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Abstract: Summer air temperatures will continue to rise in metropolitan regions due to climate
change and urbanization, intensifying daytime and nighttime air temperatures and result in greater
thermal discomfort for city dwellers. Urban heat may be reduced by trees which provide shade,
decreasing air and surface temperatures underneath their canopies. We asked whether tree height
and canopy density can help to identify species that provide greater microclimate benefits during
day and night. We also asked if increased canopy cover of street trees provides similar microclimate
benefits. We used continuous measurements of near-surface air temperatures under 36 park trees
and from two urban streets to assess these questions. In the park, trees were grouped according to
their height (<10 m, 10-20 m, >20 m) and canopy density (low, high), while the effect of canopy cover
was tested using streets with high (31%) and low (11%) cover. Daytime near-surface air temperature
declined with increasing height and canopy density providing significant cooling benefits.
However, this trend was reversed at night when tall trees with dense canopies restricted longwave
radiative cooling and trapped warm air beneath their crowns. High canopy cover of street trees
reduced daytime air temperatures more, resulting in a lower number of days with hot (>35 °C) and
extreme (>40 °C) air temperatures compared to the street that had low canopy cover. These findings
suggest that tree species and streetscapes with dense canopy cover improve local thermal conditions
during the day but do not seem ideal to allow for nighttime cooling, creating potential discomfort
for residents during hot summer nights. Our results indicate that classifying trees using a simple
metric can assist in selecting tree species that can alleviate the local negative effect of urban heat
during the day, but at the same time, their effect in preventing optimal longwave radiative cooling
during the night must be factored into planting strategies.

Keywords: air temperature; summer heat; Greater Sydney; Australia; daytime cooling; nighttime
cooling; microclimate benefits; tree species selection; canopy density; convection

1. Introduction

Given that most of the world population resides in cities, increasing urban air temperatures as a
result of human activity is a concern for public health and wellbeing. On top of increased mean air
temperature, climate models predict more intense, frequent, and prolonged heatwaves [1]. Moreover,
since urban space is already warmer than non-urban areas [2,3], further increases in air temperatures
have adverse effects on the urban environment and its residents as signified by the positive
relationship between heat and human mortality rates [4]. As population growth and urban expansion
continue, cost-effective strategies that help to limit the negative effects of rising air temperatures in
our cities are needed.

Replacement of natural vegetation by buildings and other low albedo surfaces in metropolitan
areas affects the surface energy exchange at daytime and nighttime [5-8]. At daytime, low albedo
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surfaces cause less shortwave radiation to be reflected, which instead is absorbed leading to warm
thermal conditions in cities [5,6,9-11], mainly attributed to increased surface temperatures. The
absorbed shortwave radiation is then gradually re-emitted as longwave radiation back into the urban
space at nighttime [5,9,10]. The influence of street geometry affecting air movement, types of building
materials, and contribution of heat generated by city dwellers (i.e., warm air vented from air
conditioning, traffic) often disrupts the loss of longwave radiation at nighttime [5,6], leading to
generally elevated nighttime near-surface air temperatures [3,5,10]. Given the predicted rise in air
temperature due to climate change, population growth, and urban expansion [1,8,12,13], urban heat
may occur more often or even in semi-urban areas which previously did not experience such a
phenomenon. Thus, identification of potential areas affected by elevated urban air temperatures and
implementation of strategies like green roofs, use of materials with high albedo, and increased green
space at ground level are essential to minimize the negative effects of urban heat [14-16].

