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Overview

• Shadow patterns matter for 
photovoltaic performance. 
• Who has done what and how 

can we apply it? 
• Proxy trees from LiDAR and a 

genetic algorithm. 
• Where to go from here?

6

M
ot

iv
at

io
n 

| E
xi

st
in

g 
W

or
k 

| P
ro

xy
 T

re
es

 | 
C

on
cl

us
io

n

=
~

=
~

Quantifying Materials in Lighting Simulations
J. Alstan Jakubiec and Priji Balakrishnan 19 August, 2015          1 / 67

Quantifying Materials in Lighting Simulations
J. Alstan Jakubiec
Assistant Professor
Architecture and Sustainable Design
Singapore University of Technology and Design
john_jakubiec@sutd.edu.sg

Priji Balakrishnan
PhD Student
Architecture and Sustainable Design
Singapore University of Technology and Design
priji@mymail.sutd.edu.sg

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tarb20

Arboricultural Journal
The International Journal of Urban Forestry

ISSN: 0307-1375 (Print) 2168-1074 (Online) Journal homepage: https://www.tandfonline.com/loi/tarb20

SOLAR ARCHITECTURE AND LIGHT ATTENUATION
BY TREES: CONFLICT OR COMPROMISE?

David Yates & Geoffrey McKennan

To cite this article: David Yates & Geoffrey McKennan (1989) SOLAR ARCHITECTURE AND
LIGHT ATTENUATION BY TREES: CONFLICT OR COMPROMISE?, Arboricultural Journal, 13:1,
7-16, DOI: 10.1080/03071375.1989.9756396

To link to this article:  https://doi.org/10.1080/03071375.1989.9756396

Published online: 27 Apr 2012.

Submit your article to this journal 

Article views: 17

View related articles 

Citing articles: 1 View citing articles 

 

A Three-Dimensional Model of the Light Regime in an 

Avocado Orchard 

 

 

Research Thesis 

 

Submitted in Partial Fulfillment of the Requirements for the Degree 

of Master of Science of Agricultural Engineering 

(Water, Soil and Environmental Engineering) 

 

 

Matan Hadari 

 

 

Submitted to the Senate of the Technion – Israel Institute of Technology 

Shvat, 5765 Haifa October, 2004 

 

A MODELLING METHOD TO ASSESS THE EFFECT OF TREE SHADING FOR 
BUILDING PERFORMANCE SIMULATION 

 
Dominique Hes1, Anthony Dawkins1, Chris Jensen1 & Lu Aye2 

1Faculty of Architecture, Building and Planning, The University of Melbourne, Australia 
2Renewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, 

Melbourne School of Engineering, The University of Melbourne, Australia 
 
 

ABSTRACT 
Increasing urban tree numbers is a simple but 
effective means to provide climate change adaptation 
to the urban environment by reducing the thermal 
load on buildings. To better communicate and value 
the importance of urban trees it is necessary to 
quantify these benefits and to understand the 
properties and processes that influence the magnitude 
of these benefits. For this we need verified and 
effective ways of modelling the trees in modelling 
software. 
This paper presents the results and problems 
encountered when trying to model trees effectively. 
The aim is to present our approach which was to treat 
the shade as a shading co-efficient on the wall. This 
allows for the consideration of the benefits of 
deciduous versus evergreen species. A modelling 
method to assess the effect of tree shading was 
developed and presented in this paper. 
Key words: thermal simulation, solar thermal load, 
modelling of tree shading 
 

INTRODUCTION 
There are three studies that provide significant 
precedents with specific regard to the cooling energy 
savings achieved through tree shade. These include 
the 1996 simulated study by Simpson and 
McPherson, the Akbari et al. 1997 small-scale study 
of two houses in California, and the 2009 study of 
460 single family homes in California by Donovan 
and Butry. Nikoofard et al. 2011 recommended that 
external shading effects need to be accounted for in 
modelling residential energy consumption. These 
studies document the impact of tree shade on the 
cooling energy demand through theoretical and 
empirical data across small, medium and large scales. 
The results correlate well and provide evidence that 
data obtained from both controlled studies and from 
simulations is relatively consistent and can 
potentially provide the basis for reliable forecasting 
of the value of strategic tree planting within the urban 
environment.  
Akbari, Bretz and Hanford showed seasonal cooling 
energy savings of 30% (4 kWh per day) and 
estimated peak demand savings of 0.7 kW per house 
in their study (Akbari, 1997). Simpson and 

