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Abstract: Research Highlights: This paper presents a cross-city empirical study on micro-climatic
thermal benefits of urban trees, using machine-learning analysis to identify the importance of several
in situ measured tree physiognomy traits for cooling. Background and Objectives: Green infrastructure
and trees in particular play a key role in mitigating the urban heat island (UHI) effect. A more
detailed understanding of the cooling potential of urban trees and specific tree traits is necessary to
support tree management decisions for cooling our progressively hot cities. The goal of this study
was to identify the influence and importance of various tree traits and site conditions. Materials and
Methods: Surface temperature, air temperature at 1.1 m and at tree crown height, as well as wet
bulb globe-temperature of shaded and fully sun-exposed reference areas, were used to study the
cooling effect of seven different urban tree species. For all 100 individuals, tree height, crown base,
trunk circumference, crown volume, crown area, leaf area index (LAI) and leaf area density (LAD)
were measured. Measurements were conducted in the cities of Dresden, Salzburg, Szeged, and Vienna
as representatives for middle European cities in different climate zones. Results: Beside site conditions,
tree species, height, height of crown base, as well as trunk circumference, have a great influence on
the cooling effect for city dwellers. The trunk circumference is a very valuable indicator for estimating
climate regulating ecosystem services and therefore a highly robust estimator for policy makers and
tree management practitioners when planning and managing urban green areas for improving the
availability and provision of ecosystem services.

Keywords: microclimate; tree physiognomy; random forest

1. Introduction

Cities are the most important living space of humans, at least as measured by the proportion of
the global population living in them. By 2030, the global urban population is projected to increase to
70%. This growing urbanization causes huge changes in the urban environment [1]. One result of
this transformation is the intensification of the Urban Heat Island (UHI) effect. The UHI effect is a
systemic characteristic of urban climate and shows in higher air and surface temperatures compared to
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the rural environment due to a combination of factors including urban materials and morphology,
anthropogenic heating and a lack of moisture in urban areas e.g., [2]. With ongoing urbanization
and at the same time, the effect of climate change, future scenarios predict an exacerbation of UHI
in cities [3]. Climate projections for urban areas in Central Europe show increases in heat load for
the coming decades. Mean values of the annual number of summer days (≥25 ◦C) are expected to
increase by 20–50 days in the decades ahead compared to the period 1971–2000, depending on the
climate scenario (RCP4.5 vs. 8.5) [4]. The severity of this change is shown by a health risk assessment
study in the UK which found a 2.1% increase in mortality for every 1 ◦C rise in temperature [5].
The interdisciplinary project COIN (Cost of Inaction—assessing Costs of Climate Change for Austria)
expects a 2.4 times increase in annual heat deaths in the period 2036–2065 in Austria compared to the
base level of 385 heat deaths in 2010 [6]. Additionally, the urban climate will be affected by an increase
in heat waves of higher intensity and longer duration [7]. Heaviside et al. [8] found that the UHI
contributed 52% of the total heat-related mortality during the 2003 heatwave in the West Midlands
(UK). Therefore, it is not surprising that a large number of studies deal with mitigating the UHI and
cooling public spaces. Increased vegetation cover can help by intercepting solar radiation, and shading
and cooling the surrounding air via evapotranspiration [9–12]. Trees in particular can help to cool
surfaces, air temperature and improve human thermal comfort in overheated urban areas [12–14].
Many studies have investigated the effect of trees in urban areas and compared them with treeless
sites [15–17]. The results of all these studies show considerably lower temperatures beneath the trees.
Numerous studies put the cooling effect in context with tree physiognomy traits like leaf area index
(LAI), leaf area density (LAD) or tree height [15,18,19]. Furthermore, Rahman et al. [20] reviewed
13 studies concerning the cooling effect and the influence of tree traits. However, according to our
current knowledge, hardly any cross-city empirical studies provide an integrated analysis on the
influence of many different tree characteristics and site parameters on the cooling effect of urban trees.
We address this research gap following the argument of Roloff [21] that the current urban tree stock
will for some time in the future constitute the urban forest. Analyses need to combine assessments
of the current state with future prognoses about climate-adapted trees. Like grey infrastructure,
green infrastructure is a rather static component of the urban climate system and we can think of
its planting pattern and distribution in the urban infrastructure as creating a path-dependency of
ecosystem service provision. Therefore, the management of urban trees to increase their provision
of climate regulation is confronted with existing planting patterns, land use zoning, and tree species
composition of the urban tree stock. Even though climate-adapted changes to the urban forest are
important, for practitioners they are just one criterion amongst other planning objectives and legal
regulations, e.g., road safety, vulnerability to pathogens and pests, allergenic potential, invasiveness,
and acceptance by city dwellers [22]. In addition, cultural preferences and tried and tested management
practices co-determine the selection and planting of urban trees; therefore, the tree stock in many
cities world-wide has structural and floristic commonalities. In temperate climate zones, deciduous
trees are preferred as they cast shadows in summer and let incoming radiation reach the ground in
winter. In this context, a cross-city analysis makes a valuable contribution to the body of knowledge
about regulatory ecosystems’ services and their correlation with site conditions, species and tree traits.
Therefore, the aims of the study are (1) to compare the cooling performance of climate-adapted tree
species within the real urban tree stock in different cities in Central Europe, (2) to analyse the relative
importance of different traits in terms of cooling effect, and (3) to give tree management advice in the
context of urban heat island mitigation and improvement of urban microclimates.

