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Abstract: Trees play a key role in mitigating urban heat by cooling the local environment. This study
evaluated the extent to which street trees can reduce sub-canopy air temperature relative to ambient
conditions (∆T), and how ∆T relates to tree traits and microclimatic variables. Air temperature under
the canopies of 10 species was recorded within residential areas in Western Sydney, Australia, during
summer 2019–2020. Tree and canopy traits, namely tree height, specific leaf area, leaf dry matter
content, leaf area index, crown width and the Huber value (the ratio of sapwood area to leaf area)
were then measured for all species. Species differed significantly in their ∆T values, with peak cooling
(maximum ∆T−3.9 ◦C) observed between 9–10 am and sub-canopy warming (i.e., positive ∆T values)
typically occurring during afternoon and overnight. Trees with high LAI and wider canopies were
associated with the greatest daytime cooling benefits and lower levels of nighttime warming. ∆T was
also negatively related to windspeed and vapor pressure deficit, and positively to solar irradiance.
This study provides valuable information on how tree characteristics and microclimate influence
potential cooling benefits that may aid planning decisions on the use of trees to mitigate heat in
urban landscapes.
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1. Introduction

Global mean air temperature has increased by 1 ◦C compared to pre-industrial times
and is expected to reach +1.5 ◦C by 2050 [1]. Climate models predict that global warming
will be associated with more frequent, severe and intense extreme heat events [1,2], and
cities are also predicted to become warmer in the coming years [3]. Within cities, increas-
ingly extreme temperatures lead to challenging conditions for urban residents, particularly
during heatwaves [4]. Therefore, a greater understanding of mitigation options to reduce
urban heat is necessary to improve local conditions for urban populations.

Urban areas are mosaics of buildings, streets and different types of impervious surfaces,
along with green and blue infrastructure [5]. Impervious surfaces (i.e., man-made surfaces
such as concrete, asphalt and buildings) can cover up to 50% of urban areas, although
this cover varies considerably across cities [6]. Urban areas also differ in their radiative,
thermal, aerodynamic and moisture properties relative to surrounding peri-urban and
natural areas, absorbing heat and re-radiating longwave radiation within the urban matrix,
resulting in higher air and surface temperatures [7,8]. As a consequence, temperatures in
urban and peri-urban areas are typically higher than in the surrounding rural landscape—a
phenomenon known as the urban heat island effect (UHI) [9].
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Multiple heat mitigation strategies are available to modify the heat balance of urban
areas. Of these, nature-based solutions (e.g., green roofs and walls, planting trees, presence
of water bodies) are highlighted as sustainable, cost-effective ways of reducing urban heat
and improving the livability of cities across the globe [10,11]. Trees are a key component of
urban green space and have a demonstrated ability to reduce local air temperatures [12,13].
Indeed, a modelling study of four cities from different climate zones (Melbourne [Australia],
Zurich [Switzerland], Phoenix [USA] and Singapore [Singapore]) reported that vegetation
cover can decrease daytime maximum air temperatures by 3.1 to 5.8 ◦C [14]. Furthermore,
empirical studies have demonstrated air temperature reductions of 2.8 ◦C associated with
tree canopies in Campinas, Brazil [15] and 1.1 ◦C in Greater Sydney, Australia [16]. The ex-
tent to which tree crowns reduce air temperature varies substantially across studies [14,17],
with differences likely due to the nature of the surrounding built-up area, the extent of
vegetation cover, soil water availability, time of day and local microclimate [18].

Trees cool the surrounding area directly by blocking solar irradiation and transpiring
water to the atmosphere [19]. Morphological traits, such as tree size, crown width, crown
density, leaf dry matter content (LDMC), leaf area (LA), specific leaf area (SLA) and the
Huber value influence the amount of canopy shade cast, light reflectance and transpiration
rate [20–22]. Shaded surfaces absorb less solar radiation and therefore re-radiate less heat,
thereby maintaining cooler air temperatures underneath tree crowns [16]. Both LDMC
and SLA are negatively correlated with leaf thickness [23], and thinner leaves can more
effectively lower air temperature [24] due to their thinner leaf boundary—a thin layer
of still air that surrounds each leaf. The Huber value (i.e., the ratio of stem xylem cross-
sectional area to leaf area supported by the respective stem segments) [25] represents the
amount of leaf area of a stem that can transpire water [15] and hence a tree’s capacity for
transpirational cooling under optimal conditions [26].

Transpiration rates are regulated by solar irradiance, VPD, and windspeed [27], with
stomatal opening generally greatest at biologically optimal solar irradiance, VPD and
windspeed [28]. High windspeed disrupts the leaf boundary layer enhancing CO2 and
H2O diffusion [29], resulting in increased transpiration. High VPD typically causes plants
to close their stomata to reduce water loss, resulting in a decline in transpiration rate. High
VPD conditions are associated with extreme heat and/or drought conditions [27]. Similarly,
later in the day/evening atmospheric demand for water is often lower (low VPD), resulting
in stomatal closure and reduced transpiration rates [30]. In many species, nighttime
stomatal opening has, however, been observed [30,31]. Nighttime plant transpiration can
be up to 20% of daytime transpiration levels and is also positively correlated with VPD [32].
As a result, nighttime cooling due to plant transpiration can occur under and surrounding
tree crowns [30].

