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ABSTRACT

This research presents a novel methodology for deriving the total daily broadband solar
UVA (320-400 nm) received by school teachers during their working day from Ozone
Monitoring Instrument (OMI) satellite solar noon UVA irradiance measurements for a
Queensland sub-tropical site (27.5°S, 152°E). Daily UVA exposures are weighted to
the anatomical human cheek (anterior infra-orbital region) for teachers wearing, and
not wearing broad-brimmed hats. The method utilizes the OMI UVA irradiance data
collected daily at high temporal resolution over 2005 to 2016 to derive the total daily
UVA exposure to a horizontal plane. These horizontal plane exposures are scaled by
factors to take into account the timing of outdoor activity. The relationship between
exposures to a horizontal plane and those to a vertical plane and the protection provided
by a broad-brimmed hat were assessed to evaluate the total daily UVA exposures to the
cheek for classroom and physical education teaching staff expected to be outside at
different periods of the day. The developed method enables the total daily UVA
exposure to specific anatomical sites to be evaluated from the satellite solar noon
irradiance at locations that do not have access to surface-based instrumentation capable

of recording in the solar UVA waveband.



INTRODUCTION

Surface-based UV radiometers are used to measure the UVA and UVB irradiance but
do not provide sufficient coverage to monitor the majority of the earth's surface,
especially over the oceans (1). Interest in terrestrial (and marine) UV radiation reaching
the earth's surface over the past few decades has created increasing demand for satellite-
based instrumentation. Approaches that depend on satellite data are suitable alternatives
to surface-based instrumentation because satellites have the capability to determine
important parameters over a wide area and provide reasonable estimates of the UV
irradiance where local surface instrumentation is not available (2, 3). Satellite based
instrumentation has been employed for the provision of global coverage on a time
repetitive basis of the atmospheric ozone, aerosols, UVA and UVB at specific
wavelengths. There are several satellite platforms that monitor UV radiation that
continue to provide a growing body of data enabling remote investigation of local UV
climatology in the mid- to long-term. These have provided high spatial and temporal
resolution datasets from the late 20th century to the present day, and include: TOMS,
GOME, MODIS and OMI satellite platforms (4).

Data retrieved from satellites is often limited between one and several local passes per
day, making the full construction of the diurnal variation in solar UV irradiance
challenging, while at the same time there is a need for long-term estimates in UV
climatology. Langston (5) recently derived annual erythema weighted exposure
integrals from single pass satellite noon-time UVB irradiance estimates. Similarly, for
cloud-free conditions a technique based on a Gaussian curve has been employed to
evaluate the daily erythemal UV exposure from the maximum UV index (6) however,
there is no readily applicable approach to calculate the daily UVA exposures from a
single value. This research will develop a new methodology to calculate the daily UVA
exposures from the UVA irradiance at solar noon. The developed technique will be
applied to evaluate the occupational solar UVA exposures over an extended period to
a specific anatomical site of both physical education, and classroom teaching staff

groups with different hat wearing practices.

MATERIALS AND METHODS
The evaluation of the daily ambient UVA exposure was derived by numerical

integration of the expected daily irradiance distribution for a Southern Queensland site



(27.5°S, 152°E). The normalized daily distribution of the UV A exposure in five-minute
intervals were evaluated using ground-based UV A data for the period 2005 to 2016 to
allow determination of a scaling factor to relate local solar noon values to the total daily
UVA exposure. The daily UVA exposures were then modeled with the use of this
scaling factor multiplied by the maximum daily broadband UVA irradiance derived
remotely from the OMI satellite for solar noon. The diurnal UVA exposure was then
expressed relative to an upright cylindrical plane representing the expected facial site
exposure of an upright human model. This exposure was employed to calculate the
occupational UVA exposure over a period of 12 years to the cheek (anterior infra-
orbital facial region) by weighting with the expected outdoor activity index, and facial
site protection factors for both physical education and classroom teaching staff. The
physical education and classroom teachers were employed as outdoor activity data were
available for this occupational group. Cumulative occupational UVA exposure totals
derived from the entire 2005 to 2016 monitoring period are presented for both teaching
classifications and compared between staff who may or may not choose to wear a

broad-brimmed hat daily over the entire 12-year interval.