The present cross-city analysis considers the comparability of findings and provides quantitative
results for an intersection of urban trees that make up the tree stock in different European cities.
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2. Materials and Methods

2.1. Study Sites and Species Selection

The study was conducted in the cities of Dresden (Germany), Salzburg (Austria), Szeged (Hungary)
and Vienna (Austria) as representatives for middle European cities in different climate zones (Table 1).

Table 1. Geographic location and climate of study sites.

City Dresden Salzburg Szeged Vienna

Coordinates 51◦2′ N,
13◦44′ E

47◦48′0” N,
13◦02′0” E

46.255◦ N,
20.145◦ E

48◦12′ N,
16◦22′ E

Elevation [a.s.l] 113 m 424 m 76 m 151 m
Köppen climate classification Dfb Cfb Cfa Cfa
Annual precipitation [23–25] 547 mm 1184 mm 509 mm 600 mm

Average temperature July [23–25] 19.0 ◦C 18.6 ◦C 21.7 ◦C 21.7 ◦C
Summer daytime–UHI [26] 1.1 ◦C 1.67 ◦C 1.38 ◦C 1.1 ◦C
Number of tree individuals 21 65 11 3

All climate data refer to the reference period 1981–2010.

For the preselection of tree species, the tree cadasters of Dresden, Salzburg and Vienna were
analyzed for frequency of species and age structure. The selection criterion was to identify an
intersecting set of trees aged around 20 to 40 years, as these urban trees are mature and make up
the current and mid-range tree stock. As the digital tree cadaster for Szeged was only available for
the inner-city area at the time of the empirical research, individuals of these species were selected
in Szeged with the help of local experts. After identifying the most common species, this subset
was evaluated according to the Citree database planning tool to ensure that these pre-selected tree
species are suitable in cities. Citree is a supporting tool for choosing the optimal trees for urban areas
by providing information about more than 390 tree and shrub species, including site characteristics,
and other parameters [27]. The most important criteria for the tree species’ suitability are drought
tolerance, hardiness, heat tolerance and late frost tolerance. The results of the Citree analyses of the
seven selected tree species are shown in Table 2. Altogether, seven species and 100 individuals were
investigated to identify traits for cooling urban heat islands.

Table 2. Results of the Citree analyses of the seven selected tree species.

Species Drought Tolerance USDA-
Hardiness Heat Tolerance Late Frost

Tolerance

Acer platanoides L. tolerant 4 medium good
Aesculus x carnea Hayne tolerant 6b medium good

Corylus colurna L. tolerant 5b medium low
Tilia cordata Mill. tolerant 4 medium good

Acer platanoides ‘Globosum’ L. tolerant 4 good good
Aesculus hippocastanum L. low tolerance 4 low medium

