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ABSTRACT
In oasis cities urban forest shades the lower level
facades of buildings. It is thus crucial to analyze the
distributional patterns of sun radiation produced by
trees on facades. On the assumption that lighting
behavior of trees as sun control elements more
closely resembles a louvers system rather than other
frequently used solar control systems (ej. perforated
obstruction), the present study seeks to verify which
of these formal simplifications adjusts better to the
real case. The methodology used in this study relies
on simulation models generated with hemispherical
images. Louvers model showed a high degree of
adjustment (RMSE 9%).

they modify the predominant wavelengths in the site
where they are located. He also states that they block
and reflect sun light and artificial light, thus
diminishing ocular tension, and frame areas lit for
architectonic emphasis, security and visibility
(Coder, 1996).

Figure 1: Oasis city of Mendoza, reference case in
this study.

INTRODUCTION
Urban forest can bring solar protection to buildings,
reducing energy consumption for interior thermal
conditioning due to its shade effect and the
phenomena of mass and energy transference that
produces the diminishing of temperature in cities.
Besides, urban trees serve as a sound barrier, reduce
erosion, control wind speed and mitigate pollution
(Santamouris et al., 2001, Correa et al., 2012).
Added to the benefits related to energy saving, the
improvement of environmental conditions and the
thermal habitability of space (Ruiz et al, 2010;
Correa et al, 2010); there are studies that show the
remarkable predilection of people for trees. Getz
(1982) explains in his works of preference that urban
trees have a considerable relevance for people when
choosing a residence, and informs that trees
contribute significantly in the value of the property
due to their aesthetical attributes, comfort associated
with atenuation of solar radiation and the increase of
privacy.
Afore mentioned benefits have propitiated the
selection of the “oasis city” model -wide streets and
intense forestation- for the urban development of arid
areas (figure 1).
Regarding daylighting there are relatively few studies
that analyze urban trees as sun control elements for
interior spaces. Coder (1996) explains the ability of
the grove for reducing glare, states that trees help to
control light disperssion, light intensity as well as

Due to the mentioned effects, urban forestry needs to
be analyzed as an environmental item.
In oasis cities public grove shades the lower level
facades of buildings (Córica, 2009; Villalba et al.,
2012). It is thus crucial to systematically analyze the
distributional patterns of visible solar radiation
produced by trees on facades. Furthermore the
development of predictive simulation models to be
used in the study of interior spaces so as to achieve
energy efficiency and visual comfort is of primary
importance.
In particular, for those approaches in which the use
of simulation tools is required, the geometrical and
optical representation becomes highly complex.
Thus, it is necessary to know several characteristics
of trees such as size, leaf area, leaf reflectance and
distribution. Some data such as the magnitude of the
grove are simple to find in bibliography, however,
there are others such as leaf density and distributional
patterns which are difficult to obtain (Al-Sallal,
2009). This situation becomes even more complex
for the case of urban trees, whose phenology is
modified by the pruning regimes, irrigation and
urban morphology (Martinez, 2011).
Given this context and the complexity of the
"canopy" as an element of study, it is necessary to
simplify its representation without losing precision.
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On the assumption that the lighting behavior of trees
as sun control elements more closely resembles a
louvers system with a certain degree of transparency
rather than other frequently used solar control
systems, such as perforated obstruction (screen
panel) or elements of homogenous transmittance
(textile curtain) (figure 2), the present study seeks to
verify which of these formal simplifications adjusts
better to the real case, by contrasting with vertical
illuminance values measurements on facade in a
forested street. The tree species selected for this
study is a Morus alba, commonly known as
mulberry.

a
b
c
d
Figure 2: element of homogenous transmittance (a),
system of perforated obstruction (b), louvers system
(c), tree (d).
The function of trees as solar light control element
will be modelled according to its similarity to three
traditional solar control elements:
* multi-layered louvers system. This corresponds to
what Baker (1993) calls solar filters, elements that
entirely cover an opening protecting the interior from
direct sun radiation.
*system of perforated obstruction, screen panel type.
*homogenous transmittance system, e.g translucent
wall.
As regards to tree canopies, hemispherical
photography and image analysis software constitute a
fundamental tools (Al-Sallal, 2009). The use of
hemispherical photography in architectural design is
becoming increasingly frequent. It is used to analyze
the influence of buildings and the topography in
relation to radiation availability and even to analyze
the influence of a window in an interior space (AlSallal, 2009, Rodríguez, 2012). Therefore, the
methodology used in this study relies on simulation
models generated with hemispherical images.

