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ABSTRACT

A beach umbrella intercepts all direct UV irradiance, but only

part of the diffuse component. Using a simple sky view factor

model, we have determined the fraction of the hemispheric

diffuse irradiance that is not intercepted by the umbrella.

Assuming a sensor at the surface and close to the center of the

umbrella, isotropic diffuse irradiance and for an umbrella of

80 cm radius and 100 cm high, our results show that approxi-

mately 34% of the incident horizontal irradiance is not

intercepted by the umbrella. These results agree with irradiance

measurements conducted with and without the umbrella. The

model is next extended to examine receipt of UV radiation by a

human figure in a vertical position, either standing or sitting.

INTRODUCTION

UV radiation encompasses wavelengths from 100 to 400 nm of
the electromagnetic spectrum. Considered as short wavelength
solar radiation, it only comprises 7.2% of the total solar

irradiance in the limit of the atmosphere, and unlike the
thermal or visible wavelengths, it forms a small fraction of the
total solar radiation. There are three bands within the UV

spectrum, which are commonly defined by their impact on
living organisms: UVC (100–290 nm), UVB (290–320 nm) and
UVA (320–400 nm).

The terrestrial atmosphere generally attenuates and modi-
fies solar radiation by scattering and absorption. As a result,
solar radiation at the earth’s surface is considerably smaller
than its extra-terrestrial counterpart. Depletion is quite strong

for UV radiation below 290 nm, as a result of column ozone
absorption and Rayleigh and Mie scattering. The main factors
affecting the magnitude of UV radiation at the earth’s surface

are solar altitude, the site elevation, reflectivity of the surface,
scattering by air molecules and aerosols, column ozone
absorption and cloud cover.

Godar (1) has compiled an excellent review of UV radiation
and human health, which highlights the following detrimental
effects: sunburn (2); photo aging (3,4); eye damage, especially
cataracts (5); immune suppression (6,7); DNA damage and

mutations (8); and skin cancers (9–11). UV exposure can also
affect human health in beneficial ways. It is used to treat skin
and other diseases, is necessary for vitamin D3 formation (12),

possibly lowers hypertension (13,14) and reduces the occur-
rence of some internal cancers such as prostate cancer (15).

The public considers a tan to be the major benefit of UV
exposure but some scientists view a tan, along with sunburn,

as a warning that too much UV exposure and subsequent
damage has occurred to the skin. UVR exposure can cause
skin cancer (16).

The UVB wavelengths have the most carcinogenic potential
according to the photocarcinogenesis action spectrum (17,18).
Nonmelanoma skin cancers (NMSC), basal cell carcinomas

(BCC) and squamous cell carcinomas (SCC) are almost
exclusively caused by cumulative UV exposure, while cutane-
ous malignant melanoma (CMM) has one or more additional
contributing factors: sunburns, number of nevi, genetic back-

ground, chemical exposure or other factors. In 2002 there were
over one million new cases of nonmelanoma and melanoma
skin cancers in the United States (19). CMM has been

increasing in fair-skinned individuals at a logarithmic rate
over the past seven decades.

Increase in leisure time and a better quality of life has

increased this exposure to the sun, often to quite high levels of
UV radiation. Typical population exposure examples are 220
SEDs year)1 (standard erythema doses per year) for women

and 280 SEDs year)1 for men (20,21) and annual doses of 313
and 231 SEDs for men and women in Spain (22).