Platanus x acerifolia Münchh. very tolerant 6b good low

2.2. Tree Physiognomy

For all observation trees, the height, trunk circumference at breast height, and LAI were measured.
The trunk circumference, as the only non-canopy parameter, was selected because of its easy accessibility
in tree cadaster data and its common usage in urban forestry analysis and ecosystem services assessment
tools like iTree-Eco [28]. To determine the tree height and the trunk circumference, we used the Haglöf
ultrasound instrument system (Vertex IV-GS, Grube, Bispingen, Germany) and a measuring tape,
respectively. The LAI was measured with the LAI-2200C Plant Canopy Analyzer from LI-COR (Lincoln,
NE, USA). Four LAI measurements at breast height were made per tree along the four cardinal
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directions using a 90◦ cap. Moreover, the crown shape was specified by using two photos (including a
measuring rod for scale) intersecting in the middle at a right angle. Afterwards, a coordinate system
centered below the tree at breast height (=measuring height) was added to each photo and the shape
was extracted by drawing a sufficient number of points along the outlines, measuring x/y values
and then converting the x/y values with the help of the scale. These results were used in the FV2200
software from LI-COR (version 2.1.1, Lincoln, NE, USA) to adapt the crown shape and to calculate
the crown area and volume. After adaptation of the crown shape, the LAI was interpreted as foliage
density for single tree measurements. By averaging the four LAI values per tree, differences in the
crown density were balanced. All these steps were carried out following the methodology described in
the device manual [29]. To calculate the LAD, the LAI was divided by the crown height. Table 3 gives
an overview of descriptive statistics for all traits.

2.3. Microclimate Measurements

The climatic parameters used are surface and air temperature (in 1.1 m and at crown height) as
well as the wet bulb globe-temperature (WBGT). WBGT is nowadays the most widely used index
of heat stress [30]. The mitigation effect was calculated using the difference between temperatures
measured at the crown-shaded and full sun-exposed reference areas [19]. The reference areas always
had the same surface material and were placed as close as possible to the study tree.

The surface temperature measurements were carried out using an Infrared Radiometer, Model
MI-220, from Apogee Instruments Inc. (Logan, UT, USA). The device was fixed on a tripod to make
sure all measurements were carried out from the same height (0.55 m) and angle (45◦). Because of the
changing sun position, it was important to measure the surface temperature of the tree crown-shaded
area at as central a point as possible. To measure the air temperature and the WBGT at 1.1 m
height, a black globe thermometer (PCE-WB 20SD, PCE Instruments, Meschede, Germany) was
used. To calculate the WBGT, the globe thermometer measures four basic elements of the thermal
environment: air temperature, mean radiant temperature, absolute humidity, and air movement [30].
The height of 1.1 m corresponds to the center of mass of a standing adult European, the most frequently
applied standard subject in outdoor thermal comfort investigations [15,31]. For measuring the air
temperature at tree crown height, iButtons (Hygrochron temp/humidity Logger DS1923-F5, Maxim
Integrated, San Jose, CA, USA) or Beacons (temperature, humidity, dew point, Bluetooth sensor beacon
and logger, Blue Maestro Limited, London, UK) were placed in radiation shields and hung within the
tree crown of 68 individuals in all four cities. Reference iButtons/Beacons outside the tree crown were
installed at the same height on lampposts and other suitable poles [19].

To minimize the variations of temperatures linked to the changing atmospheric conditions during
a day and between different days, all measurements were run through on heat days between 13:30
and 15:30 CEST under cloudless conditions (Salzburg: 25 and 26 July 2019; Vienna: 12 August 2019;
Dresden: 16 August 2018; Szeged: 21 August 2019). Table 3 gives an overview of descriptive statistics
for the measured cooling effects.

2.4. Statistical Analysis

In order to test for the importance of different tree physiognomy parameters, i.e., tree traits, as well
as the influence of the species on cooling capacity, we performed a random forest regression analysis
(ntree = 10,000 bootstrap samples with mtry = 2 traits randomly selected at each node) using the R
package Random-Forest [32]. We used the variable importance, which is a measure for the impact of
individual traits on a correct estimate of cooling capacity. For the analysis, we used Rstudio version
3.6.2 (R Core Team, Vienna, Austria). The correlations between the cooling effect and the numerical
tree traits were assessed using Pearson’s product–moment correlation. The level of significance was
set at α < 0.05.
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Table 3. Tree traits and measured cooling effect by species with minimum, mean ± SD and maximum values.

