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Abstract

A method was proposed for calculating the ultraviolet protection factor (PF) of small to medium
built shade structures. The method takes into account the amount of sky view visible from under
the structure, the transmittance of the roof material, the relative amount of diffuse ultraviolet
radiation (UV), the measurement position under the structure and the albedo of the relevant
surfaces. The PF of four different shade structure designs was measured 90 cm above ground-level
at the centre of the widest diameter of each structure. Measurements were only made on cloud-
free days. Three structures had a thin metal roof and the fourth had shade-cloth. The proportion of
sky view ranged from 4.6% to 15.4% for these structures. The influence of position was
investigated for one structure, with the PF evaluated 50 cm in from each of the sides at 90 cm
above ground-level. The reliability of the method was tested by comparing calculated and
measured PF values for solar zenith angles ranging from 7° to 49°. The mean absolute difference
between the calculated and the measured PF for these small to medium structures was 1.4 PF
(14%). The proposed method is more likely to be widely used to measure the PF in situ compared
to measuring UV in full sun and in the shade with a UV meter because many stakeholders do not
have access to UV meters due to the cost or the degree of specialization required to use these

meters effectively.
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1. Introduction

Excessive sun-exposure is the main environmental risk-factor for skin cancer; the most prevalent
form of cancer in Caucasian populations. The risk of skin cancer can be minimized, with the World
Health Organisation (WHO) stating that four out of five skin cancers are preventable [1]. Skin
cancer poses a significant economic burden globally [2]. For instance in 2017, 13,941 cases of
melanoma were diagnosed in Australia (average lifetime cost 44,796 AUD per case in 2010; [2,
3]), with the cost of keratinocyte cancers in 2012 estimated to be 703 AUD million and over 70
million for melanoma [4]. In the USA, 91,270 melanoma cases are expected in 2018 [5], with the
cost of skin cancer treatments in the USA based on 2004 data being an estimated two billion dollars

per year and solar keratoses adding a further $1.2 billion [6].

The primary prevention of skin cancer through reduced exposure to ultraviolet radiation (UV) will
reduce the global burden of disease [7], associated health care expenditure [8] and the societal
burden it poses. One essential component of a strategy to reduce UV exposure that is promoted by
Cancer Council, Australia and WHO is the use of shade while outdoors [1, 9]. Previous research
has reported that adequate protection is provided by those shade structures with an UV protection

factor of 15 or more [10].

To assist the general public to determine whether a shade structure provides adequate UV
protection, the UV protection factor (PF) of built shade structures which assesses the ratio of
available incident solar radiation to the solar radiation with a shade structure in place, should be
made available for public scrutiny. The Australian Standard AS 4174:2018 for knitted and woven
shade fabrics only provides a method for determining in the laboratory the UV transmittance and

the cover factor or percentage absorbance at 350 nm of shade-cloth and fabrics used on the roof of
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structures such as shade sails. The Standard determines the attenuation of direct UV for new, dry,
non-stretched materials, whereas the UV protection provided by shade-cloth roofing materials in
situ is also influenced by the amount of stretch, and age of the roof material. The protection factor
measured in the laboratory is significantly different to the protection factor provided by a shade
structure once erected in a local environment due to the additional contribution of the diffuse UV
component. Previous research has shown that the UV transmittance of the material used on the
roof of structures purposefully built for the provision of shade is a poor indication of the actual PF
of the built shade structure due to the other influencing factors such as surroundings, the position
under the structure, roof materials and the amount of sky view from underneath the structure [11,
12]. A design of a shade structure using louvers that takes into account the angle of the sun to
shade from the direct (shadow causing) UV radiation has been reported [13]. It is well established
that both the direct and diffuse components of solar UV radiation contribute to human UV
exposure [14] and the exposure due to the diffuse UV needs to be taken into account. Shade
structures that only provide protection from direct solar UV alone, but do not block sufficient
amounts of sky allowing exposure to diffuse solar UV radiation under the shade canopy, can have
poor PF ratings [15]. Previous research has reported on the determination of the Sky View Factor
(SVF) from Google Street View for larger scale urban settings [16-19]. The method presented here
takes into account the SVF or sky view visible from under the structure, the UV transmittance of
the roof material which may be rated in accordance with the Ultraviolet Effectiveness
Classification (Australian Standard AS 4174:2018) [20], the relative amount of diffuse UV, the
measurement position under the structure and the albedo of the relevant surfaces beneath the

