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Abstract: Urban green infrastructure, especially shade trees, offers benefits to the urban residential
environment by mitigating direct incoming solar radiation on building facades, particularly in hot
settings. Understanding the impact of different tree locations and arrangements around residential
properties has the potential to maximize cooling and can ultimately guide urban planners, designers,
and homeowners on how to create the most sustainable urban environment. This research measures
the cooling effect of tree shade on building facades through an outdoor urban physical scale model.
The physical scale model is a simulated neighborhood consisting of an array of concrete cubes to
represent houses with identical artificial trees. We tested and compared 10 different tree densities,
locations, and arrangement scenarios in the physical scale model. The experimental results show
that a single tree located at the southeast of the building can provide up to 2.3 ◦C hourly cooling
benefits to east facade of the building. A two-tree cluster arrangement provides more cooling benefits
(up to 6.6 ◦C hourly cooling benefits to the central facade) when trees are located near the south and
southeast sides of the building. The research results confirm the cooling benefits of tree shade and
the importance of wisely designing tree locations and arrangements in the built environment.

Keywords: tree location; tree density; geometric arrangement; tree shade cooling benefits; outdoor
physical scale model; microclimate field measurement

1. Introduction

The demands of a rapidly growing population has resulted in a shift toward larger and more
expansive urban areas [1]. This has altered the surface energy and moisture balance of these urban areas
and led to environmental issues such as the urban heat island (UHI) effect, human thermal discomfort,
air quality degradation, and microclimate modification [2–7]. To alleviate urban thermal stress, to
promote urban ecosystem services, and to improve human and environmental health, various heat
mitigation and energy saving strategies are applied, including employing reflective/white roof, adding
photovoltaics to capture the solar energy, and using vegetation to create urban green infrastructure.
Among all of these strategies, vegetation as one of the most important components of urban green
infrastructure, is becoming an integral feature of urban designs [8]. Commonly used urban green
infrastructure includes residential landscaping, green corridors, green roofs and walls, and urban parks
using a combination of trees, shrubbery, and turf grass [9–14]. The question that remains is how to best
integrate urban green infrastructure with the transportation, residential, commercial, and industrial
infrastructure to maximize the environmental benefits that are offered by the green infrastructure.

The research presented here focuses specifically on how to effectively and efficiently incorporate
shade trees in residential neighborhoods in a hot desert city. In hot desert areas, trees provide multiple
microclimate benefits by reducing solar radiation penetration, blocking the exchange of long-wave
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(infrared) radiation inside urban canyons, and generating evapotranspiration [12]. In addition, trees
provide ecosystem services, including air quality improvement, storm water attenuation, carbon
sequestration, and a vast range of economic, social, and health benefits [9,15–17]. Use of tree shade
requires a balanced and nuanced analysis of the tradeoffs between cooling by shade and the use of
water, a scarce resource in semi-arid and arid regions [12,18]. Since the tradeoffs between water and
energy require efficiency in the number of trees to be planted on a given parcel, effective tree placement
strategies are needed (e.g., tree location, arrangement, and spacing) [19–22]. These strategies will help
homeowners to maximize the overall benefits from trees with the fewest number of trees in an effort to
simultaneously reduce both water consumption and energy use [23].

The effect of shade trees in urban areas has been examined through real world in situ
measurements and through numerical modeling, both confirming the conventional wisdom that tree
shade reduces surface and air temperature [24,25]. The in situ experiments apply meteorological
instrumentation to measure environment accurately, but various real world conditions would
influence the measurement results. The numerical modeling simulates physical environment through
parameterization, but lacking of fieldwork validation makes the simulation results be less reliable.
The differences among the in situ studies are the methods used, whether they measured surface
or air temperature, and the impact of different types of shade, such as native, exotic, and artificial
shade [26–28]. Results show reduced temperatures between 1 Celsius degree (◦C) and 9 ◦C, depending
on these variables. The problem with the results is that a variety of in situ conditions influences the
results, such as the geometry and material characteristics of trees (tree type, tree height, leaf area, etc.),
building arrangements, and background meteorological conditions. Numerical simulation models
offers the ability to manipulate tree placement, background materials, and analyze cooling from tree
shade by simulating the microclimate and resulting human thermal comfort [29,30]. Urban canopy
models (UCMs) simulate tree foliage together with buildings to represent the emission and reflection
of radiation, and mutual shading between buildings and trees, showing energy savings, and heat
mitigation from shade trees. Computational fluid dynamics (CFD) modeling better represents the
three-dimensional thermal environment than the UCMs and has been used to analyze air movement,
pollution dispersal, and pedestrian wind tunnels [18,31,32]. Like UCMs, CFD simulations consistently
show that increased vegetation provides cooling effects under a variety of conditions [10,33–35].
The challenge with modeling tree shade on buildings is that numerical simulations are unable to
resolve the heat transfer of the wall (i.e., the buoyancy effect) [18].

