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In-situ spectroscopy and shortwave radiometry reveals spatial and
temporal variation in the crown-level radiative performance of urban

trees

Abstract

In conventional microclimate environment modelling, and the development of tree
planning strategies for urban heat mitigation, tree crown surface albedo for any given
species is assumed to be a constant. However, our recent research into urban tree
radiative performance at the crown level implied that tree crown surface albedo changes
over time. Based on the in-situ spectroscopy protocols established previously to
measure tree crown transflectance, variation in the characteristics of tree crown surface
albedo was explored combining spectroscopy and solar shortwave radiometry. Three
commonly planted native UK tree species, Carpinus betulus, Acer campestre, and
Taxus baccata, were sampled. Spatial distribution profiles of tree crown transflectance
measured at fixed solar altitudes were normalised by in-situ spectroradiometry. Tree
crown transflectance in the near infrared (NIR) region was found to be proportionally
linked to tree crown surface albedo. Within each species, mean tree crown
transflectance in the NIR region of 800 — 900 nm was approximately 2.5 times tree
crown surface albedo. It was further found that infrared radiation (700-2500 nm)
accounted for more than 90% of the total transflected shortwave radiation from tree
crowns. The results demonstrate that tree crown surface albedo linearly increases with

momentary solar altitude and the maximum tree crown surface albedo corresponds to
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maximum solar altitude at solar noon on sunny days in summer. Tree crown surface
albedo across species tends to be strongly dependent on leaf size if considering visibly
dense crown foliage. Our findings provide important insights into tree radiative shading
effects resulting from temporal variation in tree crown surface albedo, with
consequences for urban microclimate modelling and the development of urban heat

mitigation strategies.

Keywords: urban trees; radiative performance; in-situ spectroscopy; infrared radiation;

shortwave radiometry; transflectance; tree crown surface albedo; urban microclimate
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List of symbols

Nomenclature
IRR
IRR,, f

IRRSW,incoming

IRRSW,outgoing

IRRy,

SFTR,800—900

VA

Greek symbols
a
A

Paibedo
TR

TRmean
TR mean,800-900

TR(A)

TRmeas (}\)

TRnorm (}\)

Abbreviations
IR

LAI

NIR

UHI

uv

VIS

solar irradiance, W

solar spectral irradiance on a vertical reference plane, W/ (m? ‘nm)
incoming shortwave radiation or total solar irradiance, W/m?
outgoing shortwave radiation from tree crown, W/m?

solar spectral irradiance on the surface at a tilted angle of the viewing
angle (VA), W/ (m? -nm)

scale factor of mean transflectance in 800 — 900 nm range to tree
crown surface albedo, —

viewing angle of the spectrometer fiber-optic tip relative to
horizontal plane, °

solar altitude, °

wavelength, nm

tree crown surface albedo, —

transflectance of tree crown contour, —

mean transflectance in a wavelength interval, —

mean transflectance in the near infrared region of 800 — 900 nm, —
spectral transflectance at wavelength A nm, —

measured spectral transflectance at A nm wavelength with a vertical
reference spectrum, —

normalized spectral transflectance at A nm wavelength by
converting the reference irradiance spectrum in a vertical plane to
that in the direction of the viewing angle upwards, —

infrared

leaf area index
near infrared
urban heat island
ultraviolet

visible
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1 Introduction

Urban trees play an important role in urban biodiversity, sustainability and climate
resilience (Konijnendijk et al., 2005). They can benefit human beings by mitigating heat
waves, improving thermal comfort for pedestrians, absorbing carbon dioxide and
producing oxygen via photosynthesis, enhancing urban drainage systems and soils,
reducing air and noise pollution, providing visual and aesthetic value, and in many other
ways (Konijnendijk et al., 2005; Roy et al., 2012). Heat waves have frequently hit many
cities globally in the hot summers of the past two decades (Garcia-Herrera et al., 2010;
IPCC, 2014; Christidis et al., 2015), leading to high mortality of city dwellers in
different countries and regions (Gasparrini and Armstrong, 2011; Guo et al., 2017). In
the context of mitigating heat waves and alleviating the effects of global warming,
urban trees help to regulate the outdoor thermal environment through evaporative
cooling and radiative shading effects (Armson et al., 2013; Wang et al., 2016; Kong et

al., 2017; Wu and Chen, 2017; Wang et al., 2018; Tan et al., 2020).

Research on the benefits of trees for urban heat mitigation has generally focused on the
effect of cooling through transpiration, in conjunction with tree physiological
conditions, and it has widely been confirmed that urban trees help to mitigate urban
heat stress and reduce outdoor temperature in different scenarios and climates (Bowler
et al., 2010; Gillner et al., 2015; Lee et al., 2016; Kong et al., 2017; Yang et al., 2017,

Zhou et al., 2017; Zhao et al., 2018; Taleghani, 2018; Aminipouri et al., 2019; Wang et
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al., 2019). Urban trees also have the potential to mitigate Urban Heat Island (UHI)
effects (Tan et al., 2016; Jamei et al., 2016; Rahman et al., 2020b). Tree surface
temperatures are commonly found to be close to ambient air temperature (within
approximately -2 — 5 °C) (Leuzinger et al., 2010; Irmak et al., 2018; Rahman et al.,
2020a) in contrast with built surfaces, which tend to be significantly warmer. For
example, surface temperatures of sealed ground in an open space are usually 10 to 20 °C
warmer than those of trees and green spaces in hot summers (de Abreu-Harbich et al.,
2015; Gillner et al., 2015; Speak et al., 2020). It has also been observed that the mean
radiant temperature of open fields can be reduced by up to 11 — 30 °C by trees (Gillner
etal.,2015; Tan et al., 2017; Zheng et al., 2018; Park et al., 2019). Importantly for urban
planning, the tree cooling effect can help to reduce building thermal energy use (Liu
and Harris, 2008; Kong et al., 2016; Wang et al., 2016; Hsieh et al., 2018; Tang and
Zheng, 2019; Moss et al., 2019), and hence may help to mitigate against increased
energy consumption resulting from wider and longer use of air conditioning units. It is
widely reported that leaf area index (LAI) is the main driving factor of tree cooling
effects (Armson et al., 2013; Rahman et al., 2015; Morakinyo et al., 2018; Zhang et al.,
2018), although it should be noted that other, less easily measured, functional traits are
rarely considered. In general, tall trees with a large LAI and a wide canopy diameter
are suggested to improve the outdoor thermal environment (Kong et al., 2017; Zhang