Diurnal Course of UVA Irradiance

The total daily radiant UV exposure for a particular waveband, Hps (J/m?) is the
integral of the changing daily solar UV irradiance, £ (W/m?) measured from sunrise to
sunset. Hp,y may be determined for the length of a solar day [normalized as =0 to 1]

according to Equation 1:

1

Hpay = fE(t)dt €Y

t=0

where E under cloud free conditions is dependent on the diurnal variation in air mass
and 1s a function of local solar zenith angle (SZA), increasing from sunrise, reaching a
maximum on cloud free days at solar noon, and decreasing steadily to sunset. As the
radiant UVA exposure is measured between the wavelength range, Amin = 320 t0 Amax
= 400 nm (7), the diurnal variation of £ is largely independent of atmospheric
absorption by ozone, a significant regulator of terrestrial UVB irradiance which falls to

negligible attenuation in the UVA for wavelengths above 330 nm (8). Thus, the



variation of £ under cloud-free conditions follows a predictable daily distribution.
Figure 1 shows the ground-based measured distribution in UVA and erythemal UV
exposures over five-minute periods divided by the respective maximum daily value.
This time period was used as the data from the ground-based radiometers were recorded
every five minutes. The UVA exposure over a five-minute period was plotted at each
hour to show the change over the day. The data were measured over 186 cloud free
days between October 2004 and December 2016 at the University of Southern
Queensland solar radiation monitoring site (27.5°S, 152°E). The cloud-free
measurements were made using two independent radiometers, one measuring the UVA
waveband (model 501 UVA, Solar Light Co., PA. USA) and one measuring the
erythemal weighted UV waveband (model 501, Solar Light Co., PA, USA). The data
from the UVA waveband radiometer were calibrated over this period to a scanning
spectroradiometer (model DTM300, Bentham Instruments, Reading, UK) with
irradiance calibration traceable to the National Physical Laboratory, UK standard and

wavelength calibrated against the UV spectral lines of a mercury lamp.

>Figure 1<

Radiant UV exposure curves were included in the figure for all days in the 12-year
measurement period only if the day was determined to be cloud-free. Cloud free days
were those in which no cloud was detected in the daily recording period (from local
sunrise to sunset). From Fig. 1, variations observed in the measured peak UV exposure
and the length of the daily exposure interval are caused by the seasonal influence in
local sunrise and sunset times and noon SZA, where the longest days and minimum
SZA (maximum UV) occur in late December, near the Southern Hemisphere summer
solstice and the perihelion passage of the Earth's annual orbit, occurring in early
January. The data in Fig. 1 shows that the shape of the curves during the day is different
for the UVA waveband compared to the erythemal UV waveband.

Each of the data-series plotted for both the UVA and the erythemal UV wavebands in
Fig. 1 was normalized with respect to the peak UV and with respect to the day length
(Fig. 2) from sunrise to sunset. The normalization of both axes for each of 186 cloud

free exposure days results in the production of a nominal range and domain function [0



to 1] on both axes, where the normalized curves in Fig. 2 were found by application of

Equations 2 and 3:

Hour(x)

Hoursynset(X)—HOUT synrise(X)

N(x) =

)

E(x) = 22 @

Eyvmax—Euvmin

where, N(x) is the normalized day light fraction expressed as a fraction of the measured
number of hours, from sunrise and sunset, where x represents time and the day length
(Hoursunser(x) - Hoursunrise(x)) was determined from the first and last non-zero
measurement of Eyy for each of the 186 cloud free days in the 12-year measurement
period. Similarly, the normalized five-minute radiant exposure, E(x) is expressed as a
fraction by calculation of the quotient of Euy(x) at each recorded time of day to the
daily range in UV exposure of Euymin to Euymax. The reason for doing this is to correct
the data for seasonality. As a result, the integral of the normalized cloud-free exposures
represents a unit-less nominal integral occupying a one times one grid space in x and y.
The resulting normalized erythemal and UV A data which all fall within the thick black
curve shows little variation across all 186 UV curves which are spread across all of the
seasons when re-plotted in Fig. 2 as the influence of seasonality has been removed

through the normalisation of the cloud free data using Equations (2) and (3).