McPherson reported that shading on the west side of 
houses showed the highest reduction in cooling 
energy demand and that adding two shade trees on 
the west and one on the east of a house would 
reduced annual cooling costs for the house by 
between 10-50% (Simpson 1996). 
Donavan and Butry provide data that supports 
simulations and previous studies in this area. A 
simulated application of their method to the Akbari et 
al. study in California shows forecasted savings to be 
consistent with measured savings. They stated that 
morning shade is of little value as it is provided 
during hours when air-conditioning is not typically 
required while western shade offers the greatest value 
(Donovan and Butry 2009). This assumption 
discounts the value of eastern surface temperature 
reductions, which may contribute significantly to the 
daily reductions. Given the nature of our study we 
will be able to quantify the value of east façade 
shading in relation to the total daily reductions and to 
peak energy demand. Donavan’s study also considers 
crown size and distances of trees from the buildings 
in order to determine their impact on energy 
reduction. A system was required to normalize the 
classification of buildings, sites and tree cover as 
they measured the benefits of existing tress at some 
460 locations. As this study was intended to close the 
gap between large-scale simulations and small scale 
empirical testing it is understandable that the 
complexity of the study required much assumption 
and extrapolation of collected data. It presents good 
evidence that simulated results provide realistic 
forecasts for actual energy savings achieved through 
strategic planting of shade trees. We will take a step 
down in scale in addition to removing a large number 
of assumptions in order to focus on indoor 
environment conditions without the impact of varied 
internal gains, size, construction and orientation of 
buildings, occupancy profile and microclimate. The 
value of our study is that there will be very little 
forecasting and extrapolation due to the length of 
time that data will be collected. 
Akbari et al. conducted an experiment where 16 
deciduous trees, eight at 6 meters tall and eight at 2.4 
meters tall, were placed on the east and west of two 
similar houses in California. Data included air 
conditioning electricity use, indoor and outdoor dry 
bulb temp and humidity, roof and ceiling surface 
temperatures, inside and outside wall temperatures, 
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1. Introduction 
The negative effects of climate change on human thermal comfort occur heavily in the anthropogenically 

modified urban environment. Besides the characteristics of outdoor human thermal comfort the indoor 
circumstances are also changing in this respect because of the above-mentioned effects. Due to the increased 
cooling demand of buildings, the phenomena of urban climate have considerable energetic effects as well. The 
effects of UHI are especially unpleasant in summer, when the heat becomes unbearable for city dwellers. Lately 
many have decided to install air condition systems in order to create a better indoor comfort. This way of cooling 
down the indoor areas escalates the heating outdoors and also consumes plenty of energy and money. 
According to European Union Directive “Energy Performance of Buildings” by 2020 “nearly Zero Energy Building” 
should be implemented in the national regulation of all EU countries. The tendency of the last decades showed 
that energy-efficiency in architecture means a well-insulated and airtight building shell, however these features 
although provide a good indoor thermal comfort in the wintertime, also increase the risk of overheating during the 
summer. This leads to the more frequent use of air conditioning devices providing a self-generating process from 
the urban heat island point of view – what’s more it also increases the energy-consumption during the summer 
season. In order to achieve a high energy performance architects have to make efforts to improve natural 
ventilation, evaporative cooling and to achieve energy-efficiency. As seen the idea of nearly zero energy building 
can be put into practice only if the summer cooling demand of buildings can be mitigated at an urban scale. 

One of the best solutions for climate sensitive urban design regarding indoor and outdoor thermal comfort and 
energy-conscious architecture is the application of different types of plants near buildings [1],[2]. The shading 
effect of tree canopies decrease the solar radiation input. This ameliorates human thermal comfort through the 
modification of the mean radiant temperature (TMRT), which is one of the most important parameter of thermal 
sensation. Furthermore, the energy access of walls and windows is decreased as well, modifying the indoor 
thermal comfort and cooling demand. The near-surface air temperature of shaded places is lower by 0,8-1,7 °C 
than the ambient air temperature. The TMRT is decreased by a higher extent reaching possibly 15-30 °C [3]. The 
two main components of evapotranspiration is the direct movement of water from different (soil, water, canopy 
interception) surfaces (evaporation) and the conversion of water within the leaf to water vapour, released to the 
atmosphere through the stomata (transpiration). Evapotranspiration has a cooling effect on the leaf and the 
surrounding microclimate. Evapotranspirative cooling also has an important share in modifying the  microclimate 
near buildings [4]. Urban vegetation, especially trees have several other climate-related ecosystem services. A 
high number of evaluations, plans and planting guides have been published around the world, with emphasis on 
the multifunctionality of urban vegetation [5],[6],[7]. In 2013, a Green Infrastructure Strategy was approved in the 
European Union, the referring communication of the Commission („Green Infrastructure – Enhancing Europe’s 
Natural Capital”) propose the incorporation of green infrastructure development goals in planning and 
development processes. 

