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Abstract. Time series of daily erythemal ultraviolet radiation (UVR) exposure,
ozone, and cloud cover were analyzed over the Australian continent using data
sets from the NASA Total Ozone Mapping Spectrometer (TOMS) from 1979-
1992. The TOMS UVR exposures showed good agreement with data from surface
observations. Using a relationship derived from comparisons of the TOMS partial
cloud reflectivities with surface cloud cover observations, the TOMS reflectivities
were converted into estimates of cloud cover for several Australian regions. It was
shown that the deseasonalized time series of UVR exposures can be statistically
described as a linear function of ozone and cloud cover anomalies. Results of
a trend analysis indicated statistically significant increases in UVR exposures of
10% decade™! in the summer months in the tropics. These were associated with
a simultaneous depletion of ozone and a decrease in cloud cover. Midlatitudinal
regions showed no significant trends of UVR. It was found that variations of
ozone and UVR over Australia were significantly influenced by the quasi-biennial
oscillation (QBO). An increase in zonal wind strength of 20 m s~! was correlative
with reductions of ozone of 1.7% and enhancements of UVR exposures of 2.2%.
An increase in solar radio flux of 100x10722 W m~2 (Hz)~! was associated with
significant reductions of UVR of 5-10% in the tropical and subtropical regions in
summer. The results suggested that enhancements in summer UVR exposures of
about 10-20% above the climatological average might be expected in years in which

the QBO is in its westerly phase and the solar cycle is at its minimum.

1. Introduction

Ultraviolet radiation (UVR) in the wavelength range
between 280 and 315 nm (UV-B) has a profound im-
pact on erythema, skin cancer, and plant damage. Over
the tropical parts of Australia, incidences of skin cancer
rank amongst the highest in the world and are surpassed
only by New Zealand and parts of the populations in
Hawaii [Giles and Thursfield, 1996; Kricker and Arm-
strong, 1996]. Although there are signs that the rate of
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increase has slowed down [Giles and Thursfield, 1996],
there is still considerable concern that the increases in
incidences of skin cancer are linked to changes in surface
UV-B radiation as a result of ozone depletion. Recently,
attempts have been made to model the increase in non-
melanoma skin cancer as a function of changes in UV-B
radiation due to ozone depletion [Williams and Green,
1996]. These epidemiological studies require the deter-
mination of UV-B doses (daily integrated UVR expo-
sures) within demographic regions as defined in Figure 1
so they can be compared to cancer statistics.

Ozone depletion is one of several factors that affect
the variability of UV surface radiation. The maximum
instantaneous clear-sky UV irradiance is observed at
local solar noon, when the sun is highest in the sky.
The seasonal cycle of daily integrated UVR exposures
has amplitudes of the same order as the annual mean,
which can be attributed mostly to seasonal changes in
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Figure 1. Map of Australia indicating the Australian
States, New South Wales (N.S.W.), Northern Territory
(N.T.), Queensland (QLD), South Australia (S.A.),
Tasmania (TAS), Victoria (VIC), and Western Aus-
tralia (W.A.), with solid lines indicating state bound-
aries. Shaded areas denote the regions used for further
analysis. These are identified 1-9 with Tasmania be-
ing the tenth area and identified as “0.” Also indicated
are the location of stations for which surface UVR and
cloud measurements were obtained.

the maximum solar elevation and the length of the day.
For a given solar elevation the absorption of ozone is
the dominant factor determining clear-sky UVR values.
The effect of relative ozone changes on the surface UV
radiation can be expressed in terms of a radiation am-
plification factor [McKenzie et al., 1991).

Clouds and aerosols scatter the UV radiation. For
a further description of the budget of biologically ac-
tive UVR, refer to Frederick and Lubin [1988]. The
presence of aerosols can cause substantial UVR reduc-
tions on clear days. These effects are pronounced locally
in strongly polluted areas, regionally in areas affected
by smoke plumes from biomass burning or desert dust,
and globally after volcanic eruptions. Surface UVR en-
hancements may be observed as a result of trapping
of photons between an aerosol layer and a highly re-
flective surface [Michelangeli et al., 1992; Shettle and
Weinman, 1970]. Clouds are the most prominent scat-
terers of UV radiation; thus knowledge of the spatial
and temporal variabilities of cloud cover and cloud type
are very important for an understanding of the variabili-
ties of UVR. The effect of cloud cover on the surface UV
radiation is very complex. Measurements have shown
that homogeneous cloud layers lead to a reduction of
surface UVR [Schafer et al., 1996; Frederick and Snell,
1990; Estupiridn et al., 1996; Seckmeyer et al., 1996]. A
partially cloudy sky with an unobstructed direct solar
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beam, however, can lead to an enhancement of surface
UVR due to reflection of solar radiation at the sides
of clouds [Estupifidn et al., 1996; Schafer et al., 1996;
Mims and Frederick, 1994).

The effects of UV radiation on biological systems
have been reviewed by Madronich [1993]. Furthermore,
Madronich [1992] used TOMS ozone data to estimate
zonally averaged trends of biologically effective UV ra-
diation under clear skies for different biological action
spectra. In the past, two studies specifically tried to es-
timate UVR trends in Australia. Roy and Gies [1989]
applied a semi-empirical model based on Green et al.
[1974b] and Green et al. [1974a] to estimate the sensi-
tivity in local solar-noon UV-B radiation to percentage
changes in total ozone for eight cities in Australia using
climatological ozone values by Diitsch [1971]. Subse-
quently, Bodeker [1993] derived a statistical model us-
ing TOMS data to predict monthly mean ozone values
for Australian and New Zealand cities up to the year
2000. The model includes a trend, an annual variation,
a quasi-biennial oscillation (QBO), a solar cycle compo-
nent, and a semiannual signal. To predict clear-sky lo-
cal solar noon erythemal UV radiation values, a model
based on Igbal [1983] and McKenzie [1991] was used.
Both studies discussed clear-sky UV radiation changes
and did not include cloud cover.

Lubin and Jensen [1995] investigated whether ozone
trends would lead to significant trends in biologically
effective UV radiation at local solar noon when taking
into account the effect of cloud variabilities on UVR.
They predicted that because of the variability being
sufficiently small in temperate regions of Australia, “by
the end of this century, trends in summer average local-
noon UVR dose rates relevant to mammalian skin can-
cer or plant damage should be significant with respect
to cloud variability.”, (p. 710).

It will be investigated whether this thesis holds for
the erythemal UVR doses by analyzing TOMS-derived
erythemal UVR exposure data over Australia. Herman
et al. [1996] calculated and discussed zonally averaged
trends of daily integrated UVR exposure. The data
used here are TOMS erythemal UVR exposures, a re-
vised version of the original TOMS UV data set [Her-
man and Celarier, 1996]. The erythemal weighting was
performed with the action spectrum of McKinlay and
Diffey [1987]. It will be shown that the TOMS UVR ex-
posure anomalies can be approximated as a linear func-
tion ozone and cloud amount anomalies over the Aus-
tralian region. To derive this relationship, the TOMS
ozone data (version 7) are used, and cloud amounts are
inferred from the TOMS reflectivity data [McPeters and
Beach, 1996a, b).

As a first step, the TOMS daily integrated UVR ex-
posure data are evaluated by comparing them to sur-
face UVR measurements. A relationship between the
TOMS reflectivity and cloud amount is derived at eight
stations in Australia (see Figure 1) from comparisons
of colocated TOMS reflectivity measurements and sur-
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face cloud cover observations. The TOMS partial cloud
reflectivities are then converted into estimates of total
cloud cover. Next, the climatology and seasonal cy-
cles of UVR, ozone, and cloud cover are derived, and
the deseasonalized time series are calculated. These are
used as input for the trend analysis. Monthly and an-
nual trends, as well as components associated with the
quasi-biennial oscillation (QBO), the solar cycle, and
the El Nifio—Southern Oscillation (ENSO) are inferred
separately for the UVR exposures, ozone, and cloud
amounts. The analyses are carried out for several Aus-
tralian regions and the entire continent.

2. Evaluation of TOMS Data With
Surface Measurements

2.1. Measurements of UVR Exposures in
Australia

Although several UVR networks have existed in Aus-
tralia in the past, a consistent long-term data record of
UV-B measurements does not exist at present. Between
1963 and 1970, Robertson [1972] operated a small net-
work of broadband instruments, the predecessors of the
Robertson-Berger meters. To test an alternative broad-
band detector for suitability of monitoring long-term
changes in UVR, a different broadband UV-B network
was established and operated between 1975 and 1981 at
five Australian stations and one station in Papua New
Guinea [Barton, 1983; Paltridge and Barton, 1978].
The UVR detectors provided sufficient data to allow
the derivation of a geographic and seasonal climatology
of UV-B [Paltridge and Barton, 1978] but were con-
sidered unsuitable to monitor long-term changes. Re-
cently, Weatherhead et al. [1997] came to a similar con-
clusion for the Robertson-Berger network in the United
States.

After the discovery of the ozone hole over Antarctica
[Farman et al., 1985] the proximity between the Aus-
tralian and Antarctic continents led to concerns that
the ozone hole would affect the ozone distribution and
hence the UV radiation in Australia. Moreover, it was
speculated whether the concurrent increase in skin can-
cer rates in Australia could be attributed to the ef-
fects of the ozone hole [National Health and Medical
Research Council, 1989]. As UVR measurements were
not available at the time, the present broadband UVR
network operated by the Australian Radiation Labora-
tory (ARL) [Roy et al., 1995] was initiated to address
this question. Data from the ARL network overlap with
the TOMS data record and will be used for evaluation.

