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Abstract

This research reconstructed and validated the broadband UVA irradiances derived from
discrete spectral irradiance data retrieved from the Ozone Monitoring Instrument (OMI)
satellite from 1 January to 31 December 2009. OMI data at solar noon was compared to ground
based spectral irradiances at Toowoomba (27°36° S 151°55” E), Australia at 310, 324 and 380
nm for both cloud free and all sky conditions. There was a strong relationship between the
ground based UV spectroradiometer data and satellite based measurements with an R? of 0.89
or better in each waveband for cloud free days. The data show an over-estimate of the satellite
derived spectral irradiances compared to the ground based data. The models developed for the
sub-tropical site data account for this over-estimation and are essential for any data correlation
between satellite and ground based measurements. Additionally, this research has compared
solar noon broadband UVA irradiances evaluated with a model and the discrete satellite
spectral irradiances for the solar noon values of cloud free days to those measured with a ground
based UVA radiometer. An R? of 0.86 was obtained confirming that for cloud free days the

broadband UVA can be evaluated from the OMI satellite spectral irradiances.



Introduction

The UV radiation waveband has been divided into three regions according to the wavelengths; UVC
(100-280 nm), UVB (280-320 nm) and UVA (320-400 nm) (1). UVA has a longer wavelength, less
energy and it has lower biological effectiveness than short wavelength UV. The earth’s surface is
exposed to a significant quantity of solar UV radiation. The UV region makes up 8-9% of the available
solar energy reaching the top of the atmosphere. Of this, UVA radiation makes up 6.3% and is
transmitted to the earth’s surface without absorption (although it is prone to scattering and
attenuation). Because of its longer wavelength, UVA damage occurs to greater depths in biological
systems including below the human epidermis skin (2). Regular exposure to small amounts of the
UVA, leads to significant damage and cutaneous alterations in the epidermis (3). UVA is therefore a
health concern and must be accounted for in research that investigates the relationship of UV exposure

to chronic human disease.

The importance of the influence of UV radiation on the earth and the poor spatial coverage of ground-
based observation stations have created a demand for satellite based instrumentation. Approaches that
depend on satellite data are suitable alternatives because satellites have the capability to determine
important parameters over a wide area and provide accurate calculations in evaluating levels of UV
irradiance where surface instrumentation is not available (4, 5). This requires correlating the satellite
data to ground based data to attain an improved evaluation of the UV derived from satellite
measurements. There are several kinds of satellite instruments that monitor UV radiation at the earth’s
surface. TOMS (Total Ozone Mapping Spectrometer), GOME (Global Ozone Monitoring
Experiment), MODIS (Moderate Resolution Imaging Spectrometer) and OMI (Ozone Monitoring
Instrument) (6). This paper considers the data from OMI (Ozone monitoring Instrument) which is a

generation of spectrometers placed in orbit by NASA on 14 July 2004.



OMI observes the upper layers of the atmosphere and covers the UV band and near visible irradiance
(270-500 nm) with high spatial (13 x 24 km? at nadir) and spectral resolution (0.5 nm). OMI was
developed to monitor ozone columns, clouds, surface UV and gases (NO,, SO,, HCHO, BRO, OCID).
Thus, the primary objective of OMI is to monitor long-term changes in the UV (7, 8, 9, 10, 11, 12).
The OMI UV algorithm is a derivative of the TOMS (Total Ozone Mapping Spectrometer) UV based
algorithm as developed previously by NASA (11). This algorithm evaluates the surface irradiance
under cloud free conditions (Egjear). Eclear 1S then multiplied by the factor Cy (which is equal to the
derived cloud fraction divided by the non-absorbing aerosol transmittance factor) to estimate the

terrestrial irradiance in the presence of cloud (13) where,

Ecloud = EclearCr- (D

OMI does not cover the boundary layer of the atmosphere which means that absorption of aerosols
in the lower atmosphere is not accounted for by the OMI algorithm. Consequently, the OMI algorithm
typically overestimates the surface UV irradiance. Some researchers, Arola et al. (14) have applied a

post- correction to reduce this overestimation by taking into account aerosol absorption.

