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A B S T R A C T

Street-view-based techniques for assessing the sky view factor (SVF) and solar irradiance under trees are
gaining attention as tools for evaluating trees as nature-based solutions to mitigate urban heat risks. Although
these metrics significantly depend on the morphology of trees and resulting canopy transmittance, an existing
approach, termed the Solid Canopy Method (SCM), assumes zero transmission and has not accounted for these
variations. This paper advances the computation of both metrics, improving their accuracy and application —
we developed the Transmissive Canopy Method (TCM), a panorama-based approach that integrates semantic
segmentation and binarization to evaluate SVF and solar irradiance while accounting for transmittance of tree
canopies. Using a study area on a university campus in Singapore, we collected data on solar irradiance and
360◦ imagery to validate our method. The results indicated improved accuracy with MAE, RMSE, and R2 values
of 77.8 Wm−2, 105.0 Wm−2 and 0.90, respectively — significantly outperforming the SCM. We showcased two
use cases of our method: (1) high-resolution mapping of SVF and solar irradiance in a field with trees, and
(2) walking route optimization considering sunlight exposure. Our findings highlight the strong capability of
our TCM to evaluate the effects of trees in mitigating urban heat more accurately than the existing method.
Additionally, the TCM has potential applications in urban planning and management, enabling strategic tree
planting prioritizing areas lacking sufficient shading and developing tools for optimizing walking routes to
minimize sunlight exposure.
1. Introduction

The heat mitigation effects of trees have gained increasing attention
due to concerns about urban heat caused by heat waves [1–4], climate
change [5–7], and the urban heat island effect [8–11]. Trees offer
various positive effects, including not only mitigating heat but also
enhancing scenery, improving mental health and well-being [12,13],
and promoting biodiversity [14–17]. These benefits underscore the
significance of trees as a nature-based solution for developing sus-
tainable cities [18,19]. The heat mitigation effects of trees include
shading through their canopies [20–22] and cooling through transpira-
tion [23–25], with shading being particularly critical to people’s heat
risk because of its significant influence on energy flux into human
bodies [26–29]. High-resolution spatio-temporal data on the shading
effects of trees are important for urban planners and policymakers
to make informed decisions in planning urban greening initiatives.
For example, such data can help identify parts of a region where
tree shading is lacking and pedestrians are likely to be exposed to
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severe heat stress, and can assist in prioritizing such locations for tree
planting [30,31].

The shading effect of trees primarily depends on morphological pa-
rameters of their canopies, such as the shapes of canopies and density,
inclination, and shape of leaves, all of which affect the transmittance
for solar radiation [32–34]. Previous studies have investigated the
shading effect of trees using measurements of solar irradiance with
pyranometers or through physical simulations with ray-tracing [35–
38]. These methods enable us to obtain accurate solar irradiance data
corresponding to the morphological parameters of trees. However, it is
not feasible to install a large number of pyranometers to obtain high-
resolution and extensive data on solar irradiance under tree canopies
due to the high costs involved. Additionally, conducting accurate phys-
ical simulations of shading effects requires a detailed 3D model of
tree canopies [39,40]. To acquire such detailed information, LiDAR
measurements are necessary [41,42]; however, these are costly, thus
limiting application and scalability.
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List of Abbreviations

𝐺𝐻𝐼𝑢𝑡𝑐 Global horizontal irradiance under tree canopies
(Wm−2)

𝐺𝐻𝐼𝑟𝑡 Global horizontal irradiance on rooftops (Wm−2)
𝐼𝑑𝑖𝑓 Sky diffuse irradiance above tree canopies (Wm−2)
𝐼𝑑𝑖𝑟 Normal direct solar irradiance above tree canopies

(Wm−2)
MAE Mean Absolute Error
R2 Coefficient of determination
RMSE Root Mean Square Error
RT Rooftop
SCM Solid Canopy Method (previous method)
SVF Sky View Factor
TCM Transmissive Canopy Method (our proposed

method)
UTC Under Tree Canopy

Meanwhile, the sky view factor (SVF), defined as the ratio of visible
ky within the upper hemispherical view of a certain location, is a
ignificant factor for the solar irradiance [43,44]. The SVF of a location
s directly proportional to diffuse solar irradiance absorbed on a hor-
zontal surface at the location [45]. Additionally, the SVF is directly
orrelated with atmospheric radiation highlighting its importance in
valuating the thermal environment and associated heat risks [46,47].
he SVF also plays a crucial role in the perception of urban visual
nvironments. Many studies have reported an association between the
ky visibility and urban visual perceptions such as feelings of openness
nd oppressiveness [48–53].

To evaluate SVF under tree canopies, previous research has pri-
arily used a binarization-based method with hemispherical fisheye
hotos [54–56] or physical simulations equipped with ray-tracing tech-
iques [57–59]. In the binarization-based method, image binarization
echniques are employed to separate ‘sky’ pixels from ‘object’ pixels that
bstruct the view towards the sky [60,61]. This method is implemented
y applying thresholds to certain parameters calculated from the pixel’s
GB values. However, the variability of optimal thresholds, depending
n tree species, materials of surrounding buildings, weather conditions,
nd the resulting light environment, poses challenges in scalability and
imits broader practical applications. Additionally, physical simulations
f the SVF require detailed 3D models of tree canopies, which similarly
inders scaled practical usages, as is the case with solar irradiance
tudies.

Meanwhile, an approach using street-level panoramas is gaining
ttention as a potential alternative to existing methods for evaluating
VF and solar irradiance under tree canopies [62–66]. In this approach,
emantic segmentation – a computer vision technique used to classify
ach pixel in an image and assign it to a specific object class (Figs. 1 and
) – of a street-level panorama is conducted to calculate the SVF and so-
ar irradiance. The sun position is localized on the segmented panorama
o determine the presence of shading objects that block direct solar
adiation. If no shading objects are present, the global irradiance is
alculated as the sum of direct and diffuse irradiance, the latter being
etermined by the SVF. If shading objects exist, the global irradiance is
alculated as equivalent to diffuse irradiance alone. However, this ap-
roach has room for improving accuracy, as it currently treats the tree
anopy, which actually includes sky visible between leaves, merely as
n ‘object’ area with zero transmittance, not considering any potential
olar radiation passage through the canopies.

Therefore, this research proposes a novel method that estimates the
VF and solar irradiance considering the transmittance of tree canopies,
dvancing the current approaches that use street-level panoramas.

ore specifically, we develop a method that calculates transmittance

2 
by combining semantic segmentation and binarization of panoramic
imagery and uses this calculated transmittance to estimate SVF and
solar irradiance (Fig. 1). The accuracy of our proposed method is
validated through the collection of solar irradiance data and panoramic
imagery. Additionally, we demonstrate two use cases that rely on our
proposed method: (1) creating two-dimensional high-resolution maps
for SVF and solar irradiance; and (2) optimizing walking routes based
on cumulative solar irradiance.

As a result, our research addresses the following research questions
that advance the quantification of the contribution of trees in the
built environment and visual landscape: ‘How can we use panoramas
to accurately estimate transmittance?’; ‘How does the consideration
of transmittance impact on the SVF under tree canopies?’; ‘Can the
consideration of transmittance contribute to improving accuracy for
estimating solar irradiance under tree canopies?’; ‘How does the con-
sideration of transmittance improve the accuracy compared to previous
methods?’; ‘How can high-resolution maps of SVF and solar irradiance
under trees be utilized for practical applications?’