Acer
platanoides

Acer
platanoides
‘Globosum’

Aesculus
hippocastanum

Aesculus x
carnea

Corylus
colurna

Platanus x
hispanica Tilia cordata

Individuals (trees with Beacons or
iButtons) 16(16) 9(3) 11(3) 13(9) 12(10) 5(5) 34(22)

Tree height (m)
min 8.30 5.20 8.40 7.80 8.70 9.60 6.90

mean ± SD 10.25 ± 0.86 5.96 ± 0.46 10.53 ± 1.19 9.02 ± 0.78 11.97 ± 1.77 13.02 ± 2.27 11.6 ± 2.69
max 11.90 6.50 13.00 10.40 15.80 16.20 15.30

Crown base (m)
min 2.48 1.90 1.87 1.85 1.94 2.53 1.68

mean ± SD 3.12 ± 0.47 2.09 ± 0.15 2.32 ± 0.28 2.70 ± 0.47 3.23 ± 0.71 3.02 ± 0.55 2.56 ± 0.65
max 4.13 2.33 2.83 3.40 4.23 3.99 4.21

Trunk
circumference (m)

min 0.59 0.46 1.21 0.50 0.66 0.60 0.43
mean ± SD 0.92 ± 0.15 0.60 ± 0.08 1.84 ± 0.35 0.57 ± 0.05 0.94 ± 0.16 0.84 ± 0.32 0.93 ± 0.32

max 1.23 0.70 2.25 0.67 1.18 1.47 1.57

Crown volume (m3)
min 51.00 40.90 111.00 50.10 56.50 129.00 19.10

mean ± SD 119.52 ± 53.39 62.22 ± 19.54 199.18 ± 76.9 78.61 ± 21.57 131.23 ± 69.96 194.40 ± 50.5 166.33 ± 105.2
max 258.00 98.00 324.00 138.00 306.00 261.00 438.00

Crown area (m2)
min 21.10 17.90 25.90 20.60 18.50 30.30 8.90

mean ± SD 35.06 ± 10.36 23.97 ± 3.75 44.44 ± 13.3 27.00 ± 4.21 34.85 ± 11.82 41.46 ± 8.69 37.69 ± 18.02
max 62.00 29.90 64.00 35.40 63.00 55.00 79.70

LAI (m2m−2)
min 0.66 1.94 0.85 0.83 0.69 0.86 0.54

mean ± SD 1.11 ± 0.23 2.24 ± 0.21 1.51 ± 0.34 1.45 ± 0.27 1.18 ± 0.46 1.21 ± 0.24 1.36 ± 0.57
max 1.56 2.67 2.12 2.11 2.12 1.51 3.08

LAD (m2m−3)
min 0.08 0.46 0.11 0.13 0.08 0.07 0.05

mean ± SD 0.16 ± 0.04 0.59 ± 0.10 0.19 ± 0.06 0.23 ± 0.06 0.14 ± 0.07 0.13 ± 0.05 0.17 ± 0.11
max 0.22 0.77 0.32 0.37 0.31 0.19 0.44

∆ Surface
temperature (◦C)

min −9.70 −22.00 −20.00 −13.80 −9.40 −14.70 −8.40
mean ± SD −13.58 ± 1.04 −22.69 ± 0.05 −21.91 ± 0.24 −19.94 ± 0.93 −16.22 ± 0.34 −18.84 ± 0.72 −16.79 ± 0.74

max −19.80 −23.30 −24.20 −23.60 −22.40 −22.10 −23.80
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Table 3. Cont.

Acer
platanoides

Acer
platanoides
‘Globosum’

Aesculus
hippocastanum

Aesculus x
carnea

Corylus
colurna

Platanus x
hispanica Tilia cordata

∆ WBGT (◦C)
min −2.80 −2.40 −4.40 −2.00 −1.80 −4.00 −2.20

mean ± SD −3.67 ± 0.62 −3.09 ± 0.38 −4.68 ± 0.15 −3.17 ± 0.99 −3.81 ± 1.60 −4.72 ± 0.40 −4.08 ± 1.09
max −4.50 −3.60 −5.00 −4.90 −5.70 −5.20 −8.00

∆ Air temperature
1.1 m (◦C)

min −2.60 −2.20 −5.00 −0.60 −0.20 −3.70 −0.80
mean ± SD −3.95 ± 1.03 −3.09 ± 0.69 −5.43 ± 0.34 −2.70 ± 1.59 −4.40 ± 2.76 −5.70 ± 1.03 −4.39 ± 2.02

max −5.50 −4.00 −6.10 −5.80 −7.10 −6.70 −8.50

∆ Air temperature
at crown height (◦C)

min 1.50 −1.50 −1.00 0.40 0.30 0.50 0.85
mean ± SD −0.38 ± 2.81 −1.53 ± 0.38 −1.33 ± 1.38 −0.70 ± 3.16 −0.35 ± 4.59 −0.46 ± 2.57 −0.53 ± 3.93

max −1.75 −1.60 −1.50 −2.50 −0.75 −1.70 −1.90
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3. Results

In the following subsections, the detailed results of our analyses are described. Moreover,
the results concerning the explanatory power and the importance of different tree traits as well as the
correlation coefficients between tree traits and cooling effect are summarized in Table 4.