structure.
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Some of the approaches used to evaluate the protection provided by shade structures previously
have included shade audits [21-23], using software to map existing or proposed shade [24] and
physical measurements of the PF of different types of shade [25-31]. Additionally, there are

existing recommendations for shade provision [32-34].

Shade is a practical form of passive sun-protection that is particularly beneficial in schools since
children and adolescents often resist wearing hats [35]. School students often seek shade during
scheduled meal breaks to provide respite from the heat [36]. Similarly, in urban environments
shading has been reported to provide thermal comfort [37-39]. Numerous people can utilize shade
structures simultaneously and since these structures can be constructed with quality, durable
materials to protect against weathering and everyday use, shade provision can be a cost-effective,
enduring option for the school environment, complimenting existing strategies for minimizing UV
exposure. Shade is particularly beneficial during lesson breaks and scheduled outdoor classes, such
as physical education lessons, since these can coincide with peak UV exposure periods. The
importance of shade provision as a sun-protection strategy is reflected in the distribution of shade

grants to schools and non-profit organisations [40, 41].

Previous research [42] and a recent article by Choice [43] have reported on problems associated
with not having a suitable means of communicating the PF of built shade structures to the public.
For example, an opaque roof constructed from roofing material with a UV transmission of zero
may offer inadequate UV protection (i.e. a PF of ~1.5 to 3) once the shade structure is erected [44,
45]. Others have reported on the inadequacy of UV protection provided by built structures at

swimming pools with PFs ranging from 2 to 16 [11] and PFs of 4 to 8 for structures in a school
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environment [30]. Utrillas et al., [46] proposed a method to measure the in situ PF of a shade
umbrella, however there is currently no agreed means of determining the PF of the many and
varied forms of shade structures both in Australia and abroad without a UV detector. This research
reports on the development and validation of an accessible new tool for determining the in situ PF
of small to medium sized built free-standing shade structures and provides useful insights for shade

builders and consumers.

2. Methodology

A series of four free-standing built shade structures comprised of a small, a medium and a large
structure all with solid thin metal roofs and a fourth structure with a shade-cloth roof (Figure 1)
were used to develop and validate the proposed PF model. These four structures were selected
because they are representative of the built shade structures currently found in parks managed by
local government authorities in Australia. They were selected to provide typical examples of a
range of different sized structures (small, medium and large) with a solid roof, as well as a typical
free-standing shade-cloth structure. No adjacent buildings were located in the immediate vicinity
of any of these built shade structures. All four free-standing built shade structures were located in
the regional city of Toowoomba (27.6° S, 151.9° E) in Queensland, Australia. The physical

dimensions of these structures are provided in Table 1.

Previous research has shown that the measured PF of a tree canopy was influenced by the presence
of more than 50% cloud cover [47]. As this may be the case for shade structures, measurements
supporting the development and validation of the PF were undertaken on cloud-free days to

minimize the potential influence of cloud cover.
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The proposed method is based on the proportion of sky view visible from beneath the structure,
the UV transmittance of the roof material, the relative proportion of available diffuse erythemal
UV and the albedo of the relevant surfaces beneath the structure. To calculate the proportion of
the sky view and the proportion of the sky covered by the roofing material of each of the structures,
wide-angle images were taken on a cloud-free day from a point in the centre of the structure, at 90
cm above ground-level, at approximately noon, and also between mid-morning and noon. Image
analysis was used to calculate the proportion of sky view and the proportion of the sky covered by
the roof for each structure. Additionally, as the PF can be influenced by the solar zenith angle
(SZA) [48], the PF model was evaluated for a range of SZAs from 7° to 49° [49]. Data on the
proportion of the sky view and the proportion of the sky covered by the roof of each structure were
entered into a model designed to calculate the erythemal UV beneath built shade structures. The

PF was then determined as described in Section 2.2.