2.1.1. Surface UVR measurements from the
ARL network. The ARL network includes a num-
ber of different UVR detectors. Measurements with
an International Light (IL) UV actinic detector (IL
ACTS) were available from the middle of the 1980s.
These instruments measure the biological effective irra-
diance. Their naming is somewhat confusing as they
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do not measure the actinic fluxes. The improper use

of the term “actinic flux” has been discussed in detail
by Madronich [1987]. Nevertheless, part of the litera-
ture employs the term “actinic” to define the spectral
region between 200 and 315 nm [American Conference
of Governmental Industrial Hygienists (ACGIH), 1980;
International Light, 1991 (available at http://www.Intl-
Light.com/products/uvhazard.html); Ryer, 1997 (avail-
able at http://www.Intl-Light.com/handbook/)]. In
spite of the difference in semantics it should be kept
in mind that the IL instruments measure the UV ir-
radiance with a spectral response that is similar to
the erythemal response (action spectrum) defined by
the ACGIH, [1980]. This response has been adopted
by the International Radiation Protection Association
(IRPA) as a standard action spectrum [Duchéne et al.,
1991]. Furthermore, their definition is very similar to
the erythemal response of McKinlay and Diffey [1987]
adopted by the International Commission on Illumina-
tion [Commission Internationale de I’Eclairage (CIE),
1991]. The action spectrum of McKinlay and Diffey
[1987] has been used to derive the TOMS erythemal
exposure data. Although these different weightings re-
sult in differences of absolute irradiance, for solar zenith
angles less than 60° the differences can be adjusted by
employing a constant factor. Results from radiative
transfer calculations showed that the CIE-weighted ir-
radiance is approximately 0.78 & 0.01 times the IL irra-
diance. The two-stream approximation of the radiative
transfer model UVspec (A. Kylling, UVspec: A pro-
gram package for calculation of diffuse and direct visible
intensities and fluxes, 1995; available by anonymous ftp
to kaja.gi.alaska.edu, cd pub/arve) (Hereinafter referred
to as Kylling, 1995) [Kylling et al., 1995] has been used
to perform these calculations. The model calculations
were performed for clear sky conditions using the total
ozone from TOMS and setting the visibility to 15 km
to account for aerosols.

To convert the photon counts measured by the sur-
face instruments into absolute irradiance, regular cali-
brations of these instruments would be desirable but are
not available for all instruments on a sufficiently routine
basis. Therefore model calculations were used to cali-
brate the data vicariously. Two models were employed
for verification of these calibrations, that is, UVspec
[Kylling, 1995] and a model by Bjdrn [1989]. The counts
were converted into CIE-weighted irradiances using cal-
ibration factors derived from model calculations at local
solar noon. It was found that these calibration factors
did not account for the decrease in instrument sensitiv-
ity with increasing solar zenith angle [Roy et al., 1996]
and resulted in an underestimation of the daily doses.
To account for this bias, correction factors for daily ex-
posures were determined for each instrument by com-
paring daily integrated measurements on clear sky days
to modeled daily total exposures using UVspec. The
correction factors vary between 1.05 and 1.46, depend-
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Table 1. Cosine Correction Factors for the Surface
International Light Measurements Derived From Com-
parisons of the Daily Integrated Surface Measurements
With Model Calculations on Clear-Sky Days

Number of Cosine
Station Clear-Sky Correction

(Latitude, Longitude) Measurements Factors
Darwin (-12.5, 130.8) 122 1.18 £ 0.07
Alice Springs (-23.4, 133.5) 760 1.25 + 0.14
Brisbane (-27.5, 153.1) 225 1.29 £+ 0.18
Perth(-31.9 ,115.9) 175 1.19 + 0.08
Sydney (-33.9, 151.2) 131 1.05 + 0.13
Adelaide (-34.7, 138.6 ) 44 1.22 £ 0.10
Melbourne(-38.0, 145.1) 170 1.29 + 0.12
Hobart (-42.8, 147.5) 32 1.46 + 0.13

ing on instrument and location. Details are listed in
Table 1. The daily integrated irradiances were multi-
plied with these factors to adjust for the nonideal cosine
response of the instruments.

In summary, to obtain the daily doses (erythemal ex-
posures) from surface observations, the measured counts
were first converted into erythemally CIE-weighted ir-
radiances using calibration factors derived from model
calculations at solar noon and then adjusted with cosine
correction factors as listed in Table 1. These values will
be compared to the TOMS erythemal exposures. Their
derivation is described in the next section.

2.1.2. TOMS erythemal UVR exposure algo-
rithm. The TOMS UVR exposure data have been
obtained from NASA Goddard Space Flight Center
(GSFC). In order to evaluate this data with measure-
ments from the surface network, a brief discussion of the
TOMS algorithm will be given based on Herman et al.
[1996] and Herman and Celarier [1996]. As discussed
by Herman et al. [1996], the TOMS erythemal UVR
exposures have been calculated with a radiative trans-
fer model. Input variables were the TOMS ozone data,
surface albedos estimated from the Lambertian Equiva-
lent Reflectivities (LER) [Herman and Celarier, 1997],
and an estimate of cloudiness as follows. The TOMS
algorithm uses reflectivity measurements at 380 nm to
identify cloudy scenes. Then a cloud optical depth is
deduced from the 380 nm reflectivity assuming a uni-
form cloud layer “homogeneously distributed in a slab
between 500 and 700 mb” for each pixel [Herman and
Celarier, 1996, readme file]. The UV spectral irradi-
ance of a cloudy scene is calculated by applying a cloud
correction factor (a function of the cloud optical depth,
surface reflectivity, terrain height, and solar zenith an-
gle) to the clear-sky spectral irradiance [Herman et al.,
1996]. Erythemally weighted irradiances have been de-
rived using the action spectrum of McKinlay and Diffey
[1987]. The daily integration has been carried out as-
suming no diurnal variation in cloudiness. TOMS UVR
overpass data are now evaluated with surface measure-
ments from eight stations.
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2.1.3. Surface UVR intercomparison. Figure 2
shows the scatter diagrams of cosine-corrected surface
measurements with colocated TOMS erythemal expo-
sure data. TOMS UVR overpass data have been pro-
vided by NASA GSFC for intercomparison purposes.
Table 2 summarizes the statistics of the intercompar-
ison. The correlations between these measurements
are larger than 0.76 and above 0.9 for most stations.
Aerosols are not considered in the TOMS UV algorithm,
which could explain the slight overestimation of TOMS
erythemal UVR compared to the surface measurements.
Furthermore, the TOMS UV algorithm does not take
into account a diurnal variability in cloud cover. Us-
ing the argument of ergodicity (E. Celarier, personal
communication, 1998), it was assumed that-the spa-
tial average across a TOMS pixel would approximate
the temporal average at a single point. This assump-
tion might not be accurate at tropical stations with a
strong diurnal cycle of convection and might explain the
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Figure 2. Comparison of Total Ozone Mapping Spec-
trometer (TOMS) erythemal daily total UVR exposures
with surface measurements from the network of the
Australian Radiation Laboratory (ARL).
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Table 2. Intercomparison Between TOMS Erythemal UVR Exposures and Daily
Integrated and Cosine-Corrected Surface Measurements for Eight Stations in Aus-

tralia
TOMS - IL
Average, Bias, S.D,

Station Data Points Jm™? Jm~2(%) J m~%(%) T
Darwin 1077 5148 690 (13) 926 (18)  0.76
Alice Springs 772 4835 482 (10) 656 (14)  0.97
Brisbane 599 3637 237 ( 7) 640 (18)  0.94
Perth 1152 3586 429 (12) 784 (22)  0.95
Sydney 1079 2967 248 ( 8) 671 (23)  0.94
Adelaide 401 2679 476 (18) 715 (27)  0.93
Melbourne 1596 2644 253 (10) 608 (23)  0.96
Hobart 214 2832 161 ( 6) 1076 (38)  0.79

TOMS, Total Ozone Mapping Spectrometer; UVR, ultraviolet radiation; IL, Interna-

tional Light; S.D., standard deviation.

The number of data points used in each intercomparison are listed in column 2. Col-
umn 3 tabulates the average UVR, exposures of the colocated measurements. Columns 4
and 5 list the bias and standard deviation of the differences between TOMS and surface
measurements in absolute (J m™2) and relative (%) units. The last column indicates the
correlation coefficient r between the two data sets.

larger discrepancy at Darwin. The biases between the
TOMS and surface measurements range between 6 and
13%, and the standard deviations range between 10 and
38%, with Hobart the site with the largest standard de-
viation. Overall, the TOMS data compare well with the
surface measurements.

2.2. TOMS Ozone Data

The TOMS version 7 ozone data have been evalu-
ated extensively with Dobson stations {McPeters and
Labow, 1996]. A closer look at the Australian Dobson
stations reproduced the results as has been previously
discussed by Atkinson and Easson [1989] and McPeters
and Labow [1996]. Hence the TOMS version 7 ozone
data will be used without further evaluation.

2.3. Estimation of Cloud Coverage From
TOMS Reflectivity Data

It will be shown that TOMS partial cloud reflectivi-
ties can be used to derive an estimate of cloud amount
over the Australian continent.

