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Abstract

Benefits of urban trees are evident from the energy and environmental perspective, likewise they
reduce glare and control light intensity. Given the hypothesis that trees reduce visible radiation sig-
nificantly reaching lower level facades, this study is an approach to the analysis of urban forestation as
a solar control element. The methodology employed involves measurement of: illuminance — transmit-
tance variation, permeability variation and luminance contrast, by levels along the vertical development
of the tree. Vertical illuminance values that exceed 25,000Ix were detected from 5.5m onwards and
values inferior to 3500 Ix under that height. Based on the daily analysis of mulberry trees permeability
variation in the visible spectrum, it is noted that incident radiation decreases by 90%, with 15% of
variability. Natural light analysis must be differentiated by height since daylight scenarios vary
accordingly.
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Introduction illuminated for architectonic emphasis, security and

Urban trees can provide solar protection to buildings,
reducing energy consumption for interior thermal con-
ditioning, due to its shade effect and the phenomena
of mass and energy transference to reduce temperature
rise (heat island effect) in cities. Likewise, they
absorb sound, reduce soil erosion, wind speed and
pollution."™

Although a wide variety of studies analyse the influ-
ence of urban forestry in the reduction of solar radia-
tion available indoors,” ’ there are relatively few studies
regarding natural lighting that analyse urban forestry
as a solar control element for interior spaces. Urban
forestation has the ability to reduce glare; trees help
control light scattering, and light intensity as well as
they modify the dominant wavelength of their location.
Urban trees also block and reflect sunlight and artificial
light, thus they diminish ocular tension and frame areas

visibility.®

Besides the benefits urban trees can bring in relation
to energy savings, the improvement of environmental
conditions,”!** and to the physiological functioning of
human beings, there are studies that show people’s
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remarkable preference for trees. User preferences stu-
dies show that, trees have a considerable significance
when choosing a residence, and they could contribute
significantly in property value. Their aesthetical attri-
butes are highly considered, among those that make
reference to urban trees, followed by shade, the increase
of property value and privacy. Scenes with woodlands
are categorized as beautiful, interesting, pleasant, sti-
mulating, gratifying, peaceful, warm, clean and
relaxing.!!

Mendoza City (32°52'0”S, 68°49'0"W), located in
west central Argentina, presents clear sunny skies
80% of the year, and this is due to the arid climate
predominant in the region.'?> Within this context, the
urban area of Mendoza City has given an answer dif-
ferent to the traditional compact morphology of desert
cities. Based on an urban forest, that modified the nat-
ural landscape of the territory, an oasis city model was
settled (Figure 1). Within strictness of the city’s climate,
shade strategy in summer season is embodied by
the urban forest that minimizes sun exposure of
buildings."

In studies related to the public grove of Mendoza
city, performed by the Laboratory of Human
Environment and Housing, INCIHUSA-CONICET,'*
the existence of a strong concentration of few tree spe-
cies is determined. This concentration reaches its max-
imum in high building density and decreases towards
lower densities. Urban woodland consists mainly of
deciduous species (loss of foliage in winter), the most
representative being the “white mulberry”” (Morus alba)
(38.27%), the “London plane” (Platanus acerifolia)
(21.52%) and the ‘“European ash” (Fraxinius
excelsior) (26.3%)."

There are many studies addressing the influence
exerted by trees, in the solar spectrum range, in urban

Figure 1. Image of the oasis City of Mendoza.
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canyons of Mendoza City.'® In terms of natural day-
light, studies determine that streets located in high den-
sity urban areas present a significant reduction of
sunlight access.!” In winter condition, this reduction is
due to the characteristics of urban morphology which
condition the incidence of natural light. In summer, the
decline of radiation is directly linked to the presence of
canopy at its maximum leaf development. In this
season, urban forest significantly reduces the natural
light available as a potential source of luminous
energy in interior spaces neighbouring fagades (hori-
zontal illuminance is decreased in percentages higher
than 85% throughout the day).

Furthermore, and in connection to the incidence of
light on vertical surfaces, to ensure natural light in
indoor spaces, a fagade should receive a vertical illumi-
nance of 10,000 1x. Above this threshold, values would
give rise to the incorporation of light transport and
redirection technologies.'®"?

Studies were conducted in the city of Mendoza in the
summer season,”® and these determine the availability
of vertical illuminance in lower level fagade of buildings
which should not reach the recommended 10,0001x in
73% of cases. The mitigating factor is provided by the
urban forest, inferring that trees would represent a
“solar control element” in indoor spaces lit with side
windows.