A Gaussian distribution has been used previously (6) to estimate the total erythemally
weighted daily UV exposure. From Fig. 2(a), the normalized UVA curves exhibit less
tapering near sunrise and sunset then approximated by a Gaussian distribution function.
This is a likely consequence of the UVA exposure distribution curve being less
sensitive to Rayleigh's criterion for scattering at large solar zenith angle (SZA). This
shows that the Gaussian distribution is better suited to evaluating the daily total
erythemal UV exposure and is not as suitable for determining the total daily UVA
exposure. Consequently, a trapezoidal integral approximation (Equation 4) was used to

derive the normalized daily UV A radiant exposure, S according to:



0.05

S ~—(E0) + E(1) + 2 XL, E(x), 4)

where, E£(0) and E(1) represent the starting and terminating normalized exposure and
E(x;) represents the normalized UVA exposure at each step in the numerical integral
between the E(0) and E(1). The factor of 0.05/2 is common to each of 20 trapeziods
used to approximate the nomalised integral in 20 steps in time, x from 0 through 1. E(x)
at each step therefore represents the daily normalized UV A irradiance measured in steps
ranging from approximately 30 to 40 minutes in length between winter (10 daylight

hours) and summer (14 daylight hours) respectively.
>Figure 2<

Daily UVA radiant exposure
The integral of the UVA normalized distributions was utilized to develop an

approximation for the predicted daily UVAp.y under cloud free conditions (9):

I x3600 XN xS
1000 '

UVApaylk]/m?] = (5)

where the daily UVA integral expressed in kJ/m? is modeled by scaling the maximum
noon irradiance, / [W/m?] measure by OMI satellite expressed in Joules per hour
multiplied by the number of daylight hours, N = (Hoursunse/(x) - Hoursunrise(x)) and the
numerical integral, S derived by equation 4. The solar noon UV A irradiance has been
evaluated from the OMI satellite spectral irradiance measured at 310 nm, 324 nm and
380 nm (10). The value of S has previously been determined for both cloud free and
cloudy days for the cases of the sun obscured and the sun not obscured, enabling the
use of equation (5) for the range of cloud conditions encountered (9). These are S =
0.50, 0.45, 0.42 and 0.42 respectively for the sun not obscured categories of 0-2, >2-4,
>4-6 and >6-8 octas of cloud cover and S=0.41, 0.39 and 0.37 respectively for the sun
obscured categories of 2-4, >4-6 and >6-8 octas. These values of S are applicable across
all of the seasons as the data has been normalized according to Equations (2) and (3).
This is illustrated in Fig. 2 where all of the 186 normalized daily curves for the cloud
free cases across all of the seasons fall within the thick black curve. The total daily

UVA exposures calculated with these values of S from the OMI satellite data were



validated against the daily UVA exposures over 2015 and 2016 measured by the
previously mentioned ground-based UVA radiometer at the site of this research (9).
The validation provided a mean absolute error (MAE) of 84.2 kJm™ (10%) for the sun
not obscured cases and a MAE of 138.4 kJm™ (30%) for the sun obscured cloudy days.

The average of the sun not obscured S values of 0.448 was used to take into account
the range of cloud conditions encountered. The average was only taken of the sun not
obscured cases as these provide the worst-case scenario compared to the sun obscured
cases. The constants 3600, and N account for the number of seconds in the day where
N represents the number of hours (expressed as a decimal) from sunrise to sunset. This
provides the total daily UVA exposure to a horizontal plane from the single solar noon-
time OMI satellite UVA irradiance value for a range of possible cloud cover conditions

that may be experienced over the 12-year study period.

UVA exposures of classroom and physical education teachers

The exposures to a horizontal plane were converted to exposures to the upper cheek
employing a method that takes into account the ambient exposure to a horizontal plane,
the activity of the subject, the ratio of the angle of the receiving plane compared to a

horizontal plane and the protection factor provided by a hat (11, 12) as follows:

1
UVApace = UVApgy X Al X GCF X PF (6)

where UVAFuce 1s the total daily occupational UVA exposure to the cheek site, and
UVADpay 1s the total daily ambient UV A exposure evaluated from the noon-time satellite
data (Equation 5). A/ is the activity index, or the proportion of the daily UV A received
in a working day based on the time outdoors. This has been previously reported for
teachers at the location of the study site (27.5 °S, 152 °E) as 0.017 for physical education
teachers and 0.003 for classroom teachers (13). The annual minimum and maximum
solar noon SZA are 4.1° and 51° respectively and the minimum and maximum
daylengths are 10.4 and 13.9 hours respectively. PF is the protection factor provided
by a broad-brimmed hat to the cheek (11, 14). Previous research has measured the

annual protection factor provided to the cheek by a broad-brimmed hat as 2, where this



number represents the ratio of the UV A received at the cheek site without hat protection
to the expected UV A received with hat protection in place. Thus, PF for teachers not
wearing a hat is 1. GCF is an anatomical Geometric Conversion Factor relating the
incident UV received on a horizontal plane to a cylindrical upright approximation of
the human body (15). The function of the solar zenith angle fitted to the data in Pope
and Godar (15) and applied (16, 17) here is:

CCF - 0.0001218 SZA% — 10.99 SZA + 1685
B SZA? —166.5 SZA + 8250

()

where GCF peaks at SZA=75° (0.62) (and is a minimum at SZA=0° (0.20). Thus, for
an upright figure, the face is expected to receive the highest proportion of the available
ambient when the sun is closer to the horizon, either approaching or following noon in

the morning and afternoon, depending on the season.

