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A comparison of three approaches to
estimate daily totals of global solar
radiation in Australia using GMS data

M. Nunez, Department of Geography, University of Tasmania, Australia

(Manuscript received October 1987; revised March 1988)

Three approaches which estimate daily totals of global radiation using data from the
Japanese Geostationary Meteorological Satellite (GMS) are compared. They
consist of a detailed physical model which calculates the hourly global radiation
resulting from absorption and scattering processes; a simple physical model
describing the bulk daily transmittance of global solar radiation; and a linear
regression relating daily transmittance of global solar radiation to a satellite-
determined earth-atmosphere reflectance. The models were tested on 381
simultaneous observations of daily satellite-determined reflectance and
pyranometer measurements taken in seven Australian capital cities.

Results show that the regression and simple physical model had comparable
performance and were marginally better than the detailed model. However, the
standard error of the estimates, typically at 2.6 MJ m2 d-! for a mean value, is
considerably higher than similar studies using GOES-2 data. This error mainly is a
result of the lower frequency of temporal sampling of GMS, and to a lesser extent, of

location problems. Regional differences in the estimates are discussed.

Introduction

As part of a National Energy Research Develop-
ment and Demonstration Council (NERDDC)
funded project, GMS data are being collected
daily for regions around the six State Capitals,
and Canberra and Darwin. The objective of the
three-year project is to develop a set of regional
statistics on daily global solar radiation. The
technique employs data from the visible channel
of GMS which is sensitive to cloud cover, the
main reflection agent. These data are then
incorporated into suitable schemes which esti-
mate the transmission of global solar radiation
through the atmosphere. This paper examines
three different relations within the context of
GMS and the Australian environment.

A variety of approaches have been used in
calculating global solar radiation from satellite
data. These range from empirical regressions
between the satellite signal and other environ-
mental variables (Nunez 1987; Nunez et al. 1984,
Hay 1981; Tarpley 1979) to physical models
which employ satellite-derived cloud data
(Gautier et al. 1980; Diak and Gautier 1983;
Hiser and Senn 1980; Moser and Raschke 1983;
Pease 1981). In an assessment of three different
approaches (Tarpley 1979; Hay 1981; Gautier et
al. 1980) using GOES-2 data, Raphael and Hay
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(1984) found that all three models performed
poorly under overcast conditions, although the
Gautier relation performed best.

A similar comparison within the context of this
project was considered appropriate. The reasons
are, firstly, that most of the above work has been
done in the mid-latitude northern hemisphere. In
contrast the regions being mapped in this project
encompass climates which range from monsoon
tropical (Darwin) to mid-latitude westerlies
(Hobart). Secondly, it is important to examine
and compare the performance of various relations
given the lower spatial and temporal resolution of
GMS data as received in Melbourne. Three
visible observations per day, characteristic of
GMS, is considerably lower frequency than the
half-hourly observations from the American
GOES-2 satellite. Similarly, in the mid-latitudes
(40°-50°) the spatial resolution of GMS is over
five times coarser compared with the full resol-
ution of GOES-2 (10 km2 vs 2 km?2), It is likely
that these features will affect the performance of
the various relations published in the literature.
Thirdly, given the large quantities of data to be
processed, it is important that a suitable approach
be adopted that would be economical in compu-
tation time, and yet be as widely applicable as
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possible.

Three approaches were investigated. A simple
linear regression between mean daily satellite-
determined reflectance and mean daily transmit-
tance of global solar radiation was used as the
empirical relation (Nunez 1987; Nunez et al.
1984; Hay 1981). The technique is
computationally simple, although the regression
constants need to be tested in various environ-
ments. The physically based model of Gautier et
al. (1980) and Diak and Gautier (1983) was also
used. The model calculates the global solar
radiation at the surface after absorption and
scattering by clouds and the atmosphere. Surface
albedo is also taken into account in an attempt to
account for all the processes affecting the global
solar radiation received at the surface. A third
relation, simpler but also physically based is
developed here which specifically investigates the
relationship between the narrow band satellite-
determined reflectance and the broadband
pyranometer measurement.