In contrast to in situ measurements and numerical simulations, physical scale models combine the
experimental control of numerical simulation with the real world complexities that are related to the
natural environment [36]. There are comprehensive physical scale models that have been developed
to measure urban albedo, aerodynamic drag, urban surface energy fluxes, thermal inertia, urban
canopy microclimate, pedestrian energy exchange, convective heat transfer, thermal amelioration from
water bodies, and evapotranspiration in urban canyons [37–48]. They offer the ability to control many
of the field parameters, such as street layouts, existence of vegetation, solar radiation, wind speed,
and humidity, which provides enough flexibility for analyzing radiation, shading, and wind tunnel
conditions. With the exception of Roberts in Arizona, USA [36] and Pearlmutter et al. in Israel [45–48],
none represent the hot desert urban environment, and very few incorporate vegetation [49,50]. This is
because the morphology and materials of vegetation are much more complex than urban structures
(such as cubes, blocks, or cylinders) in the physical scale modeling. Park et al. [51] included vegetation
(Gold Crest Wilma plants) in the Comprehensive Outdoor Scale Model (COSMO) in Japan to evaluate
the thermal comfort of pedestrians, finding that trees along pedestrian walkways can reduce the
wind speed by up to 51% and decrease the temperature up to 2.2 ◦C. Taleghani et al. [52] also created
a scale model site with vegetation to analyze roof configurations in courtyards. Their scale model
experimental results showed that a green pavement with grass on a roof or courtyard could result in
up to 4.7 ◦C air temperature cooling comparing to gravels and black materials.
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Note that artificial trees were used in our outdoor scale model field measurement. As a result,
the biophysical functions of real trees, e.g., transpiration by stomatal control, root uptake, foliage
dynamics, and diurnal/seasonal variabilities, were not represented. However, artificial trees effectively
capture the radiative shading mechanism of real trees. This is particularly true for xeric trees in an arid
or semi-arid environment, such as Phoenix, where evapotranspiration is largely inhibited by excessive
heat as well as relatively sparse foliage [53].

The goal of this research is to build an outdoor urban physical scale model to measure and
understand the shading effect of different tree densities, locations, and arrangements in a typical
residential area in a hot desert city. The physical scale model makes it possible to create and investigate
a wide variety of tree locations and arrangements scenarios that is not practical to test in situ.
We conducted our experiment in Tempe, Arizona, a municipality in the greater Phoenix metropolitan
area in Arizona, USA. We designed this study based upon Park et al. [51] and Taleghani et al. [52]
who demonstrated how vegetation can be an asset in physical scale models. Existing research has not
yet explored the shading benefits of trees under different locations and arrangements in a physical
scale model experiment. This is an obvious research gap in the outdoor urban physical scale modeling
literature that we intend to fill and will be a crucial step in designing green infrastructure for the
long-term sustainability of urban areas.

2. Experimental Details

2.1. Experimental Site and Period

In the experimental site, we developed an outdoor physical scale model with buildings and
trees to represent a typical residential parcel with detached single-family house and surrounding
buildings in the City of Tempe, Arizona (33.4◦ N, 111.9◦ W). Tempe is a municipality within the
Phoenix metropolitan area in the Sonoran Desert of the U.S. Southwest (Figure 1). The population
of Tempe in 2010 was more than 160,000 residents, with more than 40% of the population living in
single-family detached dwellings [54]. The City of Tempe has a semi-arid climate that is situated in
the Sonora desert. Most of the rain happened during monsoon season in July (23.9 mm) and August
(21.8 mm), as well as from December (33.3 mm) through January (43.7 mm) at 2016. The annual rainfall
at 2016 was 190.5 mm. June is the driest month with less than 2.5 mm mean annual precipitation.
Average maximum air temperature ranges from 39.2 ◦C to 41.5 ◦C from June to August, and ranges
from 20.3 ◦C to 22.0 ◦C from December to January at 2016. Average minimum air temperature peaks
at 25.2 ◦C in July and can reach as low as 2.8 ◦C in January at 2016 [55]. Under this specific hot
and dry summer climatic conditions, various heat mitigation strategies, such as adding vegetation
coverage, creating green/cool roofs, and constructing cool pavement are essential for both reducing
heat-related morbidity/mortality and energy consumption. To avoid the weather fluctuation in the
summer monsoon season at August, the microclimate field measurements were conducted only at the
selected steady hot and cloud free days in the period of 12–31 August at 2016. The weather conditions
during experimental period are shown in Table 1, including maximum air temperature, minimum air
temperature, average air temperature, precipitation, and cloudiness, which were retrieved from the
nearby Phoenix Sky Harbor International Airport weather station record [56]. The total solar radiation
data were not archived in the nearby airport weather station, so we acquired the solar radiation data
from Remote Automated Weather Stations (RAWS) station in the vicinity at Casa Grande [57].
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Figure 1. Study area. 

Table 1. Weather conditions during the experimental period. 
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Cloudiness 

12 August 2016 40.6 27.8 34.7 0.00 7.28 Mostly clear 
13 August 2016 42.2 28.9 35.7 0.00 7.29 Mostly clear 
14 August 2016 41.1 30.0 35.3 0.00 7.39 Mostly clear 
15 August 2016 43.3 30.0 36.7 0.00 7.30 Mostly clear 
16 August 2016 43.9 30.6 37.0 0.00 7.20 Mostly clear 
17 August 2016 42.8 28.9 36.7 0.25 7.12 Mostly clear 
18 August 2016 40.0 27.8 34.5 0.03 5.73 Mostly clear 
20 August 2016 37.8 26.7 31.9 0.00 6.67 Clear 
30 August 2016 41.6 28.9 35.1 0.00 6.62 Clear 
31 August 2016 41.1 27.8 34.9 0.00 6.72 Clear 

The specific residential parcel that we analyzed is a generic one in the Tempe residential 
neighborhood with north-south building orientation. Within the neighborhood, most of the single-
family houses were built with concrete block construction during the 1950s to 1960s. The average 
parcel size is around 700 m2 with front/back yards, and the average single story building size is 134 
m2, according to the Maricopa County Assessor’s records [58]. Most of the households have nearby 
neighbors on the west/east side, except those buildings that are close to the major north-south 
direction roads. This unique compact urban layout and building orientation make it difficult to plant 
any residential tree in the west or east side of the buildings. Even though there is not a strict regulation 
for front yard landscaping, most of the household owners plant shade trees to provide some level of 
shade to their own home structures. 