Benefits of urban trees are evident from the environ-
mental and energy perspective. Likewise, trees could
contribute to better conditions for human physiological
functioning and present groves spaces that are pre-
ferred by urban occupants.

This work is an initial approach to the study of
urban trees as solar control elements on lower levels
of building fagades, in the visible range of the spectrum.
With this aim, this article analyses the behaviour of
mulberry trees, which is a representative species in the
city of Mendoza, with respect to decreased availability
of lighting on lower level facades. The study was con-
ducted in summer season, as the trees are at their max-
imum foliar development, applying various tools to
assess natural light.

Case study

The case study was conducted in the Mendoza city
which is an oasis city that provides a network of
urban forestry to act as a ‘“‘solar control” on lower
level of building fagades in high density areas of the
town (Figure 2).

Within the plot of the city of Mendoza, a represen-
tative urban enclosure was chosen for this case study.
The plot is composed of three-storey buildings
(Figure 3) with a north facing facade. The urban mor-
phology of the building accords with the restrictions
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imposed by the Building Code of the City’s Zoning and
Land Use, 2! and major architectural features include
the following:

Building density: medium
Street width: 20 m
Fagade orientation: north

Sidewalk dimension (distance driveway-construction
line): Sm
Tree distance from the fagade: 4m.

following guidelines were considered, taken from pre-
vious studies,'*?>?* on the state of the trees of
Mendoza city:

Average height: 12.5m

Average leaf size: length 14.2cm, width 9.5cm
Average trunk perimeter at 1 m height: 1.30cm
Trunk diameter: 0.40m to 0.50 m
Development status: good

Tree canopy width: 10 m average

As discussed above, the tree species selected for this
study is a Morus alba (Figure 4), commonly known as
mulberry tree, and this species has a permeability (in
the solar spectrum) of 31.4% in summer and 74.1% in
winter.'> In order to select a representative
specimen within the urban grove of Mendoza city, the

Arrangement in the urban enclosure: located at

intervals between 6 m and 10m.

The analysis of the specimen in situ is vital for this
type of study since its characteristics can vary
strongly according to pruning, car pollution and
irrigation.”?
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Figure 2. Lower levels receive a clear drop in sun radiation due to the presence of trees. Building of Espafna Square and

Montevideo Street, Mendoza city.
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Figure 3. Graphics of the urban enclosure selected for the study.
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Figure 4. Images of the selected specimen.

Methodology

Data were collected on 29 November at 13:30 local time
(solar midday), and the solar altitude and azimuth on
this date and time was 79.30° and 0°, respectively. The
sun’s position allowed the isolated study of tree’s affect,
without the interference of the urban volumetry. Also,
at this time, the tree specimen presents its complete
foliar development and, therefore, its maximum expres-
sion as solar control element. This condition is impor-
tant due to the close relation between the availability of
natural lighting and the morphological characteristics
of the urban enclosure, depending on the season. Only
the summer season was examined, and this was because
the mulberry is a deciduous species; thus the absence of
foliage in autumn and winter season enabled full inves-
tigation of the effects. Previous studies regarding day-
light permeability of mulberry in winter, concluded that
this tree does not behave as a solar control element in
this season, and the morphology of buildings could act
as barriers of visible radiation during this season.'®
While in spring the tree would behave like in summer,
due to its brief period of phenological development of
15 days,? thus presenting similar conditions, regarding
foliage, over a period of approximately 170 days.

Measurements were taken on the southern fagade
(northern visual), as the southern hemisphere would
receive the highest annual sun radiation, thus closely
reproducing the complete visible spectrum, as well as
respecting the seasonal variations.*

The methodology employed was divided into three
stages:

1. determination of illuminance — transmittance varia-
tion along the vertical development of the tree;

2. determination of the permeability variation, by level,
along the vertical development of the tree;
3. determination of luminance contrast for each level.

Vertical illuminance measurements as well as images
were taken at a 1.5m distance from the fagade line,
because the elevator platform could not be located
more closely to the facade. For this study, height of
the building facade was divided into three ranges,
ground floor (0-3m), first floor (3-6m) and second
floor (6-9 m).

Based on the results achieved by applying the
methodology explained above, a more detailed
analysis of fagade access to visible radiation was
performed at 5Sm.

Determination of illuminance -
transmittance variation, on vertical
front facades, along the vertical
development of the tree

In order to register vertical illuminance along the
facade, a light-meter (545 testo, according to EMC
Directive 2004/108/ guidelines®®) with cosine correc-
tion and lambda V filter was placed on the front
part of the elevator platform in a vertical position.
Through the vertical trajectory of the elevator plat-
form, measurements were taken at every 0.25m. This
stage of analysis allowed determining the variation
of the availability of natural lighting along the ver-
tical development of the tree (Figure 5). Under the
same conditions, adjusting the sensors position,
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Figure 5. Images of data collection and photographs capture.

horizontal illuminance records were conducted for
each point. Global vertical illuminance values
(without obstruction) were also registered, in order
to calculate transmittance (dimensionless) at different
heights.