The models

Regression relation

On a daily basis, the transmittance (t) of global
solar radiation at the top of the atmosphere (K,)
by the atmosphere can be described in terms of a
mean daily satellite-determined reflectance @g4:

T=C|(?EA+C2 a1

C, and C, are regression constants which are
determined by comparing t from pyranometer
measurements with simultaneous observations of
daily average satellite-determined reflectances at
the pixel containing the pyranometer. The daily
global solar radiation at the surface K. can be
given as:

K=K, 1 . .. 2

Gautier model

The technique determines the surface albedo ag
from a satellite observation taken under cloudless
conditions. The earth-atmosphere reflectance as
seen by the satellite is then given as Eqn 3 for
cloudy conditions. Referring to a prime as a
narrow band value (0.55-0.75 um):

@ea = (1-OZ1/V) 0, (1-0Z2/V)
+ (1-0Z1/V) (1-a) A, (1-a,3) (1-OZ2/V)
+ (1-0ZI/VYy (1-0) (1-A)? &g (l-ap)
* (1-0Z2/V) .3

where OZ1,0Z2 = absorption coefficients for
direct and diffuse total solar

flux in the visible absorption
band (Lacis and Hansen
1974).

o = single scattering coefficient
for direct solar radiation in
the peak sensitivity region of
the visible sensor which
Diak and Gautier (1983)
took to be at 0.6 um. This
coefficient was obtained
using the technique des-
cribed in Bullrich (1964).

ap; = mean diffuse scattering coef-
ficient averaged over the
0.55-0.75 um band (obt-
ained from Coulson 1959).

A" = ratio of the flux in the visible
channel to the total solar
flux (= 0.2231).

cloud albedo.

g
0

o’g narrow  band surface

albedo.

Equation 3 describes a narrow band measurement
as outlined in Diak and Gautier (1983). The terms
on the right hand side of Eqn 3 represent in
successive order an atmospheric backscatter
term, a term arising from reflection by clouds, and
a term arising from reflection by the earth’s
surface. A secondary reflection term is small and
has been omitted from the calculations (Gautier
1987, personal communication). Equation 3 can
be solved as a second order polynomial in A... If A,
is less than 0.07 then the scene is assumed
cloudless (Diak and Gautier 1983).

The global solar radiation at the surface can be
described for the cloudless (K;) and cloudy (K,)
case as:

K, = K, (1-a) (1-0Z1) (1-0Z3)

* (1-pUp) (1 + ogay) .4

K. = K, (1-0Z1) (1-0Z3) (1-0) (1-¢(U),)
* (1-Ac-0c) (1-9(U))y) ... 5
where o = atmospheric albedo to

all wave direct beam
radiation (Paltridge and
Platt 1976).

o, = atmospheric albedo to
all wave diffuse radi-
ation (Paltridge and
Platt 1976).

0Z3 = absorption coefficient of
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ozone in the ultra-violet
region which is expres-
sed as a percentage of the all
wave solar flux (Lacis and
Hansen 1974).

(P(Ul)x (p(Ul)a,

o(U)), = absorption coefficient for
water vapour in the entire
atmospheric water path,
above cloud top (taken as
0.3¢(U,)) and below cloud
top (taken as 0.7¢(U,).
Values were obtained from
Lacis and Hansen (1974)).

0. = cloud absorption which is
taken to be 0.1A.. For very
bright clouds A..0.7. The
maximum absorption is
0.07 as specified by Diak
and Gautier (1983).

The Gautier technique does not distinguish
between a narrow and broadband surface albedo
(o’ vs o). In this paper the technique described
in Nunez et al. (1987) was followed to obtain these
two terms.

Broadband model

On a daily basis it is possible to describe the global
solar radiation at the surface in terms of mean
atmospheric absorption (¢) and albedo (0,):

K=K, (1-9)(1-0,) .6

Neglecting cloud absorption, ¢ can be readily
estimated using the method of Lacis and Hansen
(1974).