The cooling benefits of urban trees—referred to as delta temperature (∆T), the dif-
ference between ambient air temperature and sub-canopy air temperature—vary among
species and depend on plant traits, tree structure and crown characteristics [15,24]. Knowl-
edge of the extent to which different tree species and their associated traits can provide
microclimatic benefits during summertime periods of high temperatures and can improve
urban livability and thereby the wellbeing of urban residents. However, whilst species
might differ in the extent to which they are able to influence the local microclimate [33,34],
it is not feasible to evaluate all urban trees for any given city. Therefore, a traits-based
approach that identifies those tree characteristics that are broadly associated with greater
shade and evapotranspiration rates, and hence likely to provide greater cooling benefits, is
a more feasible approach.

Urban areas across Western Sydney, Australia, have recently experienced record-
breaking temperatures of 45–48.9 ◦C [10,35,36] and are predicted to reach 50 ◦C by 2040 [37].
Exposure to such extreme temperatures, along with a relatively high surface cover of
man-made materials, such as roads, pavements and buildings, makes this area a prime
location for evaluating the role of vegetation in mitigating urban heat. This study assessed
sub-canopy temperatures of 10 commonly planted tree species across urbanized areas in
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Western Sydney to address the following questions: (1) How do tree species differ in their
ability to influence summertime air temperatures and which canopy traits are associated
with greater cooling benefits? (2) How do relationships between species/canopy traits
and sub-canopy air temperature differ between day and nighttime? (3) How do climatic
variables influence diurnal patterns in canopy-associated cooling? It is hypothesized that
(1) tree species with more extensive (e.g., greater crown width, height and DBH) and dense
(e.g., high leaf area index [LAI]) crowns, along with specific leaf characteristics (e.g., high
leaf dry matter content [LDMC] and low specific leaf area [SLA]) are associated with greater
shading and higher rates of evapotranspiration and, hence, will have lower sub-canopy
air temperatures; (2) canopy-associated cooling will occur predominantly during sunlight
hours, with limited overnight cooling; and (3) the combined effects of high VPD and high
solar irradiance will partly reduce canopy cooling benefits by reducing transpirational
cooling via daytime stomata closure, while high windspeed will partly increase the cooling
benefits of trees via mixing of cooler air.

2. Materials and Methods
2.1. Study Site

This study was carried out in Richmond and Cranebrook, two suburbs in Western
Sydney, New South Wales, Australia (33◦52′32.6′′ S, 151◦12′33.1′′ E). Western Sydney has a
humid subtropical climate with an annual mean maximum temperature of 24 ◦C, mean
minimum temperature of 11.1 ◦C and mean annual rainfall of 741 mm (average between
1990–2020 Bureau of Meteorology, www.bom.gov.au, 10 December 2020). The 2019–2020
austral summer in which the study was carried out was Australia’s warmest summer on
record, with a mean maximum temperature 2.14 ◦C warmer than the 1961–90 average [38].
The number of days per year over 35 ◦C in Western Sydney has increased from an average of
9.5 days per year in the 1970s to 15.4 in the past decade and is predicted to rise to 19 days per
year by 2030 [39]. Penrith local government area, where the suburb of Cranebrook is located,
hit a peak of 48.9 ◦C in the summer of 2019–2020, the highest temperature recorded in the
Sydney region since 1939. At air temperatures above 35 ◦C, the ability of the human body to
cool itself is reduced, making it a common benchmark temperature for occupational health
and safety experts, as well as academic and government researchers [40]. Furthermore, the
Greater Sydney region has faced a series of drought events in the last few years, which
continued through the summer months when the study took place. This resulted in an
exceptionally hot and dry period during which data were collected, including record-
breaking levels of afternoon heat. Additionally, during this time, unprecedented bushfires
heavily impacted various parts of Western Sydney [41].

2.2. Data Collection
2.2.1. Tree Species Selection

The ten most abundant street tree species in Richmond and Cranebrook were identified
using urban tree inventory data sourced from the respective city councils. Ten replicates of
each tree species were identified, except for four species (Eucalyptus microcorys, Melaleuca
quinquenervia, Sapium sebiferum, and Ulmus parvifolia) each of which had nine individuals.
Temperature loggers were installed at the base of each tree canopy, although vandalism
resulted in the loss of one replicate of each of the four above-mentioned tree species. To
standardize urban microclimatic conditions, full-sized individual street trees with separate
canopies growing in grass verges were randomly selected within low-rise residential areas
comprising a mix of impervious and vegetated surfaces (Figure 1). Species were selected
with contrasting crown and leaf characteristics (Table 1). All trees were located in residential
areas characterized by single-story buildings (except five individuals of Platanus acerifolia
that were situated along a street in a non-residential area). Trees were located within a 4 km
radius of a Bureau of Meteorology weather station (see details below).

www.bom.gov.au
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2.2.2. Air Temperatures under Tree Canopies