The outdoor physical scale model is located at the rooftop of the six-story Engineering Research 
Center (ERC) building at Arizona State University Tempe campus, which is approximately 10 km 
southeast of Phoenix Sky Harbor International Airport and 2 km east of residential parcel we 
analyzed (Figure 1). This experimental site has many logistical advantages, such as high level of 
security and its central location on ASU Tempe campus. To be the highest structure in the area, the 
rooftop of the ERC building is free of obstructions (e.g., other buildings, trees) that can potentially 
result in unwanted microclimate influences such as horizontal shading, wind environment 
alternation or anthropogenic cooling or heating. The ERC rooftop surface is comprised of a layer of 
steel grating (6 cm × 3 cm gaps) on 2 m high support piers. The overall rooftop dimensions are 85 m × 23 m and the building’s long axis is oriented in the south-north direction. To avoid the excess wind 
influences on the experimental results and ensure the safety of the equipment and people, ERC 
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Table 1. Weather conditions during the experimental period.

Date

Maximum Air
Temperature

(◦C)

Minimum Air
Temperature

(◦C)

Average Air
Temperature

(◦C)

Precipitation
(cm)

Total Solar
Radiation
(kWh/m2)

Cloudiness

12 August 2016 40.6 27.8 34.7 0.00 7.28 Mostly clear
13 August 2016 42.2 28.9 35.7 0.00 7.29 Mostly clear
14 August 2016 41.1 30.0 35.3 0.00 7.39 Mostly clear
15 August 2016 43.3 30.0 36.7 0.00 7.30 Mostly clear
16 August 2016 43.9 30.6 37.0 0.00 7.20 Mostly clear
17 August 2016 42.8 28.9 36.7 0.25 7.12 Mostly clear
18 August 2016 40.0 27.8 34.5 0.03 5.73 Mostly clear
20 August 2016 37.8 26.7 31.9 0.00 6.67 Clear
30 August 2016 41.6 28.9 35.1 0.00 6.62 Clear
31 August 2016 41.1 27.8 34.9 0.00 6.72 Clear

The specific residential parcel that we analyzed is a generic one in the Tempe residential
neighborhood with north-south building orientation. Within the neighborhood, most of the
single-family houses were built with concrete block construction during the 1950s to 1960s. The average
parcel size is around 700 m2 with front/back yards, and the average single story building size is 134 m2,
according to the Maricopa County Assessor’s records [58]. Most of the households have nearby
neighbors on the west/east side, except those buildings that are close to the major north-south
direction roads. This unique compact urban layout and building orientation make it difficult to plant
any residential tree in the west or east side of the buildings. Even though there is not a strict regulation
for front yard landscaping, most of the household owners plant shade trees to provide some level of
shade to their own home structures.

The outdoor physical scale model is located at the rooftop of the six-story Engineering Research
Center (ERC) building at Arizona State University Tempe campus, which is approximately 10 km
southeast of Phoenix Sky Harbor International Airport and 2 km east of residential parcel we analyzed
(Figure 1). This experimental site has many logistical advantages, such as high level of security and its
central location on ASU Tempe campus. To be the highest structure in the area, the rooftop of the ERC
building is free of obstructions (e.g., other buildings, trees) that can potentially result in unwanted
microclimate influences such as horizontal shading, wind environment alternation or anthropogenic
cooling or heating. The ERC rooftop surface is comprised of a layer of steel grating (6 cm × 3 cm gaps)
on 2 m high support piers. The overall rooftop dimensions are 85 m × 23 m and the building’s long
axis is oriented in the south-north direction. To avoid the excess wind influences on the experimental
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results and ensure the safety of the equipment and people, ERC rooftop has an approximately 1 m
high surrounding protected walls. The south portion of the ERC roof is largely free of structures and is
the optimal area to construct the scale model experiment.

The outdoor physical scale model was constructed with an array of concrete blocks to represent
the residential buildings (Figure 2). Since the rooftop surface is a layer of steel grating, we used 260
concrete blocks to create a 20 blocks (386.0 cm) × 13 blocks (250.9 cm) underlying concrete surface
to represent the impervious surface of the residential area. Each concrete block is a cube with equal
length, width, and height of 19.3 cm. The cubes are hollow concrete with a 2 cm-thick wall and are
painted dark gray. Further, because the cubes are relatively small in size, 18 of them were aggregated
as a single family building with six blocks (115.8 cm) as the building length and three blocks (57.9 cm)
as the building width. The concrete block of rooftop is 38.6 cm long, 19.3 cm wide, and 4.2 cm high
with dark grey painted as well. The buildings in the scale model were designed to be scaled at about
1:15.5 relative to a general 18 m length, 9 m width, and 3.65 m height flat roof residential house in
Tempe residential neighborhood. To avoid the boundary effect and to explore the tree shade effect
on the surrounding buildings, we created two 3 blocks × 2 blocks small buildings with rooftops to
the west and east side of the experimental building. Three sets of the building arrays were created
with four blocks (77.2 cm, 12 m in the real world) distance in the south-north direction to generate two
similar urban canyons to serve as the treatment group and control group separately. The depth of the
canyons was 23.5 cm and the street aspect H/W (the ratio of the canyon height H to the street width
W) was 0.3. We maintained a 19.3 cm distance between the building and the centroid of the tree.