2. Background and related work

2.1. Evaluation of solar irradiance

Solar irradiance is a significant factor in heat stress, influencing
comfort and heat risks associated with outdoor activities [67,68]. Con-
sequently, it has been evaluated for various purposes, including assess-
ing heat risks at construction sites [69], enhancing area walkability [70,
71], improving thermal comfort in urban open spaces [72,73], and
reducing the risk of skin cancer [74]. Additionally, solar irradiance
is critical for estimating power generation through photovoltaic pan-
els [75,76]. To assess solar irradiance under tree canopies, there are
mainly two methods: measurement and physical simulation.

For measuring solar irradiance under trees, many studies have uti-
lized pyranometers [77–83]. By comparing solar irradiance in shaded
areas with that at reference locations in sunlit areas, the shading effect
of tree canopies can be evaluated. Takács et al. [81] and Yoshida
et al. [82] have reported on the impact of differences in tree species
and resulting leaf density on shading effects. Additionally, Nishikawa
and Shukuya [83] has noted the impact of tree health and resulting
leaf density on shading. Such measurements, considering the diverse
conditions of tree canopies, provide an accurate evaluation of so-
lar irradiance. However, obtaining spatio-temporally high-resolution
data requires dense measurement points and significant equipment
costs. Some studies have employed traverse measurements using mo-
bile weather stations to increase spatial coverage [84,8]; however,
increasing temporal coverage remains challenging.

Meanwhile, many studies have utilized physical simulations with
ray-tracing to calculate the shading effects of tree canopies and result-
ing solar irradiance beneath them [85–87]. For example, Kumakura
et al. [88] simulated the process of solar radiation transfer within
tree canopies using a ray-tracing method and 3D models of trees that
reproduced all individual leaves and branches. In parallel, many studies
have calculated radiation transfer within tree canopies by computing
transmittance using functions that consider leaf density and the pen-
etration distance of solar radiation [89–91]. Physical simulation can
provide solar irradiance data at a high spatio-temporal resolution if it
employs an adequate mesh size and time step. However, this method
requires 3D models of tree canopies with detailed morphological pa-
rameters, including the shape of the canopies, the density, orientation,
inclination, and shape of leaves, which are not readily available in
many cases.

In summary, both primary methods – measurement and simulation
– face scalability challenges due to the high cost of equipment and the

lack of available input data.
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Fig. 1. Conceptual diagram illustrating the differences between the previous method and our proposed method, including the benefit for use cases. In the shade maps, 𝐼𝑢𝑡𝑐_𝑑𝑖𝑟
represents the direct horizontal irradiance under tree canopies (Wm−2). These maps display the horizontal and two-dimensional distribution of 𝐼𝑢𝑡𝑐_𝑑𝑖𝑟 with the assumption that
𝐼𝑢𝑡𝑐_𝑑𝑖𝑟 is calculated at multiple locations by the previous method (left) and by our method (right).
Fig. 2. Examples of segmentation results.
2.2. Evaluation of sky view factor

The SVF is defined as the ratio of the sky that is unobstructed
by objects when viewed from a specific point. More specifically, it
refers to the ratio of sky visible in an orthographic projection of the
upper hemisphere. The SVF is a crucial parameter for urban microcli-
mate and is directly used to calculate diffuse solar irradiance [43–45].
Additionally, the SVF has been used to assess pedestrians’ visual per-
ceptions of streetscapes [92]. To evaluate the SVF, methods typically
involve using binarization of photography or physical simulation with
ray-tracing [43,93,60].

The binarization-based method requires the binarization of upper
hemispherical photos in orthographic projection [93,60,94]. It bina-
rizes the photos based on the brightness values, which are determined
from the RGB values, of each pixel to distinguish between ‘sky’ and
‘object’ pixels. The SVF is then evaluated based on the ratio of sky
pixels. However, if the photo captures objects that are brighter than
the sky, the binarization process may mistakenly recognize object pixels
3 
as sky [94]. To prevent this from resulting in lower accuracy, manual
labeling of such objects is required, which can be labor-intensive in
large-scale measurements.

The physical simulation uses ray-tracing and 3D models of urban ge-
ometry, including buildings and trees [95,57,58,96]. In this approach,
a specific number of virtual rays are emitted in upper hemispherical
directions from a target point, and the ratio of rays that are un-
obstructed by objects and reach the upper or side boundary of the
calculation area is calculated as SVF. Similar to physical simulations
for solar irradiance, this method requires 3D models of tree canopies
with detailed morphological information, which necessitates expensive
LiDAR measurements.

Similar to the evaluation of solar irradiance, the two primary meth-
ods for assessing SVF encounter scalability challenges due to the man-
ual efforts required and the high costs associated with data acquisition.
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2.3. Transmittance and morphological features of tree canopies

Transmittance for solar radiation through tree canopies is primarily
determined by leaf density, which can be quantified by point cloud data
of leaves from Light Detection and Ranging (LiDAR) surveys [97–105].
Some studies have leveraged LiDAR not only to obtain information
about leaf density but also about the orientation and inclination of
leaves, which influence transmittance [106–109]. While LiDAR pro-
vides detailed and comprehensive information on the structures of tree
canopies, it faces scalability challenges due to high equipment costs and
the limited availability of open and crowdsourced data providers.

Another method for calculating leaf density involves the bina-
rization of upward hemispherical photography captured under tree
canopies [110–112]. This method estimates leaf density based on the
ratio of black pixels, which represent the leaves and branches of tree
canopies.

Meanwhile, in addition to tree canopies, various types of shades
feature perforated or porous structures, including pergolas [113,114]
and louvers [115,116]. The presence of these diverse shading objects
with transmissive properties in built environments underscores the
importance of developing scalable and accurate methods to estimate
transmittance.

2.4. Related work

Many previous studies have utilized geo-tagged street-level panora-
mas to estimate solar irradiance [62–65]. Their methods usually start
with conducting semantic segmentation to detect shading objects, such
as trees and buildings. They then calculate the SVF and diffuse solar
irradiance, localize the temporal sun position for each time of day on
segmented panoramic imagery, assess whether direct solar radiation
was shaded, and calculate direct solar irradiance. The global solar
irradiance is obtained as the sum of the diffuse and direct solar irra-
diance. Similarly, Li and Ratti [117] employed street-view panoramas
to calculate sunlight hours, indicating the total duration each day that
a particular location is exposed to direct solar irradiance.

These segmentation-based methods offer scalability advantages due
to the availability of various data sources. Several commercial and
crowdsourced providers offer panoramic imagery, including Google
Street View, Baidu Map, Mapillary, and KartaView [66,118]. Moreover,
collecting one’s own dataset using a panoramic camera has become in-
creasingly feasible and cost-effective. In fact, many studies have utilized
panoramic imagery that they have collected themselves [119–122].

To date, no semantic segmentation models have been detailed
enough to identify the small sky-visible areas between leaves within
tree canopies as ‘sky’ areas. Consequently, these segmentation-based
methods have classified pixels in broad strokes, recognizing tree
canopies – which actually contain a mix of sky, leaves, and branches
– merely as ‘object’ areas. Additionally, these methods have not ac-
counted for the transmittance of tree canopies, thus assuming a trans-
mittance value of zero. However, as previously mentioned, the trans-
mittance of tree canopies can vary significantly depending on mor-
phological factors such as canopy shapes and leaf density. Therefore,
incorporating transmittance considerations is expected to substantially
improve the accuracy of estimations for SVF and solar irradiance.