As the energy budget of buildings is a result of many effects of a complicated system, many studies are carried 
out with measurements on test walls [8]. In planning-oriented studies model applications are widely used to 
evaluate the effects of tree shading [9],[10],[11]. By using models with suitable parametrisations, different types of 
tree stands on different locations can be evaluated. If the assessment of a larger number of buildings, the 
evaluation of the shading effect on a wider scale is targeted, empirical, statistical models are used, with the 
consideration of as many of the influencing factors as possible [12],[13].  

We are short of knowledge about these effects among the climatic circumstances and building characteristics 
of Central Eastern Europe. Therefore, we present the first results of an integrated analysis of some frequent 
urban tree species in Hungary, from the point of view of indoor thermal comfort effects of vegetable shading. The 
targeted model-based evaluations need field-based measurements of the main parameters connected with the 
shading effect. That is why, in the first part of our study, we present the results of field-based transmissivity 
measurements in summer, carried out near some real buildings in the downtown area of a Hungarian city. 
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ABSTRACT:

The presence of vegetation can significantly affect the solar irradiation received on building surfaces. Due to the complex shape and
seasonal variability of vegetation geometry, this topic has gained much attention from researchers. However, existing methods are
limited to rooftops as they are based on 2.5D geometry and use simplified radiation algorithms based on view-sheds. This work
contributes to overcoming some of these limitations, providing support for 3D geometry to include facades. Thanks to the use of
ray-tracing-based simulations and detailed characterization of the 3D surfaces, we can also account for inter-reflections, which might
have a significant impact on façade irradiation.
In order to construct confidence intervals on our results, we modeled vegetation from LiDAR point clouds as 3D convex hulls, which
provide the biggest volume and hence the most conservative obstruction scenario. The limits of the confidence intervals were charac-
terized with some extreme scenarios (e.g. opaque trees and absence of trees).
Results show that uncertainty can vary significantly depending on the characteristics of the urban area and the granularity of the
analysis (sensor, building and group of buildings). We argue that this method can give us a better understanding of the uncertainties
due to vegetation in the assessment of solar irradiation in urban environments, and therefore, the potential for the installation of solar
energy systems.

1. INTRODUCTION

The growing use of buildings as decentralized renewable energy
sources reinforces the need for methods providing a quantifica-
tion of the energy potential from solar systems in existing urban
areas. The IEA (2002, p. 10) estimated that façades can pro-
vide about 15-20% of the electricity production from building-
integrated photovoltaics. However, façades in urban areas are
highly affected by shading and reflection from the surrounding
elements, typically other buildings and vegetation.

Previous studies have shown how vegetation influences solar ir-
radiation on rooftops (Tooke et al., 2011; Levinson et al., 2009;
Fogl and Moudrý, 2016), also taking into account the semi-
transparent nature of tree canopies (Tooke et al., 2012). How-
ever, these studies use 2.5D models, which limit the application
to rooftops and not to façades, unless these are assumed contigu-
ous to the roofs and a hyper-point approach is used (Catita et al.,
2014). Moreover, these studies did not include inter-reflections,
which might significantly contribute to the total façade irradiation
in urban environments.

LiDAR data have been extensively used in recent years for auto-
matic Individual Tree Crown Detection (ITCD), but only a small
fraction of studies focused on shape reconstruction (Zhen et al.,
2016). Convex hull algorithms have been applied for this scope
(Gupta et al., 2010), while voxel-based techniques have been im-
plemented for segmenting tree crowns (Wang et al., 2008).

This exploratory study describes a method to create a 3D repre-
sentation of trees from LiDAR point clouds using a convex hull
algorithm, as part of the simulation of the solar potential of an ur-
ban 3D model. We show its application to calculate hourly solar

⇤Corresponding author

irradiances on building surfaces. By simulating three scenarios
of vegetation surface characteristics (reflectivity and transmissiv-
ity), we represent three distinct conditions of the seasonal vari-
ability of deciduous vegetation.

An exact representation of each type of vegetation cannot be
targeted at present, mostly because of the lack of appropriate
datasets representing the variability of tree canopies over time.
Therefore, this method focuses instead on the uncertainty that
has to be considered while analyzing solar irradiation if the char-
acteristics of single trees (deciduous or evergreen, transmissivity
and reflectivity of foliage, etc.) are not known.

