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Abstract

We constructed spectral pyranometers that can measure the spectral global radiation pro-
perly Using these pyranometers the simultaneous measurements of global radiations in the
infrared, infrared to visible and infrared to ultraviolet (entire spectral) regions were car-
ried out to examine the relations between the global radiations in the infrared, visible and

ultraviolet regions and the global radiation in the entire spectral region.

It was found

that the global radiations in the infrared, visible and ultraviolet regions S;,Sy, and Sy can
be estimated with enough accuracy from the global radiation in the entire spectral region

S by the following equation:

Sg=AgS+ BgS™

where 7 is a numerical constant.

1. Introduction

In Japan the global radiation in the entire
spectral region is measured at the main mete-
orological observatories, which number several
dozens, and the data are offered to the oper-
ational and research works in meteorology
and other fields such as architecture, agricul-
ture, medicine, etc. In addition to these data,
there has been, in recent times, increased de-
mand for data on global radiation broken down
into the ultraviolet, visible and infrared regions.
Unfortunately the global radiation in each of
the above spectral regions is not measured at
the meteorological observatories at present.

In order to examine the possibility of
estimation of the global radiation in each of
the above three spectral regions from the
overall global radiation, we measured the
global radiation individually in the above three
spectral regions and in the entire spectral
region for about a year from Fall in 1975 to
Summer in 1976 at the Meteorological Re-
search Institute in Tokyo and studied the

(K=1,V, U)

relations between the global radiations in the
three spectral regions and the global radiation
in the entire spectral region which has been
measured at the above meteorological observ-
atories distributed almost uniformly in Japan.

2. Measurements of global radiations
in the ultraviolet, visible and
infrared regions

In measuring the global radiations in
various spectral regions there have been used
pyranometers with sensors of photoelectric
tube. The sensitivities of these sensors have
large spectral and temperature dependencies
(e.g. Robinson, 1966). Owing to this, some
difficulties occur in calibration of these pyra-
nometers. Furthermore the values measured
with these pyranometers deviate considerably
from the so-called cosine-law, which states
that in an ideal pyranometer the output varies
with the cosine of the incident angle of
radiation (e.g. Sekihara et al. 1961). It is,
therefore, difficult to obtain global radiations
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in the spectral regions with enough accuracy
with these pyranometers. In order to re-
move or lessen these defects, we constructed
pyranometers that can measure global radia-
tion in the infrared, visible and ultraviolet
regions by installing the Schott spherical
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shell filters of RG 715, GG 395 and WG 230
instead of the ordinary glass dome of the
pyranometer used for the measurement of
global radiation in the entire spectral region.

The main characteristics of these pyrano-
meters are as follows: In Fig. 1 is shown
their appearance. The transmittances of the
above three filters are shown in Fig. 2. From
the figure the transmittances of the filters
are nearly constant except for the boundary
regions of each spectrum. At the earth’s
surface the amount of solar radiation, whose
wavelength is smaller than 300nm is negligible,
and that whose wavelength is larger than
3000 nm is only a few percent of the total.
The transmittances of the filters of GG 395
and RG 715 are sharply defined in the re-
gions around 395 nm and 715nm. Therefore
the transmittances of the filters are approxi-
mated with the dotted lines in the figure
without any serious errors. In Fig. 3 are
shown the dependencies of the output of the
pyranometers on the incident angle of radia-
tion. From the figure, it is found that the
pyranometers obey satisfactorily the so-called
cosine law. Furthermore the sensors are
expected to have little dependency in their
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Fig. 1. Schematic diagram of the spectral
pyranometer.
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Fig. 2. Transmittances of the Schott filters RG 715, GG 395 and WG 230
used in the spectral pyranometers.
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Fig. 3. Dependencies of outputs of the spectral
pyranometers on the incident angle of
the radiation. In the figure, - denotes
the measured values and the solid cur-
ves those of cosine.
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Fig. 4. Spetral reflectances of white paint
(shown above) (data of Eastman white
reflectance coating) and black paint
(shown below) (after Blevin et al.,1966).
The sensor surfaces of pyranometers
used are painted with these paints.

sensitivity on the wavelength from Fig. 4, in
which the reflectances of black and white
paints composing the sensor surface of the
pyranometer are shown.