Meanwhile, several studies employed the binarization of hemispher-
ical photography to estimate SVF and solar irradiance [94,123,124].
Kou et al. [125] used binarization of street view panoramas to evaluate
the visibility of global navigation satellites, a concept similar to the
visibility of the sun or the presence of direct solar radiation. Addi-
tionally, Jonas et al. [126] applied binarization on a hemispherical
photograph to assess the transmittance of solar radiation through tree
canopies.

One of the primary challenges in using binarization to calculate SVF
and solar irradiance involves setting optimal thresholds to distinguish

sky pixels. This task is complicated due to the variability of RGB

4 
values of sky pixels and those of object pixels – including tree canopies
and buildings – which can change depending on weather conditions,
light environments, tree species, and building materials. Zeng et al.
[94] and Kou et al. [125] attempted to automate thresholding to
account for such variability in urban environments, employing Otsu’s
method [127]. This method automatically determines a threshold that
maximizes the variance of pixel values between two classes and is
particularly effective when the image consists of two dominant ele-
ments with two distinct colors. However, its accuracy in extracting
sky in complex urban environments, which consist of diverse elements,
is limited. For instance, Liu et al. [123] observed the misrecogni-
tion of brighter building surfaces as sky pixels. To address this issue,
they implemented post-processing corrections, where misidentified sky
pixels surrounded by object pixels were reassigned to object pixels.
However, this approach inadvertently led to the misidentification of
sky pixels between leaves within tree canopies as object pixels. Zeng
et al. [94] and Kou et al. [125] provided examples showing that the
visible sky between leaves was labeled as object pixels. Liu et al. [123]
employed a clustering-based binarization method, while Middel et al.
[124] used an edge-detection-based approach. Both studies yielded
similar results where sky pixels between tree canopies were labeled as
object pixels. It is important to note that their research did not focus
on the transmittance of tree canopies and would have considered such
an underestimation of transmittance as a minor error.

As mentioned above, Jonas et al. [126] used binarization while
considering transmission through tree canopies. However, their study
area was situated in a forest, and they did not address the complexities
of urban environments. Furthermore, their analysis was based on a
single hemispherical photo captured from one location, and they did
not employ any automated method for thresholding.

To address these challenges in both segmentation-based and
binarization-based methods, we find potential solutions in the combina-
tion of segmentation and binarization. Semantic segmentation, which
can extract object pixels independently of the brightness of the pixels,
and binarization, which enables detailed pixel-scale classification of
sky and object pixels within tree canopies, should be able to com-
plement each other. Furthermore, for a robust and automated method
to binarize pixels, extracting pixels of sky and tree canopies by using
semantic segmentation results and analyzing the pixel values would
help determine proper thresholds.

Therefore, we present a method featuring two primary contributions
to the literature. First, we propose a novel approach that combines
semantic segmentation and binarization to calculate the SVF and solar
irradiance, considering the transmittance of tree canopies. Second, we
develop a new method to automatically determine the optimal thresh-
olds for binarizing sky and object pixels within tree canopies, using re-
sults of semantic segmentation and considering diverse environmental
conditions.

3. Methodology

In this study, we propose a panorama-based method to evaluate
SVF and solar irradiance while accounting for the transmittance of tree
canopies, which varies depending on tree species and health conditions.
Hereafter, this approach is referred to as ‘‘Transmissive Canopy Method
(TCM)’’. In this section, we elaborate on the individual calculation
subprocesses involved in the TCM.

3.1. Transmittance and sky view factor

We estimate transmittance by combining semantic segmentation
and binarization of panoramic imagery. As shown in Fig. 3, the work-
flow consists of three main steps: (1) semantic segmentation, (2) bi-
narization, and (3) post-processing of the binarized imagery, which
includes kernel averaging, orthographic projection, and pixel ratio
calculation. The following subsections elaborate on these steps.
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Fig. 3. Workflow diagram for calculating transmittance. Black pixels in binarized images represent ‘object’, while white pixels represent ‘sky’.
3.1.1. Semantic segmentation
Semantic segmentation is a technique of computer vision that clas-

sifies each pixel of an image into a specific semantic class, such as ‘sky’,
‘vegetation’, or ‘building’. This enables the estimation of the proportion
of each semantic class within the image. The technique has been widely
adopted in urban studies due to its flexibility in quantifying streetscape
features and its reliability and accuracy, which have significantly im-
proved in recent years thanks to rapid advancements in deep learning
models [62–65]. For our study, we utilize the Mask2Former model pre-
trained on the CityScapes dataset to conduct semantic segmentation of
panoramic imagery. This transformer-based model achieves a mIoU of
84.5% across 19 categories [128,129] . The categories are (1) road, (2)
sidewalk, (3) building, (4) wall, (5) fence, (6) pole, (7) traffic light,
(8) traffic sign, (9) vegetation, (10) terrain, (11) sky, (12) person, (13)
rider, (14) car, (15) truck, (16) bus, (17) train, (18) motorcycle, (19)
bicycle. Fig. 2 illustrates examples of the results. For our TCM, we
specifically extract (9) vegetation and (11) sky. We use panoramic
images of size 2048 × 1024 pixels for semantic segmentation. While
we use the entire panorama in the segmentation process, we only use
the upper half, which can influence the SVF and solar irradiance, in all
subsequent processes.

3.1.2. Binarization
In our TCM, we conduct binarization to classify each pixel into

‘sky’ and ‘object’ using both an original and segmented panorama. The
binarization process is carried out in accordance with Eqs. (1) and (2).

𝑝𝑏 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 if 𝑝𝑠 ≠ 9 (vegetation) and if 𝑝𝑠 ≠ 11 (sky)
1 if 𝑝𝑠 = 11 (sky)
0 if 𝑝𝑠 = 9 (vegetation) and if 𝑝𝑏𝑟 ≤ 𝑋
1 if 𝑝𝑠 = 9 (vegetation) and if 𝑝𝑏𝑟 > 𝑋

(1)

𝑝𝑏𝑟 = 0.5 × 𝑅 + 𝐺 + 1.5 × 𝐵
3

(Kou et al. [125]) (2)

Where: 𝑝𝑏 represents the binarization value for each pixel, with
1 representing ‘sky’ and 0 representing ‘object’. 𝑝𝑠 represents the se-
mantic segmentation category for each pixel, with 9 corresponding to
‘vegetation’ and 11 corresponding to ‘sky’. 𝑝𝑏𝑟 represents the brightness
value for each pixel, serving as an indicator to determine whether a
pixel represents ‘object’ or ‘sky’. R, G, and B indicate the pixel values
in the red, green, and blue channels, respectively. 𝑋 is the threshold
used to determine 𝑝𝑏 based on the value of 𝑝𝑏𝑟.

Based on Eq. (1), we initially assign a 𝑝𝑏 value of 0 (object) to pixels
whose 𝑝𝑠 values are neither 9 (vegetation) nor 11 (sky). Pixels with a
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𝑝𝑠 value of 11 (sky) are assigned a 𝑝𝑏 value of 1 (sky). Subsequently,
we binarize the remaining pixels with a 𝑝𝑠 value of 9 (vegetation) using
the brightness value of each pixel (𝑝𝑏𝑟) and a binarization threshold 𝑋.
The 𝑝𝑏𝑟 is calculated using Eq. (2).