Mateos et al. (15) have estimated the differences between satellite and ground based daily terrestrial
erythemal irradiance. This was achieved by comparing the OMI measurements to six Spanish, three
Argentinean, two Italian, two Israeli, and one Australian ground station. The results have shown an
overestimation of the satellite values where all these results were compared at low surface albedo
conditions. This overestimation significantly depends on lower atmospheric cloud condition, ozone
and aerosols. Spectral comparison at a Northern hemisphere site with high levels of aerosols has
found a higher overestimation of the satellite values at the shorter wavelength of 305 nm compared
to that at 324 nm and 380 nm (16). Buntoung and Webb (17) have compared the results of erythemal

UV dose measurements between OMI and broadband instruments at four urban sites in Thailand.



Satellite derived OMI measurements show an overestimation under cloud free conditions of the UV
irradiance by 10-40% for urban sites. lalongo et al. (18) have compared the differences of erythemal
dose rates (EDRs) and erythemal daily doses (EDD) between OMI and ground-based instruments
(Brewer and broadband radiometer measurements) that were located in Rome, Italy. Again, the results
show OMI overestimation of the satellite derived measurements compared with the Brewer and
radiometer UV measurements. However, no previous research has compared the broadband
unweighted UVA (320-400 nm) data derived from the OMI to ground based instruments. The
research in this paper will firstly compare the cloud free solar noon spectral irradiances at three
wavelengths from OMI with ground based spectral spectroradiometer data. Using the spectral
irradiances at these wavelengths we develop a method to evaluate the broadband UVA solar noon
irradiances derived from OMI satellite spectral data for cloud free days and validate this against

ground based broadband data obtained from a radiometer at a Southern Hemisphere sub-tropical site.

2- Methods

Ground Based Data

The time period of the data collected in this research is 12 months beginning 1 January and ending
31 December 2009. Data were collected at the University of Southern Queensland, Toowoomba,
Australia (27°36” S 151°55° E, elevation 693 m). The ground-based UVA data of this study were
recorded by two instruments located at this site on a building roof with a relatively unobstructed view
of the sky. Firstly, the spectral solar UV was recorded with a calibrated UV spectroradiometer (model
DTM 300, Bentham Instruments. UK). Parisi and Downs (19) have described the structure,
installation and operation of the Bentham spectroradiometer installed at this site. The calibration of
the spectroradiometer is traceable to the UK standard and the error of the spectroradiometer data is
estimated as +£9%. The global UV spectra obtained from the Bentham spectroradiometer are recorded
at 10 minute intervals, from 5:00 am to 7:00 pm daily with 0.5 nm increment scans taking less than

two minutes to complete, beginning at 280 nm and ending at 400 nm. Secondly, the ground based



broadband unweighted UVA data was recorded with a UVA Biometer which was calibrated yearly
to the spectroradiometer (model 501A, Solar Light Inc, PA, USA). This instrument is temperature

stabilized at 25 °C and records the broadband UV A exposures continuously every five minutes.

Ground-based cloud fraction data were obtained from a sky camera located at the same site. To
identify the cloud conditions (cloudy or cloud free sky), this study has used a Total Sky Imager (model
TS1440 Yankee Environmental Systems, PA, USA). This instrument is based on a CCD colour
camera recording images of the sky reflected on a half-sphere dome, providing an approximate 160°
field of view (20). Image processing software running on a PC acquires images, processes the images
to determine pixels that are either cloud or cloud free and determines if the solar disc is obscured (19,

21).

In this study the TSI-440 instrument has missing data from 17 March to 22 July 2009 and from 25
November to 31 December 2009 due to a failure of the instrument network (73 days). Consequently,
the broadband erythemal UV Biometer data were used to determine if the noon time sky was clear on
these days. Here, the erythemal UV exposures measured by a separate broadband Biometer (model
501, solar light Inc, PA, USA) recording in five minute daily intervals was employed to monitor noon
time sky conditions. If the data monitored in this way formed part of a bell-shaped curve at noon, and
met the mathematical criterion according to “The change in magnitude with time test” of Long and
Ackerman (22) it was taken as a cloud free sky. Days which did not fit the criterion of Long and
Ackerman were not counted as cloud free (Figurela). Thus, if the curve was not smooth at noon, it

was taken as cloudy (Figurelb).
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Figure 1. Time series of biometer erythemal UV irradiance for determining cloud condition at

solar noon; (a) cloud free; (b) cloud affected.