BACKGROUND
There are precedents in the Human Environment and
Housing Laboratory, INCIHUSA, related to
development of software for hemispherical image
analysis. The SKY PIXEL (PIXEL DE CIELO)
programme has been developed in DELPHI 5.0 and
operates in Windows. This tool allows obtaining the
sky vision factor value for a certain point through

digital JPG format images (Correa et al., 2005). This
tool has been employed in studies related to the
availability of visible solar radiation, where daily and
seasonal solar dynamic, sky vision factors and
"permeabilities" are shown (Córica, 2009).
Al-Sallal (2007) determines the density of canopies
with photographies in studies related to the
daylighting availability of classrooms. The precision
of the 3D model is kept by making the canopy
density of the real trees match with the models, based
on the image analysis of black pixels (leaves
representation) and white pixels (sky representation).
In 2009, Al-Sallal develops a method for modeling
trees in daylighting simulations using hemispherical
images. The method employs high-quality
hemispherical photographies which are later analyzed
to calculate the visible sky area, used for the
theoretical model calculations.
Campbell and Norman (1989) explain that the
ellipsoidal shapes are a good approximation to the
tree profile. This concept known as Ellipsoidal Leaf
Angle Distribution Parameter (ELADP) was later
used by Al-Sallal in his works.
If we bear in mind the phenological modifications of
trees on the urban environment, it is possible to
observe that in high density areas the geometry-based
models are quite distant from reality.
Thus it is important to employ hemispherical images
to describe the tree morphology in urban areas.

SIMULATION AND EXPERIMENT
The methodology employed in the present study is
divided into five stages: acquisition and processing of
hemispherical image, virtual model generation
(determination
of
optical and
geometrical
characteristics), reference measurement, simulation
run and statistical analysis of results.
Acquisition and processing of hemispherical
image.
Vertical digital images were taken with a Nikon
Coolpix 5400 camera and a Nikon FC-E9 fisheye
lens. The advantage of using a Nikon lens is its close
to equiangular projection. In previous studies, only a
0.3º value was found to be excluded from the digital
image (Blennow, 1995). The images were captured
over the frontline of the building at a level
corresponding to the middle point of the canopy
(figure 3). In congruence with the objective of
research that seeks to determine which of the selected
models reproduces more accurately the access of
sunlight to the front facades in presence of street
forestation.
Afterwards the images were processed with SKY
PIXEL software to determine the area of the photo
that corresponds with the tree and the area that
represents the environment, either street, buildings or

- 2988 -

Proceedings of BS2013:
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28
sky (figure 4). This allows isolating the sectors
corresponding to the grove.

Figure 7: front and lateral view of the projection and
substraction of curves corresponding to empty spaces
for louvers model (TracePro®).

Figure 3: hemispherical image selected.

Figure 4: image converted into black and white
pixels.
Virtual model generation (determination of
optical and geometrical characteristics).
In a vector graphics editor software each of the
curves corresponding to the empty areas of the tree
were determined (figure 5). With this processing the
virtual models were developed in CAD software, the
curves were projected on a laminar semisphere for
the perforated obstruction system (figure 6) and on a
semisphere of multiple elements for the louvers
system (figure 7).

Figure 5: image of vectorized curves extracted from
fisheye image.