The effects of UV radiation on human skin centers on the
concept of erythemal UV radiation (UVER), which is deter-

mined by convolving spectral solar radiation incident at the
earth’s surface with the eythema action spectrum. This action
spectrum, a response of human skin to incident UV radiation,

has a maximum from 200 to 297 nm (23) and decreases at
longer wavelengths. In 1987 the Commission Internationale
d’Eclairage adopted the ‘‘Standard Erythema Curve’’ (24)

which is presently used to estimate UVER.
Mechanisms of photo-protection in response to UVER may

be classified into three groups: physical barriers, and chemical
and biological agents. We can view any reflecting or absorbing

material as being a physical barrier, such as the earth’s
atmosphere in the case of incoming solar radiation, which
constitutes its first filter. The unpolluted atmosphere, under

summer, cloudless noon-time conditions, will reduce erythemal
radiation by a factor of 20, and by a factor of 30 in polluted
conditions, compared to the extra-terrestrial solar UV spec-

trum. Other natural barriers include buildings and trees (25–
29). Garments are also good physical barriers, and provide the
main protection for individuals exposed to the sun. Their

effectiveness depends on the texture and colors, etc. although it
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is usually necessary to utilize additional protection. The
simplest one is to reduce the number of hours exposed to the
sun corresponding to times of high solar elevation, and to use
protective clothing, wide-brimmed hats with at least a 7 cm

brim and UV-protective sunglasses.
A commonly used physical barrier employed in outdoor

activities is the beach umbrella. They come in many different

materials and sizes. In this manuscript we present results on
the UV transmission of an umbrella of canvas, painted white
and blue, and radius and height of 0.8 and 1.5 m, respectively.

Our procedure is to develop a simple geometrical model which
estimates the UV radiation received from a sky that is partially
obstructed. Model predictions are then compared with mea-

surements performed with the above typical umbrella.
It is evident that the umbrella on its own does not offer total

sun protection, but may be viewed as an additional physical
barrier. Additional protection from sunscreens is usually

recommended, these varying according to skin type, which in
Spain is Type 2–3.

MATERIALS AND METHODS

A sky view factor model. In applying these concepts to a beach
umbrella, we assume first that all direct radiation is absorbed by the
umbrella (it depends on the transmissivity of the material which in
our case is 4%. See Results section), so UV radiation incident on the
individual is only by diffuse sky radiation. The diffuse irradiance
received by a detector at the earth’s surface from a partially obstructed
sky may be examined by constructing an imaginary hemisphere
around the detector. Each sky or obstructing element dA will trace a
ray between itself and the sensor, which will intersect with the
hemisphere at solid angle dx. The total irradiance received by the
detector is

I ¼
Z 2p

x¼0
L cosðiÞdx ð1Þ

where i is the incidence angle, and the integration is performed over the
entire hemisphere, subtending a solid angle of 2p. Let us now partition
the integration into elements exposed to the sky and obstructing
elements and assume that the radiance from each of these two
elements, sky and obstruction, is isotropic. Equation (1) may then be
written as:

I ¼ LSKY

Z xSK

cosðiÞdx þ LOBS

Z xOBS

cosðiÞdx ð2Þ

and the integration is performed over all solid angles containing sky
(xSKY) and obstruction (xOBS) elements. Noting also that

Z 2p

x¼0
cosðiÞdx ¼ p;

we can re-write Eq. (2) as:

I ¼ pLSKYðSVFÞ þ pLOBSð1� SVFÞ

SVF ¼
RxSKY cosðiÞdx

p

ð3Þ

where SVF is popularly defined as the ‘‘Sky View Factor’’, varying
between 1 for an uninterrupted sky view and 0 for a totally obstructed
sky. Estimating SVF is a geometrical problem and in the Appendix we
describe how SVF is calculated for a horizontal sensor located at the
surface and vertically underneath the center of an umbrella, therefore
mimicking the energy received by a human body stretched under the
umbrella.