One popular strategy to alleviate the adverse effects of urban heat is planting trees, as they are
known to improve thermal conditions in metropolitan landscapes by cooling the microclimate
underneath the canopy [2,17]. However, the microclimate benefits of trees are often species-specific
because woody plants differ in physiological and anatomical characteristics as well as strategies to
cope with abiotic stress factors like heatwaves and droughts [16,18]. Thus, the right tree species
should be selected for minimizing the negative effects of urban heat, particularly at a local scale. In
general, trees cool air and surface temperatures effectively during the day through transpiration of
water from leaves and surface shading [19-22]. Transpiration is a process which regulates
temperature by cooling the air surrounding the leaf, whereas the canopy reflects solar radiation and
provides shading by blocking light transmission through the crown and thus prevents solar radiation
from reaching surfaces beneath [16,18]. Canopy light-transmission properties and thus shade quality
depend on foliage density and leaf positioning and can be determined by estimating the Leaf Area
Index (LAI) of a tree crown [9], which can be used to provide a first estimate of the amount of light
penetrating the canopy. Previous studies found that tree species with dense canopies (high LAI)
restricted light transmission and reduced daytime air and surface temperatures more, compared to
tree species with open canopies (low LAI) [18,20,23,24]. Hence, the daytime cooling benefits of trees
improve as canopy cover increases, since extensive and dense crowns seem to reflect more light,
provide more shade, and transpire greater amounts of water, generating more transpirative cooling
[9], and resulting in a cool microclimate underneath the canopy. Moreover, tree height, and thus
crown size, is also an important factor determining the amount of shade produced by the tree, as tall,
wide trees create more shade which results in lower surface temperature of a larger space compared
to species of short or narrow stature [18,25].

Despite daytime cooling, the beneficial microclimate provided by dense canopies can be
reversed during the nighttime [26]. Given the lack of solar radiation and limited transpiration during
the night [27], nighttime cooling depends on longwave radiation exchange and ventilation
underneath the canopy [28,29]. In addition, the shortwave radiation, which was absorbed by
impervious surfaces during the day, is gradually released into the near surface atmosphere during
nighttime. A limited number of studies demonstrated the reversed effect of dense tree canopies,
where heat was trapped underneath the tree canopy due to restricted longwave radiative cooling and
impaired ventilation, leading to elevated nighttime temperatures [21,24,28-30], while radiation loss
with unobstructed ventilation and thus nighttime cooling were enhanced under open canopies.
Importantly, nighttime thermal conditions are key to human health as the absence of cooling
overnight limits the relief from elevated daytime air temperatures.

Systematic assessments of the effect of commonly planted native and non-native urban tree
species on summer air temperatures in Greater Sydney, Australia, are missing. The metropolitan area
is home to more than 5 million people who are exposed to increasing summer air temperatures [31].
The lack of knowledge around the capacity of urban tree species to deliver microclimate benefits
limits urban planners and landscape architects to selecting those species that are specifically effective
when the aim of planting is to reduce near-surface air temperatures (Tair). The present study recorded
Tair at high temporal resolution in the field to test the following three hypotheses: (1) If characteristics
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like tree size and canopy density can be used to classify tree species by their potential to reduce Tai,
then simple metrics can be used to select the best species to alleviate the effects of urban heat. (2) If
species with high canopy density provide the best cooling during the day, then their canopies will
restrict longwave radiative cooling during the night. (3) If the principles of hypotheses 1 and 2 are
true, then air temperatures in streets with higher canopy cover should be cooler during the day and
warmer during the night compared to nearby streets with low canopy cover. The first two hypotheses
were tested by analyzing Tar under six different tree species in a single park. To test the third
hypothesis, Tair data was recorded in two residential streets that markedly differed in canopy cover
provided by street trees. Assessment categories were deliberately selected to be broad and simple to
apply, with three categories for tree height (<10 m, 10-20 m, >20 m) and two categories for canopy
density (high, low). Working with such descriptive categories is necessary when producing evidence-
based selection guidelines for urban tree plantings that are practical and intuitive. Our results
document that broad categorization of trees can support informed decision-making by practitioners.
However, our findings also highlight that trees selected for cooling during the day will be those that
keep Tair higher during the night. These findings should be used to refine selection and planting
strategies for urban trees.

