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The Australian Bureau of Meteorology has produced, in
near real-time for more than three years, high resolution
daily surface global solar exposure estimates over the
Australian continent. Physical modelling of radiative trans-
fer within the atmosphere has been used to provide these
estimates from full resolution hourly visible Geostationary
Meteorological Satellite (GMS) Stretched-Visible and
Infrared Spin Scan Radiometer (S-VISSR) data.

This paper describes the models and their calibration
for estimating exposure from satellite observations. The
accuracy of the exposure data is presented, along with the
first high resolution initial climatology of exposure across
Australia. The models provide high quality data. They per-
form best in clear and near clear-sky conditions, with the
average deviation of model areal means from surface-based
point pyranometer measurements being less than five per
cent. In cloudy conditions, the average percentage deviation
is larger, but absolute deviations remain small as the expo-
sure is lower. Over most of the continent, the cloud condi-
tions that actually occur lead to estimates being within eight
per cent (mean modulus of daily percentage difference) of
collocated point pyranometer measurements, an accuracy
similar to or exceeding that of the older pyranometers which
still comprised half of the Australian pyranometer network
during this study.

Introduction

The Australian Bureau of Meteorology (BoM) is cur-
rently upgrading its radiation monitoring system. This
upgrade includes improvement of the space-based
measurement capability and significant improve-
ments to its surface solar and terrestrial radiation
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monitoring network. This paper describes the space-
based system which uses satellite observations and a
physical model developed from those of Gautier et al.
(1980) and Diak and Gautier (1983).

The model has been implemented to estimate sur-
face global solar exposure (sometimes called insolation
but here abbreviated to ‘exposure’) over the Australian
continent, at fine spatial scales which cannot be practi-
cally or economically provided through the conven-
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tional observational networks. Indeed the space-based
estimates are more accurate than can be measured by
pyranometers (which require at least daily cleaning to
be accurate) and associated systems inexpensive
enough for widespread deployment. Satellites and
associated ground systems are expensive, but are
required for operational weather analysis and forecast-
ing purposes, so the incremental cost of producing
space-based solar exposure estimates is small.

The initial resolution of the exposure system (6 to
24 km) was a practical compromise based on avail-
able computing resources, and was influenced by a
comprehensive user survey conducted by the Bureau
of Meteorology (BoM 1987). The survey showed that
it is desirable to produce data at a resolution of better
than 150 km for inland areas, and 20 km in areas of
steep exposure gradients.

A number of studies over the last two decades have
shown the utility of exposure estimation by satellite,
employing statistical or physical models of radiative
transfer. For example, Raphael and Hay (1984) inves-
tigated the performance of three such schemes. Nunez
(1988) also found three such approaches useful for the
Australian region using GMS data. Pinker and Laszlo
(1992) developed a physical model which they have
used to derive surface solar irradiance for the globe
using International Satellite Cloud Climatology Project
(ISCCP) C1 data (at a coarser spatial resolution than
this study for Australia). In all cases, the model results
compare well with pyranometer measurements for
clear-sky conditions, but errors increase in percentage
terms for cloudy conditions.

Comparison of exposure estimates from the mod-
els described here with those above indicate the esti-
mates presented here are of good quality. In addition
the estimates presented here have provided for the
first time a high resolution solar radiation climatology
(albeit for four years) for the entire Australian region.
Over most of the continent, the areal average expo-
sure estimates are within eight per cent (mean modu-
lus of daily percentage difference) of collocated point
pyranometer estimates. There is strong demand for
satellite exposure estimates of this accuracy at the rel-
atively low cost at which they are produced, for agri-
cultural and other purposes (e.g., Brook et al. 1992).