2. METHODOLOGY

The processed datasets consist of (a) vegetation 3D-points from
a LiDAR dataset (7-14 p/m2), (b) a Digital Terrain Model (0.5 m
resolution) and (c) a 3D vector model of buildings (LOD1). The
work-flow is composed of two main phases, as detailed below.
Tiled data (350x350 m grid with a 50 m overlap on each side)
produced in a GIS platform is imported and processed within the
Rhinoceros1 CAD environment through the Grasshopper 2 visual
programming platform, coupled with different plug-ins and ex-
ternal programs.

Three tiles extracted from the city of Neuchâtel (46�59’N
6�56’E, 430 m asl), whose main morphological characteristics
are listed in Table 1, comprise the case study for this paper.

2.1 Tree segmentation and shape reconstruction

The tree segmentation and shape reconstruction phases are based
respectively on voxel and convex-hull algorithms, which have

1http://www.rhino3d.com
2http://www.grasshopper3d.com
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Medição e modelagem simplificada da 
vegetação para simulação digital da iluminação 
natural  

Measurement and modeling of simplified trees for 
daylighting computer simulation 

 

Eliana de Fátima Costa Lima 
Solange Maria Leder 

Resumo 
rever o efeito da vegetação arbórea no desempenho da iluminação 
natural é uma tarefa complexa e difícil, pois depende da reprodução 
precisa da passagem da luz através de suas copas. Variáveis como 
tamanho da folha, sua forma, refletância e transparência, entre outras, 

devem ser consideradas. Assim, modelar uma árvore reproduzindo exatamente a 
situação real é impraticável, não só devido à quantidade e complexidade das 
variáveis, como também por causa da sobrecarga do modelo. Nesse quadro, esta 
pesquisa tem por objetivos: aprimorar um método de medição da permeabilidade 
da vegetação arbórea à passagem da luz natural, que chamamos de “fração de 
lacuna da copa”, utilizando a fotografia hemisférica e a análise de imagens; e 
aplicar as medidas resultantes em modelos digitais tridimensionais simplificados, 
para utilização em simulação computacional da luz natural. Três modelos 
experimentais, denominados de “persianas”, “translúcido” e “frestas”, foram 
desenvolvidos para simular quatro espécies arbóreas. Os níveis de iluminação em 
situação real e simulada de cada um foram comparados e validados segundo os 
indicadores MBE e RMSE relativos. O modelo “frestas”, por exemplo, mostrou-se 
adequado às espécies pitombeira e carolina, com MBE relativo de 0,21 e -0,12 e 
RMSE relativo de 0,02 e 0,03 respectivamente, o que comprova a pertinência do 
método desenvolvido. 
Palavras-chave: Iluminação natural. Copas arbóreas. Simulação computacional. 

Abstract 

Predicting the effect of arboreal vegetation on daylight performance is a complex 
and difficult task as it depends on accurately simulating the passage of light 
through its canopy. Variables such as leaf size, shape, reflectance and 
transparency, among others, should be considered. Thus, modeling a tree exactly 
simulating the real situation is impractical, not only because of the quantity and 
complexity of the variables, but also because of the overload of the model. In this 
context, the main aims of this research are: to improve the way of measuring the 
permeability of arboreal vegetation to daylight, which we call the "canopy gap 
fraction", using hemispherical photography and image analysis; and apply these 
measurements in simplified three-dimensional digital models to use in 
computational daylight simulations. Three digital models, namely “blinds”, 
“translucent”, and “gaps” were developed, simulating four tree species. The 
actual and simulated light levels of each one were compared and validated 
according to the relative MBE and RMSE indicators. The “gap” tree model, for 
example, was especially suitable for the Pitombeira and Carolina tree species, 
with relative MBE values of 0.21 and -0.12, as well as relative RMSE values of 
0.02 and 0.03, respectively, proving the relevance of the developed method. 
Keywords: Daylight. Tree canopy. Computer simulation. 
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Partial Shading & Bypass Diodes

• Bypass diodes prevent 
damage in partially shaded 
strings (cells or modules). 
• Their side-effect however is a 

reduced power output in the 
module. 
• Modeling and simulating trees 

at larger scales is complex and 
computationally expensive.
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Existing Work

• From points in space to mesh 
representations of trees 
• Crown models and perforation 

from gap percentage 
• Extinction coefficients 
• Fitting tree phenology curves
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Existing Work

• From points in space to mesh 
representations of trees [1] 
• Point extraction [2] 
• Tree delineation through 

watershed algorithm [3] 
• Convex hull creation [4]
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Existing Work

• From points in space to mesh 
representations of trees 
• Crown models and perforation 

from gap percentage [7] 
• Extinction coefficients 
• Fitting tree phenology curves
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Existing Work

• Crown models and perforation 
from gap percentage [7] 
• Transformation of field 

measurements into 3D 
models 
• Brings partial shading effect 

into simulation
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lenses were tested for photographic capture – from 
an 8 mm focal length hemispherical lens to 
24 mm, 50 mm, 70 mm, and 100 mm focal length 
perspective lenses. The authors found that lens 
selection led to a gap percentage variation of less 
than 0.5%.