Microclimatic data were collected from 9 December 2019 to 28 February 2020, during
the austral summer. Sub-canopy temperatures were measured using automated, water-
proof temperature loggers (Tempmate®-S1 V2, Imec Messtechnik, Heilbronn, Germany)
installed at the base of tree canopies, at a height of 3–4 m aboveground. Loggers were
enclosed in custom-made shields to avoid exposure to direct sunlight (Figure 1c) [42]. Holes
were drilled into the top of the shields to allow ventilation of the loggers. Loggers were
programmed to record air temperature at 10-min intervals for days, with an accuracy of
±0.5 ◦C (−20 ◦C/+40 ◦C; ±1.0 ◦C outside of that range of temperature) and a resolution of
0.1 ◦C. The accuracy of the custom-built devices and loggers was evaluated by comparison
with data from the nearest weather stations [43].
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Figure 1. (a) Example of the urban morphology of one of the studied suburbs, Cranebrook, (b) street
trees (Eucalyptus microcorys located on Arafura Avenue, Cranebrook), and (c) sensor and shielding
affixed to a tree. The street map of Cranebrook shows that trees are growing on nature strips (verges)
and at varying distances from houses. Images of (a,b) were sourced from google maps.
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Table 1. Mean and standard deviation of the characteristics of the 10 tree species selected in Richmond and Cranebrook, Greater Sydney, Australia. Numbers of
individual trees are given in parentheses.
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Callistemon viminalis Sol. ex Gaertn Cal (10) Myrtaceae Evergreen 7.2
± 1.0

6.6
± 1.1

18.6
± 4.5

0.0052
± 0.002

516.2
± 50.0

2.74
± 0.7

58.4
± 15.0

Eucalyptus microcorys F. Muell Euc (9) Myrtaceae Deciduous 13.1
± 1.9

13.6
± 1.9

50.1
± 14.9

0.0017
± 0.0005

493.0
± 22.1

2.9
± 0.5

73.2
± 7.6

Jacaranda mimosifolia D. Don Jac (10) Bignoniaceae Deciduous 10.9
± 1.8

9.2
± 2.0

32.3
± 11.8

0.0016
± 0.001

384.1
± 39.1

3.42
± 0.5

144.0
± 25.0

Liquidambar styraciflua L. Liq (10) Altingiaceae Deciduous 13.4
± 4.4

15.1
± 3.1

51.8
± 16.0

0.0022
± 0.001

389.0
± 0.2

4.05
± 0.7

121.0
± 17.9

Lophostemon confertus R.Br. Loph (10) Myrtaceae Deciduous 10.3
± 1.5

11.2
± 1.8

44.9
± 13.0

0.002
± 0.001

437.5
± 80.0

4.23
± 0.8

69.7
± 13.8

Melaleuca quinquenervia (Cav.) S.T.Blake Mel (9) Myrtaceae Evergreen 9.7
± 2.0

10.5
± 1.8

61.0
± 35.1

0.0026
± 0.0006

379.7
± 50.1

3.55
± 0.8

61.9
± 13.5

Platanus × acerifolia (Aiton) Willd. Plat (10) Platanaceae Deciduous 16.2
± 3.8

16.4
± 2.5

56.4
± 38.4

0.0016
± 0.001

392.0
± 50.3

3.62
± 1.0

133.0
± 40.6

Pyrus calleryana Decne. Pyr (10) Rosaceae Deciduous 7.5
± 1.3

8.1
± 3.4

21.3
± 6.5

0.003
± 0.0008

463.2
± 23.7

4.35
± 1.2

89.3
± 14.1

Sapium sebiferum (L.) Roxb. Sap (9) Euphorbiaceae Deciduous 9.5
± 2.0

9.2
± 1.3

35.5
± 11.9

0.001
± 0.0003

378.0
± 43.0

3.44
± 0.2

156
± 53.8

Ulmus parvifolia Jacq. Ulm (9) Ulmaceae Deciduous 11.5
± 2.7

10.0
± 1.6

29.9
± 7.4

0.003
± 0.002

408.0
± 39.5

3.92
± 1.0

90.1
± 8.0
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2.2.3. Climate Data Collection

Ambient climate data were sourced from the two closest Bureau of Meteorology (BOM)
weather stations. Data from these sites were used due to a lack of funding to purchase
and install instruments in non-canopy, exposed conditions across the study area, as well
as concern for the risk of vandalism for sensors that were visible to passers-by (i.e., not
shielded by the canopies). Whilst it is recognized that this imposes some constraints in
the interpretation of canopy cooling benefits, we considered that the relatively small study
area and availability of high temporal resolution data from two nearby BOM stations made
this a viable alternative. Ambient air temperature, humidity and windspeed data at 1-min
resolution were sourced from the meteorological stations at the Royal Australian Air Force
(RAAF) site in Richmond (station id: 067105, latitude −33.60, longitude 150.78 and height
19.0 m above sea level [asl]) and at Penrith Lakes for Cranebrook (station id: 067113, latitude
−33.72◦ S, longitude 150.68◦ E and height 24.7 m asl). As solar irradiation data were not
available at BOM sites, these data (~ 1-min resolution) were sourced from the EucFace mete-
orological station at the Hawkesbury Campus of Western Sydney University at Richmond
(latitude −33.62◦ S, longitude 150.75◦ E and height 20 m asl), located between the two
BOM stations. Solar irradiation was measured using a LI-200 pyranometer (wavelength
400 to 1100 nm range, sensitivity 75 µA per 1000 W m−2). All 1-min resolution data were
averaged to 10-min intervals to correspond with sub-crown air temperature data. High R2

values for maximum and minimum temperatures between both BOM sites and EucFace
meteorological station data provided confidence in the use of solar irradiance data from
the latter, alongside Cranbrook and Richmond BOM sites’ meteorological data (Figure 2).