The exposure estimation system

The primary observations used by the operational
model are bidirectional satellite spectrum planetary
albedos derived from visible GMS radiances by the
Japan Meteorological Agency (JMA) and provided in
the S-VISSR bit stream. These planetary albedos are

complete earth-atmosphere system albedos derived
knowing the irradiance from the sun incident upon the
earth-atmosphere system, the field of view (i.e. solid
angle) of the satellite sensor, the sensor response, the
radiance reflected to the satellite, and assuming
isotropic reflection from the earth-atmosphere sys-
tem. The planetary albedos are received hourly from
the GMS spacecraft, calibrated, and accurately navi-
gated by the Australian Region McIDAS (ARM) (Le
Marshall et al, 1987), within which the model runs.
The GMS S-VISSR imagery has been available at the
BoM since November 1989. The model has access to
the real-time ARM database, and uses other real-time
inputs such as total precipitable water vapour from a
numerical weather prediction model initialised with
radiosonde observations and satellite-based sound-
ings. The model assumes horizontal isotropically-
reflecting ground and cloud surfaces. A bidirectional
parametrisation for Rayleigh scattering is also used.

Model output includes visible-spectrum surface
albedos, instantaneous downward irradiance at the
ground and cloud albedos for each hourly image.
Daily, monthly and annual mean daily exposure totals
have been produced, along with estimates of the mean
daily error of the totals for each month and year.

The model output is stored in 36 contiguous grids
which cover the continent with varying spatial reso-
lution selected according to exposure gradients and
population density. The resolution is approximately
6 km in coastal regions with high exposure variabil-
ity and also high population density, decreasing to
about 24 km inland, where variability and popula-
tion are low.

The method of calculation

The model was implemented in two stages. The initial
model was similar to the improved model of Diak and
Gautier (1983) but changed for use with the GMS
satellite. The model includes the following physical
processes: bidirectional Rayleigh scattering, absorp-
tion by water vapour and ozone, and isotropic reflec-
tion and absorption due to clouds. It has regularly
updated surface albedos. Surface irradiance estimates
are produced hourly by the model and are integrated
each evening to produce daily exposure totals.

The second stage, a ‘refined’ model, contains
improved physics, and uses more accurate total pre-
cipitable water estimates from the Bureau’s opera-
tional regional numerical weather prediction models
to calculate absorption by water vapour. We first
describe the initial model, and then the improvements
in the refined model. The impacts of the model
improvements are detailed later.
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The exposure model first estimates surface albedos.
Subsequently for irradiance calculations, cloud albedos
are calculated for the VISSR visible channel, and then
broadband cloud albedos are deduced, enabling calcu-
lation of total solar spectrum surface irradiance.

In the calculation of surface albedos, the upwelling
top of atmosphere irradiance in the GMS visible
channel for the cloud free case may be written for the
initial model (see Fig. 1) as

SWTQ) = F, (1-0z1/V) (1-022/V)
[a()+ A(l-aV) (-, (A)] .1

where SWT(A) is the upward shortwave irradiance in
the VISSR visible channel (Wm™2); F , is the instan-
taneous shortwave solar irradiance at the top of the
atmosphere in the VISSR visible channel (Wm2);
oz1 is the ozone absorption coefficient for direct total
solar irradiance in the visible absorption band (dimen-
sionless); 0z2 is the ozone absorption coefficient for
diffuse total solar irradiance in the visible absorption
band (dimensionless); V is the ratio of solar irradi-
ance in the visible channel to total solar irradiance
(dimensionless); a(A) is the scattering coefficient for
beam radiation in the visible channel (dimensionless);
a,(A) is the scattering coefficient for diffuse radiation
in the visible channel (dimensionless); and A is the
surface albedo (dimensionless).

SWT(L) is determined from satellite observations,

and most other quantities can be determined a priori.

Then the surface albedo A, the unknown in the equa-
tion, is given by

A=[SWTQ) - F,a(d) (1-021/V) (1-022/V)] /
[F,(1-a(A)(1-021/V)(1-022/V)(1-0,(A)] .2

The surface albedos are calculated hourly using this
model, and retained for use in irradiance calculations
once cloud-free values of SWT(A) are available. The
determination of cloud-free surface albedos is dis-
cussed later. Assuming the surface albedo is known
for a particular day, and identical for the VISSR visi-
ble channel and total solar spectra, then the irradiance
swl) may be written:

Swi = F(l-0)(1-0z1)(1-023)(1-a(u)))(1+A0) .3

where F is the total solar irradiance at the top of the
atmosphere (Wm2); SW{ is the surface irradiance
(Wm2); a is the scattering coefficient for direct total
solar irradiance; @ is the scattering coefficient for
diffuse total solar irradiance; 0z3 is the absorption
coefficient for ozone of the total solar beam by the
ultraviolet absorption band; and a(y,) is the water-

vapour absorption of direct total solar irradiance. .
The components of SW{ are shown diagramatically

in Fig. 2.