Figure 8: complete model: tree simplification, back
vertical surface and horizontal inferior surface
(TracePro®).
As previously mentioned, information regarding the
general dimensional characteristics of the tree was
collected for the virtual construction of the three
models (Martínez, 2011): average height: 12.5 m
(tree typology of second magnitude); average trunk
perimeter at 1 meter height: 1.30 cm.
Besides the different representations of the tree as
elements of solar control, other simplified urban
elements were added. A vertical surface was used in
the back part of the tree model to represent the white
wall (flat white paint, 90% diffuse reflecting
TracePro®) located in the site of study. A horizontal
surface was added to represent the horizontal
enclousure of the street (figure 8).
Direct illuminance for each hour in which the
simulation would be carried out was measured in
order to determine the characteristics of the incident
light source (sun) (table 1). The obtained data was
later employed to characterize the source.
Table 1
Direct solar illuminance values.

Figure 6: projection and substraction of curves
corresponding to the empty spaces for the perforated
obstruction model (TracePro®).
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hour
10:30
11:30
12:30
13:30
14:30
15:30
16:30

Direct illuminace (klux)
109.17
112.43
114.23
116.45
114.23
112.43
109.17
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The ray density employed for the simulation was
based on the works of Andersen (2004), where she
determines that for a 6cm diameter source, a 200000
ray density is sufficient. Proportionally, the amount
of necessary rays was calculated for a 100 cm source,
the required size for the surface of detection to be
completely covered by the incident radiation. A 0.05
flux threshold was employed for ray extinction. It has
been verified that a greater number of rays (500000)
or a smaller flux threshold (0.001) do not
significantly affect the results, both generated a
difference inferior to 1% and significantly prolonged
the simulation time (Andersen, 2004). The surface
sources were located according to the altitude and
azimuth corresponding to the sun position for each of
the hours of simulation. Due to the fact that the sun
behaves as a completely collimated source, a normal
angular distribution was selected for the surface
source.
Radiation coming from these surfaces source and
incident on the detection surface will be called
"global incident radiation" in this study in order to
distinguish it from the "reflected incident radiation".
The reflected incident radiation being that which
radiates from the concrete horizontal surface, whose
origin are also the surfaces source.
Specific considerations on the louvers model
For the development of the louver model, the
predominant angle of inclination of tree leaves was
determined, based on the Ryu protocol (2010). The
analysis was carried out by taking a sample of 726
leaves corresponding to 20 mulberry specimens
located in downtown Mendoza city. The obtained
results establish that 60% of the leaves present a 15º
to 45º inclination, with a mean of 31° 82' and a
median of 30º 33` (figure 9). In order to simplify the
model the 30º value was used.
Given previous studies (Martinez, 2011) it is known
that the average longitudinal size of the mulberry leaf
is 14.2cm, information which turned out to be
crucial.
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Photos were taken to determine the inclination angle
of the peripheral branches. Three-dimensional
models were developed with these images in a CAD
software, where the inclination angle of the branches
was measures. An average of 40º degree inclination
in relation to the horizontal surface was detected
(figure 10).

Figure 10: 3D models of the inclination angle of
branches of the trees studied.
This set of geometrical considerations enabled the
generation of the virtual model volumetry
corresponding to the louvers system. A triangular
grid was generated according to the inclination angle
of leaves and branches which allowed to locate the
“leaf element” in the outline of the circumference
(figure 11 a and b). These elements were later
extruded to conform the semisphere of light shelves.

a
b
Figure 11: distribution and inclination grid of leaves
(a). Diagram of branches and leaves dispostion (b).
The distribution of the elements in the louvers model,
following the branch diagram, produces successive
filtrations of radiation (atenuation factor). This
causes reductions in the transmitted light flux,
therefore it is correct to use the normal transmittance
of the material measured according to what figures
12 a and b indicate. This concept implies the
consideration of sun radiation as a collimated,
strongly directional source. The measurement of
normal transmittance was carried out with an LMT
photometer POCKET-LUX 2A with V lambda filter
and cos-correction and a box with black interior, that
was routed normally to the solar incidence, thus
registering with and without the leaf element. From
this analysis it was determined that the average
transmittance of the mulberry leaf is 50%.