2.3.1. TOMS partial cloud reflectivities. The
TOMS partial cloud reflectivities are derived from mea-
surements of the backscattered radiance at 380 nm.
The derivation is described in detail in the TOMS
user’s guide [McPeters et al., 1996], but a brief sum-
mary will be given here as background. The algo-
rithm assumes that the measured radiances are re-
flected from two levels in the atmosphere, that is, the
ground and the cloud top. For a given TOMS mea-
surement at 380 nm (Ijneasured), the first step is to
calculate radiances at 380 nm for reflection off the
ground Igound and reflection from the cloud Igguq-

The latter implies an assumption of the cloud height,
which is inferred from the climatology of the Interna-
tional Cloud Climatology Project (ISCCP) [Rossow and
Schiffer, 1991]. A cloud reflectivity R, of 0.8 is as-
sumed. Given the ground terrain pressure, the sur-
face radiance is estimated from radiative transfer cal-
culations assuming a ground reflectivity R, of 0.08 for
snow- and ice-free conditions and 0.5 for snow/ice. If
Iground £ Imeasured < Icloua under snow- and ice free
conditions an effective cloud fraction f is determined
using f = (Imeasured — Iground)/(Icloud - Iground)- If
snow/ice is assumed to be present, then the value of
f is divided by 2. The TOMS partial cloud reflectivity
R is derived from the cloud fraction

R =Ry(1—- f)+ R.f, 1
where R, is the ground reflectivity conditions and R,
is the cloud reflectivity. If Imeasured < Iground, the
backscattered radiation is thought to be entirely from
the surface and is determined by solving the bound-
ary condition of the radiative transfer equation [Dave,
1964]. Equation (1) thus implies a linear relationship
between reflectivities and cloud amount in the absence
of snow/ice.

It is investigated whether such a linear relationship
can be observed over the Australian continent. It is pos-
sible, because Australia is virtually snow-free over the
course of a year, with the exception of a few areas in the
mountains smaller than the grid resolution of the reflec-
tivity data. With the assumption that changes in sur-
face reflectivities under snow-free conditions are small,
the relationship between reflectivities and cloud amount
should be linear if the clouds are optically thick. A lin-
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Figure 3. Time series of monthly mean total cloud cover from surface observations (dashed
lines) and TOMS partial cloud reflectivities (solid lines) for eight stations in Australia.

ear relationship between the effective cloud fraction f
and the reflectivity R follows from rearranging (1) and
substituting B, = 0.08 and R. = 0.80. The effective
cloud fraction is related to the partial cloud reflectivity
by

Ry 1
RC_Rg Rc_Rg

f R=f,+14R,

(2

with f, = —11.1%.

2.3.2. Comparisons to surface cloud cover ob-
servations. The relationship between reflectivity and
clouds is examined further by comparing TOMS par-
tial cloud reflectivities with surface cloud observations.
The surface cloud observations were obtained from the
National Climate Centre of the Bureau of Meteorol-
ogy for the eight stations discussed earlier (e.g., Figure
1). The data set consists of observations of total cloud
cover, cloud types, and base heights at three-hourly in-
tervals. From this data set the total cloud amounts
at local noon were averaged to provide monthly mean
values. Monthly averages of partial cloud reflectivities

at these stations were derived from TOMS overpass
data. Figure 3 shows the monthly mean time series
of surface observations and colocated TOMS reflectiv-
ity data. It is evident that the cloud observations and
the reflectivity are correlated. To investigate this cor-
relation, the data are presented as scatter diagrams in
Figure 4. It becomes apparent that the reflectivities and
cloud amounts in the extratropical stations (Figures 4b-
4h) can be described as linearly correlated, whereas at
the tropical station Darwin (Figure 4a) the relation-
ship seems nonlinear. As Figure 4i indicates, a linear
regression can be derived using all data of the extra-
tropical stations. The resulting fit is drawn as a solid
line in Figures 4b-4i. The regression equation relat-
ing surface cloud cover C to reflectivity R is given as
C = 11.1 + 1.9R. Details of the statistics are listed in
Table 3. The observed rate of change of cloud cover C
as a function of reflectivity is slightly larger than in (2),
and the difference between C, and f, is 22%.

A further analysis of the surface cloud cover data set
reveals that these differences might be associated with
multilayered cloud bands which are observed frequently
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Figure 4. Monthly mean total cloud cover from surface observations compared with TOMS
partial cloud reflectivities. Darwin, the only station in the tropics, shows a nonlinear relationship
between surface observation and TOMS partial cloud reflectivities. All other stations can be
described as linear. A relationship between surface cloud cover and reflectivities has been derived
to convert the reflectivity into cloud cover. Results of a regression analysis are listed in Table 3.
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at most stations, which (2) does not take into account.
Each station is associated with a distinct range of re-
flectivities, which might be related to the prevalence of
different cloud types. For example, Alice Springs is a
station in the center of Australia and has a dry arid
subtropical climate. Altocumulus and cirrus are the
most frequent cloud types. On the east coast of Aus-

tralia, mountains of the Great Dividing Range form
a natural boundary between the arid climate of cen-
tral Australia and the humid climate on the east coast.
Brisbane and Sydney are subtropical stations on the
east coast. Perth, on the coastal region of Western
Australia, is affected by tropical cyclones. Adelaide
is located at the southeastern edge of the desert. At

Table 3. Average Reflectivity R, Cloud Cover C, and the Estimated Regression
Coefficients to Determine Cloud Cover C From TOMS Reflectivity Measurements R

Correlation
Station R C Co a1 az Coefficient
Darwin

R < 25% 13.2 49.6 9.9 3.0+04 - 0.86
R > 25% 35.0 83.6 79.7 02104 - 0.87
16.5 54.9 -77.0 -36+1.0 48.7 £ 9.1 0.94
Extratropical 22.1 52.5 11.1 1.94+03 - 0.90
All data 21.5 52.9 14.6 1.8 £0.2 - 0.87

For most stations a linear fit is sufficient to describe the relationship between the variables.
At Darwin the relationship is more complex. The linear regression coefficients for two regimes,

R < 25% and R > 25%, are derived separately.

A nonlinear regression equation C =

Co + a1R + a2VR can be used to describe the relationship over the entire range of R.
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these four stations, low clouds (cumulus and stratocu-
mulus) are the most frequently observed cloud types
with midlevel type clouds (altostratus and altocumu-
lus) and high-level clouds (cirrus) present. Although
several layers are often present at the same time, they
tend to cover different portions of the sky, and the over-
lap is small. Melbourne and Hobart are in a temper-
ate climate where passages of cold fronts are commonly
observed and multilayered cloud bands are recurrent.
These results are generally consistent with the analy-
sis of Warren et al. [1986]. Semitransparent midlevel
and high-level clouds might be the cause of the under-
estimation of cloud cover from satellite and explain the
differences of 22% between the two constants C, and f,
(e.g., Table 3 and (2)).

At the tropical station Darwin (Figure 4a) the rela-
tionship between reflectivity and observed cloud cover is
clearly nonlinear. It is found that these nonlinearities
are associated with a seasonal change in cloud cover.
The tropical monsoon leads to a pronounced seasonal
cycle in the cloud amount at Darwin (see Figure 3),
dominated by convective cloud types. To investigate
the nonlinearities further, the data points were divided
into two regimes, R < 25% and R > 25%. Separate lin-
ear fits for the reflectivities R < 25% and R > 25% were
derived, and the results are listed in Table 3. Reflec-
tivities > 25% are observed during the summer season
in January and February (see Figure 3). During that
time period the midlevel and high-level cloud amounts
increase by about 20%, that is, from 10 to 35% for mid-
level clouds and from 40 to 65% for high-level clouds.
The increase in low-level cloud amount is 15%, that is,
from 50 to 65%. Low and high clouds are present in
two layers covering the sky to 50%, on average. Mid-
level clouds (altocumulus) are present with an amount
of 17.2%, on average. It was found that a quadratic fit
can approximate the reflectivity—cloud cover relation-
ship. The results are listed in Table 3.

In summary, at extratropical stations a change in re-
flectivity of 1% results in a change in cloud amount of
1.9%. At Darwin a 3% change in cloud cover is as-
sociated with a 1% change in reflectivity outside the
monsoon season. In the monsoon season a 1% increase
in reflectivity results in a moderate increase in cloud
amount of about 0.2%. As clouds cover nearly 100% of
the sky, the change in reflectivity is most likely associ-
ated with the increase of highly reflective cloud types.

The regression coefficients (Table 3) are applied to es-
timate the cloud amount in subregions of the Australian
continent. In tropical regions, the quadratic fit is used
to convert the TOMS reflectivities into cloud amounts.
Cloud amounts in extratropical regions are calculated
from the linear regression given in Table 3.

2.4. Gridded TOMS Data Sets

The climatological and trend analyses discussed be-
low are based on level 3 gridded TOMS data. The
gridded data sets (UVR exposures, ozone, and partial

UDELHOFEN ET AL.: UV RADIATION VARIATIONS OVER AUSTRALIA

cloud reflectivities) have a resolution of 1.0 x 1.25° and
are available for every day between November 1978 and
May 1993. Whenever the terms UVR, ozone, and cloud
cover are used hereafter, the TOMS erythemal UV ex-
posures, the TOMS version 7 ozone data set, and the
cloud amounts derived from TOMS partial cloud reflec-
tivity data are implied.