Fig. 1  The clear-sky irradiance model for the VISSR
channel, used for the determination of surface
albedo (after Gautier et al. (1980)).
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Fig. 2 The clear sky irradiance model for the total
solar spectrum (after Gautier et al. (1980)).
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Under cloudy conditions, the top of atmosphere
upward irradiance in the satellite S-VISSR channel
data is given by

SWTA) = F (1-0z1/V)(1-022/V){ (p/py)ouA)
(1-(plpgyo, (M) [1/2 + 172(1-
a(u) WV)(1-a(uy) WV)] + (1-(p/pg)
o, (M)(1-a(u),W/V)(1-a(u,) , W/V)
(-(plpg) M) [ A, + A2 (p/pg)o, (L)
+A (1-A)? (1-a(u,),W/V)
(1-a(uy), W/V) 1} .4

where a(u,), is the water-vapour absorption of direct
total solar irradiance above cloud (dimensionless);
a(u,), is the water-vapour absorption of direct total
solar irradiance below cloud; a(u,), is the water-
vapour absorption of diffuse total solar irradiance
above cloud in the satellite path; a(u,),, is the water-
vapour absorption of diffuse total solar irradiance
below cloud in the satellite path; A_ is the cloud albe-
do (dimensionless); p is the pressure at the cloud top
— to date fixed at 700 hPa; pj, is the surface pressure;
and W is the fraction of water vapour absorption in
the VISSR channel.

This quadratic equation in A, is easily solved.
Assuming cloud absorption (abs) is 0.075 A_, and
assuming the solar and satellite spectrum cloud albe-
dos are identical, exposure at the surface may then be
written:

SWl = F (1-0) (1-021) (1-023) (1-a(u;),)
(1+A A) (1-a(u,),) (1-A -abs)
(1+A (P/pp)ot,) .5

The refined solar radiation model

The basic structure of the refined model is similar to
that of the initial model. Several improvements have
been made including changes to the model physics
and the data used. Changes to calculations in the
satellite spectrum are discussed first. Full equations
and diagrams defining the refined model may be
found in Weymouth (1998).

The initial model omitted absorption by water
. vapor for calculation of surface albedos in the VISSR
spectrum, but did account for water vapor absorption
in the VISSR band when calculating cloud albedos
and irradiance. This has been changed. The zenith
angle of the satellite is now also used to determine
water vapour path lengths rather than the initial dif-
fuse approximation.

The refined model has improved the estimation of
the fraction of soldr energy absorbed by water vapour
both over the VISSR spectral band and the total solar
spectrum. Fractional absorption for different water

vapour bands is now taken from Robinson (1966),
which is derived from Yamamoto (1962). These
fractional absorption values are then integrated with
the solar spectrum to determine the fraction of total
solar energy absorbed. The fractional absorption val-
ues for the VISSR spectral range are also integrated
with the solar spectrum. The absorption by water
vapour in the VISSR band divided by absorption
within the total solar spectrum was determined to be
approximately r, = u * 0.004 + 0.008, where u is the
water vapour path length in cm at STP. The value of
u is calculated separately for each radiation path to
the satellite. Subcloud radiation is handled in terms
of both beam and diffuse irradiance, and the wave-
length dependence of Rayleigh scattering and water
vapour is accounted for.

Other enhancements include improved calculation
of absorption by ozone on outbound paths and bidi-
rectional Rayleigh scattering. These lead to small but
significant changes to irradiance, exceeding one per
cent in cloudy conditions and when the satellite is
near-overhead. Over Australia, irradiance variability
due to aerosol scatter and absorption is usually small,
hence it is not parametrised in either the initial or
refined models.