Experimental measurements. Erythema irradiance was measured
using YES radiometers. The YES-UVB-1, whose spectral interval is
from 280 to 400 nm, consists of a phosphor that converts UV into

visible light which is precisely measured using a solid state photodiode.
The direct and diffuse incident solar radiation is transmitted through
the YES-UVB-1 quartz dome. The visible light, except for a small
fraction in the red part of the spectrum, is absorbed by black glass
which transmits only the UV component. The light transmitted by the
filter falls on the phosphor which absorbs the UVB component and re-
emits visible light by fluorescence, mostly at green wavelengths. The
fluorescent light from the phosphor passes through a green glass filter
to remove the red light that had passed through the first ‘‘black’’ filter.
The intensity of the remaining fluorescent light is measured by a solid
state diode (GaAsP), which has a maximum sensitivity in the green
spectrum and is not sensitive to red light. All the optical components,
the detector and filters are stabilized at a temperature of (45 ± 1)�C
for an ambient temperature between )40 and +40�C.

To measure diffuse irradiance we built a semicircular shadowband
with its plane perpendicular to a supporting shaft which is facing true
north and is of an inclination equal to the local latitude. The
radiometer, placed on a platform at the center of the shadowband,
only senses diffuse radiation as the shadowband blocks all direct
sunlight. This low-cost design has been built following Horowitz (30)
and its main components may be seen in Fig. 1. The radiometer data
must be corrected for the fraction of the sky that is blocked by the
shadowband. There are various methods to perform this correction
and based on previous work (31), we have opted for using the modified
Batlles model (32) as it performed best.

To determine the transmissivity of the umbrella, we measured
UVER with the umbrella touching the sensor followed by a second
measurement without the umbrella. Measurements were made in
December under totally cloudless skies with results shown in Fig. 2. As
may be seen, the umbrella has an average transmissivity of 0.04 or 4%.
Grifoni et al. (33) employed a similar method to obtain a transmis-
sivity value of 3.9%. Estimates by Turnbull and Parisi (25) using
spectral methods are substantially lower (0.9%), and it is likely that
these differences are due to different colors and textures that were used
for the umbrellas.

RESULTS

UVER received by a horizontal sensor under the umbrella

From Eq. (3) and the definition of SVF in the Appendix, we

can write the irradiance for a horizontal sensor under the
umbrella as:

Figure 1. Experimental arrangement used to measure diffuse UVER.
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IHz ¼ pLSKYðSVFÞ þ pLOBSð1� SVFÞ
¼ pLSKYð1� sin2hÞ þ pLOBSðsin2hÞ

ð4Þ

The radiance from the sky and umbrella obstruction may be

readily obtained from the measurements assuming isotropy:

LSKY ¼
IDF

p

LOBS ¼ IBHZ � 0:04þ IDF � 0:04

p

ð5Þ

where IDF and IBHz are diffuse and direct horizontal irradi-
ance, respectively.

We consider the umbrella to have a height of 100 cm and a
radius of 80 cm. The horizontal sensor, located at ground
level, subtends an angle h between its vertical and the umbrella

edge. Applying the value of 38.6� for h and substituting in
Eq. (4), we obtain the total horizontal irradiance at ground
level and in the umbrella center. Figure 3 shows measured
irradiance above the umbrella and modeled irradiance under-

neath for one cloudless day, 26 July, between the hours of 10.5
and 13.5 GMT. A mean transmission of 34% is obtained over
the period of measurement.

These results were validated during an experiment per-
formed in July 2008. Two YES UB-1 radiometers were
deployed on the roof of Block C Faculty of Physics,

approximately 3 m apart. One instrument was exposed to the
full sky, and the second was placed in a horizontal position, at
ground level and directly underneath the umbrella center, thus
mimicking the UV load received by a human being lying down.

Measurements were conducted between the hours of 10.0 and
14.0 GMT.

Figure 3 presents the irradiance above the umbrella and the

modeled and measured irradiance beneath as described in the
above paragraph. Both modeled and measured irradiance

agree closely, with mean values of 0.066 and 0.064 W m)2,
describing a relative error of 2.9%. The data may also be

presented as a fraction of the irradiance above, as shown in
Fig. 4. Both theory and measurements provide a mean
estimate of 33% for the transmission of the UV irradiance
above the umbrella.