If surface pyranometer measurements are avail-
able, then a, can be given as:

From Paltridge and Platt (1976), the earth-
atmosphere broadband albedo is:

Qs = 0y + (1-04 )2 (1-@)ag ... 8

Spectral effects can now be examined by com-
paring the broadband earth-atmosphere albedo
‘oz, with the satellite-determined narrow band
earth-atmosphere reflectance o’g4. In this project
a linear relationship between the two was devel-
oped since simultaneous pyranometer and satel-
lite observations were available:

aEA=C0+C|a,EA ...9

where C, and C, are regression constants. Thus in
the process of estimating global solar radiation,
g, can be obtained from o'g,. @, from Eqn 8 is
then calculated as a solution to a quadratic
equation. Knowing a, and @, K_ is obtained from
Egn 6. As in the previous model, ag is obtained
using the technique of Nunez et al. (1987).

Data acquisition

High resolution GMS data in the visible band
(0.55 to 0.75um) were used in the analysis. The
satellite spatial resolution decreased from a
maximum of 2.5 km x 2.5 km at the sub-satellite
point (0°N, 130°E) to 4.0 km (N/S) x 2.7 km (E/W)
at Tasmanian latitudes. Three scans a day are
taken in the visible (0000, 0300, 0600 UTC). The
satellite measures power observed by the sensor
normalised by the solar constant. The signals are
translated as 64 grey levels, representing spectral
albedos of 0-100 per cent; hence resolutions of
between 1 and 2 per cent are obtained. Dividing
this value by the cosine of the local solar zenith
angle will yield the required earth-atmosphere
reflectance.

Data were initially acquired at the Bureau of
Meteorology from the archive tapes located at the
central office in Melbourne where a program was
available to sectorise a month of data for each of
the study regions, and store them on tape. Further
processing was done at the University of Tas-
mania. It involved registration of each sectorised
image, removal of the artificially imposed coast-
line by the superimposition of an artificial
template, and acquisition of satellite-derived
reflectance data for the control point. Each
sectorised image had a control point which was
defined as the pixel where pyranometer data was
being collected by the Bureau of Meteorology. In
all cases the location was at the local city airport.
Since registration is done by reference to the
superimposed coastline, it is expected that errors
will arise if the true coastline differs from the
superimposed coastline. This problem will be
addressed in the ‘Discussion’ section.

Daily global radiation and precipitable water
data were obtained for each control point. All
pyranometer data were compared with an Eppley
precision pyranometer which in turn had been
calibrated against a WMO Regional Association
V standard at the Bureau of Meteorology in
Melbourne. Results revealed that the daily mean
bias for each pyranometer comparison was less
than their accuracy of calibration (£ 5%). This
was considered satisfactory and no attempt was
made to modify individual readings from each
pyranometer station.

Analysis

The data used for the analysis encompassed a
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six-month period from 1 August 1985 to 31
January 1986. Data from the months of Septem-
ber 1985, November 1985 and January 1986 were
used to build up the empirical relationships
defined in the regression relation (Eqn 1) and the
broadband model (Eqn 9). These relationships
were then used in an independent data set
(comprising August, October and December
1985) to calculate daily global radiation. In this
analysis only days with three satellite obser-
vations were used. As a result, the dependent
(independent) data set had a total of 444 (381)
elements with concurrent satellite and daily
global radiation observations. The data sets
encompass measurements from all capital cities
except Sydney. Measurements for Sydney were
not used due to errors associated with the removal
of the artificial coastline. This problem was
particularly acute in Sydney as the pyranometer
station was located at the coast.

When applied to the dependent data set, Eqn 1
takes the form:

1 =-0.9069 o'k, + 0.8117 ... 10
CORRELATION = 0.854
S.E. in 1 = 0.083

Equations 7, 8 and 9 were used with the same data
set to obtain a relation between narrow band
satellite-derived reflectances and broadband
earth-atmosphere albedo:

EEA=0.152 +0.8995’EA 11
CORRELATION = 0.864
S.E. in G, = 0.078

Figure 1 shows a plot of ag, vs ®gs. For low
values of satellite-derived reflectances Rayleigh
scattering dominates. Since most of the Rayleigh
scattering is outside the satellite band then it may
be expected that ag, is greater than @g,4. At higher
reflectances cloud effects become important and
Oga approximates o'g,.