sexagesimal degrees

Figure 9: histogram: frequence of inclination angle
of mulberry leaf in the selected specimens, every 10 º
degrees.
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Figure 12: measurement diagram of transmittance
without leaf (a) and with leaf (b).
Specific considerations on the perforated
obstruction model and the homogenous
transmittance model.
In both the perforated obstruction and the
homogenous transmittance models, visible solar
radiation filtrates only once, thus it is adequate for
these models to use the standard transmittance
established for leaves. Oke (1990) establishes that for
the range of solar spectrum comprehended between
0.38 µm and 0.71µm the transmittance of a leaf is
6%.
Optical considerations common to the three
models
The reflectance of leaves was determined according
to the Fontoynont (1999) measurement protocol
which allows to establish the hemisphericalhemispherical reflectance of lambertian materials. A
Minolta LS 110 illuminance meter (1/3° acceptance
angle and 0.01 to 999.900 cd/m2 accuracy) was used
for this measurement, as well as pattern cards. The
hemispherical-hemispherical reflectance obtained
was 0.11 (1%).
In relation to the horizontal surface incorporated,
optical properties corresponding to concrete were
assigned. The performance of the different models
was analyzed with the reflectance factor in relation to
the incident angle of radiation (Table 2)
(Ayuntamiento de Barcelona, 2012).

A- louvers model, calculated reflected solar radiation
B- louvers model, simulated reflected solar radiation
C- perforated obstruction model, simulated reflected
solar radiation
D- perforated obstruction model, calculated reflected
solar radiation
E- homogenous transmittance model, simulated
reflected solar radiation
Reference measurement
Vertical illuminance measurements over an eight
point grid (50 cm diameter) were taken as the
reference standard (radiometer ILT 1700 multiplexer
A415 with an 8 channel selector for multiple detector
input SCD110 Internacional Light), at first floor
facade level (5m) (figure 13). The vertical
illuminance values observed at facade level in the
context of a forested street oscilate between 1000lux
and 1600lux (figure 14), maximum at solar midday
and minimum for the hours when solar altitude is
lower. This type of tree reduces global daily vertical
illuminance (between 77000lux and 23000 lux) in a
significant way (between 96 and 98%) during the
day.
In the virtual models the detection surface was placed
on the rear vertical surface, according to its position
on the facade in the measuring situation.

Figure 13: illuminance sensors located on the
measurement grid.

Table 2
Reflectance in relation to incident angle of radiation
of concrete (Ayuntamiento de Barcelona, 2012).

illuminance (lux)

2000
1800
1600
1400
1200

This angular reflectance values of the concrete were
summed for some of the scenarios with calculations
(e.g. scenario A: louvers model, calculated reflected
solar radiation) and for others directly inserted as
data for the characterization of the material in the
simulator (e.g. scenario B: louvers model, simulated
reflected solar radiation ).
Scenarios on which simulations were carried out.
Different scenarios were assigned according to the
characteristics of the models:

sensor1
sensor5

hour
sensor2
sensor6

sensor3
sensor7

16:00
16:20

15:40

15:00
15:20

14:00
14:20
14:40

13:00
13:20
13:40

12:00
12:20
12:40

11:00
11:20
11:40

800

10:04
10:20
10:40

1000

50º
60º
70º
80º
0.151 0.153 0.155 0.157

sensor4
sensor8

Figure 14: graphic of vertical illuminance values
over facade on forested street registering each one of
the 8 sensors in an range from 10.00 to 16.30.
The measurement was carried out on December 22nd
corresponding to the summer solstice, period in
which the tree presents significant leaf development.
Sky condition for the day the measurement was
performed was corroborated with global and diffuse
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13:10
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11:50
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illuminance (lux)

horizontal illuminance data of the Measurement
Station INCIHUSA CCT-CONICET Mendoza
(belonging to the International Network of Natural
Lighting Measurement Stations IDMP) (figure 15).

hora
global illuminance (Lux)
difuse illuminance (Lux)

a
b
c
Figure 16: ray tracing for the perforated obstruction
model TracePro® (a). Ray tracing for the louvers
model TracePro® (b). Ray tracing for homogenous
transmittance model TracePro® (c).
Statistical analysis of results
The statisticians employed to perform the
comparison of the data sets are: root-mean-square
error (RMSE) (1) and mean biased error (MBE) (2),
their corresponding equations being:

Figure 15: data of the sky condition for the day of
measurement: global and diffuse hourly illuminance
(lux) value.
Simulation
The simulations were perfomed with TracePro®
software, a high precision simulator (figure 16 a, b
and c). TracePro® is a ray tracing program for optical
analysis of solid models, which uses a generalized
ray tracing method. This technique allows you to
launch rays into a model without making any
assumptions as to the order in which objects and
surfaces will be intersected. At each intersection,
individual rays can be subject to absorption,
reflection, refraction, diffraction and scatter.
TracePro® uses the ray splitting model of Monte
Carlo Simulation (TracePro® Manual, 2010).
Simulations were performed on a computer with the
following general characteristics: CPU: Intel (R)
Core (TM) i3-2100 3.10GHz; RAM 4.00 GB; 64-bit
operating system; GPU: ATI Radean HD 5450.
Process raytracing data and output is displayed in
Table 3.
Table 3
Parameters of ray tracing simulation.
Analysis units
Flux threshold
Analysis output

photometric
0.05
Illuminance maps

The simulations were performed every hour from
10.30 to 16.30, which enables to analyze the degree
of adjustment of the models to diferent angles of
incidence of solar radiation, in accordance with the
solar dynamics.

RMSE=[Σin(Em –Es)2/n] / [ΣinEm / n]

(1)

MBE=Σin(Em –Es) / ΣinEm / n

(2)

In which Em indicates the average vertical
illuminance values of the 8 points on the grid of
measurement for each of the measured hours taken as
reference, Es corresponds to the average vertical
illuminance values of the 8 points of the grid of
simulation for each hour, n being the number of cases
considered.
The RMSE allows to determine the difference
between the measured and the simulated values.

DISCUSSION AND RESULT ANALYSIS
Table 4 indicates the average vertical illuminance
values hourly and the RMSE and MBE for each of
the studied scenarios.
Table 4
Measured and simulated vertical illuminances,
RMSE and MBE.
Vertical illuminance (lux)
Hour
measure
A
B
C
D
10:30
1157 1194 523 938 1654
11:30
1504 1440 786 1017 1706
12:30
1621 1812 1639 1987 2829
13:30
1592 1706 1786 1663 2651
14:30
1504 1635 1449 1472 2201
15:30
1311 1463 903 2324 3220
16:30
1099 1249 531 938 1313
Average
1398 1500 1088 1477 2225
RMSE
0.09 0.33 0.33 0.72
MBE
-0.07 0.17 -0.23 -0.10

E
252
1412
2199
2508
2199
1412
252
1462
0.48
0.49

The louvers model with calculated reflected visible
solar radiation presents an RMSE of 0.09, while the
louvers model with simulated reflected visible solar
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radiation shows and RMSE of 0.33. The results that
the RMSE show are clearly observed in figure 17,
where the similarity in behavior presented by
scenario A in relation to the measured values can be
percieved, differences in average lower than 120 lux.
For scenario B the hours corresponding to lower
incidence angles (morning and afternoon) present
values significantly distant from the measured, an
average difference of 500 lux. This error resulting
from the deficiency of the louvers model to
determine by means of simulation the incident
radiation over the facade as a result of the reflection
of the concrete. This is due to the successive
reductions of radiation applied by the model, given
its geometrical disposition. In addition, the data
available for the characterization of concrete does not
correspond
with
a
complete
bidirectional
transmittance-reflectance base, which precludes the
characterization of the material as a lambertian
surface.