Table 4. Overview of explanatory power of tree traits and site characteristics on cooling effect,
the importance (%IncMSE = mean decrease in accuracy of mean square error) of the different parameters
in the correlation model, correlation coefficient and significance level.

(a) (b) (c) (d)

Surface Temperature WBGT Air Temperature 1.1 m Air Temperature at
Crown Height

% Variability
explained: 52.36 56.45 64.04 15.45

%IncMSE Correlation
coefficient %IncMSE Correlation

coefficient %IncMSE Correlation
coefficient %IncMSE Correlation

coefficient

Tree species 2.28 0.52 0.65 0.01

Tree height 2.19 r = −0.47 *** 0.18 r = −0.06 0.24 r = −0.10 0.52 r = −0.15

Crown base 1.32 r = −0.46 *** 0.11 r = −0.29 ** 0.18 r = −0.34 *** 0.39 r = −0.32 **

Crown area 0.17 r = −0.12 0.29 r = 0.18 0.64 r = 0.06 0.13 r = 0.20

Crown volume 0.37 r = −0.11 0.28 r = 0.20 * 0.56 r = 0.12 0.14 r = 0.15

LAD 1.76 r = 0.5 *** 0.17 r = −0.05 0.22 r = 0.05 0.44 r = 0.27 *

LAI 0.86 r = 0.45 *** 0.05 r = 0.03 0.21 r = 0.18 0.09 r = 0.26 *

Trunk
circumference 0.84 r = 0.4 0.39 r = 0.26 ** 0.89 r = 0.22 * 0.06 r = 0.17

Street
orientation 0.41 0.49 1.45 0.02

Climate
classification 0.23 1.71 2.78 0.33

* correlations significant at p < 0.05 level, ** correlations significant at p < 0.01 level, *** correlations significant at
p < 0.001 level.

3.1. Surface Cooling

In accordance with many other empirical studies, our results show a pronounced cooling effect of
trees on surface temperature [20,33]. The measured surface temperatures of shaded areas range from
22.2 ◦C to 38.6 ◦C. As expected, the surface temperatures at full sun-exposed areas were considerably
higher, varying from 32.4 ◦C to 57.0 ◦C. A reduction in surface temperatures could be found for
all individuals with means ranging from 13.58 ◦C (Acer platanoides) to 22.69 ◦C (Acer platanoides
“Globosum”). Table 3 shows the minimum, mean and maximum surface cooling effect for each of the
seven tree species. These values are similar to the surface cooling effect measured in the study of
Rahman et al. [33] (∆ 12.71–25.59 ◦C) who also compared different urban tree species with different
species-specific tree traits.

Using our measured tree physiognomies data and adding information about climate zone
(Köppen climate classification) as well as street orientation (North–South, East–West) or open places
(free standing) for each tree individual in the random forest analysis, 52.36% of the surface cooling
effect can be explained. The order of importance for the surface cooling effect is tree species > tree
height > LAD > crown base > LAI > trunk circumference > street orientation > crown volume >

climate > crown area (details shown in Table 4a).
The scatter plot (a) of Figure 1 shows a strong significant negative linear correlation between

cooling effect and tree height. Beside the tree height, the height of the crown base also correlates
significantly negatively (Table 4a). In contrast to that, surface cooling and LAD (Figure 1b) as well
as LAI (Table 4a) correlate significantly positively. Correlations with the crown area, crown volume,
or the trunk circumference show no statistical significance. In sum, these findings show that the lower
the tree height as well as the height of the crown base and the denser the leaf foliage is, the higher
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is the surface cooling potential of trees. For example, Acer platanoides “Globosum” with the lowest
height and lowest mean crown base but the highest LAD provides the maximum surface cooling.
Whereas Acer platanoides, belonging to the bigger individuals with low mean LAD and LAI measured,
provides the lowest cooling effect (Table 3).
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Figure 1. Correlation between surface cooling and (a) tree height (r = −0.47 p < 0.001) (b) LAD (r = 0.5
p < 0.001).