As described previously, the Gautier model
uses hourly values of satellite-derived reflectances
to estimate the daily total global solar radiation.
Hourly reflectances were obtained by linearly
interpolating between known times of 0000, 0300
and 0600 UTC. Values at 0000 (0600) UTC were
assumed for earlier (later) times. Equations 4 and
5 were then solved to give daily totals of global
solar radiation.

Having obtained the regression relations as
described in Eqns 10 and 1 1, the three approaches
were then tested on the independent data set for
their ability to estimate K., the daily global
radiation. Figures 2(a), 2(b) and 2(c) compare the

daily measured versus calculated data.

Fig. 1 Plot of mean daily satellite-derived reflectance

versus earth-atmosphere albedo for seven capital

. cities. Only days with three satellite obser-

vations are included in this data set. The
following regression statistics were obtained:

Y =0.152 + 0.899 X; R = 0.864; STD. ERROR =
0.078 MJ m-2 d-1; N = 444
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Results

Results presented here are summarised in two
tables. Table 1 presents the analysis results when
data are grouped into reflectance classes; Table 2
shows the results when data are grouped accord-
ing to geographical regions.

Shown in Table 1 are various comparison
statistics applied to each of the three approaches.
The mean bias error when all data are grouped
together is under 0.5 MJ m-2 d-! for all three
approaches, or under £2 per cent of the mean
daily calculated value.

Grouping the data into ‘clear’ (g, < 0.19),
‘partly cloudy’ (0.15 <@’gs < 0.3) and ‘overcast’
(@ga > 0.3) conditions increased the mean
bias error. A maximum overestimation of
1.2 MJ m-2 d-! is obtained for the Gautier model
under partly cloudy conditions. At the other
extreme a maximum underestimation of 1.1 MJ
m-2 d-! is obtained for the Gautier model under
overcast conditions and the regression relation
under clear conditions.

In contrast to the mean bias error, the standard
deviation of the daily differences (model-
measured) is much larger for all three approaches.



Nunez: 3 approaches to estimate daily totals of global solar radiation 29

Fig. 2 Plot of measured versus model estimates of daily
global solar radiation for seven capital cities.
Only days with three satellite observations were
included in this data set. Solid lines represent
lines of best fit given by regression analysis.

(a) Regression model: Y = 0.942 + 1.37 X; R
0.937; STD. ERROR = 2.65 MJ m-2d-;; N
381

(b) Gautier model: Y = 1.850 + 0.867 X; R
0.926; STD.ERROR =286 MJ m-2d-;; N
381

(c) Broadband model: Y = 0.798 + 1.035 X; R =
0.935; STD.ERROR =270 MI m-2d-;; N=
381
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Increasing cloud cover will increase the standard
deviation so that for overcast conditions all three
approaches give a standard deviation of 2.9 to
3.1 MJ m-2d-!. This represents a standard error of
over 20 per cent.

A similar trend is obtained in the correlation of
daily model versus measured global radiation.
Highest values are reported for clear and partly
cloudy situations, and decreasing for overcast
conditions.

In Table 2 it may be seen that the highest mean
bias error for the Gautier model is -0.9 MJ m-2 d-!
obtained at Canberra. The regression relation
underpredicts mean values for Darwin by
1.3 MJ m-2 d-1, but overpredicts at Melbourne by
1.3 MJ m-2 d-1. All the mean bias errors for the
broadband model are under 1.0 MJ m-2d-, witha
highest overprediction error of 0.8 MJ m- d-!
being obtained for Brisbane and Darwin.

The standard deviations of the differences are
between 2.0 to 2.9 MJ m-2 d-! for the regression
relation and the broadband model. Slightly higher
values, between 2.1 and 3.3 MJ m-=2 d! are
obtained for the Gautier model.