et al., 2018).
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In addition to their role in evaporative cooling, urban trees also contribute to heat
mitigation in urban microclimates through radiative shading effects (Georgi and
Zafiriadis, 2006; de Abreu-Harbich et al., 2015; Upreti et al., 2017; Wang et al., 2018),
whereby shortwave radiation is reflected towards the sky and surrounding surfaces.
Upreti et al. (2017) simulated the radiative shading effect of urban trees in a regional
built environment and predicted that the capacity of trees to reduce urban surface and
air temperature was about 2 — 9 °C and 1 — 5 °C, respectively. Monte Carlo ray tracing
methods have commonly been used in urban multilayer radiation models to factor in
urban tree radiative shading effects with simplified 2D simulation (Krayenhoff et al.,
2014; Wang, 2014; Upreti et al., 2017). Essentially, validation of radiative exchange
models with trees has been limited due to lack of experimental measurements of
radiation within canyons in urban communities (Krayenhoff et al., 2014), which has
lead to simplification of modelling approaches. Furthermore, models have typically
assumed a spherical leaf angle distribution and a fixed extinction coefficient (e.g. 0.5)
for tree intercept radiation (Krayenhoff et al., 2014; Park et al., 2019), meaning that tree
radiative performance is modeled as being fixed and invariant with time. Although
other microclimate modelling studies have employed complicated 3D CFD
(Computational Fluid Dynamics) calculations in ENVI-met with the intention of taking
the tree radiative shading effect into account (Wu and Chen, 2017; Eckmann et al., 2018;
Zhang et al., 2018; Zhao et al., 2018; Wu et al., 2019), tree crown surface albedo has

been considered constant for any given species. Hence, it is important to examine



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

whether these commonly applied assumptions about tree leaves and crowns are in fact

correct.

Generally, previous research into urban microclimate modelling and the development
of urban tree planning strategies has used simplified approaches to assess tree radiative
shading effects (Lee and Park, 2008; Wang, 2014; Upreti et al., 2017; Zhang et al., 2018;
Eckmann et al., 2018; Simon et al., 2018). Tree crown surface albedo for a species is
commonly assumed to be a constant in microclimate environment modelling (Eckmann
et al., 2018) and in developing urban planning strategies (Zhang et al., 2018); however,
temporal variation in tree crown transflectance throughout a day has been demonstrated
(Deng et al., 2020). Therefore, to better understand urban tree radiative shading effects,
the radiative performance within and between multiple tree species should be examined

more closely, especially in the infrared (IR) region.

Previously, we established a methodology to characterise the IR radiative performance
of urban trees by in-situ tree crown spectroscopy (Deng et al., 2019), and employed the
method to solve two research questions (Deng et al., 2020): determining the spatial
distribution of tree crown transflectance for individual trees, and identifying
interspecific differences in tree radiative performance in the IR region. We found that
the spatial distribution of a tree’s radiative performance varied with solar time and solar

altitude, and that interspecific differences in tree radiative performance levels in the IR
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region were strongly dependent on leaf size in dense foliage (i.e. foliage with no
obvious gaps and no concave shapes in tree crown contours) (Deng et al., 2020). Based
on this previous work, the present study was designed with the following aims: i) to
further identify the spatial distribution profile and temporal variation in tree radiative
performance during the northern hemisphere summer by combining in-situ
spectroscopy and spectroradiometry, ii) to elucidate the relationship between tree crown
mean transflectance in the NIR (Near Infrared) region of 800 — 900 nm and tree crown
surface albedo by combining in-situ spectroscopy and shortwave radiometry, and iii) to
examine whether temporal variation in the tree crown surface albedo varies across
different species. Each of these aims was intended to provide useful information for
future urban microclimate modelling and the development of appropriate urban tree

planning strategies.

2 Measurement methods and test conditions

2.1 In-situ tree crown spectroscopy and shortwave radiometry

In our previously established protocols for characterising the radiative performance of
urban trees (Deng et al., 2019), the term tree crown transflectance (tR) or transflection
was adopted. Here, transflection of shortwave radiation from the tree crown refers to
the comprehensive effect of transmitted and reflected shortwave radiation, rather than

the individual processes of leaf reflectance or leaf transmittance alone.
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In the present study of tree crown transflectance across species, identical measuring
instruments and test facilities were used as in our earlier work (Deng et al., 2020).
Namely, a Black-Comet-SR model CXR-SR (StellarNET Inc., Tampa, Florida, USA)
concave grating miniature spectrometer (wavelength range: 350 — 1000 nm; spectral
resolution: 0.5 nm; field of view of the fiber-optic cable: 25°) was attached to an 8 m
tripod to carry out field tests. The tripod was scalable and facilitated raising the
spectrometer fiber-optic cable up to a maximum of 8§ m and in any direction, as shown
in Figure 1 (a). The miniature spectrometer had a spectroradiometer mode for in-situ
spectroradiometry; by fitting a cosine receptor to the fiber-optic tip it was able to
measure solar irradiance spectra in a field of view of 180° in the measuring wavelength
range. Solar irradiance spectra were usually measured synchronously with the tree
crown transflectance spectra for normalisation, using the spectroradiometer mode of
the miniature spectrometer. Reference spectra in tree crown transflectance
measurement were sampled by employing a white reflectance standard RS50 (see

Figure 1 (a)).