Natural two-tone pine median profile artificial trees that made by polyvinyl chloride (PVC)
with 45.7 cm tall and 27.9 cm base diameter (at the widest point) were used in the scale model
site to represent 7.1 m thornless mature mesquite trees (Prosopis thornless hybrid ‘AZT™’) in the
residential neighborhood. There are several important reasons that we select an artificial tree in
this scale model experiment. First, radiation exchange is often the dominant factor to influence the
microclimate conditions in the hot dry desert environment [59]. In this scale model experiment, we
want to isolate the role of shading from trees to buildings rather than considering every aspect of the
vegetation to better understand the tree shade coverage benefits to the building facade. Second, when
compared to real trees, we can easily find identical artificial trees with the same albedo, emissivity, and
physical structures at an affordable price. This will guarantee the similarity of shading area, shape,
and density. Many errors or uncertainty may exist and influence the experimental results by using
the real trees, such as the different soil moisture level, leaf area humidity, plant evapotranspiration
rate, plant albedo and emissivity, and shadow shape, area, and density that were mentioned in
Park et al. [51]. Third, although existing research has utilized both real and artificial grass in the scale
model experiment [52,60,61], none of the research attempts to use artificial trees in the outdoor scale
model experiment. This experiment will help to understand the importance of shading and retaining
heat radiation from artificial trees in the hot dry desert environment.

In the scale model experiment, the scale model always has different thermal inertia (volumetric
heat capacity) as compared to those of real buildings. This is the common problem of scale modeling
and is difficult to compensate. A method to avoid this problem is to create a larger urban mock
neighborhood and to make it more similar (thermally and dynamically) to the real world situation.
Nevertheless, it will lose some flexibility of physical scale modeling and increase modeling cost. Due to
the space and cost limitation, our experiment kept the scale model in a relatively small size to maintain
more flexibility of the physical scale modeling. Further, we used the hollow concrete cubes to represent
the concrete block construction of single-family houses in the study area to represent the thermal
mass of the building structures. The reason we chose to use concrete blocks in the experiment to
represent buildings was because most of the single-family houses built before 1980s were concrete
block construction.
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In this physical scale model experiment, three determinants of tree shading effect were tested: 
tree density, tree locations, and tree arrangements. Tree density is the total number of trees used per 
experiment. Tree location is the placement of the trees relative to the building structure. Tree 
arrangement is analyzed with two or more trees and characterizes whether they are arranged closely 
(clustered) or separately (dispersed). For tree density, we analyzed between 0 and 2 trees to simulate 

Figure 2. Pictures of the outdoor urban physical scale model (Red outline represents a single unit of
the target building). (a) Front view; (b) Plan view (for one urban canyon); and (c) Side view.

2.2. Experimental Design

In this physical scale model experiment, three determinants of tree shading effect were tested:
tree density, tree locations, and tree arrangements. Tree density is the total number of trees used
per experiment. Tree location is the placement of the trees relative to the building structure. Tree
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arrangement is analyzed with two or more trees and characterizes whether they are arranged closely
(clustered) or separately (dispersed). For tree density, we analyzed between 0 and 2 trees to simulate
the prevalent choices. The reason we only consider up to two trees for the single building is because
landscape regulation and water usage limitation in the desert environment make it inefficient to plant
three or more number of tall trees (7 m) in a residential household front yard. Seven potential tree
locations in the building south front yard were studied with a 19.3 cm distance from the structure
(3 m in the real world) (Figure 3). To characterize different tree density, location, and arrangement,
we conducted 10 different experiments (details summarized in Table 2). Group 1 is the empty control
group without trees to represent the natural solar radiation and reflection in the urban canyon. Group
2 contains one tree with seven different tree locations. Group 3 includes the cluster arrangement of
two similar trees with different locations. Group 4 represents the disperse arrangement of two trees.
Given the size of the artificial trees, we placed two trees at location 3 and 5, rather than location 3 and
4 to represent the cluster tree arrangement. Table 3 shows the key factors in the different experimental
groups. Since the weather conditions fluctuate frequently in the summer monsoon season, it is difficult
to conduct multiple observations for each scenario. Thus, we tested each tree location/arrangement
scenario in the similar weather conditions (Table 1) without multiple observations. Seven one-tree
scenarios were tested over a consecutive seven-day period from 12–18 August 2016, and three two-tree
scenarios were tested on separated days at 20 August, 30 August, and 31 August.
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Figure 3. Potential tree locations in the outdoor urban physical scale model.

Table 2. Summary of tree number, location, and arrangement in different experimental groups.

Group No. Tree Numbers Tree Locations Tree Arrangements

Group 1 0 N/A N/A
Group 2 1 (1), (2), (3), (4), (5), (6), (7) N/A
Group 3 2 (3,5), (4,6) Cluster
Group 4 2 (2,5) Disperse

Table 3. Key factors in different experimental groups.