Discussion

In summary, the pattern that emerges from Table 1
is that both the regression and broadband
relations compare equally well, and that they both
show a slightly better performance than the
Gautier model. It is evident that tuning various
model parameters to local conditions will pro-
duce satisfactory results.

In the case of the Gautier model a substantial
underestimation of 1.1 MJ m-2 d-! occurs in
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Table 1. Comparison statistics for three models which estimate daily global radiation. Data are grouped in |ntervals of
satellite determined reflectances as surrogate for cloud cover. ‘Clear’ conditions denote the interval o’g4 < 0.15,
‘partly cloudy’ the interval 0.15 < o’g, < 0.30 and ‘overcast’ the interval @’g4 > 0.30. In this table K. and K’,
denote measured and model values respectively of daily total global solar radiation.

Model KK, K'-K, Std. dev. (0) 6 Correlation Number Interval
R, OKK) T (KevsKo

MJ m-2 d-! % MJ m-2 d-! %
Gautier -0.1 -0.6 2.9 15.8 0.93 381 all
Gautier -0.6 -2.4 2.1 8.6 0.89 104 clear
Gautier 1.2 5.9 2.9 13.9 0.90 138 partly cloudy
Gautier -1.1 -8.7 3.1 25.3 0.87 139 overcast
Regression 0.2 1.2 2.7 14.0 0.94 381 all
Regression -1.1 -4.4 1.8 7.4 0.93 104 clear
Regression 0.7 37 2.6 13.1 0.91 138 partly cloudy
Regression 0.7 5.2 2.9 20.7 0.88 139 overcast
Broadband 0.3 1.6 2.6 13.8 0.94 381 all
Broadband -0.3 -1.3 2.1 8.3 0.90 104 clear
Broadband 04 2.1 2.6 13.3 0.9t 138 partly cloudy
Broadband 0.7 5.0 2.9 20.8 0.88 139 overcast

Table 2. Comparison statistics for three models which estimate daily global radiation. Statistics for each capital city are
shown. In this table K. and K’; denote measured and model values respectively of daily total global solar

radiation.
Model KK, K’-K, Std. dev. (6) b Correlation Number City
K, OSKK) T  (KevsK
MJ m-2 d-! % MJ m-2 d-! %
Gautier 0.1 0.6 2.8 14.0 0.95 60 Adelaide
Gautier 0.8 4.2 3.3 16.3 0.89 58 Brisbane
Gautier -0.9 -5.2 2.9 16.1 0.93 61 Canberra
Gautier 0.5 2.0 3.2 13.8 0.54 47 Darwin
Gautier -0.3 -2.1 2.1 13.1 0.96 61 Hobart
Gautier -0.5 -3.1 3.2 19.6 0.90 60 Melbourne
Gautier -0.4 -2.4 2.5 14.0 0.94 34 Perth
Regression 1.0 4.6 2.4 11.7 0.97 60 Adelaide
Regression -0.2 4.0 2.6 13.7 0.91 58 Brisbane
Regression 0.4 2.2 2.8 14.5 0.94 61 Canberra
Regression -1.3 -6.1 2.9 13.5 0.58 47 Darwin
Regression 0.1 0.1 2.2 13.6 0.95 61 Hobart
Regression 1.3 7.0 2.6 14.4 0.94 60 Melbourne
Regression 0.2 0.8 2.1 11.3 0.96 34 Perth
Broadband 0.3 1.5 2.7 13.2 0.96 60 Adelaide
Broadband 0.9 4.4 2.6 12.8 0.91 58 Brisbane
Broadband -0.5 -2.9 2.8 15.2 0.94 61 Canberra
Broadband 0.9 3.6 2.9 12.0 0.60 47 Darwin
Broadband 0.4 2.5 2.3 14.0 0.95 61 Hobart
Broadband 0.4 2.5 2.6 15.1 0.94 60 Melbourne
Broadband -0.3 -1.9 2.0 11.3 0.97 34 Perth