We determine 𝑋 considering a mix of sky and leaves in pixels,
termed ‘mixels’, which simultaneously capture both elements. As illus-
trated in Fig. 4, within a small patch of a tree canopy in a panoramic
image, some pixels capture exclusively sky or leaves, while others
capture a combination of both. To accurately evaluate transmittance,
which varies depending on the type of trees, it is crucial to precisely
calculate the percentage of gaps between leaves in panoramic imagery.
Therefore, mixels predominantly featuring sky (more than 50%) should
be classified as ‘sky’, and conversely, those predominantly featuring
leaves (more than 50%) as ‘object’. To identify the optimal 𝑋 for
this binarization, we analyze histogram peaks for the 𝑝𝑏𝑟 values of
pixels whose 𝑝𝑠 values are 9 (vegetation) or 11 (sky). This filtering
of pixels using segmentation results helps reduce undesirable noise in
the histogram analysis by focusing on sky and vegetation pixels. Fig. 5
illustrates histograms for 𝑝𝑏𝑟 values created using example panoramas.
As shown in Fig. 5, the 𝑝𝑏𝑟 values for sky and vegetation pixels typically
exhibit distinct ranges and peak values. The interval between these two
peak values represents mixels of sky and leaves. Consequently, we use
the midpoint of this interval as the 𝑋 value for binarization. Different
𝑋 values are determined for each panorama to accommodate variations
in the surrounding environments, including weather, light conditions,
tree species, and building materials.

3.1.3. Postprocessing of binarized imagery
We calculate the transmittance of each pixel by averaging pixel val-

ues within a 40 × 40 kernel. This averaging is intended to enhance the
robustness of solar irradiance estimation against errors in the sun posi-
tion. Without this averaging, the estimated values for solar irradiance
under tree canopies would be significantly affected by small changes
in sun position. Additionally, we calculate the SVF by transforming the
upper half of the binarized panorama into an orthographic fisheye and
then calculating the ratio of sky pixels within this transformed image.

3.2. Solar irradiance

To calculate solar irradiance under tree canopies, the TCM localizes
sun positions and calculates solar radiation transfer, accounting for the
transmittance and sky view factor obtained through the preprocessings
steps described in Section 3.1. The following subsections provide details
for each step in the solar irradiance calculation.
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Fig. 4. Conceptual diagram illustrating the binarization of mixels into sky and object pixels.
Fig. 5. Examples of histograms depicting brightness values for sky and vegetation pixels, accompanied by segmentation results. The legends in the segmentation results are the
same as in Fig. 2.
Fig. 6. Localization of sun positions in a panoramic image with calculated transmittance values.
3.2.1. Localization of sun position
Sun position is defined by two parameters: solar elevation and solar

azimuth angle. These calculations are performed using ‘pvlib’ [130], a
Python module primarily designed for estimating solar radiation gain
on photovoltaic (PV) panels. In ‘pvlib’, the sun position is determined
using geographical coordinates (latitude and longitude), date, and time
as input parameters [131].

The sun position is then localized in a panoramic image of cal-
culated transmittance values, as shown in Fig. 6. The localization is
feasible because the 𝑥 and 𝑦 coordinates in a panoramic image with
equirectangular projection correspond to the azimuth angle and the
elevation angle, respectively. The transmittance value of the localized
sun position is used in calculating solar irradiance, as detailed in
Section 3.2.2.
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3.2.2. Calculation of radiation transfer
The global horizontal irradiance under tree canopies (𝐼𝑢𝑡𝑐 (Wm−2))

can be divided into three composing elements; direct solar irradiance
(𝐼𝑢𝑡𝑐_𝑑𝑖𝑟 (Wm−2)), sky diffuse solar irradiance (𝐼𝑢𝑡𝑐_𝑑𝑖𝑓 (Wm−2)), and ir-
radiance reflected from surrounding objects (𝐼𝑢𝑡𝑐_𝑜𝑏𝑗_𝑟𝑒𝑓 (Wm−2)). Fig. 7
illustrates the concept of these types of irradiance. Eqs. (3), (4), and
(5), detail the calculation for each.

𝐺𝐻𝐼𝑢𝑡𝑐 = 𝐼𝑢𝑡𝑐_𝑑𝑖𝑟 + 𝐼𝑢𝑡𝑐_𝑑𝑖𝑓 + 𝐼𝑢𝑡𝑐_𝑜𝑏𝑗_𝑟𝑒𝑓 (Heim and Knera [132]) (3)

𝐼𝑢𝑡𝑐_𝑑𝑖𝑟 = 𝜏 ⋅ 𝐼𝑑𝑖𝑟 ⋅ sin 𝑒 (Heim and Knera [132]) (4)

𝐼𝑢𝑡𝑐_𝑑𝑖𝑓 = 𝑆𝑉 𝐹 ⋅ 𝐼𝑑𝑖𝑓 (Heim and Knera [132]) (5)

Where: 𝐺𝐻𝐼𝑢𝑡𝑐 is the global horizontal irradiance under tree
canopies (Wm−2). 𝐼 is the direct horizontal irradiance under
𝑢𝑡𝑐_𝑑𝑖𝑟
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Fig. 7. Conceptual diagram illustrating the principal elements of solar irradiance in
urban settings.

tree canopies (Wm−2). 𝐼𝑢𝑡𝑐_𝑑𝑖𝑓 is the sky diffuse horizontal irradiance
under tree canopies (Wm−2). 𝐼𝑢𝑡𝑐_𝑜𝑏𝑗_𝑟𝑒𝑓 is the horizontal irradiance
reflected from surrounding objects (Wm−2). 𝜏 is the transmittance
of tree canopies for solar radiation. 𝐼𝑑𝑖𝑟 is the normal direct solar
irradiance above tree canopies (Wm−2). 𝑒 is the solar elevation angle.
𝑆𝑉 𝐹 is the sky view factor. 𝐼𝑑𝑖𝑓 is the sky diffuse irradiance above tree
canopies.

Several previous studies have reported that the magnitude of
𝐼𝑢𝑡𝑐_𝑜𝑏𝑗_𝑟𝑒𝑓 is insignificant due to the low reflectance of basic materi-
als of urban surfaces such as asphalt, concrete, soil, and vegetation,
etc [132–135]. Consequently, many studies have omitted this value in
the calculation of solar irradiance [117,63,64]. We assume 𝐼𝑢𝑡𝑐_𝑜𝑏𝑗_𝑟𝑒𝑓
to be zero and focus on 𝐼𝑢𝑡𝑐_𝑑𝑖𝑟 and 𝐼𝑢𝑡𝑐_𝑑𝑖𝑓 , in alignment with these
previous studies. However, it is important to note that the value of
𝐼𝑢𝑡𝑐_𝑜𝑏𝑗_𝑟𝑒𝑓 should be considered in specific situations, such as locations
surrounded by buildings with white exterior walls or glass curtain
walls, which can exhibit significant reflectance.

4. Experiment

Implementing the method, we collected panoramic imagery and
solar irradiance data in a study area. Through this experiment, we
aimed to validate the accuracy of our TCM using the dataset obtained.
The following subsections provide detailed descriptions of each part of
the experiment.