For the shortwave radiometry, a model SN-500 net radiometer (Apogee Instruments,
USA) with a field of view of 150° and calibration uncertainty of + 5 % was used to
measure four radiation components (incoming shortwave, outgoing shortwave,
incoming longwave, outgoing longwave) and net radiation (shortwave and longwave).

A model SI-431-SS infrared radiometer (Apogee Instruments, USA) with an ultra-

10



160  narrow field of view of 28° was used to record tree leaf temperature in the measuring
161  patches in the tree crown. The net radiometer and the infrared radiometer were fixed to
162  a 4.2 m height (adjustable) tripod mast, as shown in Figure 1 (b). As the length of the
163  data communication cable was 4 m, the radiometers could reach a maximum vertical
164  height of 4.2 m. It was not convenient to sample shortwave radiation with the
165 radiometers in different directions due to limitations of the cable length and the tripod
166  mast. As the net radiometer had a field of view of 150°, it was kept 30 — 40 cm away
167  from the sampling patches in the tree crown to guarantee the measurement accuracy.

168

169

170 (a) (b)

171 Figure 1. Deployment of experimental equipment. (a) Miniature spectrometer with a
172 spectroradiometer mode held by a scalable 8 m maximum height tripod for in-situ tree
173 crown spectroscopy; (b) Net radiometer and infrared radiometer fixed on a 4.2 m height

174  (adjustable) tripod mast for in-situ radiometry.
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2.2 Test conditions

Isolated trees of the species Carpinus betulus (Fastigiate Hornbeam; deciduous), Acer
campestre (Field Maple; deciduous), and Taxus baccata (English Yew; evergreen) were
sampled in an open field on sunny days in June to August 2020 at the Whiteknights
campus, University of Reading (51.44° N, 0.94° W), UK. These species were selected
because all three are small to medium sized shade-tolerant trees, native to the UK and
Europe, that are commonly planted in urban areas as single trees, groups, or hedgerows
(Benham et al., 2016; Sikkema et al., 2016; Zecchin et al., 2016). Operationally, the
relatively lower heights of these species, and the ease of access to individuals in open
areas, made them very convenient for in-situ tests measuring the spatial distribution of
tree crown transflectance. The heights of the sampled trees were in the range of 4.5 —
7.0 m. A sampling distance of 2.0 — 5.0 m away from the tree crown contours was
chosen in tests. Our earlier tests indicated that a measuring distance of 2.0 — 5.0 m from
the tree crown contours to the spectrometer fiber-optic tip was most appropriate for the
USB camera, excluded specular reflection from tree leaves, and made the measuring
results more robust (Deng et al., 2020). Tree crown transflectance spectra in 350 — 1000
nm were sampled in a vertical loop around the tree crown and aligned with the solar
azimuth direction (abbreviated as ‘a typically vertical loop’ hereafter) at ten measuring
points in different directions (see Figure 2). The reference spectrum was always

measured in the momentary solar azimuth direction (Deng et al., 2019).

12
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Conditions of fixed solar altitude were chosen in order to identify the spatial distribution
profile of tree radiative performance in terms of the tree crown transflectance spectra,
as it was shown that the spatial distribution of a tree’s radiative performance varies
temporally with solar altitude (Deng et al., 2020). Scenarios of different solar altitudes
were considered to examine temporal variation in tree radiative performance. The tree
crown transflectance spectra in the typically vertical loop were usually sampled from
visibly dense foliage with no gaps in the tree crowns in the view vison, though
occasionally a concave crown contour appeared in the tree crown. As visibly dense
foliage was usually sampled, any background noise signal for the tree crown
transflectance spectra sampling was disregarded according to the demonstration in our

earlier work (Deng et al., 2020).

To determine the relationship between mean tree crown transflectance in the NIR region
and tree crown surface albedo, in-situ spectroscopy and shortwave radiometry were
combined. Both the tree crown transflectance and the solar irradiance spectra were
sampled simultaneously using the spectrometer at a point 2.5 — 4.0 m away from the
sampled tree crown in a horizontal view, whereas incoming and outgoing shortwave
radiation from the tree crown were measured by the net radiometer at a point 30 — 40
cm away from the tree crown contour and at the same height as that of the spectrometer

SENSsors.

13
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Figure 2. Illustration of the sampling directions/locations in a vertical loop around the
tree crown and aligned with the solar azimuth direction for an isolated Carpinus betulus

in an open space (car park)

3 Results and discussion

3.1 Spatial distribution profile of tree crown transflectance sampled with a vertical

reference plane

As noted in the test conditions above, fixed solar altitudes were chosen to sample the
tree crown transflectance spectra, employing a vertical reference white plane. Field tests

were implemented for Carpinus betulus (Fastigiate Hornbeam) and Acer campestre

14
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(Field Maple) on sunny days between 12:15 — 14:00 (GMT; British Summer Time),
when the solar altitude was approximately constant. Ten measuring points in the
typically vertical loop around the tree crown aligned with the solar azimuth direction,
as illustrated in Figure 2, were sampled to identify the spatial distribution profile of
tree radiative performance. Figure 3 (a) provides the sampled tree crown transflectance
spectra of a single Carpinus betulus in different directions at solar altitude o = 61° +
1° on 25 June 2020 at Reading, UK. It is evident that the tree crown transflectance
spectrum in the IR region with a viewing angle of 60° (point ‘4’) has the highest level,
followed in descending order by the IR transflectance spectra with viewing angles of
45° (point ‘3”), 30° (point ‘2”), and 90° (point ‘5”). The IR transflectance spectra were

at the lowest level in the shade areas (points ‘7°, ‘8°, ‘9°).