2. Results

2.1. Species-Specific Differences in Tair

Across the entire summer of 2018/19, near-surface air temperatures (Tair) varied significantly
under the canopies of the nine tree species studied (F = 2.97, p < 0.05). Throughout December 2018,
and January and February 2019, mean Tir was comparable for all species and was around 24 °C (Table
1). The absolute maximum air temperature (Tmax) was found under Eucalyptus spp. (44.8 °C) and
Callistemon viminalis trees (43.4 °C), while Tmax was the lowest under the canopies of Ficus microcarpa
(40.1 °C) and Platanus spp. (39.7 °C). The other species had comparable Tmax ranging between 41.0 °C
and 42.9 °C. In addition, Platanus spp., Ficus microcarpa, and Liquidambar styraciflua had also the
highest absolute minimum air temperatures (Tmin) which was around 13.6 °C, while the lowest Tmin
was recorded under canopies of Lagerstroemia indica (11.6 °C) and Eucalyptus spp. (12.0 °C) (Table 1).
Hot and extreme days where Tair exceeded 35 °C and 40 °C were most common under canopies of
Eucalyptus spp. (43 hot and 16 extreme days) and Callisternon viminalis (40 hot and 13 extreme days;
Table 1). In contrast, Tair never reached 40 °C under the canopy of Platanus spp. while such extreme
temperatures were only recorded during two days under Ficus microcarpa, and both species also had
the lowest number of days with hot air temperatures (20 days).

Table 1. Mean (Tair; °C), absolute minimum (Tmin; °C) and maximum (Tmax; °C) near-surface air
temperatures, including number of days with hot (>35 °C) and extreme conditions (>40 °C). Values
were extracted from all three summer months. £1 standard deviation (SD) is shown for Mean Tair.
Asterisks denote tree species in the streets with low (*) and high (**) canopy cover.

Tree Species Mean Tair Tmin  Tmax  Hot Extreme
Callistemon viminalis * 248+53 12.6 43.4 40 13
Casuarina spp. 244+438 133 421 29 6
Eucalyptus spp. 24.6+5.2 120 448 43 16
Ficus microcarpa 241+44 135 401 20 2
Ficus rubiginosa 24.4+49 126 41.0 24 3
Lagerstroemia indica 244+52 11.6 429 32 6
Liquidambar styraciflua ** 242+4.7 13.7 415 24 4
Platanus spp. 242 +45 135 397 20 0
Quercus palustris ** 244 +5.1 128 413 28 5
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2.2. Tree Height

During the summer of 2018/19 and across all park trees, mean daytime and mean nighttime Tair
changed significantly with tree height (Table 2). Importantly, the direction of the response was
different for each time of day. Daytime near-surface air temperatures were generally the highest
under <10 m high trees but decreased under taller trees (Figure 1). Throughout summer, and across
the six park tree species, mean daytime Tair for each height was 28.6 °C + 1.2 (<10 m tall, (mean + SD)),
28.2 °C £1.3 (10 m—20 m tall), and 27.6 °C + 1.1 (>20 m tall). A statistically significant mean daytime
Tair difference of 1.1 °C was recorded between <10 m and >20 m tall trees (p < 0.05), which was a
consistent pattern in each month. In contrast, the temperature difference between medium trees (10
m-20 m height) and other tree heights changed little (0.4 °C compared to trees <10 m tall; +0.6 °C
compared to trees taller than 20 m). The largest mean daytime Tair difference was recorded between
canopies of Eucalyptus trees and Ficus microcarpa (-1.3 °C to -1.7 °C) or Platanus spp. (-1.0 °C to 1.4
°C). Given the overall height-related reductions in mean daytime Tair (F = 29.08; p < 0.001; Table 2),
significant relationships between temperature and tree height (Figure 1) were found for all three
summer months. The coefficients of determination (R?) ranged from 0.33 to 0.41 (p < 0.01 and p <
0.001) with tree heights. These relationships were comparable across months with the strongest effect
of tree height on Tair in January (R? = 0.41), when the ambient air temperatures were the highest.

Table 2. A 2-way ANOVA of tree height and month effects and its interactions for daytime and
nighttime near-surface air temperatures.

Source of Variation Daytime Nighttime
df F p F p

Tree height 2 29.08 <0.001 9.77 <0.001
Month 2 208.49 <0.001 935.08 <0.001

Tree height * Month 4 0.04 0.99 0.61 0.65
Canopy density 1 63.18 <0.001 17.15 <0.001
Month 2 219.62 <0.001 933.18 <0.001

Canopy density * Month 2 0.02 0.98 0.80 0.45

(*) indicates the interaction between the factors; (df) refers to degrees of freedom; (F) describes the
type of test used (F-test); (p) refers to statistical significance with significant p-values in bold for p <
0.05.