OMI Data

OMI satellite data was retrieved from the Giovanni website which is provided by NASA (http:
/lgiovanni. gsfc. nasa.gov/giovanni/). The Giovanni website provides the OMI spectral UV
irradiances at solar noon from October 2004 until the current day. In this study, the OMI spectral
irradiance data was collected for the three UV wavelengths of 310 nm, 324 nm and 380 nm. The
satellite data was collected from 1 January 2009 to 31 December 2009 and corresponds to the OMI
satellite solar noon time derived spectral irradiance. To make a comparison between satellite data
(OMI) and ground based Bentham spectroradiometer data, cloud free days were selected by using
information from the TSI images when the amount of cloud was determined as 2 okta (25% sky
coverage) or less (n=71) As explained previously, erythemally effective Biometer data was used for
the days with missing data from the TSI. Therefore, the total number of days in the 1 January to 31
December period classified as cloud free was 71 (19.5% of the total number of days in the study

period)

Derivation of Satellite Broadband UVA Irradiance



This research has made a comparison of the solar noon broadband UVA irradiances evaluated from
the satellite spectral data with the broadband UVA irradiance measured with the ground based UVA
Biometer. The satellite UVA irradiances were evaluated from the satellite spectral irradiances at 310,
324 and 380 nm for cloud free days. The trapezoidal rule was applied between 310, 324 and 380 nm,
with the spectral irradiance at 380 nm extended out to 400 nm (23, 24) to develop a model for the
evaluation of the broadband UVA (W/m?) from 320 to 400 nm as follows:

UVAirraq = 0.57 Sa10 + 31.429 Sa,4 + 48 Sago @)

where Szio, Sa24 and Ssgo are the spectral UV irradiance (W/m?/nm) at the respective satellite
wavelengths. This formula approximates the irradiance limits for summation from 320 to 400 nm to

provide the broadband UVA.

3-Results and Discussion

Spectral Data

The time series of the cloud free spectral irradiances for the satellite data are shown in Figure 2 for
wavelengths: 310, 324 and 380 nm. This figure shows that the signal increases from 310 to 380 nm

because the measured UV irradiance increases with wavelength in the UV A spectrum.
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Figure 2. Time series of cloud free spectral irradiance at 310, 324 and 380 nm for cloud free days for the OMI
satellite data from 1 January 2009 to 31 December 2009.

The linear regression of ground-based to satellite derived spectral irradiance on cloud free days is
shown in Figure 3. The OMI data is a spatial average over a 1°x1° grid and the ground based data is
at a given point. Additionally, the OMI overpass time is not at noon and is based on the data collected
at the overpass time to calculate the values for solar noon, showing the need to provide calibrations
as in this paper to ground based data. The error bars correspond to the £9% error associated with the
ground based measurements (19). The average of the aerosol levels from the Giovanni web site on
these cloud free days from the MODIS instrument on the Aqua and Tera satellites is 0.04 showing
the relatively low aerosol level over the site. The error at 310 nm due to the OMI evaluation of the
ozone levels is expected to be minimal as the mean relative difference between OMI and ground
based Dobson spectrophotometer ozone data for Brisbane (within 150 km of the site in this research)
is within -1% (25). The satellite measured spectral irradiance comparisons to the ground based
measurements show a clear correlation for the wavelengths of 310, 324 and 380 nm. There is a good
comparison between satellite and ground based spectral irradiance measurements on cloud free days
for the three discrete wavelengths with R? of 0.89 or better in each waveband (Figure 3). The R?
value of 0.89 occurs for 310 nm where the magnitude of the spectral irradiance is the lowest.
Sensitivity to ozone variations and instrument noise affect the sensitivity of the instrument at 310

nm, thereby increasing the uncertainty of the comparison at 310 nm.
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Figure 3. Cloudy free days OMI and Bentham spectral irradiance comparison for (a) 310 nm, (b) 324 nm, (c) 380
nm (n=71 cloud free days). The error bars correspond to the *9% error associated with the Bentham

spectroradiometer data. The solid line in each graph is the 1:1 line.