To intuitively display the spatial distribution of tree crown transflectance in the
typically vertical loop around the tree crown, mean transflectance in the NIR region of
800 — 900 nm (TRyeans00-900) Was adopted as an indicator, because tree crown
transflectance spectra in the NIR region (800 — 900 nm) tended to be relatively invariant
and held the maximum spectral transflectance in the full wavelength range. The relation
of TRpeang0o0-900 to tree crown surface albedo will be discussed further in section 3.4.
Figure 3 (b) delineates the spatial distribution profile of tree crown transflectance in
the typically vertical loop at solar altitude a = 61° £ 1° in terms of TR, can.800-900-

Here the mean transflectance (TR ,eqn 800-900) Was approximately symmetric along the

15
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axis in the solar altitude direction (noted as ‘symmetric axis’ hereafter). Maximum
mean transflectance occurred at point ‘4’ along the symmetric axis (see Figure 3 (b)),
as the solar irradiance in this direction (i.e. direct normal solar radiation) was larger
than in all other directions. This phenomenon was commonly observed for different tree
species, as long as the tree crown transflectance spectra were sampled on the patches
of tree crowns with visibly dense foliage (i.e. no gaps in foliage, no concave crown
contours). It was confirmed in our previous work (Deng et al., 2020) that sparse foliage

and concave shapes in the tree crowns degraded the tree crown transflectance levels.

To better understand the spatial distribution profile of transflectance in Figure 3 (b), it
is necessary to introduce another principal axis perpendicular to the symmetric axis
(hereafter noted as ‘perpendicular axis’), which aids in distinguishing between
characteristics of the transflected radiation in the sunlit area and in the shade area. As
sunlight struck the region above the perperdicular axis towards the sky (‘the sunlit
area’), transflected radiation from the tree crown in this region was significantly higher
than that in the region below the perpendicular axis (‘the shade area’). Since solar
radiation only has component vectors in the sunlit area, it is presumed that the
transflected shortwave radiation from the tree crown in the sunlit area is dominated by
reflected radiation, while the transflected radiation in the shade area is contributed by
transmission through multiple layers of tree leaves as well as minor background

reflection (e.g. coming from the ground surface or surrounding environment).
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Figure 3. Test results of a single Carpinus betulus. (a) Tree crown transflectance spectra
at different sampling directions in the vertical loop around the tree crown in concert
with the solar azimuth direction at solar altitude o = 61° (+ 1°); (b) Spatial distribution
profile of the mean transflectance in the NIR region of 800 — 900 nm in the vertical

loop
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The approximate symmetry in the spatial distribution profile of mean transflectance in
the 800 — 900 nm range along the symmetric axis of Carpinus betulus was also observed
in Acer campestre and Taxus baccata. Figure 4 (a) and (b) shows an isolated Acer
campestre sampled in an open space and the spatial distribution profile of the mean
transflectance in 800 — 900 nm range in the vertical loop around the tree crown at solar
altitude o = 56°. The spatial distribution profile was approximately symmetric in the
solar altitude direction, except at point ‘6’ where a concave contour appered in the view
vision of the sampling patch in the tree crown (see Figure 4 (a)). The concave crown
contour degraded the transflected radiation at point ‘6’. It was also confirmed that for
different species, transflected shortwave radiation from the tree crown in the sunlit area
(above the perpendicular axis towards the sky) was dominated by reflection, while that
in the shade area (at the lower part of the tree crown below the perpendicular axis) was

jointly determined by transmission and minor background reflection.
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3.2 Spatial distribution profile of tree radiative performance in terms of

normalised transflectance in the sunlit area

The tree crown transflectance (tR) spectra sampled at different viewing angles of the
spectrometer fiber-optic tip (VA = 30°, 45°, 60° and 90° looking downwards) with a
vertical reference spectrum can be normalised to equivalent transflectance spectra. This
is achieved by converting the vertical reference irradiance spectra to corresponding
solar irradiance spectra in the incoming solar radiation direction with viewing angles of
the sampled transflectance spectra. The normalised transflectance spectrum is

calculated in Equation (1).

TRuorm(A) = TRpmeas(A) - IRRref (M) /IRRy 4(A) (1)

Figure 5 (a) gives the solar irradiance spectra at different viewing angles (VAs)
synchronously measured at solar altitude @ = 61° on the sunny day of 25th June 2020
for normalising the tree crown transflectance in the sunlit area in Figure 3 (a). Figure
5 (b) displays the normalised transflectance spectra in the sunlit area for the Carpinus
betulus sampled in the typically vertical loop around the tree crown at solar altitude
o = 61° (£ 1°). The result indicates that the normalised transflectance spectra at
different viewing angles in the sunlit area turn out to be nearly the same, irrespective of

minor measurement errors due to measuring angle deviation. This mainly occurs
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because diffuse reflection dominates the tree crown transflection in the sunlit area. It is
inferred that measurements taken from sampling patches in the sunlit area with different
viewing angles at various heights with visibly dense foliage tends to have nearly the
same normalised transflectance. As the momentary solar irradiance in the solar altitude
direction is maximum, transflected shortwave radiation from the tree crown in the solar
altitude direction turns out to be the greatest compared to other directions, except where

gaps in foliage or concave crown contours appear.