150
151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Figure 1 - The four structures investigated included: (top left) a small structure, (top right) a large
shade structure, (bottom left), a medium shade structure (bottom left), all with thin metal roofs

except (bottom right), structure with shade-cloth roof.

Images were taken with a smartphone (Sony Xperia Z1, Sony Corporation, Tokyo, Japan) fitted
with a fish eye lens (Oldshark, Fisheye 235 degrees lens, supplier: MinilnTheBox.com). Any make
or model of smartphone would suffice. The phone was positioned on a horizontal plane 90 cm
above ground-level with the camera pointing upwards. This height was chosen as some structures
have a table at approximately 90 cm above the ground. The lens is supplied with a clip that makes
it relatively easy to attach over the camera of a smartphone. A shutter control connected by
Bluetooth (Bluetooth remote shutter, supplier: Kogan.com) was used to take the images to ensure
the user was not in the field of view. The image focus was set as the underside of the structure roof
directly above the smartphone camera (f/2.4) and the default settings for shutter speed (between

1/1,294 and 1/281 seconds) and ISO (32) were used.
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2.1 Image Analysis

The images produced by the lens were larger than the camera sensor [50] resulting in
approximately one third of the sky view of the image not being recorded for images taken at 90
cm above the ground. As the missing portion of the image was near the perimeter of the image,
and generally included part of the sky view, it was necessary to calculate the complete amount of
sky view visible. Although this problem could be overcome by using an expensive DLSR camera
with an 8 mm fish eye lens, the cost would be prohibitive, making the proposed method for
determining the PF of built shade accessible to fewer people. Rather, we opted to resolve this using
relatively inexpensive and widely available tools. The smartphone fitted with the fish eye lens was
set to video mode and placed in the centre of a turntable mounted on a tripod. The smartphone
video camera was used to record the underside of each structure while the turntable was rotated
through 360 degrees. For each structure, four video frames depicting the roof at 90 degree intervals
were downloaded to a computer and photo-stitched together using free Image Composite Editor

software [51] to produce a hemispherical photograph (Figure 2).
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Figure 2 - Images taken 90 cm above ground-level with a smartphone fitted with a fish eye lens
then photo-stitched to provide a complete image from beneath the structure for the (top left) small
shade structure, (top right) medium shade structure, (bottom left), large shade structure and

(bottom right) shade-cloth structure.

The proportion of sky view visible within each image was determined using the freely-available
SVF Calculator software [52] which requires the royalty-free MATLAB Compiler Runtime [53]
to be installed on a personal computer. This enables novice users to run the model without

requiring a MATLAB license or programming skills.

The SVF Calculator segments the image into a series of annuli to calculate the SVF [54, 55]. After
loading a hemispherical image of a shade structure, users specify the radius by clicking three points
on the circumference. The software converts the image to black and white and automatically sets
a threshold to distinguish between sky and non-sky pixels (including the structure’s roof, supports,
and surface objects). The threshold can be manually increased or decreased with a sliding bar. Any

10



197

198

199

200

201

202

203
204
205
206

207
208

209

210

211

212

non-sky pixels still incorrectly classified as sky, can be manually set to non-sky by selecting the

relevant part of the image. The software then calculates SVF as a number between 0 and 1 (i.e. 0-

100%).

Table 1 — Physical characteristics of four built shade structures typical of those found in parks in

Toowoomba, Queensland (27.6° S, 151.9° E).