Treatment Group Control Group Key Factors

Group 2 Group 1 Tree density and location (one tree vs. no tree)
Groups 3 and 4 Group 1 Tree density (two trees vs. no tree)
Groups 3 and 4 Group 2 Tree density (two trees vs. one tree)

Group 4 Group 3 Tree arrangement (cluster vs. disperse)
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2.3. Measurement Equipment

To measure the microclimate conditions, 12 DS1921G iButton temperature loggers [62] were
attached with strong adhesive to the scale model building facade to measure the near-surface building
facade temperature. Since the direct solar radiation influences the temperature measurements recorded
by the iButton temperature logger, we covered each iButton logger with white printer paper. The iButton
loggers were individually calibrated in a NIST-traceable chamber by the manufacture, measuring
temperatures in 0.5 ◦C increments at an accuracy of ±1 ◦C, over a range of −30 ◦C to +70 ◦C.

Because the outdoor urban physical scale model represents a compact urban setting in the real
residential neighborhood, there is no adequate space for planting a tree in the west and east side of
building. Thus, the physical model represents a west-east orientated street canyon, and the 12 iButton
loggers were installed on the south facades of the target and surrounding buildings (Figure 4). Loggers
1–8 were installed in the south urban canyon, and loggers 9–12 were installed in the north urban
canyon. In the south urban canyon, loggers 2–7 measured the facade temperature of the target building,
and logger 1 and 8 measured the facade temperature of the surrounding buildings. In the north urban
canyon, logger 9 served as the control group of logger 1, loggers 10 and 11 served as the control group
of loggers 2–7, and logger 12 served as the control group of logger 8. In our experiment, all of the
temperature loggers were set to collect the temperature data at 15-min intervals over a period of 24 h.
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To validate the iButton measurements and to collect information on the overall thermal
environment, we used a FLIR P620 thermal camera [63]. The resolution of FLIR P620 thermal camera
is 640 × 480 with the temperature measurement accuracy at ±2 ◦C or 2% of reading. It has a large
temperature measurement range (−40 ◦C–500 ◦C) and a high thermal sensitivity (<0.06 ◦C at 30 ◦C).
FLIR thermal camera was applied to collect the surface temperature in our experimental site, which
was later compared with the iButton temperature measurement. The experiments were conducted on
clear sky days with stable solar radiation. Wind speed was not measured in this physical scale model
experiment. First, wind speed is relatively low in this outdoor urban physical scale model because of
the 1 m protecting walls around the rooftop (Figure 2a,c). Second, the wind speed is similar in both the
urban canyons because of the size of our physical scale model.

3. Experimental Results

3.1. Instrumentation Calibration and Quality Control

A preliminary experiment was conducted on a clear hot summer day from 10:30 to 17:30 at
13 July to validate the temperature measurement accuracy by comparing temperature readings from
thermal images and iButton temperature loggers. We calibrated the thermal imagery by using FLIR
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Tools version 5.9 to adjust temperature related parameters, such as emissivity, reflected apparent
temperature, distance, atmospheric temperature, and relative humidity. Because the scale model
is mainly constructed by grey concrete blocks, we set the emissivity as 0.91 [18,64]. Atmospheric
temperature and relative humidity were decided by the nearby weather station at Sky Harbor
International Airport [65]. We took two thermal images every 30 min from the west side (2 m distance)
and east side (1.5 m distance) of the scale model. Because there was not an obvious heat source on the
rooftop, we set the reflected apparent temperature the same as the atmospheric temperature.

To validate the accuracy of measuring block surface temperature by iButton loggers, we chose
two iButton loggers in the middle of two urban canyons to do the comparison between the thermal
images and iButton loggers (Figure 5a). We extracted 15 temperature readings from 10:30 to 17:30 at
each iButton logger, and identified surface temperatures in 60 thermal images (30 images for each
canyon, 15 images taken from west and 15 images taken from east), which were next to the iButton
loggers (Figure 5b). As shown in Table 4, the root mean squared error (RMSE) between iButtons and
thermal images was 1.7 ◦C in the north urban canyon with tree shade, and was 2.0 ◦C in the south
urban canyon without tree shade. The mean absolute error (MAE) was 1.5 ◦C in the north urban
canyon and 1.9 ◦C in the south urban canyon. An existence of tree induced a 0.3 ◦C difference of RMSE
and a 0.4 ◦C difference of MAE. iButton temperature was consistently lower than the concrete block
surface temperature derived by thermal images (Figure 6).
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Table 4. Temperature measurement errors (root mean squared error (RMSE) and mean absolute error
(MAE)) between the thermal images and iButton loggers.

RMSE (◦C) MAE (◦C)

North urban canyon (with tree) 1.7 1.5
South urban canyon (without tree) 2.0 1.9
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Figure 6. Temperature comparison between iButtons and thermal images of proximal exposed concrete
block surfaces. (a) South urban canyon (without tree); (b) North urban canyon (with tree).