Nighttime Tar showed the opposite response with tree height compared to daytime
measurements and significantly increased with tree height (F = 9.77; p < 0.001; Table 2; Figure 1).
However, these trends were only significant in December (R?=0.19, p <0.05; Figure 1A) and February
(R?=0.26, p <0.01; Figure 1C). Across the entire summer and all species, mean nighttime Tair reached
215 °C + 14 (<10 m tall), 21.6 °C + 1.4 (10 m—20 m tall), and 21.8 °C + 1.3 (>20 m tall). Similar to
daytime, the largest mean difference of nighttime Tair was found for trees that were more than 10 m
but less than 20 m in height (p < 0.05). However, the overall difference was only around 0.3 °C across
all months, with a maximum of +0.5 °C mean nighttime Tair under trees taller than 20 m compared to
trees shorter than 10 m in February. When compared with the smallest and the largest tree height
category, nighttime Tar measured under the canopy of intermediate trees did not differ much
(difference of only 0.2 °C).

2.3. Canopy Density

Mean daytime Tair decreased significantly as canopies became denser (Figure 2), with overall
mean values of 28.7 °C + 1.2 (low density) and 27.9 °C + 1.2 (high density) across summer and all six
park tree species. This corresponded to a mean daytime Tair difference of 0.8 °C between the canopy
densities, which was also consistent and significant for all three summer months (p < 0.001; Table 2).
Mean daytime Tair showed a strong and significant reduction with canopy density (F=63.18, p <0.001,
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Table 2). The coefficients of determination (R?) for the effect of canopy density on mean Tair ranged
from 0.39 to 0.44 (p < 0.001).

Similar to tree height, canopy density was positively and significantly (F =17.15, p <0.001; Table
2) correlated to mean nighttime Tair, being cooler (21.4 °C + 1.4) under low density and warmer (21.7
°C + 1.3) under high density canopies (Figure 2). The mean nighttime Tair difference between the
canopies was around 0.3 °C in December (R? = 0.17, p < 0.05; Figure 2A) and February (R?=0.21, p <
0.01; Figure 2C), but did not differ in January.
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Figure 1. Relationship between tree height and daytime (10 a.m.—6 p.m., upper relationships) and
nighttime (9 p.m.-5 a.m., lower relationships) mean near-surface air temperatures (Tair) for six
commonly planted urban tree species in Greater Sydney. Individual species are identified in the
legend. Species means (N = 2688-8928) are shown for December 2018 (panel A), January 2019 (panel
B) and February 2019 (panel C). Coefficients of determination are shown for each linear relationship
(solid lines = daytime; dashed lines = nighttime) and asterisks refer to significant relationships (p-
values: * <0.05, ** <0.01, *** <0.001); error bars show = 1 SD.
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Figure 2. Relationship between canopy density and daytime (10 a.m.—6 p.m., upper relationships) and
nighttime (9 p.m.-5 a.m., lower relationships) mean near-surface air temperatures (Tair) for six
commonly planted urban tree species in Greater Sydney. Individual species are identified in the
legend. Species means (N = 6720-8928) are shown for December 2018 (panel A), January 2019 (panel
B) and February 2019 (panel C). Coefficients of determination are shown for each linear relationship
(solid lines = daytime; dashed lines = nighttime) and asterisks refer to significant relationships (p-
values: * <0.05, ** <0.01, *** <0.001); error bars show + 1 SD.

2.4. Canopy Cover

Mean daytime and mean nighttime Tir were used to compare the effect of 11% canopy cover in
the low canopy cover street (LCCS) to 31% canopy cover in the high canopy cover street (HCCS). In
LCCS, mean daytime Tair measured under the canopy reached on average 29.2 °C (+1.3) which was
significantly warmer compared to HCCS (+3.2%; p < 0.05). This corresponded to a mean daytime Tair
difference of 0.9 °C between the streets, with the same pattern in each month (Figure 3). In summer
months, LCCS had significantly higher Tair during daytime than HCCS (p < 0.05), which was reflected
by warmer mean daytime Tair of 0.9 °C (January) and 1.0 °C (December). However, LCCS was close
to also having significantly higher mean daytime Tair than HCCS in February (+0.8 °C; p = 0.06).
Moreover, LCCS had 40 days with hot (>35 °C) and 13 days of extreme (>40 °C) temperatures, while
HCCS recorded only 28 days with hot and 5 days with extreme conditions (Table 1).