UVER received by a vertical sensor under the umbrella

It may also be of interest to estimate the irradiance load on a
vertical surface, an approximation to that received by a

standing human being. The receiving surface and therefore
the view factor hemisphere rests along the torso (Fig. 5a).

Figure 2. Transmissivity of the umbrella texture. Measurements were
taken on a cloudless day, 18 December 2008. Measurements taken
during the hours of 11.00 and 14.00 are considered as representative of
texture transmission as they were not corrupted by direct irradiance.

Figure 3. Global and diffuse irradiance measured above the umbrella
and measured and modeled irradiance below the umbrella. Measure-
ments were taken on 26 July 2008.

Figure 4. As in Fig. 3, but showing measured and modeled irradiance
below the beach umbrella expressed as a fraction of incident
irradiance.
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Radiance load on the torso comes from the umbrella (IU), the
sky (IS) and the ground (IG). Critical dimensions are distance
from the receiving surface to the umbrella edge (D) and radius

of the umbrella (R). For clarity we tilt the axes and view the
umbrella configuration as standing vertical and the receiving
surface on the horizontal (Fig. 5b).

The radiance from the umbrella is projected onto the plane
of the sensor where it describes a crescent-shaped figure. This
crescent-shaped area defines the contribution of the umbrella

to the total view factor. Examining the umbrella in more
detail, we can define three contributions to the view factor, the
sky, the umbrella and the surface as in Fig. 5c. The area Umay
be explicitly written as:

U¼2

Z u¼tan�1ðR=DÞ

u¼0
ð1�r1Þdu¼2

Z u¼tan�1ðR=DÞ

u¼0
ð1�cosbÞdu

¼2

Z u¼tan�1ðR=DÞ

u¼0
1�cos tan�1

Rsina

½D2þR2 cos2a�1=2

( )" # !
du

and tanu¼Rcosa
D

ð6Þ

Keeping in mind that the area of a circle of unit radius is p,
we can write the irradiance on a vertical surface as:

I90� ¼ ðUVFÞIU þ ðSVFÞIS þ ðGVFÞIG ð7Þ

where UVF is the umbrella view factor, SVF is the sky view
factor and GVF is the ground view factor.

Equation (6) may be solved numerically as a function of
distance of the receiving surface from the umbrella edge (D)
and the umbrella radius (R). Table 1 shows the sky and

umbrella view factors for different combinations of R and D.
The total irradiance load in the vertical, estimated using

Eqs. (6) and (7), is shown in Fig. 6 for one cloudless day, 6
May. Measured values above the umbrella are contrasted

against the much lower irradiance load in the vertical. The
percentage transmission values indicate a relatively constant
transmission of around 17% during the period of measure-

ment. This figure is considerably lower than the equivalent
figure of 33% obtained for a horizontal sensor. Clearly the low
ground albedo estimate (�4.5%) and the high ground view

factor of 0.5 combine to lower the overall UV load.
In the real practical case, human beings are not always

underneath the umbrella center, but at varying distances from

it. Mathematical modeling of these special configurations may
be tedious and complex and may not approach reality as there
may be many other sky obstructions which are hard to
quantify. In this case SVF photographs (or fish-eye lens

photographs) are one practical option. The advantage is that
they capture the entire hemispherical view including all
obstructions, and in addition the camera sensor may be placed

in any position and angle. In this study we follow the method
of Steyn (34), which processes prints from photographic
images to obtain SVF. The essential procedure consists in

estimating relative areas from the print using manual integra-
tion while applying an angular correction that depends on the
angular distance of any pixel from the image nadir.

To test the technique, the radiometer sensor was placed in

the vertical, at 40 cm from the umbrella center and at 85 cm
from the surface (45 cm from umbrella edge). Fish-eye lens
photographs were taken at the position corresponding to the

sensor facing south and north, respectively. Results are shown
in Table 2 for vertical planes facing North and South,
respectively. These images provide sky (SVF), Umbrella

(UVF) and ground (GVF) view factor used in Eq. (7) for
estimating irradiance loads.