The method of Snyder and Shaw [44] was followed to calculate VPD from air temper-
ature. At first, saturated vapor pressure (SVP) for a given temperature and humidity was
calculated using Equation (1). Vapor pressure deficit (VPD) is the difference between SVP
and actual vapor pressure and was calculated with Equation (2).

SVP(Pascals) = 610.7 × 10 7.5T/(237.3+T) (1)

VPD = (1 − (RH/100)) × SVP) (2)

2.2.4. Morphological Trait Measurements

Height, diameter at breast height (DBH; 1.3 m above ground), crown width and leaf
area index (LAI) were measured for 96 individual trees. Tree height and crown depth were
measured using a Haglöf laser meter (L400, Haglöf, Sweden) with a height resolution of
0.1 m, angle resolution of 0.1◦ and accuracy of 0.1◦. Crown width measurements were taken
as the length of x and y orthogonal axes from edge to edge for the widest and narrowest
points through the crown centre and then averaged. DBH was measured using a diameter
tape at a height of 1.3 m.

Leaf area index (LAI) was measured in January and March 2020 for each individual
tree using a plant canopy analyser (LAI-2200, Li-COR, Lincoln, NE, USA). Four LAI
measurements were taken at 1 m height above ground and with a 90◦ view cap on a fish-
eye lens. LAI is the ratio of the area of leaves to the area of the ground under the crown [45]
and was measured on overcast days to improve contrast. LAI data were analysed using
FV2200 software developed for the LAI-2200, deploying an isolated crown model.

One small branch (diameter range of 10 to 15 mm and length of 30 cm) was collected
from six to eight replicate trees of each species, from the north side of the mid-canopy,
to measure specific leaf area (SLA), leaf dry matter content (LDMC), and to determine
the Huber value (the ratio of the sapwood cross-sectional area to the total supported leaf
area) [46]. Excised samples were immediately placed in an insulated foam box.
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Figure 2. Correlation between air temperatures recorded by three weather stations (EucFace, Rich-
mond and Cranebrook); (a,b) maximum and minimum temperatures of Richmond BOM vs maximum
and minimum temperatures from the EucFace meteorological station; (c,d) maximum and minimum
temperatures of Richmond BOM vs maximum and minimum temperatures of Cranebrook BOM;
(e,f) maximum and minimum temperatures of Cranebrook BOM vs maximum and minimum temper-
atures of the EucFace meteorological station.

To calculate the Huber Value, fresh leaves of each branch were scanned and then the
total projected leaf area of each branch was estimated using WinFOLIA Software (Regent
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Instrument Inc., Quebec, QC, Canada). Subsequently, the sapwood diameter with- and
without bark, and the length of branches were measured using a digital caliper (ABS Digital
caliper, CD-6-inch ASX, Japan) with an accuracy of ±0.02 mm, resolution of 0.01 mm and a
ruler, respectively. For sapwood area calculations, branches were assumed not to contain
hardwood. To calculate leaf area, SLA and LDMC, three to five mature and fully expanded
leaves per individual tree, excluding the petiole, were chosen. The fresh weight of the
leaves was measured, before scanning their area and drying them in an oven for 48 h at
70 ◦C after which their dry weight was determined. Specific leaf area (SLA) was calculated
by dividing the leaf surface area by its dry mass [47]. Leaf dry matter content (LDMC) was
determined by dividing dry weight by fresh weight [47].

2.3. Data Analysis

To evaluate diurnal species-specific patterns in sub-canopy air temperature, days were
split into morning (07:00 to 13:00), afternoon (15:00 to 18:00) and nighttime (00:00 to 05:00)
periods. Cloudy or hazy days (solar irradiance below 500 KW m−2) resulting from the
extensive bushfires occurring at the time were excluded from the dataset; this resulted in a
subset of 37 days (out of a total of 110) used for analyses.

To calculate delta temperature (∆T), the ambient air temperature was subtracted from
the sub-canopy air temperature of the nearest weather station (Richmond or Cranebrook).
Negative ∆T values indicated that sub-canopy temperatures were lower than ambient
air temperature measured by the BOM weather station (i.e., cooling benefit), whereas
positive ∆T values indicated warmer sub-canopy temperatures compared to ambient
air temperature. Analyses were conducted in two phases, detailed below. All analyses
and graphing were carried out using the R version 3.5.1 [48]. A p-value of 0.05 was
considered significant.

First, to understand the effect of tree species on ∆T, linear mixed effect models (lmer)
were fitted for each part of the day separately, with tree species, solar irradiance and VPD
considered as fixed effects. Dates and suburbs were specified as random effects. A similar
model was used for the nighttime data, except that solar irradiance was excluded. The
fitted models were used to evaluate differences among tree species using the function
emmeans from the emmeans package [49]. Letters displayed for pairwise comparisons were
extracted using multcomp package [50].