In contrast, mean nighttime Tair was comparable under canopies in both streets and was on
average ~22 °C across summer. There was also no detectible change in mean nighttime Tair between
the streets when analyzed for individual months since the mean difference was only around 0.1 °C
(Figure 3). The highest mean nighttime temperatures were recorded in January in both streets (~24
°C; Figure 3B), almost 4 °C higher than in December and February (Figure 3A,C).
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Figure 3. Daytime (10 a.m.—6 p.m.) and nighttime (9 p.m.-5 a.m.) mean near-surface air temperatures
(Tair) in a street with low canopy cover (LCCS, red bars) and high canopy cover (HCCS, green bars).
Means (N = 8064-8928) are shown for December 2018 (panel A), January 2019 (panel B) and February
2019 (panel C). Asterisks refer to significant differences between the streets for daytime Tair (¢ test, p-
values: * <0.05); error bars show 1 SD.

3. Discussion

A large number of near-surface air temperature (Tar) data collected under tree canopies allowed
us to verify how common, woody species in Sydney influenced summer daytime and nighttime
microclimates in a park and two urban streets. Compared with other more sophisticated
measurements and modelling assessments [32], this study used a simplistic approach to classify tree
species based on visual characteristics and offered an easy and cost-effective method to verify species-
specific differences in cooling benefits. Based on empirical evidence, we found that characteristics
like tree height, canopy density, and canopy cover can be useful metrics to determine cooling benefits
and thus simplify the selection of appropriate species for alleviating the negative effects of summer
heat at a local scale. However, the selected metrics that resulted in favorable microclimate benefits
during the day produced the reverse effect during nighttime.

A number of studies investigated the effect of tree size on urban heat [18,25,26,33], suggesting
that daytime cooling benefits improve with increase in tree height. Some authors indicated that tall
trees might cast more shade than short ones reducing surface and air temperatures, but the effect
varied with time of day [25]. The height-related reduction in Tar was also observed in our study,
where the tallest species (Ficus microcarpa) provided the most considerable cooling, which was
underneath the canopy and near these trees. This was likely because tall trees cast a large shadow on
the surrounding urban surfaces that limited warming of surrounding ambient air during the day. In
addition, the crown base of tall trees is usually wider compared to shorter trees. This could result in
increased isolation of microclimates underneath larger trees. The effect could also help explain why
the local microclimate beneath the canopies of the shortest trees (Lagerstroemia indica, Casuarina spp.,
Ficus rubiginosa, and Eucalyptus spp.) was warmer. The short trees shaded only a small area and the
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crown and branches were closer to sunlit surfaces which probably radiated sensible heat during the
day [25], resulting in warmer Tair under these canopies.

While tree height was an essential factor driving Tair in our study, other authors indicated that
canopy density might have a greater influence on urban heat than tree size [25,33]. Many studies
found that trees with dense and wide canopies provided the best shading quality, regardless of their
size, which considerably reduced air temperatures in the surrounding urban space [22,25,34]. This
trend was also visible in our park study, where species with dense canopies (Ficus microcarpa, Ficus
rubiginosa, and Platanus spp.) correlated with the coolest mean and maximum daytime Tair under their
canopies. The shading underneath these species was substantial due to low light transmission, which
limited warming of sub-canopy air and surfaces underneath the trees. Moreover, high transpirational
cooling from species with dense canopies may have further contributed to lowering air temperatures
[19,23], but we did not measure transpiration rates and thus cannot provide evidence to verify this
effect. Increased light penetration through open canopies resulted in less shade, warming sub-canopy
air and surfaces beneath the trees [23]. This was likely the cause for higher Tair and the number of
days with hot (>35 °C) and extreme (>40 °C) temperatures under tree species with open canopies in
our study (Lagerstroemia indica, Casuarina spp., and Eucalyptus spp.). These results demonstrate that a
simple metric with six variables to characterize tree height and canopy density can be useful when
selecting species to effectively mitigate urban heat during the day at a local scale. However, we
acknowledge that other tree characteristics (tree width and LAI, not measured in this study) might
have a role in the observed responses.