The parametrisation for the fraction of irradiance
transmitted through Rayleigh scatter of diffuse radia-
tion has been refined, using tables from Coulson
(1968). For the determination of satellite-spectrum
cloud albedos, Rayleigh scattering of solar energy on
the main downward path below cloud is now includ-
ed as it is significant in reducing irradiance in partly
cloudy conditions. The absence of this in the initial
model may explain part of the overestimation of the
model irradiances reported by Diak and Gautier
(1983) in these conditions. Its importance decreases
as cloud cover (i.e. albedo) increases. This and the
changes described above increase consistency
between the clear and cloudy-sky parametrisations,
and obviate the need for the minimum cloud albedo
specified in the initial model, as used by Diak and
Gautier (1983).

Except for extremely low cloud albedos, of the
order of one per cent, or high cloud bases, energy
reflected from ground to cloud to ground will be sig-
nificantly more than energy reflected from ground to
air below cloud to ground; thus Rayleigh scattering is
ignored on other below-cloud paths.

Other changes have also been made in the refined
broadband solar irradiance model for estimation of
exposure at the ground in both clear and cloudy con-
ditions. These changes include modifications to
absorption by water vapour, absorption due to clouds,
and cloud albedos. A small amount of absorption by
water vapour occurs for energy reflected from the
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ground and re-reflected back to the ground, and a
broadband surface albedo is derived from the satellite
(visible) spectrum albedo using the regression equa-
tions of Arino et al. (1992). Over most land surfaces,
the broadband albedo is higher than the visible spec-
trum albedo, as vegetation typically reflects away
much of the NIR irradiance which is not photosyn-
thetically useful. Visible surface albedos (A) are
retained for clear-sky conditions, since energy reflect-
ed from the ground mainly returns through Rayleigh
scattering which is relatively small at the NIR wave-
lengths. From Arino et al. (1992), the broadband sur-
face albedo is written in terms of the visible spectrum
surface albedo as

Agg= 0.881 A +0.07 .6

While use of Eqn 6 to derive broadband albedos is an
approximation, it is considered better than the original
use of visible-spectrum albedos only. Over most veg-
etated surfaces, there is in fact a sharp rise in albedo
between 0.7 and 0.75 micron, while over most soil
surfaces, albedo steadily increases from the visible to
the NIR (e.g. Arino et al. 1992; Briegleb and
Ramanathan 1982). At present, we are using a new
model with GMS-5 data which allows two spectral-
bands (0.5 to 0.7 micron and 0.7 to 1.0 micron), and
this produces slightly better results.

Surface albedo compositing

As a prelude to estimating irradiance, surface albedos
are estimated from clear-sky observations. In the
approach adopted here, the minimum surface albedo
at each point at each given time of day is retained
from daily surface albedo calculations spanning some
weeks to provide an estimated surface albedo. In
practice, after about four weeks, the lowest surface
albedos generated over that period are plotted and
visually inspected. If there is any residual cloud con-
tamination (usually identified because of the typical-
ly higher variance of cloud albedo fields compared to
surface albedo fields), surface albedos for that region
are manually adjusted. This process is done being
cogniscent of the positions of salt pans, snow fields,
and previous surface albedo fields. It is intended to
fully automate this process. A typical surface albedo
chart derived using this process is seen in Fig. 3.