4.1. Study area

The experiment was conducted on the campus of National Uni-
versity of Singapore, which is surrounded by a residential area and
situated approximately 8 kilometers from downtown Singapore (Fig. 8).
Singapore’s proximity to the equator results in constant and intense
solar radiation exposure throughout the year. 24% of the study area,
the campus, is covered by buildings, while 53% is covered by vege-
tation [136]. A large portion of the vegetated area is covered by tree
canopies, some of which reach heights of over 20 meters. The main
tree species in the area include Syzygium myrtifolium, Samanea saman,
Peltophorum pterocarpum, Fagraea fragrans, and Planchonella obo-
vata. Most of these species are evergreen, have broadleaf features, and
exhibit insignificant seasonal variations. We selected 14 measurement
locations within the study area. Eight of these locations were posi-
tioned approximately 2.5 meters above the ground under tree canopies,
termed Under Tree Canopy (UTC) locations, while the remaining six
were situated on building rooftops without any surrounding shading
objects, termed Rooftop (RT) locations.
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4.2. Data collection and preprocessing

4.2.1. Solar irradiance
We collected solar irradiance data through field measurements using

pyranometers at UTC and RT locations during a two-month period:
from March 1, 2024, to April 30, 2024. We measured global horizontal
irradiance under tree crown (𝐺𝐻𝐼𝑢𝑡𝑐) at UTC locations and global
horizontal irradiance on rooftops (𝐺𝐻𝐼𝑟𝑡) at RT locations. Table 1
provides details on the pyranometers used. We measured 𝐺𝐻𝐼𝑢𝑡𝑐 and
𝐺𝐻𝐼𝑟𝑡 at 1 minute intervals.

We calculated 𝐼𝑑𝑖𝑟 and 𝐼𝑑𝑖𝑓 from 𝐺𝐻𝐼𝑟𝑡 employing the Erbs-Driesse
model [137,138], which estimates the diffuse fraction from GHI based
on an empirical relationship between the diffuse fraction and GHI. We
used the collected 𝐺𝐻𝐼𝑢𝑡𝑐 as the measured data and the calculated 𝐼𝑑𝑖𝑟
and 𝐼𝑑𝑖𝑓 as input data for our TCM in the validation process. More
specifically, when estimating 𝐺𝐻𝐼𝑢𝑡𝑐 for a UTC location, we used 𝐼𝑑𝑖𝑟
and 𝐼𝑑𝑖𝑓 from the nearest RT location.

Fig. 9 illustrates examples of collected solar irradiance data on
March 13, 2024. The values for 𝐺𝐻𝐼𝑟𝑡 indicate periods with significant
and insignificant fluctuation. The significant fluctuations were caused
by movements of local cloud covers. During periods of significant fluc-
tuation, there could be substantial differences in cloud cover conditions
even between a UTC location and the nearest RT location, potentially
causing significant errors in estimations. Therefore, we excluded pe-
riods with fluctuating conditions and included only those with stable
cloud conditions, using a criterion: the maximum difference in 𝐺𝐻𝐼𝑟𝑡
among all RT locations must be less than 100 Wm−2 for the preceding
30 minutes. Additionally, we excluded periods with the minimum
𝐺𝐻𝐼𝑟𝑡 among all RT locations below 300 Wm−2 to focus on sunny
conditions. We calculated a 30 minutes moving average for 𝐺𝐻𝐼𝑢𝑡𝑐 ,
𝐼𝑑𝑖𝑟, and 𝐼𝑑𝑖𝑓 to minimize the influences of short term fluctuation of
solar irradiance. As a result of this data preprocessing, the total number
of data points extracted was 1058.

4.2.2. Panoramic imagery
We employed the Insta360 X3 camera to capture street-level

panoramic imagery, processing these images with equirectangular pro-
jection using the Insta360 Studio software (version 5.1.0). For each
UTC location in the study area, we captured a single panorama at the
same height and position as the pyranometer, ensuring the center of the
panorama faced north. To accurately identify the north direction, we
used a compass and map during the capture process, and additionally
adjusted the images post-capture using reference photos that had
captured the sun at a specific time. Fig. 10 displays examples of the
captured panoramic imagery.

4.3. Experiment setup for validation

To validate the performance of our TCM, we compared the accuracy
of our TCM with that of the previous method, which uses only semantic
segmentation and assumes the transmittance of tree canopies to be 0.
Hereafter, this previous method is referred to as the ‘‘Solid Canopy
Method (SCM)’’. We employed MAE (Mean Absolute Error), RMSE
(Root Mean Square Error), and R2 (coefficient of determination) as the
indicators of performance. These were calculated using Eqs. (6), (7),
and (8), respectively.

MAE(𝑦, �̂�) = 1
𝑛

𝑛
∑

𝑖=1
|𝑦𝑖 − �̂�𝑖| (6)

RMSE(𝑦, �̂�) =

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1
(𝑦𝑖 − �̂�𝑖)2 (7)

R2(𝑦, �̂�) = 1 −
∑𝑛

𝑖=1(𝑦𝑖 − �̂�𝑖)2
∑𝑛

𝑖=1(𝑦𝑖 − �̄�)2
(8)

where �̂�𝑖 is the predicted value of the 𝑖th sample and 𝑦𝑖 is the corre-
sponding true value for total 𝑛 samples, and �̄� = 1 ∑𝑛 𝑦 .
𝑛 𝑖=1 𝑖
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Fig. 8. Study area and measurement locations. Basemap: © OpenStreetMap contributors, © CARTO.
Table 1
Measured parameter, equipment, interval, and range.

Parameter Equipment Interval Range

Global solar irradiance under tree
canopy (𝐺𝐻𝐼𝑢𝑡𝑐 ) Wm−2, Global solar
irradiance on rooftops (𝐺𝐻𝐼𝑟𝑡) Wm−2

Thermopile Pyranometer
(LSI LASTEM, DPA863)

1 min 0 to 1500 Wm−2
Fig. 9. Example results of solar irradiance measurements on March 13, 2024.
Fig. 10. Panoramic imagery of UTC locations. The center of each panorama is aligned with the north direction.
5. Results and analysis

We validated our TCM using measured solar irradiance data and
captured panoramic imagery during the experiment. The following
subsections detail the results of binarization, transmittance, and SVF,
as well as the method’s performance in estimating solar irradiance.

5.1. Binarization, transmittance and sky view factor

Fig. 11 illustrates example results of binarization. The Binarized
panoramas indicate that areas segmented as ‘vegetation’ include a
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substantial proportion of white (sky) pixels, resulting in a significant
difference in transmittance and SVF between our TCM and the SCM.

Fig. 12 displays example results for calculated transmittance and
SVF by our TCM and the SCM. The difference in transmittance and SVF
between the two methods reaches 0.8 and 0.2, respectively, at some
locations. This suggests that the SCM’s reliance solely on segmentation
results could significantly underestimate solar irradiance, whereas our
TCM could improve the performance by considering the transmittance.

Meanwhile, in one instance at UTC-8, a processing error occurred
in the binarization of our TCM, where pixels representing a building
behind a tree canopy were mistakenly binarized as the sky. We attribute
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Fig. 11. Example results of binarization. Only the upper half of each result is displayed, as it impacts the calculation of the sky view factor and solar irradiance.
Fig. 12. Example results of sky view factor and transmittance, comparing our TCM with the SCM. Only the upper half of each result is displayed, as it impacts the calculation of
the sky view factor and solar irradiance.
this processing error to the glass surface of the building, which reflects
the sky and causes its pixels to have similar RGB values to those of
the sky. This issue tends to arise in limited situations where buildings
are obscured by trees, because our TCM can recognize buildings with
glass surfaces via semantic segmentation when they are not obstructed.
However, this error could still potentially lead to an overestimation in
the calculation of the SVF and solar irradiance. We address this issue
further in Sections 5.2 and 7.1.