However, even though trees with dense, broad canopies provided substantial daytime cooling,
the effect of longwave radiation from surrounding surfaces as well as dense canopies restricting
radiative cooling, resulted in warmer sub-canopy microclimates during the night in this and other
studies [27]. High nighttime air temperatures were recorded under trees with dense canopies in
several urban environments, particularly in areas with restricted air movement and around hard
surfaces slowly re-radiating stored heat as longwave radiation overnight [11,26]. The reason for this
phenomenon seems to be the effect of restricted air movement and low radiation of heat through a
dense canopy. However, trees measured in the present study grew in an urban park where they were
surrounded by grassed areas. The fact that nighttime air temperatures were still cooler under open
canopies in an environment where additional longwave radiation from hard surfaces can be
excluded, underlines the importance of convection for nighttime cooling.

Although the best cooling benefits are provided by canopy cover larger than 40% [27], many
Sydney suburbs have often less than 20% canopy area [35] and in some suburbs even below 10% [36].
By comparing two urban streets that differed in canopy cover, we found that the area of canopy cover
only partially followed the trends documented in the park. The wide and dense crowns of established
trees in the street with high canopy cover limited extreme daytime heat by reducing shortwave and
longwave radiation, thus improving thermal comfort of the residents more than when compared to
the nearby street with low canopy cover. However, nighttime temperatures were similar between the
streets. This was an unexpected result, as observations from the urban park had indicated that
nighttime air temperatures should have been lower in the street with low canopy cover. The capacity
of surface materials to store and release daytime heat may explain the different results between the
street and park study for nighttime air temperatures. The grass in the park was likely warm at
nighttime as shading had little effect on the heat storage of the grassed area [37]. Similar to a study
from Melbourne [38], our data indicates that daytime cooling provided by large and dense canopies
in the street with high canopy cover was sufficient to limit the absorption of shortwave radiation by
hard surfaces, which resulted in less emission of stored heat as longwave radiation and a contribution
to cooling of the microclimate during nighttime. The low canopy cover in the second street most
likely did result in greater absorption of heat by hard surfaces during the day, but low canopy cover
did also allow for this heat to dissipate quickly during the night, resulting in localized good nighttime
cooling [11,28]. Further research is required to identify thresholds of canopy area for these two
mechanisms that can produce similar cooling benefits during hot summer nights.
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We found clear daytime and nighttime thermal trends associated with tree and canopy
characteristics. We acknowledge that a risk remains that our measurements were influenced by
radiant heat from surfaces under the trees. However, this risk lies in a temperature range of 0.001 °C
or smaller when estimating energy budgets related to directly reflected solar radiation. Moreover,
measurements were collected in half or full shade further reducing the potential impact of reflected
solar radiation influencing our measurements.

4. Materials and Methods

4.1. Research Sites

The experiments took place during the summer of 2018/19 at two locations in the Parramatta
City Local Government Area (LGA). The LGA was located at the geographical center of the Greater
Sydney Basin, approximately 24 km west of downtown Sydney. The climate of the area is temperate
with dry winters. Long-term annual minimum and maximum daily average air temperatures are 12.2
°C and 23.4 °C and mean annual precipitation is 960 mm (based on data from 1967-2020, available
from the Australian Government Bureau of Meteorology). The area is experiencing extreme heat
every summer and at increasing frequency and magnitude. The number of days with maximum air
temperatures of 35.0 °C or greater has increased from an average of 6 in the late 1960s to more than
15 in the late 2010s. In 2017, these temperatures were recorded for 27 days. Since 2005, the area
experienced 11 of the hottest summers on record. The highest temperature ever recorded in the LGA
was 47.0 °C on 4 January 2020. Hence, the residents of Parramatta City are increasingly exposed to
hot and extreme summer temperatures. Effective strategies need to be developed to limit the adverse
effects of urban heat in the area.

4.2. Experiments

Two experiments were implemented where near-surface air temperatures (Tair) were recorded
to test the effects of individual tree characteristics and entire canopy cover on sub-canopy
microclimates in urban environments. The first experiment elucidated the effects of tree height and
canopy density on Tair using six different tree species, each replicated six times (N = 36, details below).
The mature trees used for this experiment grew in single-species groups in an urban park (Robin
Thomas/James Ruse Reserve, Figure 4A), 1 km east of Parramatta and included the following species:
Lagerstroemia indica L. (comm. Crepe Myrtle), Platanus spp. (comm. London Planetree), Casuarina spp.
(comm. Sheoak), Eucalyptus spp. (comm. Gum Tree), Ficus microcarpa L.f. (comm. Curtain Fig), and
Ficus rubiginosa Desf. ex Vent. (comm. Port Jackson Fig). Tree height and canopy density categories
for each species are shown in Table 3.