Since the iButton was wrapped by white printer paper and the paper had higher reflective rate
comparing to the grey concrete block surface, less direct solar radiation was received by the iButton
loggers. On the other hand, the concrete blocks had higher heat capacity, and easily heated up under
direct solar radiation. It was not surprising that the temperature of the calibrated iButton loggers were
lower than the real concrete block surface temperature. The average systematic error (temperature
differences between iButtons and thermal images) was 1.9 ◦C in the south urban canyon and 1.5 ◦C
in the north urban canyon. After accounting for the temperature bias between iButton and thermal
camera measurements, the measurement errors of the cooling benefits of tree shade were around 0.3 ◦C
between two canyons, according to the RMSE. When considering the accuracy of iButton (±1 ◦C) and
FLIR thermal camera (±2 ◦C or 2% of reading), the preliminary experimental results showed that
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iButton can be used to measure and compare the building facade surface temperature in this scale
model experiment. The method used in measuring the skin temperatures was a compromise due to
the practical difficulty and complexity in measuring surface temperatures using direct contact sensors
such as flat surface thermistors or thermocouples.

3.2. Tree Shade Cooling Benefits to the Target Building

For the one-tree scenarios, we moved the single artificial tree from the west side of the front yard
to the east side of the front yard during the experimental period to explore the cooling benefits of
the tree shade to the buildings. Because our primary interest is focused on the cooling benefits of
tree shade during the greatest insolation hours, we narrowed the time interval to 9:30 to 15:30 and
extracted the temperature records in the iButton logger to obtain the temperature variation.

To understand how tree shade influences the building facade temperature, we calculated the
temperature difference (∆Ts) between the south urban canyon (Texp, experimental group) and the
north urban canyon (Tctl, control group) through Equation (1):

∆Ts = Texp − Tctl (1)

In the north urban canyon, the average temperature of loggers in the target building (logger
10 and 11) served as the control group to compare with temperature in the south urban canyon
(loggers 2 through 7). We used the average temperature of logger 2 and 3 to represent west facade
temperature, logger 4 and 5 to show central facade temperature, and logger 6 and 7 to represent east
facade temperature. Since the size of the experimental site was relatively small, the angle of incident
for both of the canyons was similar, and we did not consider this factor in this research.

Figure 7 shows the tree shade cooling effect on the target building in one-tree scenarios. Because
of the sun movement during the diurnal cycle, the coverage of tree shade moves from the west side
of the south facade to the east side of the south facade. Among all of the one-tree scenarios, we chose
the scenario that the single tree located at the central part of the front yard (location 3 in Figure 3) to
represent how the movement of tree shade coverage influenced the building facade temperature. In this
scenario, morning shading in the west side of facade cooled down the west facade at the maximum
value of 1.25 ◦C from 9:30 to 12:00. In the afternoon, tree shade covered the east side of the building
facade, and we can distinguish a 1.5 ◦C temperature decrease at the east facade from 14:15 to 15:30.
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Figure 7. Cooling effect of tree shade on the target building facade temperature (One-tree, at the central
part of front yard).
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Figure 8 shows the cooling benefits of tree shade under different tree arrangements in two-tree
scenarios. In the experimental groups, two cluster tree arrangements (location 3 and 5 or location 4
and 6) and one disperse tree arrangement (location 2 and 5) were tested. We compared the tree shade
cooling benefits by one cluster tree arrangement (location 3 and 5, Figure 8a) and one disperse tree
arrangement (location 2 and 5, Figure 8b). In the cluster tree arrangement, the west facade was heavily
shaded from 9:30 to 11:15. The largest shading benefit was 2.5 ◦C at 10:30 in the central facade. The
shading benefits in the afternoon was not as evident as the shading in the morning, but the results
showed an opposite temperature trend at the central and east facade when comparing to west facade.
With a disperse tree arrangement, steady shading benefits were shown for the west facade. Morning
shading benefits were found at the central facade and afternoon shading benefits were identified at the
east facade. The maximum morning shading benefit was 2 ◦C in the west facade at 11:15 and 11:45.
In the afternoon, 1.25 ◦C shading benefit was shown in east facade at 15:30.
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Figure 8. Cooling effect of tree shade on the target building facade temperature (Two-trees). (a) Cluster
tree arrangement; and, (b) Disperse tree arrangement.

To compare the tree shade cooling benefits at different tree locations and arrangements, we
calculated the hourly mean temperature differences between two urban canyons (∆Ts) to represent
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the average shading benefits from 9:30 to 15:30 (Table 5). In one-tree scenarios, the best tree location
preferred central and east side of the front yard (location 4, 5, and 6). We observed more than 1 ◦C
shading benefits at either central or east facade. Few shading benefits were found at the edge of front
yard (location 1 and 7) because half of the shading was projected to the nearby buildings. In two-tree
scenarios, the best tree arrangement preferred cluster arrangement at the east side of the front yard
(location 4 and 6). In this tree arrangement, two trees can provide up to 6.6 ◦C hourly mean shading
benefits to the central facade of the building. When planting trees in a cluster arrangement, the results
showed that planting trees in the east side of the front yard (location 4 and 6) generated more shading
benefits than locating trees in the central area (location 3 and 5). When locating trees at the southeast
of the properties, we observed an extra 3 ◦C hourly cooling benefit in the west facade, 2.7 ◦C extra
hourly cooling benefit in the central facade, and 7.6 ◦C extra hourly cooling benefit in the east facade.
Further, a disperse tree arrangement (location 2 and 5) had a better shading effect at both the west
facade (5.2 ◦C extra hourly cooling benefit) and east facade (2.8 ◦C extra hourly cooling benefit) of the
building comparing to the cluster tree arrangement in the central part of the front yard (location 3 and
5). However, the shading effect from the disperse tree arrangement was worse than the cluster tree
arrangements in the central facade because of the space between two trees. The enormous shading
benefit when clustering trees at the east side of front yard (location 4 and 6) is unforeseeable, but
it is consistent with the shading benefits that we find when locating a single tree at location 4 and
location 6.

