT for
Phoenix during (a) winter, (b) spring, (c) summer, and (d) fall.

Another critical factor contributing to the phenomenon is the warming effect caused
by green roofs at night, as demonstrated in Fig. 4.8. Compared to winter, the urban land
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surface in summer receives a considerably enhanced solar radiative flux, which is stored
via large thermal mass of manmade structures, and is subsequently released at night. In
the absence of incoming solar radiation, vertical mixing over urban terrain in nighttime is
weak that evolution of air temperature is steady (Poulos et al. 2002). As a consequence,
increase in T2 by heat released from green roofs dissipates slowly until sunrise when
surface heating modifies the stability condition of the boundary layer. Figure 4.8 clearly
illustrates that increase in T2 in summer is more significant than that in winter, in terms of
both the influence area and the magnitude. This nighttime warming impedes cooling of
air temperature in daytime, and results in the stronger cooling of T2 in winter as compared
to summer.
Figure 4.9 demonstrates the regional effect of green roofs on T2 at 1400 LT for
Houston. It is noteworthy that unlike in Phoenix, the order of reduction in T2 among
different seasons generally follows that of Ts for Houston. This is primarily due to the
negligible nighttime warming of air temperature in Houston throughout the year (results
not shown here). In a coastal area, different surface cooling over land and sea results in a
temperature gap in overlying air layers and consequently leads to nighttime advection of
marine air. Simulated 10-m wind speed at 2100 LT (sunset around 2000 LT) for Houston
during summer is presented in Fig. 4.10.
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(a)

(b)

(c)

(d)

Figure 4.9. Simulated impact of green roofs on 2-m air temperature at 1400 LT for
Houston during (a) winter, (b) spring, (c) summer, and (d) fall.
(a)

(b)

Figure 4.10. Simulated 10-m wind speed at 2100 LT for Houston during summer: (a)
control case without green roofs, and (b) green roof case.
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Advection of marine air towards the land tends to reduce T2 over sea and increase T2
over land. As illustrated in Fig. 4.8, green roofs tend to increase T2 over urban areas at
night. The increase in T2 narrows the gap in air temperatures over land and sea. As a
consequence, nighttime advection of marine air is slowed down, which in turn offsets the
warming effect on T2 over urban areas. Figure 4.10 shows that green roofs decrease 10-m
wind speed by about 1 m s-1 in the bay area. The combined effect of green roofs on
nocturnal T2 is therefore insignificant. With an insignificant nighttime warming, daytime
cooling of T2 follows the trend of reduction in Ts. Reduction in T2 at 1400 LT for
Houston is less than 0.8 oC in winter, and can be up to more than 1.2 oC in summer. It is
worth mentioning that cooling effect on T2 has a larger spatial coverage in Houston due
to the existence of land-sea circulation, especially in spring and summer when there is a
considerable gap between land and sea surface temperature.
Impact of green roofs on 2-m dewpoint temperature for Phoenix at 1400 LT is
shown in Fig. 4.11. Through evaporative cooling, green roofs are able to increase
moisture and decrease temperature of near-surface air layer, thus leading to a substantial
rise in Td2 for the entire simulation period. Sunwoo et al. (2006a, b) suggested that to
avoid dryness of the eyes and skin, relative humidity should be maintained at greater than
30%. Therefore increased air humidity can enhance the thermal comfort of pedestrians in
a dry environment, such as the pre-monsoon season in Phoenix (relative humidity ≈ 12%).
However, extra moisture in the monsoon season can aggravate the thermal discomfort of
residents, as illustrated in the analysis on urban irrigation in Chapter 3. This two-sided
effect of green roofs needs special attentions, especially in humid regions like Houston.
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(a)

(b)

(c)

(d)

Figure 4.11. Simulated impact of green roofs on 2-m dewpoint temperature at 1400 LT
for Phoenix during (a) winter, (b) spring, (c) summer, and (d) fall.

Figure 4.11 demonstrates that increase of Td2 can be up to more than 1.2 oC across
the year. It is easy to recognize that seasonal variation of increase in Td2 is similar to that
of decrease in T2 for Phoenix, due to the non-linear relationship between saturated vapour
pressure with air temperature. According to the Clausius-Clapeyron equation, a same
amount of increase in absolute humidity of air will cause a larger increase of dewpoint
temperature at a lower air temperature. At night, evapotranspiration rate becomes much
slower as the driving force (solar radiation) disappears, influence of green roofs on Td2
thus become insignificant (results not shown here). Figure 4.12 presents the results at
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1400 LT for Houston. The relation between green roofs’ effects on Td2 and T2 is
consistent in both cities.