Table 3. Height, canopy density classification, and a range of distance for park tree species.

Lagerstroemia Platanus Casuarina  Eucalyptus Ficus Ficus
Parameter . . .
indica spp- spp. spp. microcarpa  rubigniosa
Total tree height <10 and
(m) <10 10-20 <10 10-20 >20 <10
Canopy density Low high Low low high high
Range of

distance 5-15 5-40 4-110 8-119 22-170 3-118

between the
trees (m)
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Figure 4. Aerial views of the research sites in the local government area of Parramatta City, Australia.

(A) urban park; (B): residential street with high canopy cover; (C): mixed residential and commercial
street with low canopy cover. Dashed red lines indicate the areas where the experiments took place.
Aerial images depict locations during the time of data collection in summer 2018/19. Image©
Nearmap.

The second experiment assessed the effect of canopy cover on street microclimate. For this
purpose, two streets that differed in canopy cover were selected in the suburb of North Parramatta.
The two streets were Galloway (high canopy-cover street, hereafter referred to as 'HCCS’; Figure 4B)
and Daking Street (low canopy-cover street, hereafter referred to as ‘LCCS’; Figure 4C) in North
Parramatta and their physical characteristics are shown in Table 4. Both streets had a north-south
orientation and were 1 km apart. The HCCS was a residential street with a high percentage of green
infrastructure in the form of Quercus palustris Miinchh (comm. Pin Oak) and Liquidambar styraciflua
L. (comm. Liquidambar) street trees, providing ample shade in summer. The LCCS featured
Callistemon viminalis (comm. Bottlebrush) trees, and the surrounding area was dominated by
buildings for industrial, commercial, and educational purposes. Canopy cover in both streets was
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assessed using high-resolution aerial images provided by Nearmap (Barangaroo, NSW, Australia).
Using the polygon function of this software allowed delineating the area of the entire length of the
streets and adjacent infrastructure at 25 m distance from the road center. This approach captured
street trees and adjacent trees in front gardens and along fence lines that would all influence the
microclimate of the street. After determining the area of each polygon and the area of tree canopy
inside each polygon, the proportion of tree canopy to polygon area was calculated, showing that
HCCS had 31% and LCCS had 11% canopy cover (Table 4). Six temperature loggers were deployed
in each of the two streets (details below).

Table 4. Canopy cover characteristics in the high (HCCS) and low canopy-cover streets (LCCS).
Canyon depth indicates the highest point at the top of the tree.

Parameter HCCS LCCS
Length of street (m) 305 250
Polygon area (m?) 18,134 14,203
Total canopy area (m?) 5537 1511
Relative canopy cover (%) 30.5 10.6
Number of canopies 39 24
Mean canopy size (m?) 142 (+274) 63 (£ 168)
Range of canopy size (m?) 2-1511 4-842
Maximum height profile of the 29-50 18-34
polygon (m)
Ran'ge .of. distance between 17-183 9-131
individual trees (m)
Canyon depth (m) 21 16
Average street width (m) 27 24
Surface rough Smooth

4.3. Placing Loggers in the Field

Near-surface air temperatures were collected from 1 December 2018 until 28 February 2019 using
custom-made micro temperature loggers (hereafter referred to as ‘MTL’) designed and manufactured
at Western Sydney University. The MTLs consisted of a water-proof temperature sensor
(Tempmate.®-S1 V2, Imec Messtechnik, Heilbronn, Germany) and a reflective aluminum shield to
protect the sensor from direct solar radiation. The base of the shield was open and holes in the top of
the shield allowed for good air circulation around the sensor. The sensor can record temperatures
ranging from -30 to +70 °C with an accuracy of 0.5 to 1.0 °C at 0.1 °C resolution, and it met
international certifications (e.g., EN 12830, RoHS, and CE).