Table 5. Hourly shading benefits comparison for each experimental group (Referring to Figure 3 for
tree locations, temperature unit is ◦C).

West Facade Central Facade East Facade

One tree scenarios

West L1 1 1.5 3.6 5.9
L2 0.4 3.8 7.1
L3 −0.5 1.1 4.5

to L4 3.1 −1.6 5.1
L5 2.6 −1.3 1.5
L6 1.5 0.7 −2.3

East L7 3.4 2.5 −0.4

Two trees scenarios

Cluster L3 & L5 −0.3 −3.9 2.5
Cluster L4 & L6 −3.3 −6.6 −5.1

Disperse L2 & L5 −5.5 −0.2 −0.3
1 L1 represents location 1 in Figure 3.

3.3. Tree Shade Cooling Benefits to the Surrounding Buildings

Besides the target building, it is also important to explore the cooling effect from tree shade on
the surrounding buildings. When placing the single tree near the boundary of the building front
yard, part of the tree shade was projected to the surrounding buildings. In this experiment, tree shade
cooling benefits were compared by iButtons on the west/east surrounding building (logger 1 and 8)
and on the outer-west or outer-east facade (logger 2 and logger 7) in the target building. Because only
the early morning and late afternoon shading influenced the surrounding buildings, we extracted
temperature records from 8:00 to 12:00 to understand the shading benefits of the west surrounding
building, and temperature records from 12:00 to 17:00 to understand the east surrounding building.
Figure 9 shows the tree shade cooling benefits on the target building and the surrounding building. It
is clear from Figure 9 that the shading benefits are more evident when locating the single tree at the
edge of the front yard (locations 1 and 7). The cooling benefits of tree shade on the west surrounding
building is at the maximum value of 2 ◦C when locating single tree at the west edge of front yard
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(location 1). Not surprisingly, the shading period and intensity all decreased when moving this single
tree towards the east side of the building (cooling from 8:00 to 10:45 at the maximum value of 1.5 ◦C).
Similarly, the shading benefits to the east surrounding building happens from 13:15 to 17:00 at the
maximum value of 2.5 ◦C when locating the single tree at the east edge of the front yard (location 7).
The shading intensity and period drops down when moving this tree west (cooling from 15:45 to 17:00
at the maximum value of 1.5 ◦C). When placing trees at the boundary of the building parcel (location 1
or 7), longer and stronger shading benefits are detected.
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Figure 9. Cooling effect of tree shade on the surrounding building facade temperature (One-tree).
(a) Morning shading to the west nearby building; (b) Afternoon shading to the east nearby building.

4. Discussion

Our experimental results demonstrate that tree density and arrangements influence hourly facade
cooling benefits on the order of 0.5–6.6 ◦C, which is consistent with existing research [66]. The first
contribution of this research is to provide a quantitative measurement of how tree density influences
the facade cooling benefits. A single shade tree can induce a maximum hourly cooling of 2.3 ◦C of the
facade temperature, and two trees can decrease the hourly facade temperature by up to 6.6 ◦C in the
scale model experiment (Table 5). These findings confirm that a higher tree density can substantially
enhance the shading benefits on the building facade. Second, the physical scale model provides the
capability to examine various tree locations and arrangements scenarios that are not practical to test
in situ. When locating one or two trees in the mock urban canyon, the field experimental results
consistently show that tree shade cooling benefits are greater when locating trees at the central and east
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side of the building south front yard (Table 5). Although conventional wisdom suggests that residents
plant their shade trees at the southwest corner of their house, the research results demonstrate the
effectiveness of planting trees in the southeast of the building structures when considering facade
cooling. When the central area of the south front yard space is limited or occupied (etc. driveway), we
suggest home owners to plant a new shade tree at the southeast corner of the residential properties to
provide extra shading and cooling benefits to the building facade. Planting trees in the southeast will
offer ample shade in the morning for the west facade, and provide substantial cooling benefits to the
east side of building facade in the afternoon. It will be valuable to examine the effectiveness of locating
trees at the southeast corner of the properties in the future research.

By comparing the shading benefits from the cluster and disperse arrangement, the results
show that a disperse arrangement is not necessarily worse than the cluster arrangement. A cluster
arrangement with better afternoon shading provides the most cooling benefits in this particular urban
layout, but the disperse arrangement also offers a good level of cooling benefits to the whole building
facade. All of the results confirm the importance of the benefits from tree shade coverage in relation to
the residential buildings. In this compact urban setting, nearby surrounding buildings also receive
evident tree shade cooling benefits (around 2 ◦C, Figure 9), especially when planting trees at the edge
of the residential parcels.

From Figures 6–8, the temperature of exposed facade increases in the afternoon. The potential
explanation is that artificial tree serves as a heat source in the afternoon and radiates heat to the
nearby building facade. Although artificial tree provides various benefits and convenience in the
experiment (Section 2.1), this is an unavoidable issue due to lack of evapotranspiration in artificial
trees. This phenomenon diminishes and underestimates the cooling benefits of tree shade in the scale
model experiment. However, this is further validated the importance of tree shade coverage for the
building facade. When comparing to artificial turf with similar materials to the artificial tree, the
existing research show that artificial turf increases the surface temperature and raises health issues on
the sports playground [67–70]. However, the shading from artificial tree is still found to be valuable
and reduces the facade temperature. The finding here emphasizes the contribution of shading to the
facade surface temperature and corresponds with the finding in the existing literature that natural
shading and artificial shading provide similar thermal comfort in the hot dry desert climates [24,28].