Secondly, linear mixed effect models (lmer) were used to investigate relationships
among ∆T, tree traits and climate variables. For analyses using daytime (morning and
afternoon) measurements, temperature data, solar irradiance, windspeed, VPD, days since
last rain and all tree traits (i.e., height, stem height, crown width, leaf areas, LAI, SLA,
LDMC, Huber Value) were specified as fixed effects. Date, suburbs and tree species were
specified as random factors. For nighttime analyses, the model excluded solar irradiance.
The lme4 package was used for lmer analyses [51].

3. Results

Tree species used in this study differed significantly in their canopy width, DBH,
tree height, Huber value, LDMC, LAI and SLA (Supplementary Figure S1 and Table S1).
Within-species differences are also evident from the boxplots in Supplementary Figure S1.

3.1. Daytime and Nighttime Delta Temperature

Temperature differences between ambient air and the air below the crowns (∆T) of
individual trees and species showed a diurnal pattern (Figure 3a,b). In summer 2019–2020,
the mean maximum cooling benefit (i.e., the coolest sub-crown temperatures relative to
ambient air) for individual trees and species was observed in the morning between 09:00
and 10:00 h (local time) with a mean maximum of 3.9 ◦C and 3.2 ◦C, respectively. Sub-crown
temperatures were typically below ambient from 07:00 to 14:00 h, with positive ∆T values
recorded outside of this time interval (Figure 3a,b). At 18:00 h, mean maximum sub-canopy
air temperature of individual trees and species was up to 3.8 ◦C and 2.9 ◦C warmer than
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the ambient temperature (Figure 3a,b). A drop in positive ∆T values from late afternoon
peaks to the early part of the night was observed, although nighttime values remained
positive (i.e., warmer sub-canopies than ambient air) until around 06:00–07:00 am. Mean
nighttime warming under individual trees ranged from 0.6 ◦C to 2.45 ◦C, with species-level
∆T values ranging from 1.08 ◦C to 1.86 ◦C.
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Figure 3. Diurnal variations in ∆T averaged across 37 summer days for individual trees (n = 96)
(a) and species averages (9 to 10 replicates for each species) (b). The dashed red lines indicate no
difference between the sub-canopy and ambient air temperatures. Circle colours correspond to tree
species. For abbreviations of species names and number of trees for each species see Table 1.

3.2. Species Differences

Delta T differed among species and across different times of the day (Supplementary
Table S1). In the morning (07:00 to 13:00 h), P. acerifolia (mean −3.02 ◦C) had the most
negative ∆T (i.e., greatest cooling benefit), followed by Pyrus calleryana (−2.58 ◦C); the
overall (all species) mean maximum value for ∆T was −1.27 ◦C (Figure 4a). Jacaranda
mimosifolia had the least negative ∆T in the morning, followed by Liquiambar styraciflua,
S. sebiferum, and U. parvifolia.

Sub-canopy air temperatures for all species were warmer than ambient air tempera-
tures in the afternoon (i.e., positive ∆T) and this pattern continued at nighttime for some
species (e.g., E. microcorys, J. mimosifolia, and Lophostemon confertus) (Figure 4b,c). Although
the rank order of tree species’ ∆T differed in the afternoon, compared to morning, P. acerifo-
lia and P. calleryana had relatively cooler sub-canopies (although still warmer than ambient
air temperature), while those under L. styraciflua were the warmest.

At nighttime (00:00 to 05:00), mean ∆T differences between species (average of 0.19 ◦C)
were smaller than during the daytime, although sub-canopy temperatures in Callistemon
viminalis, P. calleryana, S. sebiferum and U. parvifolia were slightly lower than those of other
species (Figure 4c).
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Figure 4. Species differences in ∆T (a) in the morning (07:00 to 13:00), (b) in the afternoon (15:00 to
19:00), and (c) at night (01:00 to 05:00). Different letters indicate significant differences at p < 0.05.
The black points indicate mean values (±SE). For abbreviations of species names and number of
replicates see Table 1. Chi-square (X2) and p values for each of the lmer models are given in the figures.
Analysis of variance (ANOVA) results of lmer models for each plot are in Supplementary Table S1.

3.3. Relationships between ∆T, Climatic Variables, and Tree Characteristics

To evaluate relationships between ∆T, tree characteristics and climatic variables, all
data points (10 min resolution) for the 37 days for all individuals (96 trees) were used for
analysis. The lmer model for the morning (07:00 to 13:00 h) showed that canopy-associated
∆T was affected by microclimatic variables and tree traits (R2 = 0.48 p < 0.001).

Delta T was negatively related to LAI and crown width (i.e., sub-canopy temperature
was lower when tree crowns were wide and dense), but not with other traits (Supplementary
Table S2). Delta T values became more negative (greater cooling benefits) with increasing
VPD and windspeed (Figure 5). The opposite pattern was found between ∆T and solar
irradiance. Among the evaluated climatic parameters and tree traits, VPD (t-value 23.10,
p < 0.001) and LAI (t-value = 18.78, p-value = 0.001) explained the greatest amount of
variance in ∆T (Supplementary Table S2).