The distribution of satellite to ground based measured spectral irradiance is plotted in Figure 4 for
cloud free and all sky conditions. Figure 4 illustrates that most of the spectral irradiances from the
OMI satellite exceed measured ground based data as noted previously by other researchers for the
shorter wavelength erythemal UV and UVB comparisons (15). Median, first quartile and third
quartile statistics are given in Table 1 for the same distribution plotted in Figure 4.

Those ratios above 1 confirm that some satellite measurements over predict the UVA irradiance for
most sky conditions, which displays a similar trend to shorter wavelength comparisons as seen in the
literature. Also seen in the Figure, the cloudy days have a much wider range of values with the
median ratio generally being higher than one.

Table 1: The first quartile (Q1), median and third quartile (Q3) for cloudy and cloud free days at

310, 324 and 380 nm.

Q1 Median Q3
Cloud free days (310 nm) 0.82 0.85 0.89
Cloud free days (324 nm) 1.11 1.13 1.16
Cloud free days (380 nm) 0.95 0.98 1.00
Cloudy days (310 nm) 0.83 0.99 1.34
Cloudy days (324 nm) 1.06 1.22 1.76
Cloudy days (380 nm) 0.90 1.07 1.66

11
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Figure 4. Histograms of the ratio of the satellite (OMI) to ground-based (Bentham) UV measurements for each
of 310, 324 and 380 nm. Darker bars correspond to the measurements of cloud free days of 71 cloud free days
and lighter bars correspond to 221 cloudy day’s measurements. N is the number of values. For each graph there

are 2 or less values above the value of 6.

Broadband UVA

Broadband UVA irradiances which are derived from the OMI data have been reconstructed
and validated under cloud free days using a mathematical model (Equation 2). Figure 5 shows
the UVA irradiances (W/m?) modelled from the satellite spectral irradiances (W/m?nm) at 310,
324 and 380 nm for solar noon data measured on cloud free days in the period 1 January to 31
December 2009. The error bars represent the £10% error associated with the ground based

data. There is a reasonable agreement between the solar noon UVA broadband irradiance from
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the measured ground-based UVA Biometer instrument and the modelled UVA irradiance
derived from satellite with an R? of 0.86. The figure shows the satellite UVA evaluation is
approximately 30% higher which can be accounted for by calibration to ground based
instruments and in turn used for health applications where ground based data are not available.
The spectroradiometer measurements at 310, 324, 380 nm were used in equation (2) to
calculate the UVA and compared to the Biometer UVA, the R? was 0.89 and the rRMSE was

0.082.
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Figure 5. Comparison of the broadband UVA irradiances evaluated from OMI spectral data and the UVA
irradiance from the ground based measurements were derived from Equation 2 to use the OMI spectral
irradiances. The error bars are the £10% error associated with the ground based data and the solid line is the 1:1

line.

Conclusion
The cloud free solar noon spectral irradiances from OMI have been compared with a ground
based spectral spectroradiometer data at three wavelengths (310, 324, 380 nm) for a sub-

tropical Southern Hemisphere site. These comparisons show a clear correlation for these
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wavelengths and with an R? of 0.89 or better in each waveband. These comparisons include
the +9% absolute error in the spectroradiometer ground based data and the errors in the
spatial averaging of the satellite pixel data. In this paper, the ratio of the spectral irradiances
from satellite compared to the ground based measurements has showed that for the cloud
free cases at 324 nm, the median is higher than one. The corresponding median at 310 is
less than one and it is very close to one at 380 nm. For the cloudy days the ratios have a
much wider range of values with the median ratio being higher than one for 324 and 380
nm and very close to one for 310 nm. The observed spread in the cloud affected data is
largely due to the temporal nature of local cloud cover and differences between the satellite
overpass time and solar noon and the spatial averaging of the satellite data over the satellite
pixel. The models developed account for this over-estimation at the sub-tropical research
site and are essential for any data correlation between satellite and ground based
measurements. Additionally, this research has developed a method to evaluate and validate
the broadband UV A solar noon irradiances derived from OMI satellite spectral data at 310,
324, 380 nm for cloud free days against ground based broadband data taken from a UVA
Biometer. There is reasonable agreement between the modelled UVA irradiance derived
from OMI and the solar noon UVA broadband irradiance from the UVA Biometer with an

R?of 0.86.
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