Next, we will describe the calibration
(the determination of conversion factor from

output to radiation) of the above spectral
pyranometers. For the calibration, the simult-
aneous measurements of solar radiation by
the above sepectral pyranometers and an
Angstrom compensation pyrheliometer with
plane filters of RG 715 and GG 395 and WG
230 are carried out in a clear and stable day.
In this case the radiation measured by the
Angstrom compensation pyrheliometer is the
direct solar radiation reduced by the magn-
itude of transmittance of the filter in each
spectral region. As the transmittance of
each filter is regarded as a constant value
(rectangular approximation of filter trans-
mittance), the diredt solar radiation in each
spectral region is obtained by dividing the
radiation measured with the Angstrom com-
pensation pyrheliometer by the transmittance
of each filter. As a sensitivity of the sensor
of each spectral pyranometer is nearly in-
dependent of wavelength as mentioned above,
the output of each spectral pyranometer is
proportional to the magnitude of the global
radiation in each spectral region unless the
spectral distribution of global radiation varies
extremely. By shielding the direct solar
radiation with a shadow ring, the output pro-
portional to the scattered radiation in a hori-
zontal plane is obtained in each spectral
region. The output proportional to the global
radiation and to the scattered radiation in
a horizontal plane is obtained alternately
by shielding and unshielding the direct solar
radiation in turn. From the difference of
these two outputs, the output proportional
to the direct solar radiation in a horizontal
plane is obtained. Thus the calibration fac-
tor K is obtained as follows:

KXA4V=Icos8

where 4V is the output of each spectral
pyranometer which is proportional to the
direct solar radiation in a horizontal plane,
I the direct solar radiation, and & the zenith
angle of the sun. Using the calibration fac-

- tor K thus obtained, the absolute value of

the global radiation in each spectral region
is easily obtained from the output of each
spectral pyranometer.
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The global radiations measured by the
spectral pyranometers with filters of RG 715,
GG 395 and WG 230 correspond respectively
to the global radiations of the infrared re-
gion ranging approximately from 710 mm to
2700 mm, of the infrared to visible region
ranging approximately from 395 nm to 2700
nm and of the infrared to ultraviolet region
ranging approximately from 300 nm to 2700
nm. For these measured values, the addi-
tion (correction) of radiations in the infrared
region, in which the filter transmittion is
zero or nearly zero, are carried out on the basis
of the measurements by the Anggstrom pyr-
heliometer with or without the above filters.
Therefore the global radiations measured by
pyranometers with the RG 715 filter and the
WG 230 filter are respectively those in the
infrared region whose wavelength is larger
than 710nm and in the entire spectral re-
gion. The difference between the global
radiation measured by the pyranometer with
the GG 395 filter and that by the pyrano-
meter with the RG 715 filter gives the global
radiation in the visible region ranging appro-
ximately from 395nm to 710 nm. Similarly
the difference between the global radiation
measured by the pyranometer with the WG
230 filter and that by the pyranometer with
the GG 395 filter gives the global radiation
in the ultraviolet region ranging approxi-
mately from 300 nm to 395 nm.

In the following section we will examine
the relations between the global radiations
in the infrared, visible and ultraviolet regions
and the global radiation in the entire spectral
region and give the empirical expressions
which are employed to estimate the. global
radiations in the above three spectral regions
using the global radiation in the entire spec-
tral region.

3. Results obtained

In Figs. 5a, 5b and 5c are shown the
relations between the global radiations in the
above three spectral regions and the global
radiation in the entire spectral region in
various solar altitudes. In the figures, the
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Fig. 5a. Relations of the global radiations in
the infrared, visible and ultraviolet
regions to the global radiation in the
entire spectral region (solid curves)
with the measured values denoted by
dots at the solar altitude of 20°.
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Fig. 5b. The same as Fig. 5a except for
the solar altitude of 40°.

abscissa is the global solar radiation in the
entire spectral region (to be denoted by S
below) and the ordinate the global solar radia-
tion in the infrared, visible and ultraviolet
regions (to be denoted respectively by S;, Sy
and Sy below). In the figures, the measured
values are denoted by dots, while the solid
lines are the regression lines expressed by
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Sg=axS (K':L vV, U) (1)
obtained from the measured values. Here

Sk denotes the global solar radiation in each

spectral region, S that in the entire spectral
region, and agx is a numerical constant given
in Table 1. The measurements were carried
out in all weather conditions except for rain
and snow. In the figures smaller S corres-
ponds to cloudy days and larger to clear