3.2. Cooling of Air Temperature at 1.1 m Height

The observed air temperature at 1.1 m height under the shading tree crown ranges from 29.3 ◦C to
38.7 ◦C. The temperatures at the full sun-exposed reference site vary from 31.6 ◦C to 43.6 ◦C. A reduction
in air temperature was found for each individual with means ranging from 2.70 ◦C (Aesculus x carnea)
to 5.07 ◦C (Platanus x hispanica). Table 3 shows the minimum, mean and maximum cooling effect for
each of the seven tree species.

The average cooling effect of 3.9 ◦C is markedly higher than that described in many studies.
Takács et al. [17] and Rahman et al. [34] described average temperature differences of only 0.4–0.8 ◦C
or 1.0–1.3 ◦C. However, Golden et al. [35] measured higher average temperature differences of 3.5 ◦C
in a study design comparable to ours because it measured reduction in ambient air temperature
during highest solar irradiance. The random forest analysis shows that 64.04% of the cooling effect can
be explained by the measured tree traits, information about climate zone and the street orientation.
The order of importance is climate > street orientation > trunk circumference > tree species > crown area
> crown volume > tree height > LAD > LAI > crown base (details shown in Table 4c).

Figure 2 visualises that trees growing under a temperate climate (Cfb and Cfa) have higher
cooling potential than trees growing under continental climate (Dfb) conditions. Moreover, the street
orientation influences the cooling potential. According to the boxplots, trees growing in open places
(free standing) provide more cooling than trees growing in a street canyon (N–S, E–W). Besides the
site characteristics (climate and street orientation), the trunk circumference is a good indicator for
the cooling effect. There is a significant positive linear correlation between cooling and the trunk
circumference (r = 0.22 p < 0.05). Our analyses also show a strong negative correlation between cooling
effect and the height of the crown base (r = −0.34 p < 0.001) (Table 4c). In other words, the bigger the
trunk circumference and the lower the crown base, the better trees can cool the air temperature.
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3.3. Improving Human Thermal Comfort

The measured WBGT in the shade of the tree crown ranges from 21.8 ◦C to 28.0 ◦C and for the
full sun-exposed sites from 24.2 ◦C to 31.3 ◦C. An improvement in human thermal comfort can be
observed for all individuals with means ranging from 3.09 ◦C (Acer platanoides “Globosum”) to 4.72 ◦C
(Platanus x hispanica). Table 3 presents the minimum, mean and maximum effect on WBGT for each of
the seven tree species. WBGT is a proxy for improvement of human thermal comfort and translates the
cooling of urban heat islands into a metric that is relevant for the health and comfort of city dwellers.
The measured values are consistent with the cooling effect measured in other studies. Armson et al. as
well as Sanusi et al. described average temperature differences of 5–7 ◦C and 4.7–5.3 ◦C [14,15].

The random forest analysis shows that the measured tree physiognomies data, information about
climate classification and the street orientation explain 56.45% of the improvement of human thermal
comfort. The order of importance is climate > tree species > street orientation > trunk circumference
> crown area > crown volume > tree height > LAD > crown base > LAI (details shown in Table 4,
column b).

As shown in Table 4b, climate has the highest influence on the cooling potential concerning human
thermal comfort. Figure 3 illustrates that trees growing under a temperate climate (Cfb and Cfa) have
on average a higher cooling potential than trees growing under continental climate (Dfb) conditions.
Moreover, the boxplot shows that trees in open places have a higher cooling potential than trees in street
canyons. There also is a significant positive linear correlation between cooling measured by WBGT
and the trunk circumference (r = 0.26 p < 0.01). Furthermore, our analyses show a negative correlation
between cooling effect and the height of the crown base (r = −0.29 p < 0.01) and a positive correlation
with the crown volume (r = 0.20 p < 0.05), both significant (Table 4b). Summarising, the bigger the
trunk circumference as well as the crown volume, and the lower the crown base, the higher the positive
influence on the improvement of human thermal comfort.
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3.4. Transpirational Cooling

The measured air temperature at crown height in the shading tree crown ranges from 28.4 ◦C
to 36.1 ◦C. The air temperature at crown height at the full sun-exposed reference site ranges from
29.4 ◦C to 35.9 ◦C. These high temperatures highlight the extreme heat loads at the chosen study sites.
A reduction in air temperature at crown height can be found for most of the individuals with means
ranging from 0.35 ◦C (Corylus colurna) to 1.53 ◦C (Platanus x hispanica). Table 3 shows the minimum,
mean and maximum cooling effect for each of the seven tree species. The rather small differences
measured correspond to empirical values on transpirational cooling in the body of literature. Gillner
et al. and Rahman et al. described mean temperature differences of 0.77–2.22 ◦C and 0.8 ◦C [19,36].
The even smaller air temperature differences observed in our study may be caused by reduced leaf
transpiration rates at times of highest solar irradiance and extremely high temperatures that exceed the
optimum of photosynthesis, which in turn reduces transpiration rates [37].