In Fig. 7a,b we present measured horizontal irradiances

above and vertical irradiance underneath the umbrella, along

Figure 5. (a) Schematic showing the projection of a beach umbrella on
a vertical surface viewed as the load received by a human figure on the
torso. (b) Radiance from the umbrella projects onto a crescent-shaped
figure in the plane of the receiving surface. (c) Horizontal projection
showing the contribution of the various surfaces to the view factors.
The crescent-shaped area denoted by U represents the contribution
from the umbrella, while S and G represent contributions from the sky
and ground, respectively.

452 Marı́a P. Utrillas et al.



with modeled irradiance using the photographs for 6 May
2009. Measured and modeled irradiances show good agree-
ment for both orientations throughout the day, and agree
closely at noon. Both orientation data sets have a root mean

square error of 6% with respect to the measured data, and
mean bias errors (model ) measured) of 4.0 and 1.5% for the
north and south orientations, respectively.

Application to other environments

The method described in this study may be applied to model
irradiance loads in other complex environments. Furthermore,

it is expected that there will be substantial differences in the

Table 1. Sky view factor (SVF) and umbrella view factor (UVF) for
different combinations of umbrella radius (R) and vertical distance (D)
from the umbrella edge.

R (m) D (m) UVF SVF

0.5 0.1 0.37525 0.12475
0.5 0.45 0.10822 0.39178
0.5 0.75 0.04016 0.45984
0.5 1 0.02021 0.47979
0.5 1.5 0.00691 0.49309
0.5 2 0.00308 0.49692
0.6 0.1 0.39508 0.10492
0.6 0.45 0.14206 0.35794
0.6 0.75 0.05936 0.44064
0.6 1 0.03151 0.46849
0.6 1.5 0.01133 0.48867
0.6 2 0.00515 0.49485
0.7 0.1 0.40952 0.09048
0.7 0.45 0.17297 0.32703
0.7 0.75 0.08007 0.41993
0.7 1 0.04475 0.45525
0.7 1.5 0.01696 0.48304
0.7 2 0.0079 0.4921
0.75 0.1 0.41535 0.08465
0.75 0.45 0.18714 0.31286
0.75 0.75 0.09064 0.40936
0.75 1 0.05192 0.44808
0.75 1.5 0.02021 0.47979
0.75 2 0.00953 0.49047
0.8 0.1 0.42047 0.07953
0.8 0.45 0.20046 0.29954
0.8 0.75 0.10121 0.39879
0.8 1 0.05936 0.44064
0.8 1.5 0.02373 0.47627
0.8 2 0.01133 0.48867
1 0.1 0.43597 0.06403
1 0.45 0.24577 0.25423
1 0.75 0.14206 0.35794
1 1 0.09064 0.40936
1 1.5 0.04016 0.45984
1 2 0.02021 0.47979

Figure 6. Measured global irradiance above the beach umbrella and
modeled for a vertical sensor located underneath the center of the
beach umbrella and at a vertical distance of 45 cm from the umbrella
edge. Measurements were taken on 6 May 2009.

Table 2. View factors from fish-eye lens photographs.

South-facing North-facing

Sky view factor 0.19 Sky view factor 0.28
Umbrella view factor 0.30 Umbrella view factor 0.01
Ground view factor 0.50 Ground view factor 0.50
Sky obstructions 0.01 Sky obstructions 0.11
Total 1.00 Total 1.00

Figure 7. Comparison of measured vs modeled vertical irradiance
using sky view factors from fish-eye lens photographs. (a) Facing
north. (b) Facing south.
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overall load as a function of the albedo properties of the

surface. Our measured roof albedo was 4.5%, implying a very
low radiance contribution from the surface, and a substantial
reduction in the overall irradiance load for the vertical surface.

As an example of how the technique may be applied, we
examined UVER loads with two umbrella configurations for
six different surfaces. Average values were taken for grass,

water and sand (35–38), concrete (39) and two high albedo
surfaces, salt flats (40) and fresh snow (41).