(a)

(b)

(c)

(d)

Figure 4.12. Simulated impact of green roofs on 2-m dewpoint temperature at 1400 LT
for Houston during (a) winter, (b) spring, (c) summer, and (d) fall.

Besides spatial variation, temporal variation of the impact of green roofs is
investigated. Realizing the maximum and minimum effects of green roofs in a temporal
cycle has important implications for urban planning. In fact, the time at which spatial
effect of green roofs was presented (e.g., 1400 and 0200 LT in above context) is selected
based on diurnal results in Fig. 4.13.
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Figure 4.13. Diurnal variation of average impact of green roofs on (a) LE, (b) Ts, (c) T2,
and (d) Td2 over the entire Phoenix metropolitan area.

Figure 4.13 demonstrates the diurnal impact of green roofs averaged over the entire
Phoenix urban area. As expected, latent heat flux (LE) from green roofs increases with
intensity of solar radiation at the surface that the largest increment of more than 70 W m-2
is found in summer. Additionally, daytime sunshine duration controls the effective period
of green roofs. It is indicated from Fig. 4.13a that green roofs function about 4 hours
more in summer than in winter.
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While increase in LE is the largest in summer, it does not necessarily lead to the
greatest reduction in Ts. As shown in Fig. 4.13b, the strongest cooling of the urban land
surface by green roofs occurs in spring instead of summer, owing to the monsoon period
from July to September in Arizona. The extensive amount of precipitation in fall also
results in a smaller reduction of Ts than that in winter. With respect to the nighttime
warming, increase of Ts by green roofs from the largest to the smallest is summer, fall,
spring, and winter. The order is the same for increase in nighttime T2. Average increment
of nighttime T2 is about 1.1 oC in summer and about 0.3 oC in winter. As aforementioned,
the difference in nighttime warming has implications for daytime cooling process.
Consequently, the largest reduction of daytime T2 and the largest increase of Td2 by green
roofs occur in winter. From December 2015 to February 2016, Phoenix was in an
abnormally dry condition. Evapotranspiration from green roofs is low under the
circumstance that a few rainfall events in this period cause large variations in latent heat
flux, which lead to the spike in Fig. 4.13d.
Average impact of green roofs on studied variables for Houston is qualitatively
similar to that for Phoenix; however, seasonal variation of the impact differs considerably.
With sufficient supply of water from precipitation, effectiveness of green roofs in
Houston largely depends on duration and strength of incoming solar radiation. Figure
4.14a shows that increased LE by green roofs can be up to more than 130 W m-2 in spring
and summer, which is remarkably larger than the increase of about 80 W m-2 in fall. With
respect to Ts, Fig. 4.14b demonstrates that daytime cooling effect is the strongest in
summer and the weakest in winter, while nighttime warming is almost negligible. Diurnal
impact of green roofs on T2 across various seasons is similar to that on Ts. Peak cooling
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effect is found to be about 1 oC in spring and summer. As land-sea circulation mixes the
air layer of coastal area, increased Td2 by green roofs has a relatively limited seasonal
variation.
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Figure 4.14. Diurnal variation of average impact of green roofs on (a) LE, (b) Ts, (c) T2,
and (d) Td2 over the entire Houston metropolitan area.