For tree crown transflectance in the shade area, the interaction mechanism was different
from that in the sunlit area. Apart from transmitted radiation passing through multiple
layers of tree leaves in the tree crown, it was observed that secondary reflected radiation
from the lower part of the tree crowns deriving from (sealed or paved) ground surfaces
was on the same order of magnitude as the transmitted radiation through leaves. As
shown in Figure 5 (a), the magnitude of solar irradiance measuring from point ‘6’
towards the sky was comparable to that from the ground surface to point ‘10’
Normalising tree crown transflectance consistently at point ‘6’ would result in a much
greater transflectance level compared to the normalised transflectance in the sunlit area.
Note that point ‘6’ was 74° counterclockwise deviated from the solar altitude at 61° and
close to the shade area. It was presumed that point ‘6’ was in the transitional region
between the sunlit area and the shade area. Additionally, it did not make sense to

normalise the tree crown transflectance in the shade area (points ‘7°, ‘8’, ‘9’, 10”) using
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background reflected shortwave radiation spectra, because this would lead to much
greater transflectance as well. Due to these observations, the vertical reference spectrum
was not changed in the normalised spatial distribution profile for the tree crown
transflectance in the shade area or in the transitional region between the shade area and

the sunlit area.
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Figure 5. Normalisation of tree crown transflectance spectra at different viewing angles.

(a) Solar irradiance spectra at different viewing angles; (b) Normalised transflectance

spectra of Carpinus betulus in the sunlit area

Based on the transflectance normalisation principle stated above, the spatial distribution
profile of tree radiative performance in terms of the normalised transflectance in the
sunlit area was obtained via Equation (1). Figure 6 (a) displays the spatial distribution
of the mean transflectance in the 800 — 900 nm range with normalised transflectance in
the sunlit area for the Carpinus betulus sampled in the typically vertical loop at solar
altitude o = 61° (= 1°), in contrast to the spatial distribution profile with a united
vertical reference spectrum in Figure 3 (b). As seen in Figure 6 (a), the normalised

mean transflectance in the 800 — 900 nm range in the sunlit area (except point ‘6’ which
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was close to the shade area and was regarded as being in the transitional region) forms
a big circular arc, while the mean transflectance in the shade area (points ‘7°, ‘8’, ‘9”)
forms a relatively smaller circular arc, with transitional regions between the sunlit area
and the shade area. The ideal spatial distribution profile and four quadrants of the mean
transflectance in the 800 — 900 nm range were drawn in Figure 6 (b). The ideal profile
was determined by experimental data points and understanding of spatial tree radiative
performance in terms of IR transflectance in the sunlit area, the shade area, and the
transitional regions. The transflectance at different viewing angles was normalised in
the majority of quadrants I & II (the sunlit area), while the vertical reference spectrum
was kept for the transflectance in quadrants Il & IV and the transitional regions. The
whole profile looked like a ‘mushroom’ at a tilted angle of the momentary solar altitude
(a). Note that the determination of the ideal mushroom chart was based on normalised
transflectance in the sunlit area with visibly dense foliage being sampled. If there were
gaps in foliage or concave shapes in the tree crowns, real distribution profile for
individual trees would have local concave shapes compared to the ideal mushroom

chart.
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382  Figure 6. (a) Spatial distribution of mean transflectance in the 800 — 900 nm range with
383  normalised transflectance in the sunlit area for the Carpinus betulus tree sampled in the

384  vertical loop around the tree crown at solar altitude o = 61°; (b) Ideal spatial
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distribution profile and four quadrants of the mean transflectance in 800 — 900 nm range.

A similar spatial distribution profile of tree radiative performance in terms of
normalised transflectance in the sunlit area was also observed in other species. For
example, Figure 7 gives the spatial distribution profile of mean transflectance in 800 —
900 nm with normalised transflectance in the sunlit area for the Acer campestre (Field
Maple) sampled in the typically vertical loop around the tree crown at solar altitude
o = 56°. It suggests that different species with similar crown morphologies share the
common feature of an ideal normalised spatial distribution profile at a fixed solar
altitude. For tree species that have different tree crown morphologies (e.g. circle, elliptic,
and triangle), to the best of our knowledge, different shapes only lead to differences in
the area size of transitional regions (see Figure 6) and the arc length of normalised
transflectance in the sunlit area. Taking Figures 6(a) and 7 as examples, in the
measurements of transflectance (red line), we did not measure any locations between
points ‘5’ and ‘6’, but if the tree crown was sparse in this area, we can assume that tree
crown transflectance in this region would be lower compared to that in the sunlit area.

This would result in a shorter arc length of normalised transflectance in the sunlit area.
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Figure 7. Spatial distribution profile of mean transflectance in 800 — 900 nm based on
the normalised transflectance in the sunlit area for the Acer campestre sampled in the

typically vertical loop around the tree crown at solar altitude o = 56°

3.3 Temporal variation of tree radiative performance

As the spatial distribution of tree radiative performance varies with solar altitude (Deng
et al., 2020), temporal variation in the spatial distribution profile of tree crown
transflectance was ascertained. Figure 8 shows the temporal variation of the
distribution of mean transflectance in the 800 — 900 nm range at two different solar
altitudes o = 45° and 61° for the Carpinus betulus sampled in the typically vertical
loop with the vertical reference plane. It suggests that the transflected shortwave

radiation from tree crowns at a lower solar altitude (in the morning or afternoon) is
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significantly lower than that at a higher solar altitude (at or close to solar noon) on a
sunny day. To compare the difference quantitatively, the spatial distribution of mean
transflectance in 800 — 900 nm sampled at solar altitude 45° is displayed in Figure 9
(a) based on the normalised transflectance in the sunlit area. The normalised mean
transflectance in 800 — 900 nm in the sunlit area at solar altitude of 45° was 38.9 %, in
contrast to 45.8 % at solar altitude of 61°. The tree crown transflectance in the latter
case was increased by 17.9 % compared to the former one. Nevertheless, the spatial
distribution profile of the mean transflectance based on the normalised transflectance
in the sunlit area tended to be similar at solar altitude o = 45° and o = 61°, except
that tilted angles of the ‘mushroom chart’ were in concert with the momentary solar
altitude (solar time), as shown in Figure 9 (b). The same pattern was noted for different
tree species (e.g. compare the normalised distribution profile for Acer campestre in

Figure 7 to that of Carpinus betulus in Figure 9).