Height Dimensions Roof type Roof Ground Albedo"
(maximum (Transmittance) | material cover (%)
height) (m) albedo (%)
Six sided 2.0 (2.7)* 3.5mx3.0m Metal 7.5 Pavers 9.2
small Hexagon side (0%)
structure length of 1.75 m
or gazebo
Medium 2.05(3.3)* |43 mx3.7m Metal 7.5 Concrete | 9.2
structure Hexagon, side (0%)
length of 2.15 m
Large 2.10 575mx4.06 m Metal 7.5 Concrete | 4.0
structure (2.85)* Elongated (0%) with large
octagonal shape wooden
table
Shade- 2.07(3.2) 6.6mx4m Shade-cloth 4.0 Grass 2.4
cloth (6%)
structure

*Height measured at the edges and maximum height shown in brackets is the height at the apex.

# Height is the minimum height of the structure.

¥ The albedo expressed as a percentage is the albedo of the ground cover beneath the structure as
used in the model.

2.2 Protection Factor

The Protection Factor to a horizontal plane of a built structure is [11]:

— U\/BEGlobaI
UVBEShade

1)

11
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where UVBEGgiobal is the erythemally weighted UV irradiance [56] to a horizontal plane in full sun
and UVBEshade IS the erythemally weighted UV irradiance to a horizontal plane beneath a shade

structure.

For the PF model developed in this research for shade structures, the UVBEshade Was calculated
using a modification for shade structures based on an approach reported for the calculation of the

UVBEshade Under tree canopies [57]:

UVBEghaqe = (UVDiffuse X FSky) + (UVGlobal X FRoof X T)

+ (UVDiffuse X Froof X aGround(% + aRoof))

)
where UVpisuse IS the diffuse horizontal plane erythemal UV, UVgiobal is the global horizontal plane
erythemal UV, Fsky is the unobscured sky view fraction due to the shade structure for the particular
measurement position within the shade, Froot is the sky view fraction obscured by the roof, T is the
transmittance of the shade structure roof material in the erythemal UV waveband, acround IS the
albedo of the ground beneath the structure and aroof is the albedo of the underside of the roof
material. The third term of this equation represents the diffuse UV scattered from the ground
surface under the structure and does not include the direct UV as that has been blocked by the roof
of the shade structure. In this term, the aroof term is to take into account the UV scattered from the
ground and then scattered by the roof to the receiving plane. The term with the factor of one half
is to take into account the UV scattered from the ground and then undergoes scattering by the air
molecules. One half is used on the assumption that half is scattered upwards and half is scattered
downwards.

12
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The albedo [58-61] of the various types of ground cover shown in Table 1 were used in these
calculations of UVBEshade, along with the albedo of the underside of the roof material as reported
in the literature [61] and as measured by the first author for the shade cloth structure The magnitude
of the albedo’s influence on the calculated PF is less than the influence due to the sky view. The
influence of albedo was investigated for the small structure by testing albedo values of 7% and
11% in Equations (1) and (2) and comparing the resulting PFs (10.2, and 8.8, respectively) to that
obtained with the 9.2% used in this model (PF 9.4). In both cases, calculated PF was within 1 PF

of that calculated using the 9.2% albedo.

The transmittance in the erythemal UV waveband of the roof material was zero for the structures
with the thin metal roof. For the shade-cloth roof, the erythemal UV transmittance employed was
6% where the supplier had provided this transmittance on their documentation for ten year old

shade sail material (http://www.sunsetcanvas.com.au/products/shade/shade-sails).

The model PRO6UV [62] was used to calculate the UVBEgional and the UVBEDpitiuse horizontal plane
irradiances for cloud free days. The inputs to the model include latitude, longitude, elevation above
sea level, time of day, day of year, albedo, aerosol optical depth and total column ozone. Similar
models such as libRadtran [63] can be used. Calculated PF values were compared to values
determined by measurements of UVBEgioba and UVBEshade With an erythemal UV meter (model
3D, Solar Light Co., PA, USA). UVBEshade Was measured on a horizontal plane in the centre of
each shade structure from a position 90 cm above ground-level and equation (1) was used to

determine the PF. The method was validated by conducting a series of UVBEgiobal, and UVBEshade

13
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measurements on cloud-free days for SZAs ranging from 9° (summer - 24", 25" and 31% January

2017; 15" and 16" January 2018) to 49° (late autumn — 39, 11", 16" and 29" May 2017).