In the afternoon (15:00 to 19:00), ∆T was inversely related to VPD and solar irradi-
ance (i.e., cooler sub-canopy temperatures with higher values of these climate variables)
(Supplementary Table S3). The relationship between ∆T and VPD switched from positive
to negative at a VPD value of ~3.5 kPa (Figure 6). There was also a significant positive
relationship between ∆T and windspeed (i.e., atmospheric mixing). Among the climatic
variables, VPD and windspeed explained the highest amounts of data variance. Delta T
was significantly and negatively related to canopy width and LAI. Leaf area index (LAI) ex-
plained the greatest amount of data variance of all measured traits (Figure 6; Supplementary
Table S3).
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Figure 5. Relationship between ∆T and (a) vapor pressure deficit (VPD), (b) solar irradiance, (c) wind
speed, (d) canopy width, (e) Huber value and (f) leaf area index (LAI) in the morning (07:00 to
13:00 h), using all recorded data from 96 individual trees over a three-month period. Total number
of observations was 127,822. The dashed red lines indicate no difference between the canopy and
ambient air temperatures and solid blue lines indicate best-fit trend predictions. Only significant
relationships are shown. For detailed results of the lmer model see Supplementary Table S2.
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Figure 6. Relationship between ∆T and (a) vapor pressure deficit (VPD), (b) wind speed and (c) leaf
area index (LAI) in the afternoon, using all recorded data from 96 individual trees over a three-
month period. The dashed red lines indicate no difference between the sub-canopy and ambient air
temperatures and soild blue lines correspond to regression slopes. There was a total of 127,822 data
points. For detailed results of the lmer model see Supplementary Table S3.

During the night, warming effects decreased with increasing VPD and windspeed
(R2 = 0.93, p < 0.0001). The tree canopy-associated warming effect increased with tree
height and higher values of LDMC. VPD was the climate variable explaining the greatest
amount of variance in ∆T, and LAI was the tree trait with the strongest relationship with
nighttime ∆T (Figure 7; Supplementary Table S4). Delta T was significantly and negatively
correlated to the Huber value and canopy width (Supplementary Table S4).
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Figure 7. Relationships between ∆T and (a) vapor pressure deficit (VPD), (b) wind speed and (c) leaf
area index at nighttime, using all recorded data from 96 individual trees over a three-month period.
Only the first three strongest relationships with high chi-square (X2) values are shown. The dashed
red lines indicate no difference between the sub-canopy and ambient air temperatures and the solid
blue lines represent regression slopes. There was a total of 106,560 data points. Only significant
relationships are shown. For detailed results of the lmer model see Supplementary Table S4.
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4. Discussion

A large dataset of sub-canopy air temperatures allowed this study to determine how
common urban tree species in Western Sydney modify daytime and nighttime microcli-
mates in summer. The inclusion of local climate variables and morphological trait data
highlighted both the importance of species traits and the role of microclimatic parameters
in the cooling benefits offered by urban trees.

Tree characteristics are known to influence air temperatures in urban environments.
The mean maximum 3.9 ◦C of air cooling in the morning recorded in this study is greater
than the ∼1.8 ◦C cooling reported by Alonzo et al. [52] in Washington DC, USA, and the
∼1 ◦C effects observed in Madison, Wisconsin, USA, by Ziter et al. [53]. Tree species in the
current study differed significantly in terms of their cooling/warming effects, with average
species-level ∆T values varying two-fold. Among the 10 species studied, P. acerifolia (mean
3.02 ◦C; mean LAI 3.62 m2 m−2 and mean crown width 16.21 m) provided the greatest
cooling benefits, followed by P. calleryana (mean 2.58 ◦C, mean LAI 4.35 m2 m−2 and mean
crown width 7.52 m) in the morning. Several studies have investigated the effect of LAI
on sub-canopy air temperatures and showed that daytime cooling benefits improve with
increasing LAI values [22,43,54]. At the other end of the scale, J. mimosifolia had the smallest
impact on daytime air temperatures during summertime, with an average reduction of
1.5 ◦C. This species had no leaves and therefore a low LAI (mean 1.75 m2 m−2) during its
flowering period from October to early December. However, when this species is in full leaf
(mean LAI of 3.42 m2 m−2 measured in February 2020), it can potentially provide much
greater cooling benefits, as has been observed in Wollongong, NSW, Australia, where mean
daytime cooling of 5.1 ◦C on days with temperatures of 25 ◦C or above has been associated
with this species [55].

Similarly, wider crowns can potentially reflect a greater proportion of incoming solar
irradiation and provide a larger shaded area, resulting in greater cooling benefits [56].
Wujeska-Klause and Pfautsch [43] observed that air temperatures of streets with high
canopy cover were, on average, 0.5 ◦C (max 2.1 ◦C) cooler than streets with low canopy
cover, again highlighting the importance of canopy size. Trees with large canopies cast
shade over large areas, which can lead to a decrease in local air temperature [24]. Shaded
areas also absorb less solar irradiation, resulting in lower energy storage and re-emission
in the form of sensible heat, which can warm the surrounding air [57,58]. Overall, the
findings of relationships between sub-canopy ∆T (during morning and afternoon) and LAI
and canopy width provide partial support for the first hypothesis of the current study and
highlight the importance of shade cast (both in terms of the absolute amount and intensity
of shade) for daytime temperatures in urban streetscapes.