3. TOMS UVR Climatology for
Australia

As discussed earlier, the TOMS erythemal UVR ex-
posures have been derived by weighting spectral irradi-
ances with the action spectrum of McKinlay and Dif-
fey [1987] and integrating the result over the length
of day. From the gridded data set a climatology has
been obtained for each month as well as annually, using
all data from 1979 until the end of 1992. Australian
contour maps are shown in Plate 1 for January, April,
July, October, and the annual average. It is evident
that during winter (i.e., July) daily UVR exposures are
zonally symmetric over the continent and range from
< 0.5 kJ m~2 in Tasmania to 4 kJ m~2 in the tropics.
The months of April and October and the annual av-
erage show a slight asymmetry toward the eastern edge
of the continent, which is most likely associated with
the Great Dividing Range, the boundary between the
humid climate on the east coast and arid climate at
the Australian interior. The humid climate east of the
Great Dividing Range leads to a reduction of the UVR
exposures compared to the values west of the Dividing
Range. In the summer, largest daily integrated UVR
exposure data are found in the subtropical desert with
extreme values above 7.8 kJ m~2,

For further analysis the Australian continent is di-
vided into nine regions plus Tasmania as a separate re-
gion. The zonal and longitudinal dependence of the
UVR, ozone, and cloud variability will be investigated
in detail for these regions.

3.1. Geographical Average

The nine regions over the Australian continent have
been selected by taking into account climatic and geo-
graphical regimes (see Figure 1). Several studies us-
ing rainfall analysis have indicated that the climatic
zones in Australia can be classified as tropical, subtrop-
ical, and temperate [Bureau of Meteorology, 1995; Sim-
monds and Hope, 1997]. These climatic classifications
correspond approximately to the latitudinal bands of
10°-20°S (tropical, regions 1-3 in Figure 1), 20°-30°S
(subtropical, regions 4-6), and 30°-40°S (temperate, re-
gions 7-9). To investigate possible longitudinal vari-
ations, these latitudinal bands have been subdivided
into three longitudinal zones covering 110°-130°E, 130°-
140°E and 140°-155°E respectively. Results of a cluster
analysis of rainfall events by Drosdowsky [1993] have
implied the usefulness of a longitudinal division. Only
data over land has been used in the analysis. Figure 1
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Plate 1. Climatology of daily integrated erythemal UVR exposures from TOMS over the Aus-
tralian continent for January, April, July, October, and the annual average.

shows the location of these regions and their relation to
the state boundaries.

3.2. Climatological Averages and Seasonal
Cycles

Figure 5 shows the seasonal cycle for erythemal UVR
exposure (top), total ozone {middle), and cloud cover
(bottom) for the nine regions on the Australian main-
land, the three latitudinal zones labeled tropical, sub-
tropical, and extratropical, the island of Tasmania, and
the entire Australian continent. These climatological
seasonal cycles were derived from 14 years of monthly
averaged time series. Differences in line style specify
the longitudinal subregions. Dotted lines represent the
most western region (1, 4, and 7; see Figure 1), the
dashed lines denote the central regions (2, 5, and 8) and
the dashed-dotted lines represent the eastern regions (3,
6, and 9). Table 4 summarizes the corresponding annual
averages as well as minimum and maximum monthly
averages.

3.2.1. UV radiation. The seasonal variation in
erythemal UVR is predominantly influenced by changes
in the maximum solar elevation at any given location
over the course of a year. For example, when the sea-
sonal variation of the UVR exposures is expressed as
a linear function of the noon solar elevation, the vari-
ance of seasonal cycle of UV radiation is explained by
72 = 95%. (The term “explained variance” is defined as
the square of the correlation coefficient.) Outside the
tropical belt the Sun reaches its highest elevations in
December and the lowest in June. Within the tropical
region the UV radiation stays fairly constant between
November and February, when the noon solar eleva-
tion reaches its maximum values. The tropical part
of Australia receives the highest amount of the erythe-
mal UVR exposure, 5.3 kJ m~2 as an annual average
(see Table 4). The exposures in the subtropical region,
4.6 kJ m~2, are twice as high as the exposures in Tas-
mania, 2.3'kJ m—2. The extratropical region receives
64% of the amount of the tropics. Averaged over the
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Figure 5. Climatological seasonal cycle of erythemal UVR exposure, total ozone, and cloud
cover for selected regions in Australia (see Figure 1) and the entire Australian continent derived
from 14 years of TOMS data between 1979 and 1992. Symbols indicate the following regions:
tropical (diamonds), subtropical (triangle), extratropical (squares), the island of Tasmania (0),
and the entire Australian continent (crosses). Differences in line style specify the longitudinal
subregions. Dotted lines represent the most western region (1, 4, and 7; see Figure 1), the dashed
lines denote the central regions (2, 5, and 8), and the dashed dotted lines represent the eastern

regions (3, 6, and 9).

year and for the entire Australian continent, daily ex-
posures of 4.4 kJ m~2 are obtained, which are compa-
rable to the average amount received in the subtropical
region. The latitudinal gradient of the annual averaged
UVR exposures is about 1 kJ m~2 (10° latitude)~1. As
Figure 5 and Table 4 indicate, in the summer months,
exposures in the extratropical regions are as large as in
the tropics. Considerable latitudinal differences exist in
winter, that is, 0.9 kJ m~2 between the extratropics and
subtropics, and 1.4 kJ m~2 between the subtropics and
tropics. Table 4 shows that the longitudinal variability
can be as large as 0.3 kJ m~2, that is, about 5-9% of
the average in the respective latitude belt of Australia.

3.2.2. Ozone. It isapparent that the seasonal vari-
ability of ozone (middle plot of Figure 5) increases from
the tropics toward Tasmania. This distribution reflects
the transport of ozone from the equator to higher lati-
tudes. Ozone is produced photochemically in the trop-
ical stratosphere with maximum molecular concentra-
tions at a height of 22 ki and maximum mixing ratio
near 35 km. As a result of the Brewer-Dobson circula-

tion [Andrews et al., 1987], ozone is transported from
the source region poleward. It is advected from the
tropical source region into higher latitudes by the wave-
driven extratropical pump [Holton et al., 1995], where it
enters a zone of large-scale subsidence. In the Southern
Hemisphere the highest ozone values occur in spring-
time in the subpolar region. There is little seasonal
variation in the tropics. A springtime peak in ozone
can be observed in all regions outside the tropics, which
results from a dynamically and radiatively driven peak
in the Brewer-Dobson circulation at this time [Andrews
et al., 1987; Atkinson, 1996).

3.2.3. Cloud cover. The cloud cover variability
does not show a pronounced seasonal cycle for most
regions outside the tropics. In the tropical regions (de-
noted 1-3 in Figure 5) the monsoon affects the seasonal
cycle. Cloud cover increases steadily from August to
February, the buildup and duration of the monsoon sea-
son. The subtropical regions show a slight seasonal cy-
cle with a minimum in spring. The extratropical regions
show an increase of cloud cover in late fall (May) and a
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Figure 6. Deseasonalized time series of TOMS (top) erythemal UVR, (middle) ozone, and
(bottom) cloud cover for the Australian region. The dotted line in the top diagram shows the
linear regression fit of erythemal UVR changes as a function of changes in ozone and cloud cover
(see Table 5). The dashed lines show the regression time series derived from a fit of equation (3).

slow decline in the rest of the year with a minimum in
January.

4. Analysis

The climatological seasonal cycle is substracted from
the time series, and a detailed analysis of the time series
anomalies is carried out. The correlations between the
anomalies of UVR exposures, ozone, and cloud cover
(derived from the three TOMS data sets described ear-
lier) are discussed, and, finally, a trend analysis is per-
formed. The trend analysis includes several statisti-
cal proxies for expected interannual signal components,
which are described in detail. The seasonal dependence,
the annual averages, and the statistical significance of
the results will be presented.

4.1. Sensitivity of UVR Anomalies to Ozone
and Cloud Cover Changes

It is investigated whether the temporal variability of
the UVR exposure anomalies can be described as a lin-
ear function of ozone and cloud cover anomalies. De-
seasonalized time series have been calculated for each

parameter and region. Figure 6 shows the deseasonal-
ized time series of UVR (top), ozone (middle) and cloud
cover (bottom) derived from TOMS data for the entire
Australian continent as an example. The seasonal sig-
nal in the time series has been eliminated by subtract-
ing the climatological monthly averages (see Figure 5)
from the monthly mean time series (not shown). The
dashed lines show results of a modeled time series us-
ing a regression model that will be discussed in section
4.2. The dotted line in the UV plot represents the fit-
ted UVR anomalies as a linear function of ozone and
cloud cover anomalies (see Table 5). The dotted line
matches the deseasonalized time series closely, thus in-
dicating that the UVR exposure anomalies can be ap-
proximated as a linear function of ozone and cloud cover
anomalies. The linear model explains 99% of the vari-
ance of the observed UVR anomalies. The statistical
results for the other Australian regions are summarized
in Table 5. A close relationship between the TOMS
UVR exposure anomalies, TOMS ozone, and TOMS-
derived cloud cover anomalies is expected to some ex-
tent. As discussed earlier, UVR exposures have been
derived from a radiative transfer model as a nonlin-
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Table 4. Annual Averages, Minima, and Maxima of UVR, Ozone, and Cloud Cover Derived From
TOMS Data Between 1979 and 1992