Figure 17: hourly illuminance values from 10.30 to
16.30 for the measure reference and the louver
models (scenario A and B).
As for the perforated obstruction models an RMSE of
0.33 was obtained for the scenario of simulated
reflected solar radiation (C) and an RMSE of 0.72 for
the situation of calculated reflected visible solar
radiation (D). These results clearly indicate that this
model responds better to simulated reflected solar
radiation (scenario C) (figure 18), due to its low
capacity of atenuation of incident visible solar
radiation. However, model C presents difficulties for
the calculation of reflected radiation in situations in
which its own geometry reduces incident radiation
over the horizontal surface (concrete) which later
generates reflected solar radiation. Therefore with a
detection threshold of 0.05 the reflected radiation is
depreciated. If the detection threshold increases
(0.005) the reflected radiation can be detected,
however, the direct vertical illuminance values
increase significantly. Besides, the simulation time is
three times longer with respect to the same scenario
with a 0.05 detection flux threshold.
The high vertical illuminance values detected
represent the most significant misalignments of the

perforated obstrution model. This is due to luminous
fluxes
passing
through
the
perforations
(transmittance 1), which generates highly elevated
illuminance areas, since it is direct solar radiation. It
seems that this is due to the limited ability presented
by this model to reproduce successive reflection and
transmittance interactions produced in the real
context between the different elements of the canopy.
Analysis of vertical illuminance measurement over
the facade on a forested street shows that there is no
incidente direct solar radiation over the detection
grid. In figures 19 a and b is displayed clearly the
above situation.
If we compare these results to the louvers model, we
can see that the perforated obstruction scenario with
a better response (C) shows a similar root-meansquare error close to the louvers scenario that
presents lower adjustment (B).

Figure 18: hourly illuminance values from 10.30 to
16.30 for the reference measure and perforated
obstruction models.
1500
1250
1000
750
500
250
0

15000
12500
10000
7500
5000
2500
0

a
b
Figure 19: distribution of illuminances for the
perforated obstruction models when direct vertical
solar radiation strikes (a) (TracePro®) and when it
does strike (b) (TracePro®).
The model of homogenous transmittance (E) shows a
high RMSE value (0.48) (figure 20), this situation is
due to the lack of treatment from the bidirectional
perspective of the system's transmittance. This model
rejects the reflected component for all the positions
of the source since the incident radiation is filtered by
the semisphere (6% transmittance) in the incoming
and outgoing, resulting radiation available to be
reflected by the horizontal surface lower than 5%.
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Figure 20: hourly illuminance values from 10.30 to
16.30 for reference measure and homogenous
transmittance model.
Concerning the simulation time (with a Intel (R)
Core (TM) i3-2100 3.10GHz processor), the
homogenous transmittance model is observed to
present the longest simulation time (approximately
47 minutes), this appears to be due to the non faceted
geometrical disposition. On the other hand, although
the perforated obstruction model takes less time of
execution, this model adjusts better when both
components -global and reflected radiation- are
obtained by simulation, while for the louvers model
with calculated reflected radaition the time is even
shorter since only the global simulation must be
effected (Table 5).
In a more detailed way we observe, the number of
components presented in the models are
representatively different, this is displayed in the
times of the revision of the entity properties and the
preparation of the geometry processes (Table 5).
Table 5
Simulation time: 1 Revision of the entity properties, 2
Preparation of geometry, 3 Ray tracing process. *B
and C scenario only simulation time of global solar
radiation should be considered.

Model
A- Glo
B* Ref
C- Glo
D* Ref
Glo
E
Ref

Nº
elements
646
40
3

1
45
35
0
0
0
0

2
15
11
10
14
0
0

time (seconds)
total
parcial
3
745
805
685
731
344
354
638
652
1397 1397
1463 1463

louvers model with calculated reflection (scenario A)
shows a higher degree of adjustment (9% error) in
relation to the measured data, since this model shows
a higher capacity to interact with radiation through
interreflections and diverse moments of light
filtering, given its disposition and physical
properties. This scenario becomes even more usefull
if the limited simulation time demanded is considered
in relation to the other scenarios.
Models that base their performance primarily in
transmittance phenomenon, need to be approached
from a bidirectional perspective, since they do not
have the capacity to interact with incident radiation
beyond transmittance. In further studies approaches
to bidirectional transmittance for perforated
obstruction and homogenous transmittance models
will be carried out.

NOMENCLATURE
Em: average vertical illuminance for each of the
measured hours taken as reference.
Es: average vertical illuminance for each of the
simulated hours.
n: number of cases considered.
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