The accuracy of the MTL was assessed against a bare sensor (Tempmate), a commercially
available air temperature logger (TGP4500, TinyTag, Gemini Data Loggers, Chichester, UK), and
three official weather stations operated by the Australian Government Bureau of Meteorology. The
following comparisons were done simultaneously: (1) bare sensor with TinyTag (N =1, R? = 0.999),
(2) MTL with the bare sensor (N =1, R? = 0.997), (3) MTL with TinyTag (N =1, R? = 0.997), and four
MTLs were compared against data recorded by three official Bureau of Meteorology weather stations
(R? = 0.96-0.98). Air temperatures recorded at 9 a.m., 3 p.m., minimum and maximum daily air
temperatures were used for these comparisons. All calibrations resulted in coefficients of
determination close to 1, indicating that the bespoke loggers were documenting air temperatures
correctly. Logging interval was 10 min.

Following activation, the MTLs were assembled and hung onto a lower branch of the target tree,
2.5-3.5 m above the ground using a ladder and cable ties. The temperature sensor inside the MTL
was completely shaded and the MTLs were installed vertically with their open base facing towards
the ground. In total, 48 MTLs were deployed, with 6 loggers placed in tree canopies of six species (N
= 36) across the park and six loggers in canopies of street trees in HCCS and LCCS (N = 12). Two
loggers in the park were lost to vandalism. A total of 596,160 individual measurements of Tair were
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collected and analyzed. A total of 77,760 individual measurements of Tair were collected for each tree
species in the park (except for Ficus rubiginosa, Eucalyptus spp., and Lagerstroemia indica, where one
MTL per species was lost resulting in 64,800 individual measurements) and each of the two urban
streets.

4.4. Tree Height and Canopy Density

To test the effect of tree characteristics on Tair, height and canopy density were visually assessed
for each park tree. Tree height was classed as being either less than 10 m (<10 m), between 10 and 20
m (10 m—20 m) or taller than 20 m (>20 m), while canopy density was associated with the amount of
light penetrating the canopy and scored as low or high. Given that these assessments may be
subjected to potential bias, the visual inspection was carried out by a single person for consistency.
Individual tree groups were planted at the same time, resulting in similar height and canopy density
for the six individuals in each group.

4.5. Daytime and Nighttime Tair

Mean summer daytime Tair was calculated using data recorded between 10 a.m. and 6 p.m. from
1 December 2018 to 28 February 2019. Mean daytime Tair was also calculated separately for each
month. Mean nighttime Tair was calculated similarly, based on the time interval between 9 p.m. and
5 a.m. for the entire summer and each month. Both nighttime and daytime Tair were extracted from
the main dataset for each day and averaged for individual MTLs.

4.6. Statistical Analysis

Statistical analyses were done using R (Version 3.5.1; R Foundation for Statistical Computing,
Vienna, Austria). For all analyses, statistical significance was assumed when p < 0.05. To verify
species-specific differences in Tair, 1-way ANOVA (Im and Anova from stats R package) was used for
all nine park and street tree species averaged for individual MTL during 24 h-time. Across tree species
in the park, Tair was analyzed using a 2-way ANOVA, with the factors tree height (<10 m, 10 m—20 m
and >20 m) or canopy density (low and high) and month (December, January, and February) for each
time of day (nighttime and daytime). Using means of individual MTLs (N = 1344-1488), linear
relationships between daytime and nighttime Tair and tree height or canopy density were tested by
analyzing each month separately with the Im function in the stats package of R. Differences in mean
summer, daytime, and nighttime Tair between the two streets were tested using ¢ tests (¢ test from
stats R package).

5. Conclusions

We demonstrated that simple metrics such as tree size and canopy density can be used to inform
the selection of species that have the greatest potential to minimize the negative effects of summer
urban heat during the day at a local scale. At the same time, dense canopies will reduce nighttime
cooling underneath tree canopies. Based on the evidence provided, three recommendations to
mitigate increasing urban heat through trees can be devised to local scale. First, given that existing
tall trees already provide cooling benefits, it will be expedient to protect and manage these trees well,
especially those with dense canopies. Second, improving growing conditions of juvenile trees (e.g.,
irrigation, fertigation) will accelerate their capacity to provide greater cooling benefits in less time.
Third, selection of species and planting locations for additional trees should consider daytime and
nighttime effects of these trees on urban microclimates.
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