4.5. Summary
In this Chapter, we applied the WRF modelling framework with the enhanced single
layer urban canopy model developed in Chapter 2 to assess the effect of hydrological
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processes on urban meteorology. Evaluation against field measurements illustrates that
including hydrological processes can improve prediction of the 2-m dewpoint
temperature. Based on the tested simulations, regional impact of green roofs is
investigated at the annual scale for Phoenix and Houston. Model results demonstrate that
green roofs are effective in reducing daytime air temperature and increasing dewpoint
temperature over urban areas. The effect of green roofs shows strong diurnal and seasonal
variations, and varies with geographical and climatic conditions. It is noteworthy that
urban vegetation is largely represented by short grasses in the WRF-urban modelling
system, whereas physical resolution of more diverse urban vegetation types, e.g. shade
trees, and their hydrometeorological effect, such as on radiative energy exchange,
remains an open challenge (Wang 2014b).
Comparing results from this Chapter and Chapter 2, it is indicated that landatmosphere interactions cannot be ignored in quantifying the influence of surface
hydrological process. In coastal area, land-sea circulation mixes the near-surface air layer
that effect of hydrological processes on meteorological field is weaker compared to that
of inland area. To accurately evaluate sustainable adaptation/mitigation strategies for
urban area, numerical experiments should be carried out with a fully interacting landatmosphere modelling system. Modification of urban landscape has implications for
hydrometeorology of surrounding rural areas, which requires serious consideration and
planning before implementation.
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CHAPTER 5 POTENTIAL WATER BUFFERING CAPACITY OF URBAN GREEN
INFRASTRUCTURE
5.1. Introduction
Previous Chapters demonstrate that urban green infrastructure provides valuable
benefits for the built environment via evaporative cooling and reducing the urban heat
island. Yet, the watering demand of green infrastructure raises practical concerns of the
water resource management, especially for cities located in the semiarid or arid
environment. Under the potential, to certain extent actualizing, challenges of the global
climate changes, water scarcity is becoming a widespread reality for global cities with
rapid population growths (Vörösmarty et al. 2000). Chapter 3 investigates the intricate
balance of water-energy nexus when using outdoor irrigation to cool the desert city
Phoenix. Nevertheless, the trade-off between water and energy resources is only one of
many aspects in the convoluted activities of an urban system that water pervades (see Fig.
5.1). Efficient management of water is an integral component as well as a critical
challenge of multisector sustainability for cities (Brown et al. 2009). While increasing
studies demonstrate the effectiveness of green infrastructure in cooling urban
environments (Shashua-Bar and Hoffman 2000, Oberndorfer et al. 2007), only a handful
of them have looked into its impact on urban water resources in detail (Gober et al. 2012,
Yang and Wang 2015).
The populous desert metropolitan area of Phoenix, Arizona is studied in this Chapter
mainly due to: (1) land use conversion in the past decades has created a significant UHI
in this region (Wang et al. 2016), and (2) typical landscape management practices in the
study area, ranging from oasis to desert landscaping, impose vastly different requirement
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for outdoor irrigation of green infrastructure (Brazel et al. 2000). In the 21st century, high
temperature, low precipitation, and decreased runoff result in increased aridity of the
southwest United States (MacDonald 2010). On the other hand, Arizona’s Sun Corridor
is the fastest growing megapolitan area, anchored by the Phoenix and Tucson
metropolitan areas at its geographical termini (Grimm et al. 2008). Even without
reductions in river flows caused by climate change, political decisions and actions are
imperative for water sustainability of Phoenix in 2030 (Gober and Kirkwood 2010).

Figure 5.1. A schematic for water consuming activities in the complex urban network.
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Recognizing that a more native desert landscaping facilitates amelioration of water
shortage, the city of Mesa offers financial incentives for xeriscaping homeowners (City
of Mesa, 2013). On the other hand, though the widespread adoption of water-intensive
mesic landscape has adverse impacts on the long-term water sustainability, it enhances
the thermal comfort in the built environment over all spatial and temporal scales (Chow
and Brazel 2012). The city of Phoenix has initialized a Tree and Shade master plan to
achieve a tree canopy cover of 25% by 2030 (City of Phoenix, 2010). In the context of
water-energy-climate repercussions, the tradeoff between water conservation and UHI
mitigation inevitably exerts profound impacts on multisector components in the urban
network. Assessment of the water usage associated with urban green infrastructure is thus
of crucial importance for the water resource management as well as the sustainable
development of the Phoenix metropolitan area.
Towards this end, in this Chapter we used the integrated WRF-UCM modelling
system, with a realistic representation of urban hydrological processes, to access the
water usage of urban green infrastructure in the Phoenix metropolitan area. Our objective
here is to quantify the potential water buffering capacity, i.e. the possible range of
variability in the water resource demand, of urban green infrastructure in arid
environments and its implication to sustainable urban development.