All photographs are taken using a fixed f-stop f/ 
11, which achieves a good balance between reducing 
the likelihood of lens flare, a wide focal depth, and 
fast shutter speed (Jakubiec et al. 2016). If lens flare is 
present or portions of the tree crown are out of focus, 
the ability to distinguish the boundary between sky 
and tree crown is compromised. Bracketed expo-
sures are captured around the camera’s suggested 
exposure setting in order to ensure that the crown 
is well exposed. The ISO sensitivity setting was kept 
at 100 in order to reduce sensor noise and is 
a practical setting for outdoor photography.

3.1.2. Photographic capture
Taking photographic captures from multiple 
angles is desirable to understand the variance of 
gap percentages vertically around the tree and 
horizontally underneath it. In our Hura crepitans 
example, a total of seven photographic series were 
taken from positions shown in Fig. 1a. Six series 
(1,2,3,4,5,6) are tree profiles from six sides, and 
one (7) was taken from underneath the crown 
(Fig. 1a). Only vertical or near-vertical tree 
crown profile photographs are required for mod-
eling a tree crown described further in Sections 3.3 
and 4.

For capturing the tree profile and under-crown 
photographs, the camera is positioned as illu-
strated in Fig. 1b,c respectively. All the images in 
Fig. 1 are for representation and not to scale. 
Photographs were taken on open ground where 
the crown of the tree could be photographed 
with only the sky as the background under a near- 
uniform sky. This is necessary, because photogra-
phy with the sun or large luminance variations 
near the tree background relative to the camera 
cause considerable loss in information when pro-
cessing the image as discussed in Section 3.2.2 and 
Fig. 4a,b.

3.1.3. Image selection
An appropriately exposed photograph must be 
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exposures as a wide tonal range is required to 
easily differentiate the background (sky) from the 
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Additionally, using automatic exposure setting 
for digital fisheye photographs can lead to signifi-
cant gap fraction overestimation by 18–72% 
(Zhang et al. 2005).

We propose to select an appropriately exposed 
photograph by inspecting the histogram of an 
image using its blue pixel values. Histogram repre-
sents the distribution of pixel values in a range 
from dark (0) to saturated (255). Using blue pixels 
maximizes contrast between the green foliage and 
blue sky pixels as leaves/foliage transmit and 

Fig. 1. (a) Camera positions, shown in plan, at seven locations around and under the crown. (b) Camera position, shown in section, 
to capture tree profile. (c) Camera position, shown in section, to capture tree undercanopy.
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based reverse raytracing engine to perform such cal-
culations. Material reflectance values are applied to 
the triangular surfaces of the crown geometry based 
on measured data from a portable spectrophotometer 
(Jakubiec 2016). In the case of Hura crepitans, the 
measured tree in the pilot study, the average of front 
and back leaf reflectance is 14.1%, and it is input to 
Radiance as a lambertian diffuse “plastic” material.

5. Field testing of gap percentage and light 
transport

We present two plausibility studies of our matched 
perforation crown model. First, a comparison 
between modeled undercanopy and measured 
undercanopy gap percentages is undertaken. 
Following this, a quantitative and qualitative 

validation of our matched perforation model with 
real trees and a detailed morphological model of 
the same tree species are performed.

5.1. Gap percentage comparisons

Our methodology of measuring gap percentages 
described in Section 2.1 focuses on photographing 
and analyzing vertical profiles of tree crowns. We 
then use this derived vertical gap percentage to gen-
erate a matched perforation crown model. A key 
efficacy test was to check if the matched perforation 
model’s resulting undercanopy horizontal gap per-
centage would match that of field-measured real 
trees. A fisheye lens with equisolid projection is 
used to capture undercanopy images in Table 3. An 
equisolid projection preserves the relative areas of 
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Existing Work