Regarding the impact of solar altitude on the tree crown transflectance, our earlier work
confirmed that the tree crown transflectance in the IR region within a species in the
sunlit area was linearly associated with solar altitude on sunny days (Deng et al., 2020).
Figure 10 provides the mean transflectance (7R) in the 800 — 900 nm range vs. solar
altitude (o) for tree species Carpinus betulus and Acer campestre. Supplementary data

for Figure 10 is available in Appendix A.
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Figure 9. (a) Spatial distribution of mean transflectance in 800 — 900 nm based on
normalised transflectance in the sunlit area for the Carpinus betulus sampled in the
typically vertical loop around the tree crown at solar altitude o = 45°; (b) Comparison
of spatial distribution profile of the mean transflectance at solar altitude o = 45° and

a = 61°
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Figure 10. Mean transflectance (7R) in the 800 — 900 nm range vs. solar altitude (o),

(a) Carpinus betulus (Fastigiate hornbeam; slightly different result compared to our

earlier work (Deng et al., 2020) due to addition of extra data collected in summer 2020);
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(b) Acer campestre (Field maple).

3.4 Correlating mean transflectance in the 800 — 900 nm range with tree crown

surface albedo

The tree crown transflectance spectra sampled by in-situ spectroscopy faciliate an
understanding of urban tree radiative performance in VIS (visible) and IR regions from
the perspective of physical properties. In conventional microclimate environment
modelling, tree crown surface albedo is commonly adopted as a constant for a species.
The tree crown surface albedo represents the irradiance-weighted total transflectance
over the full wavelength range, which may vary with solar time according to spatial
variation of the tree crown transflectance. To examine this possibility, we linked the
tree crown transflectance spectra to the tree crown surface albedo in the present study.
As mean transflectance in the NIR region of 800 — 900 nm (TR;;ean.800-900) Was
adopted as the indicator to demonstrate the spatial distribution profile and temporal
variation of urban tree radiative performance in sections 3.1 — 3.3, we explored the
underlying mathematical relationship between the TR,,0qn800-900 and the tree crown
surface albedo. We note that in remote sensing, the tree crown surface albedo could be
estimated in a similar manner by linking to the transflectance detected at the top of tree

crowns.

To answer the question, we sampled three tree species, Carpinus betulus, Acer
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campestre, and Taxus baccata to measure the tree crown transflectance spectra in the
wavelength range of 350-1000 nm using a miniature spectrometer with a horizontal
view (VA = 0°); we simultaneously recorded the incoming and outgoing shortwave
radiation towards tree crowns at the same locations using a net radiometer with the
same view angle. The tree crown surface albedo was calculated as the ratio of outgoing
shortwave radiation to incoming shortwave radiation, as given in Equation (3). A scale
factor of the TR;;ean,800-900 10 the tree crown surface albedo (pgpeq,) Was introduced
to explore the mathematical relationship between the two properties, as defined in
Equation (4). Based on a combination of in-situ spectroscopy and shortwave
radiometry, Figure 11 shows the scale factor of TR, ,can800-900 10 Paipeao With three
tree species (two individual trees for each species) at different solar altitudes. It was
found that the mean transflectance in 800 — 900 nm is circa 2.5 times the tree crown
surface albedo for the different tree species sampled regardless of the solar altitude,
suggesting that the tree crown transflectance in the NIR region is proportionally linked

to the tree crown surface albedo.

IRRSW,outgoing
Palbedo = IRR | i (3)
SW,incoming
__ TRmean,800-900
SFTR,800—900 - Palbed (4)
albedo
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Figure 11. Scale factor (SF;g goo—900) Of mean transflectance in NIR region of 800 —
900 nm (TR neqn800-900) to the total tree crown contour albedo (pgipeqo) Vs. solar
altitude (average SFiggoo—900 Value: 2.52; absolute mean deviation: 2.5 %; root mean

square: 3.2 %)

To describe the characteristics of the proportional relationship between the mean
transflectance in 800 — 900 nm and the tree crown surface albedo, it was necessary to
determine the proportion of IR radiation in the total transflected shortwave radiation

from tree crowns in the full wavelength range.

Figure 12 shows energy decomposition of transflected shortwave radiation from the
Carpinus betulus tree crown in the UV (ultroviolet), VIS (visible) and IR regions. Both
the tree crown transflectance and the solar irradiance spectra in 350 —1000 nm were