Comparison with ground truth

Background

A total of 16851 daily exposure observations has been
compared to satellite estimates. The aim of the com-
parisons is to determine the characteristics of and to

Fig.3  Surface albedos for coastal central South
Australia at approx. 0250 UTC.

improve the satellite estimates. It should be noted
that the satellite estimates are spatial averages which
have been generated from hourly images, while sur-
face observations have been integrated from nearly
continuous point measurements. Although they do
not measure the same thing, the spatial averaging of
the satellite data over a grid box to an extent is equiv-
alent to temporal averaging. For newer sites, the
pyranometer measurements are subject to errors of up
to about 3.5 per cent (mostly about 1 to 2 per cent);
with larger errors for the older sites which make up
about half of the number of stations in the network.
Much of this is random error which is not correlated
with random errors in the satellite estimates. The
newer sites use mostly Kipp and Zonen CM-11 pyra-
nometers, with calibration nominally performed
every clear-sky day, and additionally each year fol-
lowing Forgan (1996). The older sites were mainly
Eppley 848 pyranometers, with uncertainties of typi-
cally 10 per cent but sometimes more. Pyranometer
bias can also affect comparisons between satellite and
pyranometer exposure estimates. In the worst known
case, the old Darwin pyranometer (not used in this
study) underestimated exposure by about 12 per cent
prior to a recent high quality upgrade.

Daily exposure estimates have been compared to
standard pyranometer measurements at 16 sites across
Australia (marked with circles on Fig. 4) from
October 1990 to October 1993 (14086 comparisons).
From November 1993, 2765 daily exposure estimates
have been compared to new, high-quality pyranome-
ter measurements at 18 sites across Australia (marked
with crosses on Fig. 4). Sites are located in climate
zones ranging from tropical in the north of Australia,
subtropical (arid in the centre) and mediterranean, to
temperate in the south.
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Fig.4  Location of pyranometer sites across
Australia. Circles signify old sites; crosses
show new sites.

Tuning the model

Comparison of raw model and pyranometer estimates
shows that the model progressively overestimates irra-
diance (in percentage terms) as cloud albedos increase,
as in Diak et al. (1982), and Gautier et al. (1980). This
section discusses the causes, and develops regression
corrections to remove most of the overestimation. The
temporal and spatial stability of the corrections are
assessed by using spatially and temporally indepen-
dent corrections (i.e. calibrated using data independent
of that to which they were subsequently applied) ver-
sus dependent corrections. The post-correction accu-
racy of the model estimates using dependently cali-
brated corrections are detailed later.

Figure 5 shows the percentage difference between
raw initial-model-produced exposure data and pyra-
nometer data, versus model-produced 'average daily
cloud albedo', for the period November 1991 to
October 1992. The increase in bias with cloud albe-
do is clear, as is the increased spread of the data. It is
important to note that high cloudiness conditions
occur with a relatively low frequency, so that the
effect of the large mean percentage deviations shown
on these plots in these conditions on exposure accura-
cy, averaged over all conditions is small. For exam-
ple, mean daily cloud albedos greater than 0.5 occur
less than 10 per cent of the time in most locations.
Further, in high cloudiness conditions, exposure is
small, so that absolute deviations are small.

The increased bias of raw exposure estimates as
cloud albedos increase in the current study is caused
to a significant extent by visible sensor calibration
which was essentially performed pre-launch on GMS-

Fig. 5  Scatter plot of percentage difference between
the raw exposure data and pyranometer data
(using the latter as the 'truth') versus model-
produced 'mean daily cloud albedo’.
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4. Shortcomings in this pre-launch calibration have
resulted in the need for subsequent tuning of the
model. (The calibration bias has been removed for
exposure estimates using GMS-5 (Weymouth 1998)).
In absolute terms, the sensitivity of the GMS-4 visible
sensor to high reflectance scenes degraded signifi-
cantly during its lifetime, while its sensitivity to low
albedo scenes only degraded slightly (Tsuchiya et al.
1996). The relationship between calibration errors
and regression corrections is explored in detail in
Weymouth (1998).