Determination of permeability variation,
per level, along the vertical development
of the tree

So as to determine the permeability of the tree under
study at different heights, digital images were taken
with a Nikon Coolpix 5400 camera with Nikon FC-
E9 fisheye lens. Images were later processed with
Gap Light Analysis software,”® developed by the
Institute of Ecosystem Studies of the Simon Fraser
University, Burnaby, British Columbia, Canada. This
imaging software analyses canopy structure and gap
light transmission indices from true-colour fisheye
photographs.

Luminance contrasts assay for each level

So as to determine illuminance contrast of the scene,
images of low dynamic range were taken and then
processed with Photosphere software,”’ in order to
obtain images of high dynamic range.”® These
images were calibrated according to illuminance mea-
surements taken in situ with a Minolta LS110 lumi-
nance meter (1/3° angle of measurement and
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Figure 6. Data of the sky condition for the day of
measurement: global and diffuse illuminance (Ix) per hour.

measurement range of 0.01 to 999.900 cd/m?).
Through these images, luminance contrast for each
of the scenarios can be known and the adjustment
revised according to the thresholds established in
IRAM AADL J 2005 national regulations.”” Images
were taken outside at fagade level, in order to deter-
mine the outdoor illuminance contrast.

Sky conditions for the day of measurement
were corroborated with global and diffuse horizontal
illuminance data from the Measurement Station
INCIHUSA CCT-CONICET Mendoza® (belonging
to the International Network of Natural Lighting
Measurement Stations IDMP) (Figure 6).
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Results

Vertical illuminance - transmittance
variation, on front facade, along the
tree’s vertical development

Based on the analysis of registered vertical illuminance
data, two situations markedly different were identified
in terms of facade daylight access along the tree’s ver-
tical development. On one hand, values exceeded
25,0001x (vertical illuminance) from 5.5m onwards
and, on the other hand, values were less than 3500 1x
under that height. In lower levels, canopy blocks access
to direct sun radiation, which causes a decrease in ver-
tical illuminance of 23,400 Ix, within 25cm (Figure 7).

This steep variation in illuminance value was due to
the high location of the sun (80° altitude), at the date
and time of measurement, surpassing the “tree” obsta-
cle at the superior level (Figure 8).

Variation coefficient (VC) was determined based on
standard deviation (o) and mean (u) values for each of
the levels; this determined the relative dispersion of
illuminance values for each scenario (Table 1). First,
the general variation among the three levels was calcu-
lated, the VC observed was high (1.62), showing that
illuminance dispersion along the fagade was elevated.
This proves that each level must be analysed individu-
ally, and no overall generalizations can be made.
Second level VC was almost insignificant, suggesting a
high uniformity of vertical illuminance values (above
25,0001x). First floor VC (1.65) was the highest, even
higher than general VC. This is because, at this height,
transition between direct and diffuse sunlight takes
place. At the first floor level, mulberry tree would
begin to work as a solar control element. Finally, the

vertical iluminance (lux)
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Figure 7. Levels of vertical illuminance detected along the
tree’s vertical development over facade.
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VC at the ground floor was 0.09, showing low variation
(9%) of illuminance values.

Note that for higher points (from 5.5m to 8.5m),
mulberry tree transmittance was close to 1 (Figure 9),
showing that for these heights the tree canopy was not
working as a sun control system, at high summer solar
altitudes. However, the average transmittance for
heights inferior to 5.5m was observed as 0.1, 89% of
the incident sun light would be absorbed or reflected by
the canopy, and thus for heights below 5m, forestry
would behave as a solar control element.

Determination of permeability variation,
per level, along the vertical development
of the tree

Image processing with GLA software determines the
percentages of vertical gap light area (Table 2). From

SUMMER
SOLAR LIGHT

82°
A

i

Figure 8. Sketch of sun altitude for the time of measure-
ment and its corresponding variation for previous and later
times (dotted line).

Table 1. Illuminance variation

coefficient.

vVC
General 1.62
Second floor 0.02
First floor 1.65
Ground floor 0.09
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the processed images, the sky-canopy ratio for each of
the scenarios was observed (Table 2). Ground floor and
first floor presented similar percentages of gap light
transmission (about 8%). Second floor gap light trans-
mission was much more significant (41%) due to the
existence of a gap area close to 50% of the image,
which did not present any obstacles. This analysis cor-
responds to a high degree of congruence with the illu-
minance and transmittance values obtained.