Additionally, we captured supplementary panoramic imagery and
calculated the SVF using both the SCM and TCM to understand the
characteristics of the discrepancy between these two methods. We
collected a total of 1546 supplementary panoramas in the study area.
Fig. 13 illustrates a scatter plot comparing the SVF calculated by the
two methods. The maximum error was 0.65, with the SCM yielding 0
and our TCM yielding 0.65. The upper fisheye photo of this case shows
that the location is fully covered by tree canopies with significantly
sparse leaves. This indicates that the SCM can cause a significant
underestimation of the SVF in such environments, suggesting that our
TCM contributes to addressing this critical gap. Meanwhile, cases with
smaller errors show fewer tree canopies or tree canopies with denser
leaves in their photos, indicating that the SCM can avoid significant
underestimation in such situations.

In our environment, equipped with an NVIDIA GeForce RTX 4090 Ti
GPU and a 12th Generation Intel® Core™ i7-1265U, the processing time
of the TCM to calculate the transmittance and SVF of a single panoramic
image was 0.45 seconds.

5.2. Performance of solar irradiance estimation

We calculated 𝐺𝐻𝐼𝑢𝑡𝑐 for each UTC location using sun position, 𝐼𝑑𝑖𝑟,
and 𝐼 from the nearest RT location. Table 2 displays the performance
𝑑𝑖𝑓
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Fig. 13. Scatter plot to compare sky view factor calculated by the SCM and our TCM.
Circle images are orthographic fisheye photos in an upward direction for selected plots.

metrics – MAE, RMSE, and R2 – for all data points (overall) and for each
100 Wm−2 interval. For overall data points, our TCM demonstrated
significant improvements over the SCM, achieving MAE of 77.8 Wm−2,
RMSE of 105.0 Wm−2, and R2 of 0.90, respectively. In contrast, the
SCM recorded an MAE of 209 Wm−2, an RMSE of 285 Wm−2, and an
R2 of 0.26. The error of 77.8 Wm−2, is approximately 10% of GHI in an
environment without any shading objects at around noon on a sunny
day in regions with tropical to temperate climates that may experience
serious urban heat [139,140]. This indicates that our model achieves
sufficient performance for practical applications. However, results of
each data range show that the SCM performs better in the lower data
range from 0 to 200 Wm−2, likely due to limited underestimation
because of inherently lower values. Conversely, our TCM significantly
outperforms the SCM in the data range from 200 to 900 Wm−2, where



K. Fujiwara et al. Building and Environment 266 (2024) 112071 
Fig. 14. Hexbin plots comparing estimated values with measured values. The left plot shows results from the SCM, while the right depicts those from our TCM.
Table 2
Comparison of performances by the SCM and our TCM.

Range Sample size SCM (previous) TCM (proposed)

(Wm−2) MAE RMSE R2 MAE RMSE R2

Overall 1058 197.4 274.3 0.32 77.8 105 0.90

0–100 99 28.6 30.3 – 74.3 96.2 –
100–200 306 80.0 86.0 – 89.2 134.0 –
200–300 94 187.9 192.3 – 110.4 131.5 –
300–400 97 277.7 285 – 78.5 95.6 –
400–500 29 290.9 324.4 – 87.8 104.0 –
500–600 79 444.9 465.5 – 74.2 85.4 –
600–700 74 520.9 548.6 – 48.0 63.2 –
700–800 52 536.5 586.6 – 58.0 73.1 –
800–900 62 157.9 241.1 – 28.6 35.3 –
900–1000 93 80.6 85.0 – 53.3 57.0 –
1000–1100 73 131.6 132.6 – 108.5 110.1 –

the shading effect of tree canopies substantially impacted the solar
irradiance under trees.

Fig. 14 illustrates the hexbin density plots of the measured data and
the estimation, comparing our TCM with the SCM. The estimations by
our TCM align better with the measured data than those by the SCM.
This corresponds to the improvement in performance shown in Table 2.
The plot for the SCM indicates significant underestimation, especially
in the range from 200 to 800 Wm−2. We attribute this underestimation
to the underestimation of transmittance by the SCM mentioned in
Section 5.1. The plot for our TCM shows a trend of overestimation
particularly for 𝐺𝐻𝐼𝑢𝑡𝑐 values lower than 600 Wm−2, which could be
explained by the overestimation of transmittance due to processing
errors in binarization mentioned in Section 5.1.

Based on the results above, we concluded that our TCM improves
the accuracy of estimating solar irradiance under tree canopies and
achieves sufficient accuracy for practical applications. However, it is
important to note that the method still has room for improvement, such
as correcting overestimation caused by the misrecognition of buildings
behind tree canopies as the sky. Additionally, in our environment
described in Section 5.1, the processing time of the TCM to calculate
solar irradiance at a single timestamp from one panoramic image –
excluding calculation of the transmittance and SVF – was 0.01 ms. This
indicates that our TCM can be applied to real-time evaluations for broad
areas if the transmittance and SVF are precomputed.

6. Use cases

We demonstrate practical applications of our TCM through two use
cases: (1) High-resolution mapping of SVF and solar irradiance and (2)
Walking route optimization considering sunlight exposure. The details
of these use cases are provided in the following subsections.
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6.1. High-resolution mapping

Taking a target field in the study area, we created maps for SVF
and solar irradiance using our TCM. We used January 1, 2024, as
the target date. We collected dense geo-tagged panoramic imagery in
the field using a GoPro Max camera equipped with an internal GPS
for geo-tagging, resulting in a total of 5731 images. Fig. 15 illustrates
the locations of collected geo-tagged panoramic imagery and provides
examples of the upper hemispheric fisheye images created from this
panoramic imagery. The field had a building with four stories on the
east side and several high trees over 10 meters tall with relatively
sparse leaves, allowing some amount of solar radiation to transmit.

We created the input sun positions, 𝐼𝑑𝑖𝑟 and 𝐼𝑑𝑖𝑓 of the entire
daytime, from 08:00 to 19:00 with a 5 minute interval, using the
Python module ‘pvlib’. Virtual clear sky conditions were assumed to cal-
culate 𝐼𝑑𝑖𝑟 and 𝐼𝑑𝑖𝑓 , focusing on scenarios with intense solar exposure.
The pvlib can simulate clear sky conditions, accounting for regional
variations in atmospheric transmission of solar radiation through an
airmass model and a database of regional and monthly climatological
turbidity [141]. We calculated the SVF and 𝐺𝐻𝐼𝑢𝑡𝑐 at each location
using both the SCM and ours, incorporating the collected images, input
sun positions, and solar irradiance data (𝐼𝑑𝑖𝑟 and 𝐼𝑑𝑖𝑓 ). We then created
maps by setting hexagonal meshes with approximately 1.0-meter width,
averaging the values of locations with geo-tagged panoramas included
in each mesh as its representative value.

Fig. 16 illustrates maps for SVF and accumulated 𝐺𝐻𝐼𝑢𝑡𝑐 ,
(𝐺𝐻𝐼𝑢𝑡𝑐_𝑎𝑐𝑐 , MJm−2), from 08:00 to 19:00 on the target day, comparing
the SCM with ours. For the SVF, values derived from our TCM generally
range from 0.4 to 0.6, whereas those from the SCM are consistently
lower, mostly ranging from 0 to 0.4. Notably, areas under tree canopies
exhibit significantly lower values using the SCM. We attribute this dif-
ference to our TCM’s ability to accurately account for the transmittance
through sparse tree canopies.