2.3 Influence of Position Under Structure

The proposed model was used to determine the influence position beneath the structure had on in
situ PF using PF determined from a central position beneath the small structure and 50 cm in from
each of the six sides of the hexagonal structure on a cloud free day at approximately noon for an
SZA of 16°. Sky view fractions were measured for the north, north-east, south-east, south, south-
west and north-western sides of the hexagonal structure. These data were also used to validate the

model by comparing the calculated PF with the measured PF of the built shade structure.

3. Results and Discussion
3.1 Image Analysis

A photo-stitched image was generated for each shade structure using the images taken under each
structure at a height 90 cm above ground-level using the smartphone fitted with the fish eye lens
(Figure 2). The advantage of the proposed method is that smartphones are widely available and a
fish eye lens similar to that used in this research is relatively inexpensive at less than 25 AUD. The
amount of the sky view obstructed by each structure’s roof and supports are visible in each image,
together with any trees in the vicinity. The shade structure with the shade-cloth roof depicts a
bright spot on the roof due to the partial transmission of direct sunlight. The proportion of SVF
visible for each of the structures has been provided in (Figure 3), with the SVF ranging from 0.26
(26%) for the shade-cloth structure to 0.15 (15%) for the small structure to 0.05 (5%) for the large

structure.

14
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Figure 3 — Measured sky view beneath the centre of each of the four shade-structures at a height
90 cm above ground-level. The last column depicts sky view measured 50 cm in from the outer
edge of the roof, averaged for the six sides of the small hexagon structure.

The average SVFs determined 50 cm in from each of the six sides of the small structure and 90
cm above ground-level was 0.289 (28.9%). SVFs determined 50 cm from the edge of the structure
are almost double those obtained at the centre of the structure, demonstrating how the SVF of a
structure varies with position under the structure. Our proposed technique enables PF to be

determined at different positions under the structure.

3.2 Protection Factor

A comparison of the measured and the calculated irradiances for the global and the diffuse
erythemal UV and the measured and calculated PFs for the three small to medium structures
determined on cloud free days are provided in Figure 4. The resulting 1:1 lines are drawn in the
figure for comparison. PFs are likely to be lower on cloudy days due to the increased relative
amount of diffuse UV. PFs varied from approximately 5 for the small structure to 15 for the

medium structure for the SZA at the time of the PF calculation. For the sides of the small structure,

15
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SVFs determined 50 cm from the edge of the small structure ranged from 0.23 to 0.38, compared
to 0.11 for the same structure measured in the centre. The resulting PFs for the same structure
evaluated on a cloud free day were lower at the edge (ranged from 5 to 8) than at the centre (9 to
11), illustrating how the PF of a shade structure changes according to the measurement position

beneath the structure.

This research was not designed to compare the PFs of different shade structures, but rather to
develop and propose an accessible method by which PF could be calculated, given that the PF
changes with SZA and position within the structure. The mean absolute error (MAE) or mean
absolute difference between calculated and measured erythemal UV irradiances was 0.02 W/m?
(13%). The MAE between the calculated and measured PFs was 1.4 (14%) for small to medium-
sized shade structures. When the calculated PFs of 27 and 32 for the large shade structure are
included (Figure 4: depicted by two unfilled circles) the MAE increases to 1.7 (16%) because the
difference between PFs is greater for the large structure. This is likely to be due to the sky view
for the large structure being comprised of the portion of the sky lower toward the horizon, where
the diffuse UV may not be isotropic [64]. Consequently, the proposed method is suitable for small

to medium-sized shade structures with a SVF of at least 8%.