5.2. Numerical Experiment Design
The same experimental setup used in Chapter 4 (see Fig. 4.1a) was adopted here.
With the WRF-UCM modelling system, three scenarios are simulated in this Chapter: (1)
the control case: mixed ground infrastructure (cropland/natural vegetation mosaic)
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representing the current urban practice of landscape management with daily irrigation in
the Phoenix metropolitan area; (2) the hypothetic water-saving scenario, i.e. all
xeriscaping (open shrubland) with no irrigation; and (3) the fully-greening scenario with
100% coverage of green roofs (short-grass) and mesic landscaping (grassland), both
irrigated daily. Following the setup in Chapter 4, irrigation is scheduled at night and the
daily amount is equal to an increase in moisture of a 0.4 m thick soil layer to a threshold
value where transpiration will not be limited by the water availability. Areal fraction of
green infrastructure varies with urban land use categories, whose parameters are
summarized in Table 5.1.

Table 5.1. Summary of canopy parameters in different urban land use categories.
High-

Medium-

density

density

m

17.0

7.5

5.0

lroof (roof width)

m

10.0

9.4

8.3

lroad (road width)

m

10.0

9.4

8.3

furb (urban fraction)

-

0.95

0.85

0.70

-

0.16

0.18

0.18

1.8

1.3

1.3

2.8

2.1

2.1

0.90

0.90

0.90

35

30

20

Canopy parameters

Unit

h (building height)

α (albedo of building
materials)
k (thermal conductivity of

W m-1

building materials)

K-1

C (heat capacity of

MJ m-3

building materials)

K-1

ε (emissivity of building
materials)
Anthropogenic heat

W m-2
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Low-density

Simulated water consumption for outdoor irrigation and corresponding
hydroclimatic condition related to individual green infrastructure scenarios are expected
to be highly informative for analysts in urban planning by answering fundamental
questions, such as ‘What is the potential (maximum possible) degree of cooling by fullygreening Phoenix and at what price (of water usage)?’.

5.3. Regional Climate Modelling
Capacity of the WRF-UCM model in reproducing the hydroclimate of the study area
is evaluated against field measurements obtained by ground-based stations in Chapter 4.
Thus we are confident to apply the model to investigate hydroclimatic consequences of
hypothesized urban green infrastructure scenarios. Simulations were conducted for
summertime (June, July and August) when frequent irrigation is conducted to compensate
heat-induced rapid moisture loss. A summer of normal climatic condition, year 2012, is
studied to obtain general findings applicable for other years.

5.3.1 Hydroclimatic impacts
With different irrigation schedules and green infrastructure types, the two simulated
hypothetic scenarios exhibit distinct hydroclimatic responses in the study area. Compared
to the control case, the fully-greening scenario with ample irrigation promotes
evaporative cooling during daytime (Fig. 5.2a), leading to significant alleviation of urban
thermal stress. The mean daily maximum cooling of the 2-m air temperature (T2) and
increase of the 2-m dewpoint temperature (Td2) is about 1.4 and 2.9 oC respectively. The
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reduction in air temperature, as demonstrated in Chapter 3, has promising implications
for building energy consumption, and a meticulous life cycle analysis of the water-energy
nexus is capable of determining an optimal urban irrigation scheme. The nocturnal
cooling of air temperature, in comparison, is considerably lower than the daytime
counterpart, as the energy source for evapotranspiration diminishes.
On the other hand, Figure 5.2b shows that the self-supportive xeriscaping
infrastructure with no irrigation leads to consistently higher T2 and lower Td2 in a watersaving city. It is noteworthy that simulated mean daytime maximum temperature of 2012
summer is about 39.6 oC, where the additional warming of about 1 oC by xeriscaping is
critical for heat-related morbidity and mortality (Golden et al. 2008), especially for lowincome citizens without access to air conditioning systems. Throughout the mean diurnal
cycle, the potential warming induced by the hypothetic xeriscaping scenario is close to
the potential cooling by irrigated mesic green infrastructure. This indicates that the
existing urban green infrastructure and irrigation schemes play a crucial role in regulating
the current hydroclimate of the Phoenix metropolitan area. To further improve the
thermal environment, if the coverage of green infrastructure at the ground level is not
increased, deployment of green roofs will require extensive engineering and maintenance
efforts.
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Figure 5.2. Simulated difference in (a) T2, and (b) Td2 between study cases and the
control case averaged over the Phoenix metropolitan area during the 2012 summer.