The random forest analysis shows that only 15.45% of the transpirational cooling can be explained
by the measured tree physiognomies data, information about climate classification and street orientation.
The order of importance is tree height > LAD > crown base > climate > crown volume > crown area >

LAI > trunk circumference > street orientation > tree species (details shown in Table 4, column d).
However, our statistical analyses show some significant correlations between tree traits and the

cooling of air temperature at crown height. There is a significant negative correlation between the
cooling effect and the height of the crown base (r = −0.32 p < 0.01) and significant positive correlations
with LAD (r = 0.27 p < 0.05) as well as LAI (r = 0.26 p < 0.05) (Table 4d).

4. Discussion

4.1. Surface Cooling

In their review paper, Rahman et al. [20] identified the following order of relative contributions for
surface cooling: climate > below canopy surface > growing size > leaf thickness > LAI > crown shape
> plant functional type >habitat > wood anatomy > leaf shape > leaf colour. By comparison, our
model put forward the following order: tree species > tree height > LAD > crown base > LAI >

trunk circumference > street orientation > crown volume > climate > crown area (bold font highlights
the parameters that are explanatory in both models). In contrast to the order of traits Rahman et al.
identified, the parameter “climate” is, according to our results, only in the penultimate place. However,
if we take a closer look at the result, there is a notably greater variation in climate (tropical climates,
dry climates, temperate climate, continental climate) in the different studies, than in the four cities we
selected (temperate climate, continental climate). Similar to the growing size in the third rank, we could
identify the tree height as the second most important tree trait. The review paper by Rahman et al. [20]
suggests that the influence of tree size on the surface cooling relates to the fact that smaller trees cast
shade on a specific surface point for a longer time. Our results support this line of reasoning, since the
height of the crown base is the fourth most important parameter in our model and has a significant
negative correlation with surface cooling (Table 4a). This means that the smaller the distance between
the bottom of the tree crown and the ground, the higher the cooling performance is. Looking again at
the order of tree traits in the model, LAI is also highly ranked. This also matches our model in which
LAD and LAI are ranked 3rd and 5th. In line with the findings in other studies, the LAD (Figure 1b)
and LAI (Table 4a) correlate strongly positively with the surface cooling effect [19,33]. According to
our model, the tree species is the most important factor. It can be assumed that the tree species is a
very good indicator as the canopy shape (tree height, LAD and LAI) is species specific.

4.2. Cooling of Air Temperature at 1.1 m Height

In our model, tree traits had the strongest explanatory power when considering the cooling of air
temperature at 1.1 m height. Over 64% of the mitigation effect is explained by the selected tree traits
and site parameters. According to our analyses, the order of importance is climate > street orientation
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> trunk circumference > tree species > crown area > crown volume > tree height > LAD > LAI >

crown base. The most important factors are the two site parameters climate and street orientation.
It seems that trees growing under a temperate climate have a higher cooling potential than those under
a continental climate (Figure 2).

This is possibly due to a higher water availability, which leads to higher transpiration rates [34].
This assumption can be underlined comparing the mean precipitation of the months (May–July)
preceding microclimate measurement campaigns. Salzburg (Cfb) benefited from 443 mm [24]
precipitation, followed by Vienna (Cfa) with 191 mm [24] and Szeged (Cfa) with 173 mm [25]
and finally Dresden (Dfb) with 147 mm [23]. Additionally, the street orientation has a strong influence
on the cooling potential. Trees growing in open places (free) provide more cooling than trees growing
in street canyons (N–S, E–W) (Figure 2). We assume that this is due to the higher temperatures in
open places and the missing artificial shade of, for example, buildings. Furthermore, other studies
report that the cooling effect in E–W is higher than in N–S-running street canyons and that the cooling
potential of trees in N–S-oriented streets strongly depends on the daytime and on the side of the
street [38]. In addition to the site characteristics, the trunk circumference is a good indicator for
the cooling effect at 1.1 m height. Our results show a significant positive linear correlation between
cooling and the trunk circumference (Table 4c). Most likely, the high importance can be explained
by the intercorrelation between trunk circumference and the following numeric tree physiognomies
parameters: crown area (r = 0.59 p < 0.001) > crown volume (r = 0.57 p < 0.001) > tree height (r = 0.34
p < 0.001). These correlations are the basis for allometric and growth equations that are also widely
used for modelling the regulation of ecosystem services of urban trees [39]. This turns the trunk
circumference into a highly meaningful indicator for estimating climate-regulating ecosystem services.
For urban tree management practitioners, this has practical implications because this indicator could
be easily measured and recorded during tree inspections and could be considered in urban tree
management [28]. To include estimation and monitoring of ecosystem services in tree cadasters
and tree inspection routines would be a useful addition in the context of a future-oriented and
climate-adaptive urban tree management. Our findings underscore the suggestion by Scholz et al. that
in order to support ecosystem service assessment with tree cadasters, practitioners could consider
adding measurements of tree trunk circumference during regular tree inspections [28].