It is also important to note that surface albedos are
derived (approximately monthly) from clear-sky (i.e.,
minimum) planetary albedos determined from the
satellite observations. If later satellite observations
give a higher planetary albedo, cloud is indicated.
Hence, if sensor drift has been minimal since the last
surface albedo recalculation, then the satellite-based.
model will correctly differentiate between clear and
cloudy-sky conditions, and will suffer only minimal
calibration-related problems where planetary albedos
are near to those for clear-sky conditions (the majori-
ty of the cases in Australia). Because of this, and
because surface albedo has only a secondary influ-
ence on surface irradiance in clear-sky conditions
(and most cloudy conditions), accurate clear-sky irra-
diances can still be calculated regardless of these
satellite calibration errors.
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With regard to the initial model, satellite data was
not archived at full temporal or spatial resolution
within the Bureau, and so irradiances could not be
recalculated from satellite observations using
improved calibration (which should give the best
results). However, as the relationship-between cloud
albedo and exposure overestimates was quite stable in
space and time (i.e., the satellite calibration errors
drifted slowly (Tsuchiya et al. 1996)), regression cor-
rections to the model irradiance and exposure data,
based on collocated satellite estimates and pyranome-
ter data were developed. These corrections implicitly
correct for sensor drift and relate normalised devia-
tions from pyranometer data and average cloud albe-
do. Absolute deviation of irradiance estimates from
pyranometer data is approximately proportional to the
cosine of the solar zenith angle (all else being equal),
so regression corrections are based on difference/(cos
©) versus cloud albedo. The method is valid for irra-
diance estimates and observations, using the instanta-
neous cloud albedo, and also for daily exposure, using
a weighted daily average cloud albedo.

In the absence of archived hourly cloud albedo
data from the model for the first year of exposure esti-
mates, a derived theoretical cloud albedo estimate
(later used for the regression correction) was devel-
oped. The theoretical cloud albedo is calculated using
the difference between expected clear-sky irradiance
or exposure, and the actval values estimated by the
model. Plots of percent difference versus the theoret-
ical cloud albedo match Fig. 5 very closely, attesting
to the accuracy of the derived theoretical cloud albe-
do estimate. Use of an archived rather than a theoret-
ical cloud albedo has been found to improve the accu-
racy of regression corrections only slightly.

Figure 6 shows scatter plots of the percentage dif-
ference versus daily cloud albedo for the same data as
Fig. 5, but after corrections using regression equa-
tions. The scatter has been reduced, and the bias
removed. Table 1 provides accuracy statistics for
exposure estimates before and after this regression
correction, and also for corrections described below.

To test the stability of the regression corrections
for the initial model raw exposure estimates in space
and time, regression coefficients were calibrated
using data for one year (November 1992 to October
1993) for five pyranometer stations in Western
Australia (Broome, Carnarvon, Geraldton, Learmonth
and Meekatharra) and two northern and an inland sta-
tion (Alice Springs, Brisbane and Canberra). They
were then applied to independent data for the previ-
ous year from southern stations (Adelaide, Esperance,
Hobart, Laverton, Mildura, Mt Gambier, Perth and
Sydney). The average daily percentage deviation of
the satellite estimates from pyranometer estimates at

Fig. 6 Same plot as Fig. 5, except that the data have
been corrected using dual linear regressions.
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the eight southern stations was reduced by application
of the independently calibrated regression equations
from 24.4 per cent to 10.5 per cent. By comparison,
regression equations calculated using dependent data
from the southern stations reduced the average daily
percentage deviation from pyranometer measure-
ments to 8.4 per cent.

In the reverse experiment, regression equations
were calibrated using data from southern stations for
November 1991 to October 1992, and applied to data
from the northern and western stations for November
1992 to October 1993 (independent data). The aver-
age daily percentage deviation from pyranometer esti-
mates was reduced from 16.1 per cent to 8.2 per cent.
By comparison, regression corrections calibrated
using dependent data (same stations, same time peri-
od) reduced the average deviation to 6.5 per cent.
(The smaller differences at western and northern sta-
tions were due to lesser mean cloudiness than at the
other stations.)

Figure 7 shows average percentage deviation ver-
sus daily cloud albedo from model archives from all
available stations November 1991 to October 1992,
before and after dependent regression corrections.
Figure 8 shows a scatter plot of corrected estimates
versus observations for the same stations and period.
Deviations for clearer-sky conditions are low, and
comparable to direct measurement by pyranometer.
(As noted before, absolute deviations are also low in
high cloudiness conditions where percentage devia-
tions are high.)