Equation Chapter (Next) Section 1
5.3.2 Potential water buffering capacity
The potential water buffering capacity of urban green infrastructure is estimated as
the difference of water usage between the water-saving (xeriscaping) and the fullygreening scenarios. Despite the variation of urban morphology, the potential water
buffering capacity per unit area is relatively constant over the study area, mainly due to
the substantial water consumption related to the green infrastructure on the roof level. To
completely replace the xeric landscapes by the mesic/oasis ones, together with the
deployment of green roofs, it consumes about 240 mm depth of outdoor irrigation per
unit area in the summer (Fig. 5.3a). Summing over the entire Phoenix metropolitan area,
this demand of outdoor irrigation amounts to 4.24 × 108 m3 of water (Table 5.2). Most of
the irrigated water is converted to air humidity via evapotranspiration (Fig. 5.3b) and
creates cooling benefits for the built environment. The variability between the xeric and
mesic green infrastructure leads to markedly different hydroclimatic patterns in the desert
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city (Table 5.2). The simulated maximum difference is observed at the metropolitan
center, covering Tempe, Mesa, Glendale, and a large portion of the city of Phoenix.

(a)

(b)

(c)

(d)

Figure 5.3. Spatial variation of simulated difference in (a) total irrigation depth, (b)
cumulative evapotranspiration, (c) daytime mean T2, and (d) daytime mean Td2 between
fully-greening and water-saving cases during the 2012 summer.

The maximum cooling of daytime mean T2 and the warming of Td2 are about 3.1
(Fig. 5.3c) and 6.5 oC (Fig. 5.3d), respectively. This effect generally diminishes with the
distance away from the metropolitan center. Via the urban-rural air circulation, the
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change of urban green infrastructure also alters the hydroclimate of surrounding rural
areas. The prevailing wind generates a more evident difference in the northern and
western outskirts of the Phoenix metropolitan. The spatial patterns provide a good
demonstration of the potential variability of regional hydroclimatic responses to the
landscape planning.

Table 5.2. Water usage and corresponding hydroclimatic condition of the Phoenix
metropolitan area in different simulated scenarios.
Irrigation amount

Cumulative ET

Daytime mean

Daytime mean

(m3)

(mm)

T2 (oC)

Td2 (oC)

Control

1.61 × 108

84.2

34.45

9.51

Water-saving

0

12.6

35.42

8.90

Fully-greening

4.24 × 108

218.4

33.34

11.43

Case name

5.4. Implications to Water Resource Management
The water resource management in urban networks necessitates complex tradeoffs
among social, economic, and environmental components (Fig. 5.1). Previous studies of
urban green infrastructure have largely focused on unraveling the environmentaleconomic tradeoff (e.g., water vs. electricity consumption), leaving the implications to
the environmental-social and socio-economic nexuses comparatively less explored. To
illustrate the environmental-social tradeoff, here we quantify the water usage required by
urban green infrastructure as equivalent to the population to be supported by the same
amount of water. Estimated water required to support residential densities in the Phoenix
is given by (Gober and Kirkwood 2010):
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y  155.2 ln(x)  842.38 ,

(3.1)

where y is annual water use per person in m3, and x is the density of persons per hectare.
An urban density of 37-74 housing per ha in Phoenix amounts to a mean annual
consumption of about 75 m3 of water per person (Gober and Kirkwood 2010). The high
per capita water use is unexceptional as compared to many other low-density
Southwestern urban areas; and is representative for future urban development in the study
area. Under this circumstance, conserved water resource from xeriscaping infrastructure
is able to support the demand of 2.15 million new residents, which is about 82% of
projected population growth (2.62 million) by 2050 in the medium series (ADOA, 2015).
This number agrees well with previous findings (Gober and Kirkwood 2010) from a
water supply and demand model (WaterSim) that changes in lifestyle would allow the
region to avoid water shortage. In contrast, the excessive amount of irrigation water
required by fully-greening the city during summer is equal to the annual water
consumption of 3.51 million residents, which can fulfill the demand of emerging
population even in the projected high growth series (ADOA, 2015). Water users in the
Phoenix metropolitan area have relied heavily on groundwater, which supplies about 31%
of the water demand (0.85 billion m3) in 2006 (ADWR, 2014). Future modification on
green infrastructure will also have substantial influence on the continuous overdraft
groundwater resource projected through 2025 (ADWR, 2014).