UV, kJ m—2 Ozone, DU Cloud Cover, %
Region Mean Min Max Mean Min Max Mean Min Max
Tropical 53+ 1.3 3.3 6.7 263+ 6 256 273 471 + 14.1 30.6 69.0
1 54+14 3.2 6.9 263 + 6 257 274 36.7 + 14.6 17.7 59.3
2 53+1.2 34 6.7 262 + 6 256 272 43.5 + 15.8 23.6 66.2
3 51+13 3.1 6.6 263+ 6 257 274 53.2 + 11.8 39.2 72.5
Subtropical 46 +1.9 1.9 7.0 276 + 12 263 296 36.0 £ 3.2 30.6 40.4
4 4.7+ 20 1.9 7.2 275 £ 11 262 295 33.7+ 3.7 27.0 39.3
5 46 +19 2.0 7.1 275 £ 11 263 295 345+ 28 30.1 37.8
6 44118 1.9 6.7 278 £ 12 265 300 40.1 + 4.6 32.6 46.5
Extratropical 34+£20 1.0 6.4 298 + 21 276 329 49.0 £ 3.7 42.0 54.9
7 36+21 1.1 6.6 293 + 19 272 322 476 + 44 39.3 55.1
8 3.5+20 1.0 6.5 296 + 20 275 326 471+ 3.6 40.0 53.0
9 33+20 0.9 6.2 301 &+ 22 276 333 50.5 + 3.9 43.1 55.8
Tasmania 23+ 1.7 04 4.7 318 + 30 279 362 66.5 + 2.8 60.4 70.6
Australia 44118 1.9 6.7 280 £+ 13 266 301 428 + 2.6 38.8 46.3

Here, k] m~2 = kilo Joules per square meters; DU, Dobson units.

ear function of ozone and cloudiness (see section 2.1.2).
Moreover, TOMS ozone data have been used as input
to the UVR exposure algorithm; however, the TOMS
partial cloud reflectivities have not. Under these condi-
tions it is remarkable that the UV anomalies in a given
region can be almost entirely reconstructed as a linear
combination of the ozone and cloud cover anomalies.
Table 5 includes further details of the regression anal-
ysis. The linear regression coefficients a; describe the
sensitivity of UVR changes due to ozone changes. This
coefficient can be related to the linear radiation ampli-
fication factor (RAF), which is defined as AUV/UV =
—RAF(AO3/03) [e.g., McKenzie et al., 1991]. The

Table 5.

RAF is a function of solar zenith angle. Although
the radiation amplification factor is defined to describe
changes in UV irradiances, here the same concept is ap-
plied for the daily integrated exposures. McKenzie et al.
[1991] found that ozone reductions of 1% cause an in-
crease in the erythemal UV irradiance of 1.254+0.20%
at Lauder, New Zealand (45°S). The regression coeffi-
cients derived here, that is, a1 = —RAFexposures; vary
between -0.95 in the tropics to -1.3 in the extratropics
(35°S). For Australia the average value of a;=-1.26 is
very close to the value for the irradiance measurements
obtained by McKenzie et al. [1991].

The effect of cloud variability on UV radiation expo-

Results of the Linear Regression of Relative UVR Ery-

themal Exposure Anomalies as a Function of Relative Anomalies in
Ozone and Cloud Cover Based on TOMS Data

Ozone Clouds
Region (ar o) T (a2 +0) T Tht
Tropical -1.11 + 0.10 -0.40 -0.31 &+ 0.02 -0.80 0.98
1 -0.92 + 0.10 -0.46 -0.24 + 0.01 -0.90 0.99
2 -1.09 + 0.17 -0.34 -0.31 + 0.03 -0.83 0.97
3 -0.95 & 0.22 -0.31 -0.35 + 0.04 -0.83 0.94
Subtropical -1.21 £ 0.03 -0.89 -0.23 £ 0.01 -0.69 1.00
4 -1.20 &+ 0.03 -0.88 -0.19 £+ 0.01 -0.86 1.00
5 -1.20 £+ 0.03 -0.82 -0.22 + 0.01 -0.63 1.00
6 -1.24 + 0.03 -0.81 -0.26 + 0.01 -0.42 1.00
Extratropical -1.30 + 0.04 -0.50 -0.30 &+ 0.01 -0.70 1.00
7 -1.30 + 0.04 -0.61 -0.25 + 0.01 -0.77 1.00
8 -1.27 £ 0.04 -0.52 -0.28 + 0.01 -0.74 1.00
9 _ -1.27 + 0.05 -0.44 -0.33 £+ 0.01 -0.78 1.00
Tasmania -1.12 £ 0.08 -0.34 -0.47 + 0.02 -0.80 0.99
Australia -1.26 £+ 0.04 -0.79 -0.28 + 0.01 -0.46 1.00

AUV = a; - Aozone + a3 - Aclouds; r, partial correlation coeflicient; rg¢,
correlation coefficient of the regression fit.
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sures is more complex. The regression coeflicients a3 in
Table 5 seem to indicate a longitudinal dependence of
the sensitivity of UVR exposure to cloud cover changes.
The cloud cover changes are more effective in the west-
ern part of Australia in comparison to the eastern part.
In the subtropics a 10% decrease in cloud cover would
increase the UV radiation between 1.9 and 2.6%. In
the tropics a 10% decrease in cloud cover would re-
sult in a 2.4% increase of UVR at the west coast but
a 3.5% increase at the east coast. This is comparable
to the 2.5-3.3% increase in the extratropics. Several
reasons might explain the longitudinal dependence: a
change in surface reflectivity due to a change in veg-
etation, variations in terrain height, and a change in
cloud type. Convective cloud types are predominant
at the coast east of the Great Dividing Range [ Warren
et al., 1986], an area characterized by forests and farm
lands, whereas altostratus prevails in the western and
central parts of Australia over the desert. Cloud cover
in the arid subtropics is characterized predominantly
by altostratus and cirrus. In the extratropics the most
frequent cloud types are stratus and cirrus over forests
and farmland. The sensitivity of the UVR exposures
to changes in cloud cover is largest in Tasmania, where
stratocumuli are the most frequent cloud type. Gener-
ally, the UVR exposures are more sensitive to changes in
cloud cover in vegetated areas, where convective clouds
are dominant. Averaged over the Australian continent,
an increase in cloud cover of 10% will reduce the daily
UVR exposure by 2.8%. These results are within the
range of values of 1.2-6.4% per 10% cloud cover change
that was derived from measurements at several stations
in the United States [Frederick and Snell, 1990].

While the correlation between ozone and UVR anoma-
lies is quite high in most parts of Australia, it is inter-
esting to note that outside the tropics the ozone-UVR
correlation coefficient is lowest in Tasmania. It has been
expected that the detection of the effects of the ozone
depletion on the surface UV radiation would most likely
be at higher latitudes, which are associated with a larger
magnitude in ozone fluctuations. However, these re-
gions also have a large amount of cloud cover (66% for
Tasmania; see Figure 5) and cloud variations through-
out the year. The analysis shows that ozone variations
affect climatological changes of erythemal UVR expo-
sures far less than variabilities in cloudiness.

4.2. Trend Analysis

Previous studies have indicated that the 11 year so-
lar cycle, the quasi-biennial oscillation (QBO) in zonal
wind strength in the lower stratosphere, and the El
Nifio—Southern Oscillation (ENSO) affect the ozone dis-
tribution [Stolarski et al., 1991; Randel and Cobb, 1994].
A regression model that takes into account these signal
components has been described by Randel and Cobb
[1994]. 1t is based upon the regression model for ozone
introduced by Stolarski et al. [1991] with an additional
ENSO term to account for the ENSO signal that has

19,147

been found in the total ozone field by Shiotani [1992].
The regression equation used to model the UVR, ozone,
and cloud cover anomalies reads

AUV (¢)
AO3(t) =a-s1(t)+ 8- s2(t) +7-s3(t) (3)
AC(t) +e€ - 54(t) + residual,

where sy, s9, 53, and s4 are the trend, solar, QBO, and
ENSO signal components. All regression coefficients
a, 3,7, and € in (3) have the form a = 4; +A; coswt
+Assinwt +A4 cos2wt +Assin 2wt +Ag cos3wt +A7
sin 3wt, with w = 27/12 months™! to take into account
seasonal variability. Each term in (3) thus has seven pa-
rameters to be determined simultaneously. To approx-
imate the solar signal s;, the 10.7 cm (or 2800 MHz)
solar radio flux is used. Data have been obtained from
the National Geophysical Data Center and are based
on the radio telescope measurements in Ottawa (prior
to June 1991) and Penticton, British Columbia, after
June 1991. Units of the 10.7 cm solar flux are given in
10722 W m~2 (Hz)~! (or 10* Janskys) and frequently
referred to as F10.7cm, which will be used hereafter.
The zonal wind monthly anomalies at 30 mbar in m s—!
(s3) have been used to take into account the QBO ef-
fect. The zonal wind data have been provided by the
Free University Berlin. The Southern Oscillation Index
(SOI), that is, the normalized pressure difference be-
tween Tahiti and Darwin (s,), has been obtained from
the National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center. Figure 2 of Ran-
del and Cobb [1994] shows these data sets for the period
between 1979 and 1992.