As the PF of a structure is a function of SZA (affecting the shade pattern), the PFs were also
evaluated at the centre of the small and medium structures on a cloud free day at approximately
noon and also between approximately 10 am to noon. The PF at noon represent the maximum PF
for each structure for that season. The PF for the small structure decreased from approximately

11 to 97 as SZA increased from 7° (11.56 am in summer) to 47° (Figure 5) with both the passage
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of time and with the seasons. For the small and medium-sized structures, the calculated PF from

mid-morning to noon demonstrates that the proposed method can be used at times other than noon,

when the relative proportion of diffuse to direct UV is higher. Additionally, the PF for a given

structure can be calculated in different seasons as the proportion of diffuse UV changes with the

SZA.
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Figure 4 — Comparison of the calculated and measured global UV and diffuse erythemal UV
irradiances (top graph) and comparison of the calculated Protection Factor (PF) versus measured

PF (bottom graph), along with the 1:1 lines.
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Figure 5 — The calculated PF at the centre of and 90 cm above the ground of the small structure
at the different solar zenith angles (SZAs). The smallest SZA for this data is close to noon in

summer and is shown as 11.56 am.

4. Conclusion

The proposed method has been tested in the field on four shade structures demonstrating its utility
for calculating the PF of built small to medium-sized shade structures with a SVF greater than 0.08
(8%). The proposed method was developed for determining PF at 90 cm above ground-level in the
centre of different shade structure designs with SVF ranging from 4.6% to 15.4%. Three of the
structures had a thin metal roof and the fourth had shade-cloth. The SVF, albedo of the relevant

surfaces, SZA (influences relative proportion of diffuse UV), measurement position beneath the
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structure, and the UV-transmittance of the roof material (influenced by the age, stretch and
weathering of the material) were taken into account. The proposed method was validated by
comparing calculated and measured PFs across SZAs ranging from 7° to 49°. The MAE between
calculated and measured PF for small and medium structures was 1.4 (14%), increasing to 1.7
(16%) if the large structure was included. Given the larger difference in calculated and measured
PFs obtained for the large structure, the proposed method is only recommended for small to

medium shade structures with a SVF of at least 8%.

Further research is required to confirm that the method works irrespective of time of year, time of
day and the type of shade structure. Future testing of this method will determine its reliability
under different albedos, SZA, temporal and seasonal conditions as well as for a broad range of
shade structure sizes and designs with roofing materials exhibiting different UV-transmittance
characteristics, both with and without side protection (positioned at different compass directions).
Comparing PFs for different types of built structures will require measurement position beneath

the structure, height above ground-level and SZA to be standardized.

The proposed method should inform the shade structure design process, resulting in newly
constructed shade structures in public and community settings offering higher PFs than previous
designs. It will enable the amount of UV protection provided by built shade structures in schools,
early childhood settings and other public settings to be more readily determined by non-scientists
with access to any smartphone device and some relatively inexpensive and widely-available tools.
This research makes the determination of the PF of built shade simpler for both shade builders and

the general public to carry out, when previous approaches were prohibitive because of the cost of
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the UV meter required and the skills required to use one. Shade builders who use our easy to
follow approach are likely to become better informed about the relative merits of various shade
structure designs and the factors that influence their effectiveness, while government, sporting,
school and community organisations who use our model will become more discerning and
informed purchasers of built shade. . The proposed method could be used to provide an assurance
of quality of shade that planned structures are expected to provide. Further automation of the
method (e.g. developing a smartphone app) would make using the proposed method even easier
and would likely facilitate its wide-spread adoption. Funders of shade could positively influence
the shade industry in this direction by making it mandatory for shade builders quoting on shade
provision to provide some assurance/guarantee of shade quality in terms of anticipated PF. If
applicants seeking funding for additional shade were also expected to measure the PF of their
existing shade structures using this method, it would also inform the distribution of limited shade
funding to those who provide the highest PF. It is apparent from these applications alone that the
proposed method has the potential to vastly improve communication about the quality of shade of
planned structures and may form the basis of a quality assurance framework for the shade creation
industry. Consequently, this research has the potential to influence the development of improved

industry standards for shade creation.
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