• Crown models and perforation 
from gap percentage [7] 
• Transformation of field 

measurements into 3D 
models 
• Brings partial shading effect 

into simulation
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runtime: 36s 

runtime: 20s 



Existing Work

• From points in space to mesh 
representations of trees 
• Crown models and perforation 

from gap percentage 
• Extinction coefficients [8] 
• Fitting tree phenology curves
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For geometric obstructions, we differ between solid and permeable
objects, e.g. vegetation such as trees. In case of obstruction by at least
one solid object, =r 1t . However, if a ray is only obstructed by
permeable objects, rt is calculated following the Bouguer-Lambert-Beer
law, which takes into account the attenuation of radiation when passing
through a medium (cp. Krayenhoff et al., 2014). In case of vegetation as
an intercepting medium, attenuation is caused by radiation being
scattered and absorbed by leaves, stems or flowers (Ross, 1981). We
define the cases for calculating rt by:

= ⎧⎨⎪⎩⎪ ⎡⎣ ∑ ⎤⎦=r l κ
1, if obstructed by at least one solid object
min 1 , ∆ , if only obstructed by permeable objects
0, if not obstructed.

t p
P

p t p t1 , ,

(12)

l∆ p t, is the penetration length that a ray passes through a permeable
object p at t and needs to be computed for each ray, κp t, is the extinction
coefficient of object p at t, and P is the total number of permeable ob-
jects the ray passes through. As a simplification we propose a linear
relation between l∆ p t, and κp t, in Eq. (12), however this could easily be
adapted to more complex functions. Since vegetation may have sea-
sonal variation in foliage density, κt is a time-series instead of a con-
stant. Specific values for κ depend on the type of vegetation and can be
obtained from experiments (see Ross, 1981). Fig. 1 describes the
modelling approach, where a solar ray is passing through a tree before
impinging on a building. Here, the tree is represented by three different
layers of foliage with individual leaf area densities (LAD), defined by κ.

We define the view factor Rdome for the isotropic hemisphere as:

∑ ∑= ⎛⎝⎜
∑ ⎞⎠⎟=

=
=R A

r
m

A ,
i

n

i
j
m

i j

i

n

idome
1

1 ,

1

dome dome

(13)

where ri j, is computed as in Eq. (12) and is the obstruction level between
the SP and a vertex i j, of the hemisphere, which we discretise into a
hemi-icosphere (Fig. 2). Ai is the area of triangular patch i of the hemi-
icosphere, ndome is the patch count of the hemi-icosphere, and j is a
vertex with vertex count m of patch i. The advantage of using an hemi-
icosphere as a hemisphere is the spherically even distribution of view
factor rays ri j, . The resolution (i.e. recursion) level of the hemi-icosphere
can be adjusted so the total count of ri j, is 10 for a recursion level of 0,
29 for 1, 97 for 2 and 353 rays for a recursion level of 3. Fig. 2 shows an
hemi-icosphere with a recursion level of 1. The algorithm to generate
the icosphere is modified after Kahler (2009).

We define the view factor for the horizon component Rhor. by:∑= ∑= =R w r
w

.
i

n
i i

i
n

i
hor

1 1

hor

hor (14)

No additional geometric obstruction calculations are necessary for
obtaining Rhor since its rays ri are a subset of the hemi-icosphere. i is the
index of a horizon ray and nhor is the total number of horizon rays.

However, the angle between two rays is not always equal, caused by
splitting the icosphere into a hemi-icosphere. Therefore weights wi are
assigned to each ri to account for their circular contribution (Fig. 2).

The total reflected irradiance incident on a SP by inter-reflections of
the surroundings (adjacent objects and the ground) is composed of
specular and diffuse reflected parts:= +L L L .t t tspec, diff, (15)

L tdiff, is defined by the average global irradiance on a dome enclosing a
SP (cp. Kajiya, 1986):∬=L

A
I ϕ α ρ ϕ α dϕ dα1 ( , ) ( , ) ,t t tdiff,

dome dome G, diff, (16)

where Adome is the surface area of the enclosing dome, I ϕ α( , )tG, is the
global irradiance, and ρ ϕ α( , )tdiff, the diffuse surface reflectivity at polar
angle ϕ and azimuthal angle α. It is sufficient to approximate L tdiff, by
discretising the enclosing dome and computing I tG, at ndiff points pti on
the dome (cp. DOE, 2016):∑≈ =L

n
I pt ρ A1 ( ) ,t

i

n

t i i t idiff,
diff 1

G, diff, ,

diff

(17)

with ρ i tdiff, , being the diffuse surface reflectivity at t at point i. We use the
same hemi-icosphere as above, however rotated onto the normal vector
of the SP’s surface. Ai is the surface area of the triangular patch asso-
ciated to pti. For the calculation of I pt( )t iG, Eqs. (1)–(14) are applied.
However, Lt for I pt( )t iG, is calculated assuming only ground reflection:

≔ + ⎛⎝ − ⎞⎠L ρ I θ I β( cos ) 1 cos
2

.t t t Z t tgnd, DNI, , DHI, (18)

Higher-order diffuse inter-reflection is not implemented to keep
calculation times low. We do not use matrix inversion, as for example
described in Robinson and Stone (2004), since this would require us to

Fig. 1. Extinction through permeable obstacles (image inspired
by Krayenhoff et al., 2014).