Luminance contrast evaluation
for each level

Luminance contrast was determined for each level from
the luminance values detected in the HDR images
(Figure 10(a) to (c)). Images were captured from the
same point illuminance were measured.

Detected luminance contrasts do not respond to the
established national regulations in any level (Table 3).
The most critical situation was located on the first floor.
This was due to the fact that, though most parts of the
scene present luminance levels below 3900 cd/m?, the

1.00
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0.60

trasmittance

0.20

e e e P e B | T — 0.00
05115 225335445 53556657758 83

height (m)

Figure 9. Graphic of the variation of transmittance
according to height of measurement.

presence of a reduced sector of sunspot (41,200 cd/m?)
greatly changed the luminance contrast, this being a
challenge for the visual system. On the highest level,
luminance contrast was lower than in the other two
scenarios, and this was due to the non-existence of
solar control. The adjustments respecting IRAM
AADL J20 05 national regulations®’ were verified
according to the luminance contrast between visual
task and any point of the environment (40:1).
Contrast ratios obtained were inappropriate when com-
pared with recommended contrasts in standards for
indoor spaces; therefore, more specific studies are
necessary to evaluate contrasts in outdoor spaces.'®!'®

Moreover, there are studies that analyse visual com-
fort for outdoor tasks,*"** based on other photometric
parameters. According to exterior horizontal illumi-
nance values, the following ranges of comfort are pro-
posed: very comfortable (up to 80001x), comfortable
(8000-43,000 1x), uncomfortable (43,000-80,000 1x) and
very uncomfortable above 80,0001x. *' The case study
presented, according to these ranges, has a very comfor-
table visual environment due to the shadow cast by
mulberry below 5.5m. Conversely, above this height,
the exterior visual environment would become very
uncomfortable attributable to the impact of direct visi-
ble radiation (Figure 11).

Variation of vertical illuminance at 5m
height throughout a day

Based on the previous analysis performed in this study,
it is detected that mulberry tree canopy would behave
as a solar control element on fagcade beneath 5m height,
for the case under consideration. Proceeding from this
and, since this study focuses on mulberry trees as a
solar control element on lower level facades, an analysis
of vertical illuminance on the fagade for the whole day
was performed, from 10:30 until 16:30 on 21 December

Table 2. Percentages of gap light area and image of gap light area, per level (GLA).

Ground First Second

floor floor floor

(0-3m) (3-6m) (6-9m)
Percentage of gap light 8.46 7.96 41.23

Image of gap light
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Figure 10. HDR images from (a) ground, (b) first and (c) second floor. The scale is in cd/m> (Ward 2009).

Table 3. Maximum and medium luminance and contrast of
luminance values for each level.

Maximun Medium Luminance
Luminance (cd/m?) (cd/m?) contrast
Ground floor 6160 110 56:1
First floor 41200 410 101:1
Second floor 42000 1000 42:1
8.5 95443
95407
7.5 95433
94213
6,5 91000
—_ 89420
255 = 3002
=45 = 3506
B 6320
£33 2l
2,5 = 3194
m 3217
s 2 08
0,5 = 2800
0

Horizontal Illuminance (lux)

Figure 11. Levels of horizontal illuminance detected along
the tree’s vertical development over fagade.

(solar altitude: 81°), which corresponds to the summer
solstice and the highest solar altitude.

Vertical illuminance measurements were carried out
over an eight point grid (50 cm diameter), with a radio-
meter ILT 1700 multiplexer A415 with an eight channel
selector for multiple detector input (SCD110
International Light), at first floor fagade level (Sm)
(Figure 12(a)).

Vertical illuminance values at fagade level, for the
study case, oscillate between 14401x and 3360Ix
(Figure 12(b)), the maximum occurred at solar

midday and the minimum at the hours when the
solar altitude is lower. In this case, the study mulberry
tree has reduced the global daily vertical
illuminance, between 57,0001x and 19,0001x, in a sig-
nificant way (average permeability 10%) (Figure 13(a)).
Permeability was highest (18% between 12:00 and 15:00
hours (higher solar altitudes) and lowest (4%) in the
early hours of the morning and late in the afternoon
(lower solar altitudes) (Figure 13(b)).