5.5. Summary
Despite the inherent uncertainties associated with the modelling approach, the
analysis in this Chapter quantifies the potential water buffering capacity of urban green
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infrastructure in the Phoenix metropolitan area and its hydroclimatic and social
implications. Such information is crucial for the long-term water sustainability under the
challenge of future climate change and population growth. The adoption of complete
xeriscaping land use significantly reduces the vulnerability of water shortage induced by
the projected population growth in the region; notwithstanding the intensive summertime
urban thermal environment in the semiarid region will be further exacerbated. With the
potential water buffering capacity of urban green infrastructure in mind, the dilemma is
still left to be solved by decision makers by pondering how much the cost of water
resource need to be paid in order to sustain a cooler environment, or vice versa.
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CHAPTER 6 CONCLUSIONS AND PERSPECTIVES
6.1. Conclusions and Recommendations
We presented in this dissertation a comprehensive effort focused on the
implementation, evaluation, and application of hydrological processes and green
infrastructure in the urban environment. The Weather Research and Forecasting (WRF)
system coupled with the single layer urban canopy model, a numerical framework widely
applied to major metropolitan regions worldwide, was used as the underlying numerical
tool in this study. Recognizing the importance of the realistic representation of urban
hydrological processes in accurately simulating urban hydroclimate, we incorporated the
following processes into the WRF-Urban modelling system: (1) evaporation over
engineered pavements, (2) urban irrigation, (3) anthropogenic heat, and (4) urban oasis
effect. Comparisons against field measurements from multiple metropolitan areas showed
that the enhanced model is more accurate in predicting urban hydroclimatic variables,
especially those related to the water budget, in both offline and online experimental setup.
Nevertheless, the presence of model-measurement deviation in specific cities, e.g.
Vancouver in Chapter 2, calls for further development of hydrological processes such as
snow/ice in the numerical tool.
The environmental performance of green roofs exhibits strong diurnal and seasonal
variations, and is subject to change in geographical and climatic conditions. Through the
combined evaporative cooling and insulation effect, installation of green roofs decreases
daytime temperature and increases nighttime temperature in the urban areas. This leads to
the effective reduction of both summer cooling demand and winter heating demand for
buildings. Considerable differences found between offline results in Chapter 2 and online
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simulations in Chapter 4 demonstrates the ineligible impact of the land-atmosphere
interactions on quantifying the benefits of urban green infrastructure. Based on that, we
therefore recommend future numerical studies on urban green infrastructure to be
conducted in a fully interacting land-atmosphere system.
In Chapter 3, the environmental sustainability of a variety of uncontrolled and
controlled urban irrigation schemes is investigated in terms of the combined monetary
saving for the desert city of Phoenix. Among investigated irrigation schemes, the soiltemperature-controlled irrigation is the most efficient in reducing annual building energy
consumption. It is found that the saving of cooling energy in this scheme outweighs the
cost of water resources, but a careful analysis is required in order to yield the optimal net
saving in terms of the trade-off between water and energy. It is noteworthy that water is a
precious resource for semiarid environments that the water-energy nexus is only one
aspect of the intricate relationship among various components in the urban network.
Future development of cities is inevitably constrained by the limited availability of water
resources, concomitant with emergent climate changes and continuous population and
urban growths. Water conservation through xeriscaping allows the Phoenix metropolitan
region to accommodate the water shortage caused by population growth, at a cost of
exacerbated urban living environment.
Simulated water consumption and corresponding hydroclimatic condition related to
individual green infrastructure scenario in this dissertation is highly informative for
analysts in urban planning. We expected the results to provide useful guidance for green
infrastructure over metropolitan areas with similar geographical and climatic conditions.
Compared to another popular strategy of using reflective materials to mitigate UHI (Yang
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et al. 2016b), it is found that green infrastructure has a smaller cooling impact in summer.
Nevertheless, reflective materials tend to make winters colder and thus lead to potential
heating penalties in terms of building energy consumption. Both strategies have
unintended consequences, green infrastructure emits volatile organic compounds, while
reflected radiation from reflective materials can impair outdoor thermal comfort in urban
environments. It is therefore debatable that what the best UHI mitigation strategy is, and
potential benefits of various solutions should be compared to come up with the optimum
strategy for mitigating UHI for a specific city.
It is also noteworthy that the effect of all mitigation strategies, including green
infrastructure and reflective materials, can change with the scale of its deployment (Yang
et al. 2015b). Strategies applied on a single building will not exhibit same hydrothermal
behavior as those on the entire city, and vice versa. For example, the placement of a
single white roof could enhance local vertical mixing, increased surface temperature on
building walls by bringing warm air from other roofs to the street level (Botham-Myint et
al. 2015). When white roofs were deployed on all buildings, this phenomenon
disappeared that temperatures on all urban facets were decreased. In terms of
hydroclimate, large-scale deployment of green roofs reduces vertical mixing
significantly, leading to reduction in boundary layer height. When green roofs are applied
over a single building, this impact will not happen as the reduction of mixing is not
strong enough to affect overall turbulent fluxes arising from the city. This apparent size
effect necessitates the use of different experimental and numerical tools for
characterizing and simulating mitigation strategies at different scales. Following findings
in this study and applying a “one-size-fits-all” approach will likely result in undesired
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consequences and lower-than-expected benefits for other urban regions and at other
scales. Further experimentation should be prompted at a case-by-case basis to test the
overall value of urban green infrastructure in sustaining development of study regions.