Two umbrella configurations were chosen, one configura-
tion had the umbrella edge 2 m above the surface, the second

configuration had the umbrella edge lower, at 1.5 vertical
meters above the surface. For each configuration we estimate
the UV load on the face for one person lying down under the

umbrella center and that received while sitting also under the
center. In the sitting position we have taken the vertical
distance from the face to the umbrella edge as 1 and 1.5 m

from the lower and taller umbrella, respectively. Global and
diffuse irradiance in the open was modeled using LibRadtran,
solar zenith angle of 20�, for a mid-latitude summer atmo-

sphere, total ozone column of 250 DU and 30 km horizontal
visibility. Different albedos were used, which provided incom-
ing global and diffuse irradiance.

Table 3 shows the results. Statistics show a dependence on

surface albedo. At the lower albedo range, the individual lying
down receives a higher load compared to the person sitting.
This is due to the fact that when sitting, the sky portion seen is

lower, and as a result diffuse sky radiation is also lower but
ground-reflected diffuse radiation is higher. By contrast, when
lying there is a larger portion of sky radiation that is received.

In the case of grass and with a 2 m high umbrella, this figure is
42% of the open exposure. Even lowering the umbrella to
1.5 m only lowers the exposure by a few percent, to 39% of the
open. By contrast the person sitting will only receive 23 and

17% of the open exposure depending on umbrella height. This
figure remains very similar for the low surface albedos
considered here (grass, water, sand, concrete). However, for

high albedos, the reverse occurs. Now the person sitting
receives the highest exposure as a result of the high surface
albedo (for example 77% for a person sitting in snow under a

1.5 m high umbrella).
The umbrella eliminates 67% of the UV radiation incident

on a horizontal sensor, and nearly 83% when the sensor is

positioned vertically. As a result we can assign solar protection
factors (SPFs) of 3–4 and 7–8 for the first and second position,
respectively. These SPF estimates, representative of a small
umbrella, will increase with umbrella diameter.

CONCLUSIONS

We have modeled and measured typical irradiances received
under a beach umbrella both in the horizontal and vertical

plane. Absorption of UV radiation by the material of the
umbrella is high, with only 5% of the UVER being
transmitted. Nevertheless the irradiance that reaches the

sensor at the base is 34% of the irradiance in the open. These
results point to the importance of diffuse UV radiation in
the total UV load experienced by human beings in beach

environments. The beach umbrella effectively blocks direct
radiation, but diffuse radiation, approximating 60% of the
global radiation in the UVER (32), still reaches the sensor
from the unimpeded sky.

We have estimated the received irradiance using a simple
sky obstruction geometrical model. In the case of horizontal
irradiance the model agreed well with measured data, with a

relative error of only 3%. This error could arise from
assumptions regarding isotropy of the diffuse radiation. Our
estimates of sky radiance are based on pyranometer measure-

ments of diffuse irradiance from the entire hemisphere. Sky
radiances near the solar zenith are underestimated, while
radiances near the horizon, as in our case, are probably

overestimated. On the other hand, the likely presence of sky
obstructions near the horizon would counter this effect.

In some cases human beings are not always lying under the
umbrella, but may be sitting or standing. To model this

process we have considered the irradiance received on a
vertical surface at the ground and near the umbrella pole, and
at approximately one half the length of the radius away from it

and 85 cm above the surface. In both cases relevant view
factors have been obtained for the sky, ground and umbrella.

Results show that approximately 17% of the unimpeded

irradiance reaches the vertical sensor, with good agreement
between measurements and theory. For the sensors further
apart from the center, the north-facing sensor receives 16% of

the uninterrupted irradiance, while the south-facing slope
receives 12%. RMS errors between model and measurements
are satisfactory, around 6%.