For each day, the SZA applied according to Equation 7 was calculated using the average
of the three SZA values at the three times of day (9:00, 11:00 and 13:30). These three
times represent the time school teachers are expected to be outdoors and are based on

previously determined activity indices (16).

The long-term facial UVA exposures over a 12-year period were calculated by
summing the daily exposures to the school teachers from Equation (6). The weekend
dates and the end of term dates for the Queensland School calendar year were not
included in this summation. The assumption was that each of the classroom and the
physical education teachers remained as either classroom or physical education teachers

respectively over the period and no sunscreen was applied to the face.



RESULTS

Figure 3 shows the time series of the total daily occupational UVA exposures of the
classroom teachers for the study site from 2005 to the end of 2016. This figure shows
1,940 total daily occupational UV A exposures depending on the school days when there
were OMI satellite data available. Figure 3(a) represents the total daily UVA exposure
to the cheek for the classroom teachers who were modelled wearing a broad-brimmed
hat and not wearing a hat. The peaks and troughs in the four timeseries are due to the
daily variation in cloud cover at the site that are superimposed on the seasonal variations
in each year. For all four cases, the largest variations in the total daily UVA exposure

are caused by the influence of cloud.

This figure shows a clear difference between the median of the total daily occupational
UVA exposures likely to be received by the cheek for classroom teachers wearing a hat
and not wearing a hat which were 0.53 and 1.06 kJ/m? for daily UVA exposures
respectively. Figure 3(b) represents the total daily occupational UVA exposures to the
cheek for the physical education teachers wearing a hat and not wearing a hat. The
difference between the median of the total daily occupational exposure has a similar
trend to Fig. 3(a) with medians of 2.99 and 5.98 kJ/m? for respective daily UVA
exposures for the hat and no hat wearing cases. The differences in the UVA exposures
to the cheek, for both the classroom teacher and physical education teacher for the hat
and no hat wearing cases is a factor of two due to the broad-brimmed hat protection
factor.

>Figure 3<

Figure 4 shows the graph of the total daily occupational cumulative UVA exposure
from January 2005 to the end of 2016 to the cheek of the physical education teachers
for the hat and no hat wearing cases. The graph shows the influence of not wearing a
hat and increased outdoor activity on the increased cumulative exposures over a long
period. The data showed that exposures for approximately six weeks at the end of each
year were truncated due to the summer end of year school holiday period where there
is no occupational exposure. This figure shows the differences in cumulative
occupational UVA exposure received by the cheek between the four categories of
teaching staff starting from a common point in January 2005. The influence of the
cumulative exposure over the 12 years of the available data is evident where no hat

wearing teachers have received a cumulative occupational UVA exposure to the cheek
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at the end of the 12 years of 1,924 kJ/m? and 10,900 kJ/m? for the classroom and the
physical education teachers respectively. Here, the physical education teachers receive
an occupational exposure that was higher than a classroom teacher (who is expected to
have a much lower outdoor activity index) by a factor of 5.7. In comparison, the hat
wearing teachers received a cumulative occupational exposure at the end of the 12 years
of 962 kJ/m? and 5,450 kJ/m? for the classroom and the physical education teachers

respectively.

>Figure 4<

DISCUSSION

Previous research (6) has presented a technique to derive the daily erythemal exposure
integral from the forecast maximum UV index by application of a Gaussian distribution
function. In this research, it was shown that the Gaussian distribution is not as suitable
for evaluating the daily UVA exposure. An alternative method was applied to evaluate
the total daily UVA exposure to a horizontal plane to which a model was applied to
derive the total daily UVA exposure to a working population group from single noon-
time measurements of the OMI solar noon UVA irradiance. This research has
calculated the total daily occupational UVA exposure to an anatomically effective
facial site for classroom and physical education teachers. The assumption is that the
teachers stay in the same teaching classification of either physical education teacher or
classroom teacher over the 12 year period and that they maintain the same practice with
regards to hat wearing. Compared to the ground-based measurements, the satellite
derived daily total UVA exposures have a MAE of 10% for the sun not obscured data
to 30% for the sun obscured data (9). The uncertainty in the occupational UVA
exposures to the teachers is of this order of magnitude. Nevertheless, the results provide
the means of calculating the cumulative influence on UVA exposure of different outdoor
activities and hat wearing practices through UVA exposure monitoring on a time repetitive

basis over an extended period.