Z; U“rafliﬂ B - days. As seen from the figures, S;, Sy and
01 0z 03 o.aso(sly/or.:m)ov 08 08 10 11 12 13 Sy vary almost linearly with S. Observing
the figures carefully, however, the measured
Fig. 5. The same as Fig. 5a except for values of S; are located under the regression
the solar altitude of 60°.
Table 1. Numerical constants used for estimations of global radiations
in the ultraviolet, visible and infrared regions.
h
\ 20° 30° 40° 50° 60° 70°
coef.
ar 0.522 0.517 0.499 0.483 0.477 0.475
ay 0.422 0.417 0.425 0.435 0.438 0. 445
ay 0. 0561 0. 0661 0. 0760 0. 0820 0. 0842 0. 0798
Ag 0.338 0.350 0.329 0.334 0.328 0. 357
Ay 0.494 0.505 0.529 0.526 0.546 0.526
Ay 0. 168 0. 145 0.142 0.140 0.138 0.122
B; 0.313 0.212 0. 195 0. 158 0. 148 0.112
By —0.125 —0.111 —0.121 —0. 0966 —0.106 —0. 0765
By —0. 187 —0.100 —0.0750 —0. 0614 —0.0519 —0. 0395
n 0.5 0.5 0.5 0.5 0.5 0.5

lines in the left hand side of the figures and
above the regression lines in the right hand
side. For Sy and Sy the opposites are ob-
served. That is, the measured value of S;
is relatively small in the smaller part of S
(cloudy days) and larger in the larger part
of S (clear days), while the messured values
of Sy and Sy show the opposities. The turn-
ing points, at which the measured values
pass from underneath the regression lines to
above or from above the regression lines to
underneath, shift towards the larger part of
S with the increase of solar height, as ex-
pected. The above systematic deviation of
the measured values from the regression
lines can be more clearly shown by the re-
lations of S;/S, Sy/S and Sy/S to S. The

results are shown in Figs. 6a, 6b and 6c,
where the measured values are denoted by
dots and the solid curves are those obtained
by the least square method using the mea-
sured values and are given by the following
equation :

“’SK =Ax+BgS"

z o)

where Ax and By (K=I, V, U) and n are
the numerical constants as given in Table 1.
As shown in the figure, S;/S is small for
the small value of S and increases rapidly
as S increases and reaches to a nearly con-
stant value beyond a certain -value of S
which depends on the solar altitude. On the
contrary, Sy/S is large for the small value
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Fig. 6a. The relations of the fractional

amounts of the global radiations
in the infrared, visible and ultra-
violet regions to the global radia-
tion in the entire spectral region
(solid curves) with the measured
values denoted by dots at the
solar altitude of 20°.
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Fig. 6c. The same as Fig. 6a except for
the solar altitude of 60°.

of S and decreases rather rapidly as S in-
creases and reaches to a nearly constant
value beyond a certain values of S.

The results described above can be ex-
plained as follows: In cloudy weather (small
S), the extinctinon of solar radiation is mainly
due to the scattering and absorption by
cloud particles and the absorption by the
water vapor which is naturally more abun-
dant on cloudy days. The absorption of
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Fig. 7a. Improved relations of global radi-
ations in the infrared, visible and
ultraviolet regions to the global
radiation in the entire spectral
region (solid curves) with the
measure values denoted by dots
at the solar altitude of 20°.
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solar radiation by water vapor mainly occur
in the infrared region and hardly in the
other spectral regions. Therefore S;/S is
small at the smaller part of S (cloudy day)
and as the cloudiness decreases (S increses)
the absorption becomes smaller and conse-
quently S;/S becomes larger and reaches a
nearly constant value in a clear day. In the
visible and ultraviolet regions, Sy/S and Sy/S
decreases or increase according to the in-
crease or decrease of S,/S.

From the above discussions the global
radiations in the infrared, visible and ultra-
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Fig. 7b. The same as Fig. 7a except for
the solar altitude of 40°.
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Fig. 7c. The same as Fig. 7a except for
the solar altitude of 60°.

violet S;, Sy and Sy can be expressed more
precisely by Equation (3) which is equivalent
to Equation (2) '

SK:AKS+BKSn+‘ (3)

The results are shown in Figs. 7a, 7b, and
7c. It is found from the figures that Equa-
tion (3) gives the global radiation in the
above three spectral regions with enough
accuracy from the global radiation in tne
entire spectral region.

4. Coclusion

As shown in the preceding section, the
global solar radiations in the infrared, visible
and ultraviolet regions S;, Sy and Sy are
related to the global solar radiation in the
entire spectral region S roughly by (2) or more
precisely by (3). That is, S;, Sy and Sy can
be estimated with enough accuracy from S,
which can be obtained at the main meteoro-
logical observatories in the world, by Eq. (3)
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