4.3. Seasonal Dependencies of the Signal
Components

The coefficients (a, 3, v, and €) have been estimated
for each individual month from (3) (see Randel and
Cobb [1994] for a more detailed discussion of the fit-
ting procedure) with a least squares fit routine from
the linear algebra package LAPACK [Anderson et al.,
1992]. Figures 7 -11 show the seasonal variation of the
coefficients. In each, the top diagram shows the UVR,
the middle diagram the ozone, and the bottom diagram
the cloud estimates. In order to compare the results, an
understanding of the typical fluctuations of the different
signal components is required. From Figure 2 of Ran-
del and Cobb [1994] (which shows the different signal
components over the 14 year period) it is evident that
the difference between maximum and minimum solar
flux is typically about 100 F10.7cm within a time in-
terval of 5.5 years (1/2 the solar cycle). The coefficient
for the solar signal, 3, thus describes the response of
UVR, ozone, and cloud cover due to a typical change
in solar flux between solar maximum and solar mini-
mum. On the other hand, the results for the QBO in
Figure 9 are given in terms of a typical amplitude of the
zonal wind fluctuation. To express the UVR, ozone, and
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Figure 7. Trends (i.e., coefficient « in equation (3)) in erythemal UVR (J m~2 decade™!), ozone
(DU decade™'), and cloud cover (% cloud amount per decade) for selected geographical regions
of Australia (see Figure 1) and for the entire Australian continent derived from TOMS data.
Statistically significant results on the 20 level are shown as black solid lines; signals above the o
level are shown as black dashed lines. Light gray values indicate no statistical significance of the
results. Refer to the discussion in text for further details.

cloud cover variation in terms of the difference between
the maximum and minimum zonal wind, that is, the
westerly and easterly phase of the QBO, the results for
7 in Figure 9 should be multiplied by a factor of 2, be-
cause the 30 mbar zonal wind typically varies between
-20 and +20 m s~! within 2 years. Figure 11 shows the
coefficients € of the ENSO variations with respect to the
standard deviation of the normalized SOI (1 normalized
SOI = 1 SOI/osor). The SOI typically would vary by
about 2 standard deviations between average El Nifio
and La Nifia events. Again, to express the UVR, ozone,
and cloud cover signal in terms of the difference between
maximum and minimum signal, the values in Figure 11
should be multiplied by a factor 2. Variations in SOI
are associated on timescales of 2-5 years. It should be
kept in mind that the signal components interfere with
each other on different time scales, 11 years for the so-
lar cycle, quasi-biennial for the QBO, and 2-5 years for
ENSO.

The different shadings in Figures 7 -11 indicate the
levels of significance of the results, which have been de-
termined by comparing each signal to its standard de-
viation ¢. Solid black lines indicate that the result is
significant on the 2o level, which corresponds to a confi-
dence interval of 95% [Bloomfield et al., 1988]. Dashed
lines indicate that the signal is larger than the stan-
dard deviation, whereas light gray values indicate that
the results are not statistically significant. In the fol-
lowing the term “significant” is used to characterize the
signals that exceed the 20 level.

4.3.1. Trend component. Figure 7 shows the
trends a in absolute units, and Figure 8 shows the
trends in relative units. Each line is labeled with either
a number identifying the region, as defined in Figure 1,
or a symbol for an entire latitudinal zone, as explained
in the top portion. Tasmania is labeled “0.” It is ap-
parent that the trend components are significant during
the summer months (December/January/February) in
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Figure 8. Same as Figure 7 except that trends are given as percent changes per decade. Percent
changes have been calculated with respect to the climatological averages of UVR, ozone, and

cloud cover (see Table 4).

all regions except the extratropics. The magnitudes of
the UVR trends reach their absolute maxima of approx-
imately 0.3 and 0.5 kJ m~2 decade™! (Figure 7), which
correspond to relative values of about 5-10% decade™?!
(Figure 8). It should be noted that the UVR trends
in the summer months are statistically significant in re-
gions where ozone and cloud cover trends are in phase
and declining. As ozone and cloud cover decreases are
anticorrelated with UV anomalies, both atmospheric
parameters contribute to an increase in UVR exposures.

It is surprising that UVR trends are statistically sig-
nificant in tropical regions rather than in the regions at
the extratropics. Lubin and Jensen [1995] predicted in-
creases in solar-noon UVR values at higher latitudes in
the summer months, but the results from this analysis
indicate no evidence for such an increase.

Although the ozone depletion is statistically signifi-
cant in the fall with values of 5-15 DU decade™! (2-
4% decade™!) (May), trends in cloud cover are not sta-
tistically significant; neither are the UVR exposures. In
spring the ozone depletion is small or nonexistent. This

is consistent with results from zonally averaged ozone
trends [see Randel and Cobb, 1994, Figure 5].

Trends in cloud cover are generally negative over the
Australian region in the summer months and positive
in the winter months. Cloud cover trends are statis-
tically significant only in February in the central and
eastern parts of the tropical region. This might indi-
cate that cloud cover at the end of the monsoon season
has decreased significantly in the period of 1979-1992.
Another explanation might be the spatial variation of
the moving cloud lines, associated with the monsoon
shear line. The monsoon shear line shows considerable
spatial and temporal variability, as discussed in numer-
ous studies [Suppiah, 1992; McBride and Keenan, 1982;
Drosdowsky and Holland, 1987; Drosdowsky et al., 1989;
Drosdowsky, 1996]. Interannual variability of the mon-
soon duration and rainfall have been reported [Suppiah,
1992; Drosdowsky, 1996]. Further work is needed to un-
derstand the interactions between Australian monsoon
and longer-term variations [Drosdowsky, 1996]. The du-
ration of this data set of 14 years is too short to address
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Figure 9. Relative contribution of the quasi-biennial oscillation (QBO) on the erythemal UVR,
ozone, and cloud cover (i.e., coefficient v in equation (3)) for eight regions of Australia and for
the entire Australian continent derived from TOMS data. The QBO-associated regression fits are
given in units of percent per 20 m s~! change in the 30 mbar zonal wind strength. Statistically
significant results on the 20 level are shown as black solid lines; signals above the o level are
shown as black dashed lines. Light grey values indicate no statistical significance of the results.
The magnitude of 20 m s~ is approximately the amplitude of the zonal wind change during a
QBO. To estimate the maximum relative change in UVR, ozone, and cloud cover as would be
observed between the westerly (positive) and easterly (negative) phase QBO, the results should

be multiplied by a factor of 2.

this problem, as inter-decadal climate variabilities can-
not be resolved.

4.3.2. QBO signal. Figure 9 shows that the QBO
signal leads to a reduction of ozone in all regions in
Australia. Ozone is reduced by 1-4% if the zonal wind
strength increases by 20 m s~!. This reduction is signifi-
cant between April and December with a maximum sig-
nal in the wintertime. This finding is consistent with the
results of Yang and Tung [1995]. Their study showed
that QBO ozone signal at higher latitudes is out of
phase with the equatorial QBO signal of ozone, with
a strong signal in the winter-spring season. Ozone in
the equatorial region was found to be leading the Sin-
gapore wind by 1-2 months [Tung and Yang, 1994a, b].
Furthermore, a change of phase was found to occur at

about 12° latitude and lasts to about 16°-17°S [see Yang
and Tung, 1995, Figure 5]. This phase shift is evident
in Figure 9, because in the tropical regions of Australia,
which cover the latitudes between 12° and 20°S (labeled
1-3 and with diamonds), the negative effect of the QBO
on the ozone occurs 2 months earlier than in all other
regions. The QBO has little effect on changes in cloud
cover, except for the tropical and subtropical regions in
February. A statistically significant positive signal in
UVR exposures of about 3-4% per 20 m s~! occurs in
the summer months. It is out of phase with the nega-
tive QBO signal in ozone, but occurs when ozone and
cloud cover signals are in phase.

4.3.3. Solar signal. Figure 10 shows the effect of
the solar signal on the UVR, ozone, and cloud cover.
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Figure 10. Relative contribution of the variability in solar radio flux on the erythemal UVR,
ozone, and cloud cover (i.e., coefficient 3 in equation (3)) for eight regions of Australia and for the
entire Australian continent derived from TOMS data. The solar cycle regression fits are given in
percent per 100 F10.7cm flux, which is the typical change in magnitude between solar minimum
and solar maximum. Statistically significant results on the 2¢ level are shown as black solid lines;
signals above the ¢ level are shown as black dashed lines. Light gray values indicate no statistical

significance of the results.

An increase in solar radio flux by 100 F10.7cm seems
to result in positive ozone anomalies of 1-3% through-
out the year. Changes in solar flux are associated with
significant changes in the total ozone during late fall
and early spring. UVR levels are reduced significantly
in the summer months in tropical and subtropical re-
gions between 5 and 10% per solar flux increase of 100
F10.7cm.