4.3. Improving Human Thermal Comfort

Our results add to the body of literature that demonstrates the important role of trees for improving
human thermal comfort in cities. The selected parameters explain over 56% of the effect on WBGT.
The order of parameters concerning the WBGT cooling is climate > tree species > street orientation
> trunk circumference > crown area > crown volume > tree height > LAD > crown base > LAI.
Again, the climate and the street orientation are highly important for the WBGT cooling potential.
In addition, the tree species and the trunk circumference have a great influence on human thermal
comfort. Regarding the tree species, it can be assumed that it is a very good indicator because the
canopy shape (tree height, LAD and LAI) is species specific. However, tree species with equal foliage
density do not differ significantly in their cooling potential [14]. Furthermore, the trunk circumference
intercorrelates with the crown area, crown volume and tree height, as mentioned before. Although
our data show no significant correlation between WBGT cooling and LAI/LAD, a positive effect of a
higher LAI as well as LAD on human thermal comfort is described in the literature [20,34]. Finally,
the height of the crown base shows a significant negative correlation (Table 4b). We suggest that
this is the same size effect as described for the surface cooling effect. It is obvious that a lower tree
crown base casts shade on a specific surface point for a longer time, which also influences human
thermal comfort positively.
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4.4. Transpirational Cooling

The results concerning air temperature within the tree crown are in line with previous studies,
which also reported a rather small transpirational cooling effect [19,36]. These slight differences may
be the reason for the poor explanatory power of these parameters in our model. The air temperature
within the tree crown could be explained worse by the selected parameters. Only about 15% of the
cooling effect could be explained in our model. Moreover, it is surprising that the cooling effect seems
to correlate significantly negatively with the crown base, which means that the smaller the distance
between the bottom of the tree crown and the ground, the higher the cooling effect is. This contradicts
the findings of Rahman’s meta-analysis. One explanation for this might be the strong correlation
between crown base and LAI (r = 0.49 p > 0.001) as well as between crown base and LAD (r = 0.44
p > 0.001). This assumption is supported by the significant positive correlation of the cooling effect
and LAD/LAI (Table 3d). The relation of cooling effect and LAD/LAI also has been described in other
studies [19,34].

4.5. Conclusions and Tree Management Recommendations

In situ measurements of tree physiognomy and microclimate effects for an intersecting set of
urban tree species across four European cities with pronounced UHI intensities allow for the following
general conclusions and improved management recommendations for urban heat mitigation.

As basis for our recommendations, it is important to emphasize that tree species in urban areas
have to be adapted to the urban climate and site conditions [40]. By examining and analyzing the
cooling effect of seven different tree species with different traits and site conditions, the following
recommendations for optimizing cooling benefits of urban street trees can be given:

1. Tree and crown base height should be low to provide constant shading for pedestrians (as far as
allowed by traffic and safety regulations).

2. Tree species with dense and big canopies ensure better shading effect and human thermal comfort.
3. The trunk circumference is a rather easy to measure indicator for estimating climate regulating

ecosystem services and therefore highly meaningful for decision makers and tree management
practitioners. This indicator could be easily measured and recorded during tree inspections and
recorded in tree cadasters.

4. Trees in open places provide the highest cooling effect.

In accordance with Rahman et al. [20], we suggest that more research is done on modelling
approaches that incorporate empirical data as such modelling results will improve the information
base for policy makers and tree management practitioners and improve decision-making processes.
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