Several limitations exist in this scale model experiment. First, we used iButton loggers to measure
the near surface air temperature and approximately represented the building surface temperature
with the validation of thermal images. Even though some existing research used iButton loggers to
measure surface temperature [71–74], flat surface thermistors or thermocouples may provide better
surface temperature measurements with more experimental efforts. Second, this research did not
account for the building’s open structures, such as windows, doors, and ventilation. Adding these
important building components into the physical scale mode is expected to improve the accuracy of the
quantitative study. Further, we used concrete blocks to represent the building structure in the physical
scale model experiment. Some houses may not be constructed by concrete structure, but with wood
or stucco structures, and would have different physical properties (albedo, emissivity, etc.). Future
study can be conducted to include this aspect of building properties. Last, this research particularly
focuses on a hot arid urban environment that radiative shading from trees is the predominant factor
to cool the outdoor environment. The best tree locations and arrangements results might vary under
different geographical locations and climate conditions [75]. Other factors, such as evapotranspiration
and wind speed, need to be considered.

This research represents a case study that attempt to assess the shading benefits under different
tree locations and arrangements in a residential neighborhood by an outdoor urban physical scale
model. A number of improvements can be made to improve this work in subsequent studies.
For example, different tree species, alternative leaf area index/canopy density, crown size, and
tree heights are all important options for flora [76,77]. All of these factors can be added and
evaluated in the physical scale model. The comparison between artificial tree and real tree will
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also be important to understand how evapotranspiration and retention heat issue influence surface
temperature in the built environment. In addition, the specific compact urban arrangement that we
simulate limits the orientation of buildings and location of trees in the experiment [78]. Different
building arrangements and orientations can be adopted to this outdoor urban physical scale model
in future studies. Furthermore, trees cool down the building structures in the daytime, but they
also trap the long wave radiation during the night because of the low sky view factor under tree
canopy [79]. This outdoor urban physical scale model can be used to explore the overall advantages
and disadvantages of trees for mitigating UHI effects in both daytime and nighttime and serve as a
field experiment site for the validation of numerical modeling of urban areas. The research results in
the scale model experiment can also be used as an input scenario in a larger area numerical simulation
modeling to explore how tree arrangement influences the neighborhood climate environment.

The research finding from this scale model experiment can translate into important landscape
architecture design implication and policy recommendation to the compact residential neighborhood
in the desert city. Because of the space limitation in the compact residential areas, green infrastructure
in these areas is normally not adequate [80]. Thus, the policy encouragement of expanding urban
green infrastructure from the city government and/or the homeowner association is important and
necessary. According to our research findings, city residents or single-family homeowners should plant
their first tree to shade the east side of the south facade, and allow enough space between multiple
trees to maximize the overall shading benefits. In addition, trees located at the edge of residential
parcel will be valuable through neighboring shading. They will provide ample shading to multiple
houses and improve the overall living environment in the neighborhood. In Wentz et al.’s recent
research [19], they mentioned that the homeowner association only provided a minimum landscaping
guideline in Goodyear, AZ. Our research results will be useful to providing landscaping suggestions
in the homeowner association guidelines for arranging trees wisely in the residential neighborhood.
Although this research focuses on the tree shade benefits at building and neighborhood scales in the
compact desert residential settings, the research contribution will be beneficial for understanding the
landscaping deployment of urban green infrastructure, such as urban parks and street trees in the
entire urban area [81–84]. We anticipate to raise the policy attention from city mayors, policy makers,
and homeowner association to understand the importance of urban green infrastructure, emphasize
the use of urban green infrastructure in the future city developmental plan [85], and wisely design tree
locations and arrangements in the existing tree and shade program [86]. The overall efforts will help
improve the urban thermal environment and mitigate UHI effects under hot dry desert climates [87].

5. Conclusions

Urban green infrastructure provides the potential to mitigate urban heat and improve human
thermal comfort in the urban residential environment. In a desert city, the scarceness of water limits
the number of trees to be planted in a residential neighbourhood. Hence, it is important to understand
the benefits of trees and maximize the cooling benefits of tree shade to the building structures. This
paper utilizes an outdoor urban physical scale model to measure the cooling effect of tree shade with
different combinations of tree densities, locations, and arrangements in a simulated compact residential
neighbourhood in Tempe, AZ. The research findings quantify the tree shade cooling benefits, and
indicate the effectiveness of locating shade trees in the central and east of the building’s south front
yard. A single full size tree can substantially cool one side of the facade hourly by up to 2.3 ◦C, and
a cluster of two trees increase the shading benefits by up to 6.6 ◦C on the central part of the facade.
Tree shade is also valuable to provide neighbouring shading when planting trees in the boundary of
the residential parcel. This research is one of the pioneering attempts to incorporate vegetation in
physical scale models to explore the shading benefits in the built environment. The research results
will provide tree planting suggestions to urban planners, landscape architecture designers, and policy
makers, and help the overall design and planning of urban green infrastructure in the desert city, such
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as the ongoing tree and shade master plan in City of Phoenix [85] for the long-term sustainability of
urban environments.
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