Fig. 2. Discretisation of the hemisphere to a hemi-icosphere with recursion level 1 for the
calculation of Rdome and Rhor, consisting of ndome patches of area Ai, view factor rays ri j,
and nhor horizon weights wi .

C. Waibel et al. Solar Energy 158 (2017) 960–976
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Source: [8]
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• From points in space to mesh 
representations of trees 
• Crown models and perforation 

from gap percentage 
• Extinction coefficients 
• Fitting tree phenology curves
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Existing Work

• Fitting tree phenology curves 
[5] 
• The GLOBE database of 

leaf events [6] 
• Interpolate points using 

sigmoid curves
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considering the effects from precipitation (Estrella and Menzel, 2006),
and our own study of fall phenology based on satellite-derived data (Xie
et al., 2015b). Although physiological experiments have reported the
effects of a subset of these factors (i.e. temperature, day length, and
drought) on plant leaf coloration and leaf drop (Fracheboud et al.,
2009; Naschitz et al., 2014; Rosenthal and Camm, 1997), few studies
have identified the relative importance of contributing factors or
quantified their effects (Estrella and Menzel, 2006). Our previous study
found that other than decreasing temperature in autumn, moisture
conditions and extreme weather events across the entire growing
season (e.g. drought, heat stress and heavy rainfall) all have significant
effects on the timing of autumn senescence at the forested landscape
scale (Xie et al., 2015b). However, it is unclear how autumn phenology
of temperate forest tree species responded individually to these en-
vironmental stresses. Since forest tree species with various physiolo-
gical structures and mechanisms showed different strategies in response
to environmental changes (Diez et al., 2012; Tang et al., 2016), we
expect diverse sensitivities to stressors in autumn phenology among
forest tree species. While temperate forest communities may change
species compositions spatially, understanding species-specific autumn
phenology responses to potential environmental stressors is critical to
assessing phenological shifts and impacts for the forest communities at
regional and landscape scales (Richardson et al., 2013; Jeong and
Medvigy, 2014).

Diverse phenological responses among plant species were widely
recognized by previous studies (Estrella and Menzel, 2006; Primack
et al., 2009; Vitasse et al., 2009). However, variations in phenology
among individuals or locations within tree species are often overlooked
in phenological modeling, even though they have been noted (Crawley
and Akhteruzzaman, 1988; Ne’Eman, 1993; Delpierre et al., 2017). The
risk of ignoring phenological variation among individuals and locations
that may be associated with ontogeny or sites effects, could result in
overestimates or underestimates of phenological variation driven by
diverse environmental factors, which in turn will lead to biased pre-
dictions of phenological responses to environmental changes. Thus,
instead of treating phenology of each individual or at each location as
independent of each other, we expect the new modeling framework
developed here not only to explain species-specific autumn phenolo-
gical responses to the important climate/weather factors, but also to
include the variation in phenology due to site and individual effects.

In addition, positive relationships between spring and autumn
phenology were reported (Fu et al., 2014; Keenan and Richardson,
2015), which indicates a more complex mechanism of phenological
responses of plants and points to our general lack of understanding of
the phenological activities of plants across the entire growing season.
Since both spring and autumn phenologies of plants are likely re-
sponding to climate change, the influences of phenological changes in
the spring should also be included in building models to explain phe-
nological changes in autumn in response to climate change.

Our study focuses on autumn phenology from the beginning of leaf
coloration through the end of leaf drop for 12 dominant deciduous tree
species of northeastern United States forest communities. The objec-
tives are: 1) to identify important climatic and weather factors affecting
autumn phenology of deciduous tree species; 2) to quantify species-
specific phenological responses to the important environmental factors;
3) to develop a modeling framework to explain phenological variation
inter-annually and among trees, species and sites; and 4) to predict
future autumn phenological shifts of deciduous tree species driven by
projected climate change.