Future developments could consider the more complex

case typical of crowded beaches when neighboring umbrellas
impinge on the sky field of view of the sensing element
considered in this study. In general terms a greater degree of

protection would occur, with the actual amount depending on
the density and location of the closest umbrellas.

We conclude by noting that human beings inhabit complex

physical environments where the radiation field may be

Table 3. UV load ratios for two umbrella configurations and six surface types. The umbrella has a radius of 0.8 m but is positioned at two different
heights above the surface—2.0 m and 1.5 m. Ratios are expressed as irradiance received by the face as a fraction of global horizontal irradiance in
the open (G).

Umbrella height (m) Grass Water Concrete Sand Saltpan Snow

2.0 (S) 0.23 (5) 0.24 (5) 0.28 (4) 0.29 (4) 0.62 (1) 0.77 (1)
2.0 (L) 0.42 (3) 0.42 (3) 0.44 (3) 0.44 (3) 0.54 (2) 0.58 (2)
1.5 (S) 0.17 (6) 0.18 (6) 0.22 (5) 0.23 (5) 0.55 (2) 0.69 (1)
1.5 (L) 0.39 (3) 0.39 (3) 0.40 (3) 0.40 (3) 0.49 (2) 0.53 (2)
G (W m)2) 313.6 (153) 316.0 (154.9) 324.6 (163.5) 325.9 (164.8) 419.4 (258.3) 480.3 (319.2)
Albedo 0.02 0.04 0.11 0.12 0.69 0.94

Numbers refer to diffuse irradiance. Symbols S and L refer to sitting and lying, respectively. In parenthesis, the approximate SPF corresponding to
every case is presented. See text for further details.
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blocked, reflected or depleted several times before reaching the
human body. Assessing these UV loads is difficult but
necessary to understand the epidemiology of some skin
cancers. The method provided here can help not only to

determine these UV loads but can also illuminate how the
physical characteristics of the environment contribute to these
loads, mainly through the interaction of view factors, albedos

and incoming surface irradiance.
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APPENDIX

View factor concepts

In this section we review the concept of sky view factor (SVF)

as impacting on a radiometer sensor at the earth’s surface,
which is initially considered to be horizontal. The sensor is
considered to be at the center of a sky hemisphere as shown in

Fig. 8.
Any radiance from the sky L (W m)2 ster)1) is characterized

by an element of solid angle dx equal to sinhdhd/. Assuming a

perfect cosine receptor, the energy recorded by the sensor is
Lcoshsinhd/. For isotropic radiation, a simple expression I
may be derived for the total flux recorded by the sensor
(34,42):

I ¼
Z u¼2p

u¼0

Z h¼p=2

h¼0
L sin h cos hdh d/ ¼ pL

For an arbitrary element dA, the contribution is LdA¢cosh¢,
where dA¢ is the projection of dA on the surface of the sphere.
However, the quantity dA¢cosh¢ is also the projection of dA¢ on
the horizontal surface, dA¢¢ (see Fig. 1). The SVF, or the

fraction of the sky that contributes to the total irradiance, may
then be written as:

SVF ¼ L
R

dA00

LpR2

and the LpR2 term represents the contribution from the entire

sky. Therefore, assuming isotropy and unit radius the irradi-
ance contribution from any surface is pL(SVF).

The same concept may be applied for a beach umbrella

(Fig. 9a), with the sensor being at the surface, and the critical
dimensions being the height of the umbrella edge (H) and its
radius R. The angle of intersection of the umbrella edge with

the sky hemisphere is given as h = tan)1(R ⁄H). Figure 9b
shows the horizontal projection for this configuration. The
inner circle with radius sinh represents the projection for the

shaded portion of the sphere, the larger circle is the entire
projection. Therefore the view factors are psin2h and (p )
psin2h) for the umbrella sky, respectively. Assuming isotropy
in the radiance field for both sources, the total irradiance R

may be described as:

I ¼ ðp sin2 hÞLU þ ðp� p sin2 hÞLS
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