For accumulated 𝐺𝐻𝐼𝑢𝑡𝑐 , the map by our TCM shows higher values,
around 25 MJm−2, in areas without tree canopy coverage, and lower
values, from 5 to 15 MJm−2, in areas under tree canopies. In contrast,
the map by the SCM shows much lower values compared to that of our
TCM, primarily ranging from 0 to 5 MJm−2 in areas with tree coverage.

Fig. 17 describes high-resolution maps calculated by our TCM,
which depict time-series data from 08:00 to 19:00 at one-hour in-
tervals on the target date. These maps illustrate the diurnal changes
in the distribution of solar irradiance and the movement of shaded
areas caused by tree canopies and other objects such as buildings.
For instance, the eastern part of the field is shaded by buildings on
the east side from 10:00 to 12:00, when the azimuth angle of solar
radiation is towards the east. The 𝐺𝐻𝐼𝑢𝑡𝑐 values in the areas shaded by
buildings are significantly low, ranging from 0 to 300 Wm−2, because
the transmittance of buildings is essentially zero. Meanwhile, shaded
areas created by tree canopies can be seen in the western part from
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Fig. 15. Locations of geo-tagged images for high-resolution mapping, along with upper-hemispherical fisheye photos at six selected locations, and perspective photos from two
viewpoints (a and b). A total of 5731 locations are depicted. Basemap: © OpenStreetMap contributors, © CARTO.
Fig. 16. High-resolution maps comparing the distribution of sky view factor and 𝐺𝐻𝐼𝑢𝑡𝑐_𝑎𝑐𝑐 using our TCM versus the SCM. Basemap: © OpenStreetMap contributors, © CARTO.
11:00 to 12:00, and in the central part from 13:00 to 16:00. The 𝐺𝐻𝐼𝑢𝑡𝑐
in areas shaded by tree canopies shows values ranging from 300 to
600 Wm−2, which are higher compared to the values in areas shaded
by buildings. This suggests that our TCM can accurately account for the
differences in transmittance between tree canopies and buildings.

These maps can be used to design and locate spaces that require
environments with reduced solar radiation exposure, such as terraces
for cafés, rest areas in public open spaces such as parks [142–144,74],
and sidewalks [145–147], and in urban agriculture and horticulture (to
cultivate plants that are sensitive to direct sunlight) [148–150] — such
use cases will benefit from our TCM increasingly as we face climate
change-driven urban heat [151,152]. Conversely, these maps can also
be utilized to design spaces that need to maximize the amount of
sunlight, such as micro-scale facilities for solar power plants [153,154].
Our TCM can be applied to evaluate absorbed solar irradiance on
building envelopes by using an unmanned aerial vehicle (UAV) to
capture panoramic imagery aligning with vertical walls. This enables
us to calculate the impact of tree shading on surface heat gain and
the resulting energy consumption [155,156]. Additionally, the concept
of urban digital twin – a digital representation that mirrors a real
urban environment – has gained increasing attention as an efficient
method for managing and planning cities among urban planners and
policymakers [157–160]. Given the short processing time, the TCM can
be utilized for real-time solar irradiance mapping within urban digital
twins.
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6.2. Walking route optimization

Different walking routes in the same area are characterized by
significantly different levels of comfort, which is largely driven by
solar radiation [161–163]. Our work can help in optimizing walking
routes by taking into account irradiance. To demonstrate walking route
optimization, we set three routes – Route-A, Route-B and, Route-C
– with distances of 864, 626, and 802 meters, respectively, in the
study area between a bus stop as the starting point and a library as
the destination. We collected geo-tagged panoramic imagery using a
GoPro Max camera along each route at two-meter intervals, resulting
in a total of 1149 panoramas. We calculated 𝐺𝐻𝐼𝑢𝑡𝑐_𝑎𝑐𝑐 from 08:00 to
19:00 on a target date, January 1, 2024, along each route, using the
same method as described in Section 6.1. The results are illustrated
in Fig. 18. Our novel method advances the assessment of sunlight
exposure along walking routes by considering transmittance through
street tree canopies. From Fig. 18, we can identify spots with intense
solar radiation exposure throughout the day that pose heat risks, as
well as spots with less exposure. Route-A features spots with signif-
icant openness and resulting intense solar radiation exposure at the
beginning; however, the route is mostly shaded by trees or buildings
thereafter. Most parts of Route-B are shaded by trees and buildings;
therefore, it does not have hot spots with significant solar exposure
overall. For Route-C, its initial straight section is mostly covered by
tree canopies and does not have significant hot spots. However, there
are several spots with significant openness and sunlight exposure from
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Fig. 17. Time-series high-resolution maps of 𝐺𝐻𝐼𝑢𝑡𝑐 from 08:00 to 19:00 on January 1, 2024 at one-hour intervals. Basemap: © OpenStreetMap contributors, © CARTO.
Fig. 18. Three walking routes between the starting and destination points, illustrating
𝐺𝐻𝐼𝑢𝑡𝑐_𝑎𝑐𝑐 values along each route, accompanied by upper hemispherical fisheye photos
of selected locations. Basemap: © OpenStreetMap contributors, © CARTO.

the first corner until the destination. This map could be utilized for
informed planning for street tree planting. Specifically, urban planners
could prioritize hot spots on this map as the targets for future plantings.
They could select appropriate tree species by referring to the varying
shading effects offered by different species.

Additionally, we calculated accumulated 𝐺𝐻𝐼𝑢𝑡𝑐 during a walk
along each route (𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘), setting specific departure times of
09:00, 12:00, and 15:00, and adopting a walking speed of 1.43 m/s
as per a previous study [164]. For this calculation, we determined the
sun position for each location using a specific timestamp, as well as
the latitude and longitude of the location, which were then used as the
input data for the TCM.
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Fig. 19 illustrates the 𝐺𝐻𝐼𝑢𝑡𝑐 and 𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 along each route at
each departure time. It highlights the varying distributions of 𝐺𝐻𝐼𝑢𝑡𝑐
and the different accumulation processes of 𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 during the walk
depending on route and time. The 𝐺𝐻𝐼𝑢𝑡𝑐 and 𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 at 12:00 and
15:00 are significantly higher than those at 9:00. This is due to the
difference of sun position. The solar elevation at 9:00 is substantially
lower than those at 12:00 and 15:00, which contribute to lower solar
irradiance at 9:00. 𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 of Route-A and Route-C are higher than
that of Route-B across all departure times. 𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 of Route-B are
less than half of those of Route-A and Route-C at 9:00 and 12:00, while
𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 at 15:00 indicates smaller gaps among routes. Additionally,
𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 of Route-A is higher than that of Route-C at 9:00 and 15:00,
while it is lower than that of Route-C at 12:00. These differences are
attributed to the varying locations of shaded areas, which change with
the sun position throughout the day.

These maps could be utilized to select optimal routes with lower
solar radiation exposure and heat risks and to optimize the route
between specific departing points and destinations, considering the
spatio-temporal heterogeneity of solar irradiance. This approach could
enhance the convenience and heat health safety of active mobility
modes, such as walking, jogging, and biking, whether for commuting or
exercise [165–168]. Such practices could result in a reduction in carbon
and pollutant emissions from transportation [169,170], and improve
the well-being of urban dwellers [171–173].