sampled simutaneously by the spectrometer with a spectroradiometer mode at a point
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3 m away from the tree crown in a horizontal view, meanwhile the incoming and
outgoing shortwave radiation from the tree crown were recorded by the net radiometer
at the same location and 30 cm away from the tree crown contour in view of the field
of view of the net radiometer. The incoming and outgoing shortwave radiation from the
tree crown were 720 W/m? and 106.6 W/ m?, respectively. Hence, the vertical total
irradiance was 720 W/m?, while the transflected shortwave radiation at the sampling
point from tree crown was 106.6 W/ m?, resulting in a tree surface albedo of 0.148
(=106.6/720). To simplify the energy decomposition in UV, VIS and IR regions, it was
assumed that the UV radiation accounted for 7% of the total irradiance (Duffie and
Beckman, 2013) and the mean transflectance in the UV region was the same as that in
the 350-500 nm of the VIS region. The assumption in the UV region was plausible, as
the proportion of UV radiation to the total solar irradiance in the full wavelength range
was relatively small. In terms of energy balance in the full wavelength range for both
the total irradiance and the transflected shortwave radiation from the tree crown, two
Equations (5) and (6) were established with two unknown variables, e.g. solar radiation
beyond 1000 nm up to 2500 nm (IRRpeyona 1000 nm) and the mean transflectance in the
IR region beyond 1000 nm (TR;eqn,beyond 1000nm)- In this case, the vertical total solar
irradiance of 720 W/m? comprised 7.5 W/m? of UV radiation, 317 W/m? of VIS
radiation, 172.7 W/m? of NIR radiation, and 179.8 W/m? in the IR region beyond 1000
nm. Accordingly, the irradiance-weighted mean transflectance in different regions were

1.41 %, 2.36 %, 31.7 % and 24.3 %, respectively, in the UV, VIS, NIR, and IR beyond
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1000 nm regions. It was found that the transflected shortwave radiation in the IR region
(700 — 2500 nm) accounted for 92.3% of the total transflected energy in the full
wavelength range (300 — 2500 nm) in the measurement at a solar altitude of 45°. For
solar altitude in the range of 37° — 58° that we had sampled, it was observed that the
transflected shortwave radiation in the IR region accounted for more than 90% of the
total transflected energy from the tree crowns in the full wavelength range, meaning
that UV and VIS radiation only accounted for a very small proportion of the total
transflected energy. The feature of transflected shortwave radiation from the tree crown
being dominated by IR radiation explained why the mean transflectance in the NIR

region of 800 — 900 nm was directly proportional to the tree crown surface albedo.

IRRgw incoming = IRRyy + IRRy;s350-700 + IRRNR 700-1000nm T
IRRIR,beyond 1000 nm (5)
IRRSW,outgoing = TRmean,UV “IRRyy + TRmean,350—700nm ) IRRVIS,350—700nm +

TRmean,700—1000nm ) IRRNIR,7OO—1000nm + TRmean,beyond 1000nm * IRRbeyond 1000 nm

(6)
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Figure 12. Energy decomposition of transflected shortwave radiation from the
Carpinus betulus tree crown in UV, VIS, IR regions (tested on 31/07/2020 at 10:33:00,
Reading, UK, Solar altitude a = 45°; Vertical total irradiance: 720 W/m?; Transflected

radiation at the sampling point from tree crown: 106.6 W/ m?; pgipedo: 0.148)

3.5 Tree crown surface albedo of different species based on the tree crown
transflectance measurement

After finding in the previous section 3.4 that the mean transflectance in 800 — 900 nm
(TRimean, 800—900) Was 2.5 times tree crown surface albedo (pgipeqo) for the three
different tree species sampled, the tree crown surface albedo for different species with
similar properties was estimated based on tree crown transflectance spectra
measurements. Combining the robust linear regression of the TR ,can g00-900 Versus
solar altitude for Carpinus betulus and Acer campestre in Figure 10 (a) and (b), the
variation of pgpeqo for the two species was given in Equations (7) and (8),

respectively. Itis evident that the tree crown surface albedo linearly increases with solar
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altitude (a). The maximum tree crown surface albedo corresponds to maximum

momentary solar altitude at solar noon.

For Carpinus betulus:

Patbedo= W = 0.191 * (@ — 45) + 19.20 (%) )
For Acer campestre:

Patbedo= Rm’;—s = 0.277 * (@ — 45) + 20.54 (%) (8)
Our earlier work used a wide range of in-situ tests to measure the tree crown
transflectance across ten tree species commonly planted in the UK (Deng et al., 2020).
In terms of the proportional relationship between TR;can 800-900 aNAd Paipedo
(SF;r800-900 = 2.5), the tree crown surface albedo for the ten tree species at typical
solar altitudes of 30°, 45°, 60° was obtained based on the statistical TR;;¢qn 800-900, S
listed in Table 1. Furthermore, our earlier work revealed that interspecific differences
of tree radiative performance levels in the IR region were strongly dependent on leaf
size if only considering visibly dense foliage (i.e. no obvious gaps in foliage and no
concave shapes, both of which are common in conifers) in the tree crown contours
(Deng et al., 2020). With these caveats, the tree crown surface albedo across multiple
tree species tends to be strongly dependent on leaf size. Take the moderate-size leaved

species Acer campestre and Quercus robur as examples to show the difference of tree

crown surface albedo at different times on a sunny day in the middle summer (June to
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middle July in the UK). According to Table 1, the tree crown surface albedo at a solar
altitude of 60° (near or at noon) for Acer campestre and Quercus robur trees could be
47.0 % and 70.7 % higher than that at a solar altitude of 30° (in the early morning or
late afternoon), respectively. Adopting a constant albedo in urban microclimate
modelling and in the development of urban tree planning strategies, would probably
lead to an incorrect evaluation of the tree radiative shading effects. Hence, temporal
variation in tree crown surface albedo with solar time (solar altitude) is an important

factor to include in urban microclimate modelling.
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596  Table 1. Tree crown surface albedo (pgipeqo) at solar altitudes of 30°, 45°, 60° based on the statistical TR,eqn800-900 fOr ten tree species
597  commonly planted in the UK