6.2. Future Work
This dissertation hitherto focused on short vegetation (e.g. grasses) at the ground and
roof levels in the built environment. Shade trees and green walls constitute a considerable
fraction of existing urban green infrastructure that physical resolution of their
hydrometeorological effect in an integrated modelling framework is necessary in the
future. Recent years have seen only a handful of urban canopy models that takes into
account the presence of trees in urban canopies (Krayenhoff et al. 2014, Wang 2014a).
The Monte Carlo method used in these studies works reasonably well in capturing the
effect of trees on sky view factors between different surfaces in street canyons.
Nevertheless, the evapotranspirative cooling and trees’ ability to tap into deeper soil
layers for water are largely ignored in existing models. Faithful implementation of urban
tress into urban canopy models will allow applications to investigate the benefit of trees
as an urban heat-island mitigation strategy. On the other hand, representation of green
infrastructure in the current modeling framework can be further improved. For example,
as plant grows and withers, dynamic of evapotranspiration varies vastly with the change
in leaf areas and root water uptake (Peñuelas and Filella 2009). Such seasonal variation
should be accounted for in the simulation of green infrastructure.
Thanks to the rapid development in computational capacity, online simulation
applying coupled atmosphere-urban models over large domains at the annual scale
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becomes feasible. However, uncertainty of simulation results in this dissertation is not
adequately addressed after fulfilling the fine spatial resolution and long simulation period
in experimental setup. The regional simulation using WRF-Urban system in this
dissertation is constrained by accuracy of the initial and boundary conditions; errors in
the input reanalysis data are propagated into the simulation results. Another concern is
that the simulation in this dissertation relies on a single set of parameterizations. This
raises questions regarding the reliability of drawing conclusions based on a single
integration as different parameterizations vary vastly in model configuration and and no
single scheme outperforms others under all conditions (Yang and Arritt 2002). Sensitivity
of environmental performance of urban green infrastructure to initial and boundary
conditions, and to physical parameterizations in the numerical model thus requires further
examination. An ensemble approach can help reduce the uncertainty and provide a better
quantitative estimation in future work.
Last but not least, urban green infrastructure features multi-scale ecological,
economic and social benefits as compared to other mitigation strategies (e.g. reflective
engineering materials) for UHI. For example, green infrastructure maintains the integrity
of habitat systems and contributes to conservation of urban biological diversity (Tzoulas
et al. 2007). Previous studies provided evidence of a positive relationship between
citizens’ longevity and green space (de Vries et al. 2003). Economic valuation has also
identified that investment of green infrastructure benefits the region as a whole
(Vandermeulen et al. 2011). Convoluted relations between social, economic, and
environmental activities in the urban environment require urban planners and decision
makers to balance issues of city development, environmental protection, and quality of
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life. Existing studies usually focus on one of these issues that the dilemma on overall
sustainability of cities is still left. The intricate nexus in urban network necessitates the
development of a comprehensive tool to advance sustainable water management and
urban planning under the challenge of global climate change.
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