Results also indicate a negative cloud cover signal in
the southeastern part of Australia (regions 6 and 9) dur-
ing winter and spring (August-October) and a positive
signal in the fall (May-June). It has been shown re-
cently that changes in solar flux might be associated
with changes in cloud cover. Svensmark and Friis-
Christensen [1997] showed a strong correlation between
total cloud cover and cosmic ray flux. Cosmic ray flux
is anticorrelated with the solar flux. Their finding sug-
gests that the cloud cover is anticorrelated with the

solar cycle, with cloud cover variations of 3-4% dur-
ing one cycle. Figure 10 suggests a statistically signif-
icant anticorrelation in the extratropics in winter and
spring. However, in late fall and early winter, cloud
cover and solar cycle seem to be positively correlated in
the same regions. The seasonality of the results might
be associated with a simultaneous change of cloud cover
and cloud opacity. For example, Kuang et al. [1998] re-
ported an anticorrelation of cloud cover with the solar
cycle and a positive correlation of the mean cloud opti-
cal thickness. They speculated that the reason might be
an increase of the thin clouds along with the decrease of
thick clouds during solar minimum. A physical mecha-
nism was proposed by Tinsley [1996], who related the
solar cycle to changes in the air-Earth current density
due to external modulation of the electric circuit by the
solar wind. He suggests that electrostatic charge ac-
cumulation on supercooled droplets and aerosols near
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Figure 11. Relative contribution of the ENSO variability described by the Southern Oscillation
Index (SOI) on erythemal UVR, ozone, and cloud cover (i.e., coefficient € in equation (3)) for
eight regions of Australia and for the entire Australian continent derived from TOMS data. The
ENSO regression fits are given in percent per normalized SOI (1 normalized SOI= SOI/os01).
Statistically significant results on the 20 level are shown as black solid lines; signals above the o
level are shown as black dashed lines. Light gray values indicate no statistical significance of the
results. Multiplying the results with a factor of 2 would give an estimate of the maximum change
in UVR, ozone, and cloud cover, corresponding to a change of 2 standard deviations in SOI.

cloud tops affects the probability of ice nucleation and
droplet freezing. For light cloud cover this increase in
ice nucleation can reduce cloud opacity and albedo, but
for storm cloud systems the effect is found to inten-
sify the storm. The downward current intensity varies
as a function of latitude and increases toward higher
latitudes. This is consistent with the results in Figure
10, where highest levels of confidence for cloud cover
changes due to a change in solar cycle are found in the
extratropical regions. However, despite some evidence
for a relationship between cloud cover and solar cycle,
the results are far from conclusive.

4.3.4. ENSO signal. Figure 11 shows the contri-
bution of the ENSO signals to the different time series.
An El Niflo or ENSO warm event is characterized by
negative SOI. Statistically significant positive signals in

UVR are observed during the summer months in the
central and western part of Australia. These are asso-
ciated with negative anomalies of the cloud cover sig-
nal. It appears that in winter during a change from El
Nino to La Nifia years (positive SOI), cloud cover will
increase in the tropical and subtropical regions at the
east coast (6 and 9) (Figure 11). This might be ex-
plained by the regions’ closeness to the oceanic warm
pool, where convection is intense. Figure 11 shows a
significant positive signal in cloud cover in the subtrop-
ical and extratropical eastern regions of the continent
in July. This is consistent with the results of McBride
and Nicholls [1983], who showed correlations between
SOI and rainfall in the southeastern part in the sum-
mer months. However, they also reported extensive spa-
tial correlations in September-November between rain-
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Figure 12. Annually averaged trend and QBO-associated regression coefficients and standard
deviations. The left column shows the trend estimates for (top) UVR, (middle) ozone, and
(bottom) cloud cover. The right column shows the QBO regression fit for each variable. Each
value represents the result for one region as defined in Figure 1. Values on the right-hand side
represent the result for the latitudinal band of the Australian continent (tropics, subtrepics,
extratropics). The value at the lower right is representative for Tasmania, and the value on the
lower left is the signal representing the entire Australian continent, including Tasmania. Units
are given in % per signal, where % refers to the percentage change of each variable (UVR, ozone,
or cloud cover derived from TOMS data) with respect to its climatological average listed in Table
4. Trends are expressed in % per decade and the QBO signals are expressed in % per 20 m s~*.
The statistical significance of the results as estimated with the Monte Carlo method is indicated
with different font styles. Small italic fonts indicate that results are not statistically significant.
Estimates with confidence levels between 80 and 90% are indicated as roman fonts. Large bold
italic fonts indicate estimates with confidence levels > 90%.
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fall and SOI, which have not been found in the cloud
cover changes here.

Statistically significant ozone signals of 2.5% per nor-
malized SOI are observed in the tropics when the ENSQ
cycle changes from a La Nifia event to an El Nifio event.
The result is consistent with the analysis of Randel and
Cobb [1994].

4.3.5. Annual averages. The results in Figures
7-11 have indicated strong seasonalities in the regres-

sion fits of the trend, QBO, solar, and ENSO signal
components to the time series of UVR, ozone, and cloud
cover. The next step is to examine whether these sea-
sonal effects would result in a net annual effectiveness
or cancel each other out. The regression fits for each
months have been annually averaged, and the results
plus standard deviations are shown in Figures 12 and
13. To eludicate the spatial distribution of the results,
the annual averages have been printed on an Australian
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Figure 13. Annually averaged solar cycle and ENSO-associated regression coeflicients and their
standard deviations. The left column shows the solar cycle regression fit for (top) UVR, (middle)
ozone, and (bottom) cloud cover. The right column shows the ENSQ-associated regression fit
of each variable. Each value represents the result for one region as defined in Figure 1. Values
on the right-hand side represent the result for the latitudinal band of the Australian continent
(tropics, subtropics, extratropics). The value at the lower right is representative for Tasmania,
and the value on the lower left is the signal representing the entire Australian continent, including
Tasmania. Units are given in % per signal, where % refers to the percentage change of each
variable (UVR, ozone, or cloud cover derived from TOMS data) with respect to its climatological
average listed in Table 4. The solar signal components are expressed in % per 100 F10.7cm
and the ENSO signals are expressed in % per normalized SOL The statistical significance of the
results as estimated with the Monte Carlo method is indicated with different font styles. Small
italic fonts indicate that results are not statistically significant. Estimates with confidence levels
between 80 and 90% are indicated as roman fonts. Large bold italic fonts indicate estimates with
confidence levels > 90%.

map. The boundaries of the regions for which the data
are valid are indicated with dashed lines. Values plotted
on the right-hand side of each map denote the longitudi-
nal average of the three regions to their left. The value
for Tasmania is plotted in the lower right. The aver-
age value for the entire continent is plotted in the lower
left. All averages are expressed as relative changes with
respect to their climatological averages stated in Table
4 and are given with their uncertainty o. The uncer-

tainties have been calculated from the variances of the
data. In addition, a TOMS instrument uncertainty of
1% has been taken into account [Herman et al., 1996].
Signals larger than the 20 level are associated with con-
fidence levels > 95%. Figure 12 shows that none of the
estimates exceeds the 20 level. This is in accordance
with the results of Herman et al. [1996], who found
that trends are not statistically significant at the 2¢
level equatorward of 40°. Several estimates exceed the
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1o level. Their level of confidence is estimated with a
bootstrap method as follows.

First, each of the original time series is divided into
smaller portions consisting of 12 data points, which are
then shuffled with the Monte Carlo method to recon-
struct a new time series. This procedure is performed
100 times for each of the original UVR, ozone, and cloud
cover time series. The results of the regression fits of
these sample time series are compared to the original
regression results. The confidence level of the regres-
sion fit of the original time series has been calculated
from the number of estimates that exceeded the regres-
sion coeflicient of the original time series. For example,
if 20 estimates out of 100 exceeded the original fit, this
resulted in a confidence level of 80%.

To distinguish between estimates with confidence lev-
els < 80%, confidence levels between 80 and 90%, and
confidence levels > 90%, the values in Figure 12 and
Figure 13 have been printed using distinct fonts. Val-
ues indicating confidence level < 80% are shown in small
italic letters, confidence levels between 80 and 90% are

printed in slightly larger roman letters, and confidence

levels > 90% appear as large, bold, italic letters.

It should be kept in mind that these confidence levels
are not based on the uncertainties but on results from
the bootstrap method. Figure 12 shows that annual
trends in UVR, ozone, and cloud cover do not exceed
the 20 levels. However, annual UVR trends surpass the
1o level uncertainty in the tropics and are associated
with confidence level of 80-90%. Ozone trends with 80-
90% confidence are observed only in Tasmania but are
not associated with significant increases in UV.

Negative trends in cloud cover with confidence levels
between 80 and 90% have been observed in the tropics.
This is consistent with the findings of earlier studies.
For example, although Jones and Henderson-Sellers
[1992] reported an increase or no change in cloud cover
between 1910 and 1989 for 318 stations in Australia,
their data confirm a decrease in cloud cover from the
end of the 1970s until 1989 [see Jones and Henderson-
Sellers, 1992, Figure 1]. Furthermore, Balling et al.
[1992] showed that from the late 1970s onward the
maximum, minimum, and mean temperatures all rose
sharply, indicating a discontinuity in the Australian
temperature record. Subsequently, Nicholls et al. [1996]
found that the relationship between temperature and
rainfall changed in the late 1970s. They pointed out
that an increase of Indian Ocean temperatures might
be a causal factor for these changes. Although these
studies were primarily concerned with climatic variables
of temperature and rainfall, Jones [1991] pointed out
that cloud cover is correlated negatively with the di-
urnal temperature range (R=-0.87) and the logarithm
in rainfall (R=0.75), thus indicating that an anomalous
change in cloud cover might also have occurred from the
late 1970s to the early 1990s. Whether this change is
due to a long-term trend or possible interdecadal vari-
abilities is beyond the scope of this paper because it
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cannot be resolved with the present data set. As the
ozone trends are uniform across the continent, it seems
the negative change in cloud cover is attributable to the
positive trends in UVR in the tropics.