Solar altitude 30° Solar altitude 45° Solar altitude 60°
Tree species TRmean,800-900 (%) Parvedo (%) E(f/ir)nean,BOO—‘)OO Patvedo (%) zof/ir)nean,soo—%o Patvedo (%0)
Sequoiadendron giganteum 32.3(x0.7) 12.9(x0.3) | 38.1(£0.8) 152 (x0.3) |43.9(x1.0) 17.6 (= 0.3)
Carpinus betulus 39.8 (+0.7) 15.9 (£ 0.3) | 46.6 (+ 0.8) 18.6 (+ 0.3) |53.4 (+0.9) 21.4 (£ 0.3)
Acer campestre 41.5(£0.9) 16.6 (x0.4) |51.2(£1.1) 20.5(x0.4) |61.0(x1.3) 24.4 (£ 0.5)
Quercus robur 37.4 (+0.4) 15.0 (+ 0.1) |50.7 (+ 0.5) 20.3 (+0.2) | 64.0 (+0.6) 25.6 (+ 0.2)
Platanus x acerifolia 48.5 (+0.9) 19.4 (£ 0.4) |59.8 (+1.1) 23.9(+0.5) |71.2 (+1.9) 28.5 (+ 0.4)
Tilia platyphyllos 34.8 (+0.7) 13.9 (£ 0.3) |49.0 (+0.9) 19.6 (£ 0.4) |63.2 (+1.2) 25.3 (+ 0.4)
Acer x freemanii 35.6 (+ 0.4) 14.2 (£ 0.2) | 47.8 (£ 0.6) 19.1 (+0.2) |60.0 (+0.7) 24.0 (+0.2)
Betula pendula 32.2 (+ 0.6) 12.9 (£ 0.3) |43.8(+0.9) 17.5 (£ 0.3) |55.3 (+1.1) 22.1 (+ 0.4)
Acer platanoides 40.6 (+ 1.3) 16.2 (£ 0.5) |55.1 ( 1.5) 22.0 (+0.6) |69.5 (1.9) 27.8 (+0.7)
Aesculus hippocastanum 45.7 (£ 2.2) 18.3(x0.9) | 59.5(£2.9) 23.8(x1.2) | 73.4(£3.6) 29.4 (£ 1.1)
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Note: The ‘+” values in the brackets denote standard error of the mean. Additional data on mean transflectance in 800 — 900 nm was collected in
summer 2020 for the species Sequoiadendron giganteum, Carpinus betulus, Acer campestre and Acer platanoides. The values of pgpeqo Were
based on measurements of visibly dense foliage in tree crowns. For tree species with high incidence of crown gaps and concavities, such as

Sequoiadendron giganteum, correction factors should be introduced for practice use.
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4 Conclusions

Using a combination of in-situ spectroscopy and shortwave radiometry for three tree
species, Carpinus betulus, Acer campestre, and Taxus baccata, spatial distribution
profiles and temporal variation characteristics of the tree crown transflectance were
studied. The relationship between mean tree crown transflectance in the NIR region of
800 — 900 nm and tree crown surface albedo was demonstrated. The following main
conclusions can be drawn:

(1) The tree crown transflectance spectra sampled at different viewing angles in the
sunlit area can be normalised to an equivalent transflectance spectrum of the
same magnitude level, with visibly dense foliage (without obvious gaps in
foliage or concave crown contours) in the tree crowns. Tree crown transflected
shortwave radiation is dominated by reflected radiation in the sunlit area. It is
inferred that transflectance measurements of sampling patches in the sunlit area
with different viewing angles at various heights with visibly dense foliage tend
to have nearly the same normalised transflectance.

(2) It was observed that for the different tree species sampled here, the normalised
spatial distribution profile of tree crown transflectance in the vertical loop
around the tree crown, in concert with the solar azimuth direction, was best
described as a ‘mushroom chart’ tilted at an angle of the momentary solar

altitude. Note that in the normalised spatial distribution profile, only the
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transflectance spectra in the sunlit area were normalised, while the
transflectance spectra in the shade area and transitional regions were kept with

a vertical reference spectrum.

(3) Mean tree crown transflectance in the NIR region of 800 — 900 nm was 2.5 times

tree crown surface albedo for each of the tree species sampled, suggesting that
tree crown transflectance in the NIR region was proportionally linked to tree
crown surface albedo. It was observed that the transflected shortwave radiation
in the IR region accounted for more than 90% of the total transflected radiation

energy from tree crowns in the full wavelength range.

(4) Tree crown surface albedo varies with solar time and linearly increases with

solar altitude for all measured species. The tree crown surface albedo at solar
altitudes of 30°, 45°, and 60° for ten tree species commonly planted in the UK
was obtained, based on the proportional relationship between TR;,cqn 800-900
and paipedo- 8S Well as tree crown transflectance measurements. The tree crown
surface albedo across multiple tree species tends to be strongly dependent on
leaf size if considering tree crown contours with visibly dense foliage. Using
the moderate-size leaved species Acer campestre and Quercus robur as
examples to show the temporal variation of tree crown surface albedo at
different times of the day (based on a sunny day in the middle of summer; June
to the middle of July in the UK), we found that tree crown surface albedo at a

solar altitude of 60° (near or at noon) for Acer campestre and Quercus robur
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trees could be 47.0% and 70.7% higher than that at a solar altitude of 30° (in the
early morning or late afternoon), respectively. Hence, adopting a constant tree
surface albedo that neglects to account for temporal variation will likely lead to
large errors in evaluation of the tree radiative shading effects when modelling
the impact of trees on urban microclimates and/or developing urban tree

planning strategies.

The present study has provided important insights into the crown-level radiative
performance of individual isolated urban trees from multiple species. We note that
future work focused on urban trees planted at different densities (e.g, in urban forestry)

and in different configurations (e.g. rows, groups) will be a logical next step.

Appendix A. Supplementary data

Supplementary data for Figure 10 is uploaded in the online version.
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