7. Discussion

7.1. Impact of buildings behind tree canopies

As we elaborated in Sections 5.1 and 5.2, our TCM encountered is-
sues in the binarization process for some of the panoramas, particularly
those depicting buildings obscured by tree canopies with sparse leaves.
The primary issue was that the pixels representing buildings were
erroneously binarized as ‘sky’, potentially leading to an overestimation
of transmittance and the resulting SVF and solar irradiance. To further
investigate this issue, we applied our binarization method to panoramas
featuring similar conditions. Fig. 20 illustrates the binarization results
for four cases: Case-1, Case-2, Case-3, and Case-4. In Case-1, which
corresponds to UTC-8 in the experiment, glass and metallic surfaces
reflecting the sky were binarized as ‘sky’. In Case-2, white building
surfaces reflecting direct sunlight were binarized as ‘sky’. However,
in Case-3 and Case-4, pixels representing building surfaces behind
trees were predominantly recognized as ‘object’. This discrepancy is
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Fig. 19. Maps displaying 𝐺𝐻𝐼𝑢𝑡𝑐 values for each route and line charts illustrating the changes in 𝐺𝐻𝐼𝑢𝑡𝑐_𝑤𝑎𝑙𝑘 during a walk along each route, comparing results at 9:00, 12:00,
15:00 on January 1, 2024. Basemap: © OpenStreetMap contributors, © CARTO.
Fig. 20. Example results of binarization applied to panoramic imagery featuring buildings obscured by tree canopies. Pink dashed lines indicates manually drawn edges between
the buildings and background.
attributed to differences in surface materials and lighting conditions.
The building surfaces in Case-3, being of a brown color and not reflect-
ing direct sunlight, were not as bright as those in Case-2. Similarly, the
building surfaces in Case-4, although nearly white, did not reflect direct
sunlight. It is also noteworthy that surfaces not obscured by trees in
Case-2 were correctly binarized as ‘object’ by semantic segmentation,
despite some being as bright as those misclassified as ‘sky’. This sug-
gests that the combined use of semantic segmentation and binarization
contributes to improved accuracy.

These findings indicate that our TCM may exhibit reduced accuracy
when analyzing panoramas depicting buildings that brightly reflect
sunlight behind trees, as well as those featuring glass and metallic
materials behind trees. Moreover, they suggest that avoiding conditions
with strong direct sunlight when capturing panoramic imagery can
enhance the accuracy of the TCM.

7.2. Impact of light conditions during panorama capturing

As discussed in Section 7.1, weather conditions and the resulting
light environment can influence accuracy, and thus are important
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factors for our TCM. Therefore, we compared the results of binarization
using panoramas captured at the same location but under different
lighting conditions: (1) sunny and (2) cloudy. Fig. 21 illustrates the
results of binarization along with histograms for the brightness (𝑝𝑏𝑟)
values of sky and vegetation pixels, and the ratios of object pixels
in the binarized panoramas. The binarized panoramas and values of
object pixel ratios show negligible differences by lighting environment,
while the histograms reveal significant differences in the distribution
of brightness values. This suggests that the TCM, which adjusts the
brightness threshold for binarization based on the distribution features
of brightness in each image, contributes to achieving a robust evalua-
tion of transmittance and reduces the impact of lighting variations on
the results.

7.3. Limitation and direction for future work

We confirmed that our TCM achieves acceptable accuracy in esti-
mating solar irradiance under tree canopies for some practical appli-
cations. However, there are still important factors that we have not
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Fig. 21. Example results of binarization, including histograms of brightness values for sky and vegetation pixels, and ratios of object pixels in binarized images under (1) sunny
and (2) cloudy conditions.
addressed in this study, indicating potential areas for future improve-
ment.

For example, the TCM does not account for the solar irradiance
reflected from surrounding objects such as buildings and vegetation. To
assess the influence of reflected solar irradiance, it would be effective to
detect the view factor and direction of such objects and determine the
normal vector of each surface using depth estimation. Additionally, we
have not considered the ISO sensitivity and white balance of our camera
with respect to brightness. Thus, adjusting the ISO sensitivity and white
balance of cameras to match the light environment during panorama
capture could contribute to improving accuracy. We also have not
investigated the impact of the resolution of panoramic imagery on
accuracy. It is important to validate whether high-resolution improves
higher accuracy, and conversely, whether low-resolution diminishes
accuracy. Furthermore, the TCM does not address shading objects with
transmissive properties, such as pergolas and louvers. Our approach
could be extended to assess the SVF and solar irradiance beneath
these structures; therefore, future studies should validate the accuracy
of the TCM for these types of shading objects and apply it to more
comprehensive analyses assessing the effects of diverse shading objects
in urban environments.

Moreover, the TCM has only been validated on a dataset collected
in our study area within a tropical climate zone. Therefore, the method
might yield different accuracy for datasets that include tree canopies
with significantly different morphological features from those in our
dataset, such as coniferous trees. To confirm the generalization perfor-
mance under diverse conditions, it is important to validate the TCM
using broader datasets that include a variety of tree species.

Concerning the issue of buildings obscured by trees, future studies
should develop a more accurate and detailed semantic segmentation
model that can identify buildings visible between leaves as ‘building’.
Additionally, while we validated the TCM using measured solar ir-
radiance, we did not validate the calculated values of transmittance
and SVF themselves. Using LiDAR to measure these factors directly
and validating the TCM’s results with this data could enhance our
understanding of its performance.

Additionally, it is important to consider transmittance when assess-
ing the green view index [174–176]. The leaf density, or transmit-
tance, of vegetation should substantially impact people’s perception
of greenery. However, previous methods that rely solely on semantic
segmentation assume vegetation’s transmittance is zero [177–179].
Incorporating transmittance by applying our TCM could potentially
contribute to improving the accuracy of panorama-based methods to
assess the green view index.

8. Conclusions

To address growing concerns regarding urban heat risks and the
interest in nature-based solutions for mitigating these issues, we devel-
oped a new method, termed TCM, to evaluate SVF and solar irradiance
using panoramic imagery, while considering the transmittance of tree
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canopies, which has not been sufficiently investigated in segmentation-
based methods. Our approach advances the state of the art by enabling
scalability and improving accuracy. Employing a study area situated
on a university campus in Singapore, we collected data on solar irra-
diance and panoramic imagery, and then validated our TCM using the
collected data. Additionally, we demonstrated the practical application
of the TCM through two use cases: (1) two-dimensional mapping of
SVF and solar irradiance in a field with tree canopies and (2) walking
route optimization considering solar radiation exposure. This research
resulted in the following key contributions and findings.

1. We proposed a novel method, TCM, combining techniques for
semantic segmentation and binarization that can differentiate
between sky and object pixels within tree canopies. This method
achieves robust evaluation of transmittance without being acutely
influenced by the lighting environment during panorama captur-
ing.

2. The TCM achieved accuracy with MAE, RMSE, and R2 values
of 77.8 Wm−2, 105.0 Wm−2 and 0.90, respectively, indicating a
significant improvement compared to the previous method that
did not consider the transmittance of tree canopies. This means
that our TCM can more accurately evaluate the shading effect
of trees, or in other words, the value of trees as a nature-based
solution to urban heat.

3. The use case for two-dimensional mapping suggested potential
applications for the informed design of sunlight-sensitive places
such as rest areas and urban farming sites. Another use case
for walking route optimization showed practical applications
for finding an optimal route to avoid solar radiation exposure,
considering the spatio-temporal heterogeneity of solar irradiance
along each route.
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