Discussion

Results show that for north-facing buildings located in
oasis cities, forested with white mulberry, second floor
(6m to 9m), would present a transmittance close to 1,
high values of vertical illuminance (over 25,0001x), a
percentage of gap light over 40% and a luminance con-
trast of 42:1, slightly above the value set by national
regulations. Although the luminance contrast would
present the lowest values of the three scenarios, this
was due to the nonexistence of elements blocking
the way of visible sun radiation. However, according
to visual comfort ranges established through
horizontal illuminance values, this scenario would be
very uncomfortable, due to the high illuminance (over
80,0001x) caused by the presence of direct sunlight.
Furthermore, high illuminance values registered
would require intensive sun protection. The previous
considerations added to the proposed illuminance
threshold would require the application of a natural
lighting strategy (10,000 Ix) to show that retro-reflection
strategies for the second floor could be employed.*”
This would ensure the redistribution of the elevated
light flux on the entire interior space adjoining the
front facade of the building, avoiding the presence of
the sunspot on the visual field.

Although the situation at the highest stage seems
easy to solve, what daylight strategy could be applied
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Figure 12. (a) Vertical illuminance at 5m height throughout a day. Illuminance sensors located on the measurement grid.
(b) Graphic of vertical illuminance values over fagade on forested street registering each one of the eight sensors in a range from

10:00 to 18:00 h.
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Figure 13. (a) Graph of vertical illuminance values behind the forest and global vertical illuminance values, from 10:30 to
16:30 h. (b) Graph of mulberry trees permeability variation, from 10:30 to 16:30 h.

on the first floor for this case study? Luminance con-
trast results (101:1) show side by side areas of shadow—
sunspots in the scenario under study and this could
cause discomfort to users. This was also detected at
the high variation (3000-89,000 Ix) of horizontal illumi-
nance values. In order to diminish the luminance differ-
ences, a diffusion strategy could be employed; however,
it must be considered that this can turn the window into
a source of glare. This scenario could also lead to
asking whether the luminance contrast technique
could sufficiently represent the visual comfort or dis-
comfort of occupants.

When analysing the lighting panorama presented
on the ground floor, the vertical illuminance values
(below 3000 1x) were much lower than those necessary
to apply an additional strategy of sun control, with
luminance contrast (56:1) significantly lower than the

one on the first floor, but still were higher than the
established as acceptable given by the national stan-
dards. However, analysis of visual comfort for out-
door tasks based on horizontal illuminance indicates
that this scenario would lie in the comfort zone, due
to the diffuse light produced by tree shading effect.
This being the lighting situation, this would thus
infer that the sun control element in summer is neces-
sary. Although no solar control is needed in summer
because of the tree, there could still be a need for solar
control to avoid glare from the lower winter sun
through the bare tree.

In previous studies, 40% of the non-residential
buildings of Mendoza city present large windows at
ground floor level, which are used as showcases
for exhibition of objects and not as workspaces.>*
This reaffirms what many authors, among them
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Boyce,* ascribe each space adjacent to the facade to

present adequate lighting to their visual task.

Results obtained in the overall analysis show that
beneath Sm height, the mulberry tree would act as a
solar control system on fagade openings in visible spec-
trum, illustrating the mulberry tree behaviour during a
day. Based on the daily analysis of permeability varia-
tion (visible spectrum) of the tree, the incident radiation
would decrease by 90%, with 15% of variability in this
value during the measurement session (10:00 to
16:00h). The previous analysis revealed that, for this
height, the tree could act as a dimmer of the wide
range of variation of vertical solar radiation through-
out the day, resulting in more homogeneous conditions
of radiation availability.

Conclusion

This paper has presented the findings of an assessment
of luminous performance of urban trees in sunny cli-
mates, through the application of various methods and
tools, which analyse the mulberry tree as a solar control
system on fagades in the visible spectrum. This initial
study focused on the Morus alba, as this is the predo-
minant species of mulberry tree in the oasis city of
Mendoza. From the study, the natural light analysis
must be differentiated by height since daylight scenarios
could vary significantly accordingly.

Based on the results obtained in this analysis,
“Morus alba” would behave as a solar control system
at lower levels of the fagade. Thus in cities with the
presence of urban trees, when planning daylight of
interior spaces of lower levels, architects must consider
the attenuation of solar radiation on fagade generated
by trees. Therefore, it is of great importance to study
trees as solar control systems, using a wide range of
tools for its correct evaluation.

Finally, further study is needed to highlight the need
to replicate the study on other fagades in similar con-
texts (mulberry, 20 m street width, north orientation) to
obtain a pattern of behaviour of this species on fagades
for natural lighting. There is also a need to determine
the solar control behaviour presented by the other two
predominant species in the urban environment of
Mendoza city, “European ash” and “London plane”.
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