overcast conditions. In the paper describing their
revised model Diak and Gautier (1983) included
a maximum cloud absorption term of 7 per cent
which would occur with the highest albedo clouds
(taken as 0.7 in this paper). The results presented
here suggest that this term in Australian con-
ditions may be in excess. In contrast to overcast
conditions, the Gautier model overestimates for
partly cloudy conditions. The trend is opposite to

that discussed by Raphael and Hay (1984) where
they report an underestimation of global solar
radiation under partly cloudy skies most likely
due to side reflection from clouds. No explanation
can be offered for this difference other than to
point out that the boundaries for partly cloudy
skies are fairly arbitrary and some side reflection
may occur for o@gs > 0.30.
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Both the regression and broadband relation
underestimate the global solar radiation under
clear conditions, but overestimate it for overcast
days. It is possible that aerosol effects dominate
the mean bias error for clear conditions. However
errors such as these cannot be readily remedied
since aerosol effects on solar irradiance are highly
variable in time and space (Nunez et al. 1984) and
it is difficult to derive a practical surrogate for
aerosols which could be used in the above
relations.

Figure 3(a) plots standard deviations of the
daily difference (Kcmeasurep — Kemoper) vs
K. mopeL for the various cities using the regression
relation. These values were obtained by grouping
the data into ‘clear’, ‘partly cloudy’ and ‘overcast’
conditions using the criteria described in Table 1.
Thus, twenty data points were obtained in the
plot, one for each city under a particular cloud
cover condition. No data were available for
overcast conditions in Darwin. Also shown in Fig.
3(a) are comparable data from the Vancouver
study of Raphael and Hay (1984). It is evident
that, in the present study, the standard deviation
is influenced by the magnitude of the daily global
solar radiation which depends on the depletion of
global solar radiation by cloud cover. In contrast
no such dependence is evident in the data of
Raphael and Hay.

Figure 3(b) shows the same data set when the
standard deviation of the daily difference
(Kcmeasurep = Kemoper) is normalised by the
extra-terrestrial global solar radiation K,,. A linear
trend emerges with clear conditions reporting a
standard deviation between 2 to 10 per cent,

Fig. 3(a) Plot of calculated global radiation versus
standard deviation of the daily prediction
(Kemeasurep - Kemopel)  using  the
regression model. Data have been grouped for
all cities and for one of three cloud cover types:
cloudless (@’gs < 0.15), partly cloudy (0.15 <
@’ga < 0.30) and overcast (’ga > 0.30).
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partly cloudy between 9 to 13 per cent and
overcast between 16 to 28 per cent. However,
Darwin shows a significant departure from the
trend with a standard deviation of over 27 per
cent for partly cloudy conditions. Thus, from Figs
3(a) and 3(b) it seems that, with the exception of
Darwin, the cloud processes affecting the
depletion of solar radiation are similar in the
various study areas. Furthermore, all three
models show poorer performance with increased
cloud cover.

The anomalous behaviour for Darwin may be
related to tropical cloud structures, highly local-
ised and with a substantial temporal and spatial
variability. However, it is interesting to note that
the mean bias error (K.voper — Kcmeasuren) for
Darwin in partly cloudy conditions is quite low
(-1.2 MJ m-2 d-1) and is comparable to mean bias
errors obtained for some mid-latitude stations
(i.e. Hobart). Thus, there is little evidence to
support the concept that side reflection from
clouds is important in partly cloudy conditions
(Raphael and Hay 1984; Davies and Uboegbulam
1979). The low correlation reported for Darwin
(Table 2) is likely a result of these tropical effects
as well as the narrrow range of values reported in
the incoming global radiation for this tropical
station.

The standard deviations presented in Fig. 3(a)
are considerably higher than similar data pre-
sented by Raphael and Hay (1984). There are
several possible explanations for this effect. As
mentioned earlier the spatial resolution is greater
for GOES-2, and this might lead to greater
accuracy of cloud cover determination. However
Gautier et al. (1984) report no substantial

Flg 3(b) As in Fig. 3(a) but with the standard deviation
data normalised by the daily global solar
radiation at the top of the atmosphere (X axis).
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