The observed interactions between canopy-associated cooling and solar irradiance
across the day support observations by Motazedian et al. [18] and Shashua-Bar et al. [59].
Both studies reported tree shade-associated air temperature reductions and human thermal
comfort in the morning in cities located in temperate oceanic (Melbourne, Australia) and
arid (southern Israel) climates, respectively. Solar energy drives evapotranspiration in
the morning, particularly from 07:00 to 10:00 h [60], which may explain the increase in
magnitude of morning cooling benefits with increasing solar irradiance in this study. High
solar zenith angles in the morning can also lead to large structural shading, slowing
the warming of man-made surfaces and thereby increasing the cooling benefits of street
trees [61].

Canopy-associated warming was observed in the afternoon and continued overnight,
with average temperature increases of 1.19 ◦C (afternoon) and 1.53 ◦C (night), relative
to ambient air. Among the 10 tree species in the current study, L. styraciflua had the
warmest afternoon sub-canopy temperatures (mean 2.43 ◦C) and P. acerifolia (mean 1.78
◦C) the lowest. Although positive afternoon ∆T values decreased with increasing LAI,
again indicating that shade intensity can influence the local microclimate by reducing
thermal loading of surrounding man-made materials, they still mostly indicated higher
sub-canopy temperatures than ambient air. The positive relationship between afternoon
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sub-canopy air temperatures and windspeed in this study highlights the important role of
atmospheric mixing [62,63]. The transport of warm air masses from the hot, arid interior
of the continent into suburban areas in the afternoon likely negated canopy-associated
cooling, especially when combined with high VPD and associated stomatal closure. This,
combined with re-radiated heat from surrounding buildings likely plays an important role
in our observation of afternoon sub-canopy warming. Several studies have reported that
trees with high LAI can trap re-radiated heat in the evening and overnight [55,64–66]. For
example, a study conducted in Washington DC, found that the cooling benefits of trees
located along streets were less than trees surrounded by grass, due to re-radiated heat from
beneath the canopy and surrounding surfaces, highlighting the importance of planting
context [52]. Disentangling the effects of canopy density on both trapping re-radiated heat
(resulting in warming) and increasing the extent of sub-surface shading (thereby reducing
re-radiation of sensible heat and reducing sub-canopy air temperatures) is a topic that
warrants further study.

Canopy-associated warming can also be a response to sub-optimal water availability
limiting transpiration. This, in turn, reduces latent heat flux and generates large amounts
of sensible heat, thereby increasing local air temperature [29]. We speculate that the
extreme nature of the weather in the runup to and during the study period played a role
in observed sub-canopy warming, particularly during the afternoon. From 2017 to 2019,
the study sites experienced very low levels of rainfall, with 2019 having the lowest rainfall
on record [67]. Furthermore, during the “black summer” bushfire season of 2019–2020,
Richmond and Cranebrook experienced 10 days above 40 ◦C, representing a period of
extreme heat [68]. During this period, Tabassum et al. [69] found widespread evidence
of tree canopy damage in Penrith, Western Sydney, while Marchin et al. [64] reported
that around 60% of plant species they studied in Western Sydney experienced dieback
due to the extremely hot and dry conditions prevailing during this time. While high
temperatures and VPD during heatwaves are known to result in stomatal closure [66],
the lack of physiological measurements in our study does not allow us to conclude that
stomatal closure and the associated reduction in latent heat loss was responsible for sub-
canopy warming during afternoon periods—a potential “disservice” of urban trees. We do,
however, interpret the higher afternoon sub-canopy temperatures as evidence of both the
role of atmospheric mixing, discussed above, and the urban heat island effect, with high
levels of afternoon re-radiated heat from surrounding man-made materials captured by
our sub-canopy dataloggers.

In terms of the response of trees to water stress, tree species can differ widely in their
stomatal (and thus transpirational) strategies. These can be characterized as isohydric
(maintaining leaf water potential by reducing stomatal conductance) and anisohydric
(maintaining stomatal opening despite water limitation) responses [70,71]. Anisohydric
trees can keep their stomata open for longer than isohydric species under sub-optimal water
conditions and therefore continue transpiring water [72]. However, actively increasing
water loss at high temperatures can make trees vulnerable to hydraulic failure under
drought conditions [71,73]. A lack of data on tree species’ response to water deficit makes
it difficult to speculate on how water use strategies influence the extent of cooling. This is,
therefore, a key knowledge gap, particularly in the context of rising global temperatures,
more frequent heatwaves and increasing human exposure to urban heat.

Vapor pressure deficit (VPD), which influences stomatal function and evapotran-
spiration [74], was posited to have an indirect, yet important influence on sub-canopy
temperatures and ∆T across the day [75]. Indeed, evapotranspiration has been shown to
decrease air temperatures by 2.0 to 8.0 ◦C in vegetated areas [76]. VPD typically increases
rapidly in the morning and reaches a maximum rate by early afternoon, then declines
toward dusk [77]. In the morning, under low VPD conditions, most plants keep their
stomata open and maintain a stable transpiration rate. Progressive stomatal closure in the
late morning leads to a reduction in cooling (∆T moving towards zero) before VPD reaches
its highest levels [78]. In this study, VPD had similar effects on morning and afternoon ∆T
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(>3.5 KPa), which supports our hypothesis of positive impacts of VPD on the contribution
of transpiration to canopy cooling.