Occupationally effective UVA exposures were calculated using the total daily UVA
exposure derived for a horizontal plane from satellite data, the activity index of this
occupational group, the relationship of the horizontal plane exposures to the vertical

plane of a facial site, and the protection factor provided by a broad-brimmed hat.
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Previous research has considered the erythemal UV to different occupational groups
(18, 19, 20). However, it is also necessary to consider the occupational UV A exposure
due to the associated health risks potentially associated with melanoma and photo aging
(21). The UVA irradiance and the daily UVA exposure received by a horizontal plane
from OMI data at a sub-tropical site have previously been evaluated (9, 10). This
research has applied this previous methodology to provide the long-term UVA
exposure to a working group of the population. This has been evaluated to the facial
site of two groups of school teachers, both experiencing different periods of daily
exposure outdoors. The face has been selected in this research as it is generally exposed
when outdoors regardless of season, and the head and neck is a body site that

experiences a high incidence of skin cancer.

There is a clear difference between the median of the total daily occupational UVA
exposures to the cheek for the classroom teachers wearing a hat and not wearing a hat
of 0.53 and 1.06 kJ/m? respectively. Similarly, the median of the daily exposures for
the hat and no hat wearing physical education teachers were 2.99 and 5.98 kJ/m>.
Additionally, the plot of the total daily occupational cumulative UVA exposure over a
period of 12 years has been shown for these two categories of teachers. Teachers can
work longer than this, potentially 20 to 40 years and so the difference in UVA exposure
between hat and no hat wearing teachers and classroom and physical education teachers
will keep on accumulating. The cumulative difference in UVA exposure to the cheek
due to the differences in outdoor activity and hat wearing practices were shown to be
continually increasing over the 12 year study period for which OMI satellite noon time
UVA irradiance data were available. These were for the 1,940 days when OMI satellite
data were available. There were 14% of days occurring randomly when there were no
OMI data available and these days were not taken into account in the cumulative
exposures. Consequently, the cumulative UVA exposures may be underestimated by

up to 14%.

The expected change in exposure increases linearly with year. After 12 years, the
differences between the hat and no hat wearing cases is equivalent to an additional 962
and 5,450 kJ/m? of exposure for the classroom and physical education teachers
respectively. This is clear evidence that UVA exposure to the face can be reduced

through the regular use of a broad-brimmed hat. The use of a broad-brimmed hat is

12



essential during outdoor activities for the reduction of facial UVA exposure.
Additionally, it is critically important to regularly apply broad-spectrum sunscreen to

ensure protection is provided from the UVA waveband.

This research has employed UVA exposures from ground-based instrumentation to
evaluate the scaling factor in equation (5). This can be extended to other sites where
there are ground based measurements to enable the evaluation of the long-term
cumulative UVA exposures to population groups. The methodology employed in this
research has enabled evaluation of both the historical (from 2005 to 2016) and future
UVA exposures to specific anatomical sites of both teaching and potentially other

working population groups where surface instrumentation is not readily available.
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FIGURE CAPTIONS

Figure 1. The variation in (a) UVA and (b) erythemal UV five minute exposures
recorded at one-hour intervals and measured for 186 cloud free days between October
2004 and December 2016. The data are divided by the largest value for each respective

waveband with the different colours representing the different days.

Figure 2. Measured (a) UVA and (b) erythemal UV curves, normalized with respect to
time of day and the peak value for each of the 186 cloud free days in the period October
2004 to December 2016 (points). All of the data falls within the thick black curves.
Gaussian model approximations normalized to the peak of the measured data are plotted

as dashed curves showing the range in possible Gaussian fits to the measured data.

Figure 3. Time series of the total daily occupational UVA exposures received at the
cheek site of classroom teachers (Al = 0.003) and physical education teachers (Al =

0.017) for the cases of wearing a hat (PF =2) and no hat (PF = 1).

Figure 4. The cumulative total daily occupational UVA exposure to the cheek expected
for a teacher employed since January 2005. The four lines show the accumulation of
the UVA exposures for classroom teachers (grey lines) and the physical education
teachers (black lines), for the hat wearing cases with PF = 2 (dashed lines) and the no

hat wearing cases with PF =1 (solid lines).
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