2. Methods

2.1. Phenology and climate data

We used two sets of phenology ground observations in this study.
One is from five sites in Connecticut USA (2012-2014), and the other is
from Harvard Forest (1993–2014) (Fig. 1 and Table S2). To collect
phenology data in Connecticut, we established 5 plots (25m× 50m)
that stratified local site conditions (i.e. variation in soil and soil
moisture and species composition) in the natural forest landscapes in
and around the University of Connecticut (UCONN) campus. We ran-
domly selected 88 individuals of eight dominant tree species differen-
tially present in five sites (Table S2). The eight species were: red maple
(Acer rubrum), sugar maple (Acer saccharum), black birch (Betula lenta),
pignut hickory (Carya glabra), shagbark hickory (Carya ovata), white
ash (Fraxinus americana), white oak (Quercus alba), and red oak
(Quercus rubra). In total 88 individual adult trees were observed from
2012 to 2014. We observed leaf phenology for each individual, in-
cluding bud burst, leaf unfolding, leaf coloration and leaf drop (cf.
Figs. 1 and S1). Observations were conducted twice a week (Table S1)

Fig. 1. Observed leaf phenology of 6 common de-
ciduous tree species in spring and autumn in 2014 at
the RMP site in UCONN Forest (a) and at Harvard
Forest (b). Each color indicates one species. Each dot
is one observation. Each curve line is a logistic curve
fitted to the observations. Daily temperatures (°C)
and precipitation (mm) are shown as black and light
blue lines respectively. Spring phenology shows leaf
unfolding, and autumn phenology includes leaf col-
oration and leaf drop. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article).

Y. Xie et al. Agricultural and Forest Meteorology 250–251 (2018) 127–137
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Group Latitude Longitude Elevation Date Genus Species Phase

Alexander von 
Humboldt 

Gymnasium

47.449 8.593 386.8 15.03.12 Juglans regia swelling

47.449 8.593 386.8 21.04.12 Juglans regia budburst

… … … … … … …

47.449 8.593 386.8 24.04.13 Juglans regia Swelling

47.449 8.593 386.8 26.04.13 Juglans regia budburst

Genus

Le
af

 E
ve

nt
Month

Dormant

Length
Measurable

Color
Change

Fallen

Budburst

Swelling

1 3 6 8 10 112 4 5 7 9 12

Betula

Sallix

Source: [5]

Source: [6]



New Proxy Trees

• Due to constraints of urban 
scale research objectives we 
need to work from LiDAR. 
• Hypothesis: 
• The material properties of 

the convex hull model can 
be adjusted to mimic the 
partial shading effect of an 
actual tree.
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Radiance Material Based Proxy

• Treat the convex hull as a type 
of black box. 
• Fit the material parameters 

using a genetic algorithm 
where the fitness function 
evaluates the proxy model 
against a baseline tree model.
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SOLAR ARCHITECTURE AND LIGHT ATTENUATION BY TREES 9 
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FIGURE 1. Visual density of various tree silhouettes during the winter. Shaded area 
indicates the range of density values found within a species. The average sample size 
is 13 with none less than 10. (From Westergard (1986)) 
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FIGURE 2. Possible pathways by which diffuse radiation might reach the 
measurement point. 

Source: [8]



Radiance Material Based Proxy

1. Simulate the baseline tree 
2. Initialise the proxy simulations 

with random material 
parameters 

3. Loop through simulations 
evaluating the difference 
between the two resulting arrays 

4. Determine best parameters 
from the fitness evaluation 

5. Repeat for every month
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Radiance Material Based Proxy

1. Simulate the baseline tree 
2. Initialise the proxy simulations 

with random material 
parameters 

3. Loop through simulations 
evaluating the difference 
between the two resulting arrays 

4. Determine best parameters 
from the fitness evaluation 

5. Repeat for every month
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Radiance Material Based Proxy

1. Simulate the baseline tree 
2. Initialise the proxy simulations 

with random material 
parameters 

3. Loop through simulations 
evaluating the difference 
between the two resulting arrays 

4. Determine best parameters 
from the fitness evaluation 

5. Repeat for every month
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void glass tree_transparent_proxy_ga 
0 
0 
4 0.23 0.14 0.88 1.15



Radiance Material Based Proxy

1. Simulate the baseline tree 
2. Initialise the proxy simulations 

with random material 
parameters 

3. Loop through simulations 
evaluating the difference 
between the two resulting arrays 

4. Determine best parameters 
from the fitness evaluation 

5. Repeat for every month
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Results
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• Glass based proxy 
• 1 month  runtime: 

38-42 seconds 
• Translucent based 

proxy
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• Glass based proxy 
• 1 month  runtime: 

38-42 seconds 
• Translucent based 

proxy 
• 1 month  runtime: 

48-50 seconds



Conclusions

• Glass based tree proxies less 
capable of reproducing the 
partial shading phenomena 
seen in the baseline model. 
• Translucent still not perfect in 

situations where diffuse/direct 
ratio is closer to 1. 
• Unsure of runtime scaling.
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