Despite the common expectation that nighttime stomatal closure results in minimal
transpiration after dark, studies have shown that transpiration can occur after sunset in
plants from a wide range of climates [30,79]. Lindén et al. [80] and Ibsen et al. [17] observed
a positive correlation between VPD and transpiration-driven, canopy-associated cooling
at night. The findings of a negative correlation between nighttime VPD and ∆T in the
current study also point to the possibility of nighttime transpiration, although, ∆T values
were generally positive during nighttime. It can be speculated that, during periods of low
ambient rainfall—such as was the case during the months preceding this study—trees need
to conserve water and thus transpiration is likely to play a relatively small role in canopy-
associated cooling, compared to more typical, wet summer conditions. In Sydney, street
trees do not generally receive additional irrigation beyond the initial ~ 2-year establishment
phase, even during prolonged dry spells [81]. Further study is needed to investigate
whether VPD and water availability regulate nighttime transpiration by street trees in a
manner that is similar to daytime.

Nighttime canopy-associated warming of up to 0.4 ◦C has been reported by Alonzo
et al. [52] in Washington DC, and also by Wujeska-Klause and Pfautsch [43] in a study in
Parramatta, NSW, Australia, around 40 km from the current study area. Taken together,
nighttime warming (and in our study also during summer afternoons)—associated with
street trees in heavily built-up areas—suggests that canopies can hamper the transfer of
re-radiated heat from man-made surfaces into the atmosphere. The extent of canopy- and
man-made surface cover are, however, known to affect the influence of vegetation on
temperatures in the built environment [52,53,82], and the relative amount of man-made
versus natural surface cover is clearly a key factor influencing urban heat dynamics.

Reducing the area of heat-absorbing dark and unshaded surfaces is critical for reducing
air temperatures during summer, given the amount of heat stored and subsequently re-
radiated overnight [83]. Indeed, the lack of difference in nighttime temperature between
streets with low and high canopy cover reported by Pfautsch and Rouillard [84] strongly
suggests that reducing the area of grey surface cover is key to reducing nighttime air
temperatures in urban settings. The current study indicates that, in Western Sydney,
trees play an important role in managing daytime temperatures and mitigating urban heat
(particularly in the morning), but provide few, if any, temperature benefits overnight during
the hot summer months. These results highlight the importance of developing a deeper
understanding of the interactions between surface characteristics, local microclimate and
tree cover for reducing urban heat and improving the livability of cities during both the
day and night.

5. Conclusions and Implications

This study focused on identifying the canopy and leaf traits associated with lower
urban air temperatures and the influence of climatic variables on diurnal patterns in
canopy-associated cooling. Trees with dense (high LAI) and wide canopies were associated
with the greatest cooling. Of the 10 species assessed here, P. acerifolia, which had the
widest canopies, provided the highest cooling benefits in streetscapes across the studied
suburbs. Other species with similarly dense and wide canopies may represent good
options for reducing urban air temperatures, and this can potentially be factored into
the design of future planting strategies. Trees provided the greatest level of summertime
cooling in the morning, but with increasing solar irradiance and windspeed, canopies
were associated with sub-canopy warming in the afternoon and at night. Collectively,
these findings reinforce the current perception that planting trees can help mitigate urban
heat in cities across the globe, but that the extent of associated cooling benefits depends
on the physiological and morphological tree traits and the prevailing climatic conditions.
Active and passive irrigation will help to increase soil moisture and should allow trees
to maintain high rates of transpirational cooling. Other nature-based solutions (e.g., blue
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space, green walls and roofs) also need to be considered as part of a strategy to increase
evaporative cooling across the built environment, to provide relief from afternoon and
nighttime urban heat.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14030606/s1, Figure S1. Within- and among species differ-
ences in tree characteristics; (a) canopy width, (b) DBH, (c) leaf area index, (d) height, (e) specific leaf
area, (f) leaf dry matter content and (g) Huber value. ANOVA results of differences among species
for respective traits are given in each plot. Table S1. Analysis of variance results from LMER models
to test whether delta temperature (∆T) varies among tree species in the morning, afternoon and
nighttime. Tree species, solar irradiance and VPD (vapor pressure deficient) were considered as fixed
effects, and Dates and suburbs as random effects. Table S2. Results of LMER models assessing the
relationship between delta temperature (∆T) in the morning and tree traits (leaf area index [LAI],
tree height, crown width, specific leaf area [SLA], Huber value and leaf dry matter content [LMDC]),
and microclimatic variables (solar irradiance, VPD and wind speed). Table S3. Results of LMER
models assessing the relationship between delta temperature (∆T) in the afternoon and tree traits (leaf
area index [LAI], tree height, crown width, specific leaf area [SLA], Huber value and leaf dry matter
content [LMDC]) and microclimatic variables (solar irradiance, VPD and wind speed). Table S4.
Results of LMER models assessing the relationship between nighttime ∆T and tree traits (leaf area
index [LAI], tree height, crown width, specific leaf area [SLA], Huber value and leaf dry matter
content [LMDC]) and microclimatic variables (solar irradiance, VPD and wind speed).
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