The QBO component appears to cause the dominant
variations over the Australian continent. Statistically
significant negative anomalies in the total column ozone
over the Australian continent are associated with the
westerly phase of the QBO. In addition, the cloud cover
signal shows negative anomalies with confidence levels
of 80%. Both the ozone and cloud cover decrease as a
result of the westerly phase of the QBO. An increase
in zonal wind strength of 20 m s~ is associated with
an increase of annual averaged UVR exposures of about
2.5%. A change in QBO from the easterly to the west-
erly phase is typically associated with a change in zonal
wind strength of 40 m s=! and thus can result in UVR
increases of 5% for most of the Australian continent.

The solar signal produces changes in ozone in the
tropical and subtropical regions which are associated
with confidence levels between 80 and 90%. The surface
UVR exposures are reduced by about 2% for an increase
in solar flux by 100 F10.7cm, the typical change in solar
flux between solar maximum and minimum. A possible
influence of the solar cycle on cloud cover variation as
discussed in section 4.3.3 is not evident in the annu-
ally averaged signal. This is consistent with the results
of Kuang et al. [1998], who pointed out that the an-
nually averaged TOMS reflectivities showed no change
as a function of the solar cycle due to the compensat-
ing effect of cloud cover and opacity changes. However,
further studies are required to address this problem.

Variations in ENSO cycle do not result in statistically
significant changes of UV radiation and ozone. Cloud
cover variations are not significantly affected for most
of the Australian continent except for the regions in the
northeast, where cloud cover increases can be observed
with a confidence level of about 80-90%.

In essence, the QBO component is the only compo-
nent that is associated with effective annual changes in
UVR and ozone outside the tropics with confidence lev-
els of 90% or higher. All other signal components are
less effective. However, UVR trends in the tropics due
to cloud cover changes and variations in tropical ozone,
as well as UVR changes due to solar variations are still
associated with confidence levels of 80%.

4.3.6. Regression fit. The dashed lines in Figure
6 show the fitted time series as obtained from (3). Cor-
relation between the fitted UVR time series and the
deseasonalized time series vary between 0.46 and 0.69.
For ozone, correlations range from 0.72 to 0.83 and be-
tween 0.31 and 0.46 for cloud cover. It is perhaps not
surprising that the correlation coefficients for the re-
gression fits are small. This is particularly so in the
UVR and clouc time series, which show a strong vari-
ability on timescales shorter than 4 months (see Fig-
ure 6). The parameterization in (3) can be sensitive
only to frequencies as short as 3 year—!. Generally, the
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regression models explain between 20 and 48% of the
variance of the UVR time series throughout the differ-
ent regions with lowest values observed in midlatitudes.
The ozone time series is modeled well, showing values
of explained variance (square of the correlation coeffi-
cient) of 60-72%, consistent with findings of Randel and
Cobb [1994] for the zonal averages. The model is less
successful in accounting for the variance in the cloud
time series. Here, values range from 10 to 24% depend-
ing on the region.

Standard deviations of the residuals between the regres-
sion fit and the original time series are about 4-7% for
the UVR time series. For ozone the standard devia-
tions of the residuals are between 2 and 3%, and for
cloud cover they amount between 8 and 27%. Largest
standard deviations in cloud cover are observed in the
tropics.

5. Summary and Conclusions

The variability of UV radiation over the Australian
continent and its dependence on the variability of ozone
and cloud cover have been investigated using TOMS
data sets. As a first step, the TOMS UVR exposures
[Herman et al., 1996] have been evaluated with surface
measurements from broadband instruments, and good
agreement has been found (Figure 2). TOMS partial
cloud reflectivities have been used to estimate cloud
cover by using relationships derived from intercompar-
ison of surface cloud observations and overpass data at
eight stations (Figures 3 and 4).

The Australian climatology of UVR exposures for
1979-1992 (Plate 1) has revealed a zonal asymmetry
between the east coast and the rest of the continent,
possibly associated with the differences of the vegeta-
tive humid climate east of the Great Dividing Range at
the east coast and the arid climate in the central part.
At any given location the seasonal cycle of UVR daily
exposures varies primarily as a function of the noontime
solar zenith angle. In summer the UVR exposures in
extratropical regions of 6.4 kJ m~2 are almost as large
as the maximum values of 6.7 kJ m~2 in the tropics.
Annually averaged, the latitudinal gradient in UV radi-
ation exposures is about 1 kJ m~2 (10° latitude)~!.

The TOMS UVR exposures, TOMS ozone, and cloud
cover derived TOMS reflectivities have been spatially
averaged to perform a statistical analysis for 10 indi-
vidual regions, three latitudinal bands, and the entire
continent of Australia (see Figure 1). Anomalies have
been calculated by subtracting the climatological sea-
sonal cycles (see Figure 5) from monthly averaged time
series. It has been found that the deseasonalized UVR
time series can be expressed as a linear function of ozone
and cloud cover anomalies with > 98% of the variance
explained. Trends and the regression coefficients of the
quasi-biennial oscillation (QBO), the solar flux, and El
Nifio-Southern Oscillation (ENSO) cycle have been es-
timated for each individual month.

UDELHOFEN ET AL.: UV RADIATION VARIATIONS OVER AUSTRALIA

UV radiation trends of about 10% decade™ have
been obtained in the summer tropics, statistically signif-
icant on the 20 level. These were associated with simul-
taneous depletion of ozone of 1-2% decade™! and a de-
crease in cloud cover of 15-30% decade—!. Extratropical
regions have not revealed significant UVR trends, most
likely because of positive trends in cloud cover, which
seem to counteract changes in the UV radiation due to
ozone depletion. These results are interesting, as Lubin
and Jensen [1995] predicted that in temperate regions
“by the end of this century, trends in summer average
local-noon UVR dose rates relevant to mammalian skin
cancer or plant damage should be significant with re-
spect to cloud variability.”, (p. 710). Here, the analysis
of the TOMS daily integrated UVR exposures shows
that statistically significant summer UVR trends have
been found in the tropics and not in the midlatitudes.

Annually averaged, the UVR trends were not statis-
tically significant on a 20 level (Figure 12). However,
the UVR increases of about 4% decade™! in the trop-
ics have been associated with confidence levels between
80 and 90%. When comparing the trend estimates for
ozone and cloud cover to the UVR trends, it has become
evident that the UVR increases in the tropics could be
related to decreases in cloud cover of 7-12% decade™!,
because the ozone depletion has been uniform over the
Australian continent at 1.1% decade™!. Ozone trends
have not been found to be statistically significant. Only
in Tasmania, ozone trends of about -2.1% per decade
have been associated with confidence levels between 80
and 90%.

The ENSO cycle can lead to significant seasonal sig-
nals in sporadic regions (Figure 11). Statistically signif-
icant positive anomalies in cloud cover of 13% per nor-
malized SOI have been observed in summer at the east
coast. In the central extratropical region in summer the
ENSO cycle is associated with a statistically significant
negative anomaly in cloud cover of 10% per normalized
SOI and a resulting positive anomaly in UVR of 5% per
normalized SOI. Positive ozone anomalies of 2.5% per
normalized SOI are observed during winter.

The QBO clearly dominates variations in the time
series of ozone and UVR over the Australian continent
(Figures 9 and 12). Ozone reductions of 1-4% per 20
m s~! increase in zonal wind strength are observed be-
tween April and December with a maximum signal in
winter. These ozone variations are out of phase with
fluctuations in equatorial ozone, in accordance with the
results discussed by Yang and Tung [1995]. Statisti-
cally significant increases in UVR exposures of about
3-4% per 20 m s~! are apparent in the summer months.
They are out of phase with the negative QBO signal in
ozone, but occur when ozone and cloud cover signals are
in phase (Figure 9). The westerly phase of the QBO is
associated with statistically significant annual decreases
in ozone of 1.7% per 20 m s~! and increases in UVR
exposures of 2.2% per 20 m s~! (Figure 12).

The solar cycle has been associated with significant
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reductions of UVR exposures of 5-10% per 100 F10.7cm
in the tropical and subtropical regions in summer (Fig-
ure 10). A variation of 100 F10.7cm is typically ob-
served between solar minimum and maximum. Annu-
ally averaged, a reduction of UVR levels in the tropics
of 2.6% per 100 F10.7cm has been observed with con-
fidence levels between 80 and 90% (Figure 13). The
reductions in UVR exposures seem to be related to the
increases in tropical ozone of 2% per 100 F10.7cm since
annually averaged cloud cover changes were not signifi-
cant.

The variations of the QBO and the solar cycle have a
pronounced effect on the UV radiation in Australia. In
addition, interdecadal variabilities or long-term trends
in cloud cover can alter the amount of sunshine and
thus the UV radiation at the surface. The results sug-
gest that enhancements in UVR levels over the Aus-
tralian continent might be expected during the summer
months in years in which the QBO is in its westerly
phase and the solar cycle is at its minimum. All sig-
nals combined might result in statistically significant
increases in UVR during the summer months of 10-20%
above the climatological average. It would be useful to
monitor the QBO and solar cycle and predict seasonal
UVR enhancements over Australia because of the po-
tential adverse effects to human health and the effects
on the natural UV photochemistry in the tropical tropo-
sphere, including the production/destruction of tropo-
spheric ozone [Liu and Trainer, 1988]. Further studies
are needed to address these questions.
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