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Abstract 
After an introduction on basic conceptions, concerning the influence of aperture conditions 

on the readings of actinometers, a short review is given on recent results as regards the arcum- 
solar sky radiation. The combined effect of aperture and sky radiation on pyrheliometric 
readings, in the case of point receivers, is discussed. Conclusions are drawn as regards the in- 
fluence of aperture conditions on (a) solar constant determinations and @) on the difference 
between readings with aid of different pyrheliometers. The principles which ought to be 
applied in the construction of pyrheliometers for different kind of use, are briefiy discussed. 

I. When a pyrheliometer is pointed at the sun 
for measurement of the sun radiation, it takes 
in not only the direct radiation from the disk of 
the sun but also that from a ortion of the sky 
in its immediate vicinity. T K e amount of this 
circumsolar sky radiation is dependent on the 
scattering properties of the atmosphere, and 
also on the geometrical construction of the 
receiver and of the pyrheliometer tube. The 
construction problem is often referred to as a 
question of the opening angle or the aperture 
of the instrument. With the aperture we under- 
stand, for an instrument with circular dia- 
phra ms, the to angle of the cone within 

the central point of the receiver. The aperture 
can be defined through the radius R of the 
most narrow diaphragm, active in the instru- 
ment, and the distance (I) from its center to 
the center of the receiver (see fig. I). If the 
aperture angle is denoted by v, we have: 

whic YI radiation P rom without is able to reach 

If the instrument is directed towards a surface 
of uniform radiation intensity I, covering the 
whole aperture angle, the radiation reaching 
the central point of the receiver and referred 
to a unit of surface is given by 

R Isin22 2 (4 
If we, with Dubois, define the “surface angle 

ratio” (the Fliichenwinkelverkltnis) y, as the 
ratio between what a receiver, whose aperture 
is limited by diaphra ms measures and what 
is measured at an u n k t e d  exposure to the 
whole hemisphere of the same instrument, the 
named ratio P, in the case that the receiver is 
concentrated in a point, situated on the axis 
through the center of the diaphragm is, given 
by : 

(3) 

This is an ideal case which only seldom is 
realized in the actual actinometers used for field 
measurements. In general the receiver has 
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Fig. I .  Actinometer with circular diaphragm (schematic) 
R = radius of diaphragm, r = radius of receiver, 

I = distance between both a = opening angle 

al= slope angle . ap= limit angle. 
(3 

dimensions so large that the laws derived abovc 
are not strictly applicable. An important case, 
first treated by J. H. LAMBERT (1760) is the 

We consider an actinometer with circular 
receiver and circular diaphragms, schematically 
represented in Fig. I ;  R is here the radius of 
the diaphragm, r the radius of the receiver and 
1 the distance between diaphragm and receiver. 
If the instrument is pointed at a source with 
uniform luminosity, I ,  the problem of finding 
the radiation falling on the receiver is that of 
determining the radiation exchange betwecn 
two circular surfaces, parallel with one another 
and with their centers on an axis perpendicular 
to them both. Lambert derived for the radia- 
tion Q falling through the diaphragm on the 
receiver the following expression: 

following. 

4 

where AC and AB have the meaning apparent 
from the figure. Using the geometrical rela- 
tionships evident from fig. I, we obtain from 
equation (4) for the average radiation Q1, falling 
on the unit of surface of the receiver: 

D2 

Here evidently : 

I22 

y =  A C - t A B  2 

( 2 )  

where y is the surfacc angle ratio. For an in- 
strument with the receiver concentrated at a 
point, we have AC= AB, and the equation 
( 5 )  then coincides with equation (z), which 
thus represents the limit conditions of ( 5 ) .  

The equations presented above have a basic 
interest when we consider the results of meas- 
urements with actinometers used for observa- 
tions of the radiation from limited parts of a 
sky of comparatively uniform radiation power. 
The practical limitation of the applicability 
of the formula (4) of Lambert and of equation 
( 5 )  derived from it, is due chefley to the fact 
that in most practical cases the receiver has 
not a uniform sensitivity for thc radiation 
falling u on it. A simple case is that of the 

drical disk is heated by radiation, the tem- 
perature being measured at the central part of 
the disk. It is evident that, if we apply the 
usual prescribed procedure of reading the 
pyrheliometer and let A given amount of 
radiation fall on different parts of the disk, we 
will in general, if we ap ly a given constant 
to the readings, get di ff erent values for thc 
radiation. The values will vary with the 
diswce of the illuminated spot from the center. 
If we introduce a function F (r) for the sensi- 
tivity in its dependence on the distance r from 
tha center of the receiver, we are able to modify 
the law of Lambert, and derive formulas valid 
for actinometers of various construction. 
L. BOSSY and R. PASTIELS (1948, 1959) have, in 
papers of rather fundamental importance, 
treated this subject in a strict mathematical way 
and shown how the theory may be applied to 
practical cases. In many cases actually occurring, 
however, an approximation on the basis of 
the original formula of Lambert seems to give 
sufficient accuracy. LINKE (I93 I) has suggested 
the use of two parameters a and b, which he 
calls the constants of normalization, for defining 
the aperture conditions of actinometers with 
circular diaphragms. With the indications used 

above we have: a =  - and b = -, and conse- 

quently : 

silver-dis fc pyrheliometer where a flat cylin- 

R 1 
r r 
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Linke’s constants of normalization may, if R 
and r, and R, and I ,  are used to denote the 
half length and half width of rectangular 
diaphragms, respectively receivers, be applied 
also to instruments of a rectangular construc- 
tion. In this case we get two sets of constants 

n 1 
A of normalization, namely n = -, b = 1 and 1 Y 

R 11 a,= -’ and &,= -. 
r, r, 

For characterizing the aperture conditions 
we get two aperture angles defined 6y: 

v a  v 1  a1 tg - = -and tg - = - 
z b  2 bl  (7) 

A computation of the radiation falling on the 
rectangular receiver leads to rather complicated 
formulas, if great accuracy is attempted. (See 
Bossy and Pastiels, loc. cit.) 

2. When we consider the case of the pyr- 
heliometer and ask how the readings are related 
to the energy falling on the receiver and to the 
radiation which we intend to measure, account 
must be taken not only of the aperture condi- 
tions, the dimensions and sensitivity function 
of the receiver, but also of the fact that the 
radiation to be measured is not uniformly 
distributed over the space covered by the 
aperture. The circumsolar sky covered by the 
aperture has naturally a much smaller Iumino- 
sity than the sun’s disk, but on the other hand 
it extends for most pyrheliometers over a 
solid angle about 50 times larger than the solar 
disk itself. The luminosity of the circumsolar 
sky has been subjected to a number of studies, 
among whch here may be mentioned those of 
Dorno and Thilenius, of F. Linke and Dubois, 
of F. Linke and E. Ulmitz, of D. Stranz, of F. 
Volz, E. V. Piaskovskaia-Fenkova and of 
L. Bossy and R. Pastiels. LINKE and ULMITZ 
(1940) expressed the radiation from the circum- 
solar sky through the equation: 

where Eo is the intensity at the center of the 
sun and u is the distance from the center in 
degrees. For the constant k Linke and Ulmitz 
gave a value which according to BOSSY and 
PASTIELS (1948) is about 50 times too high, due 
to an error in the calculation. Using the 

I = kEo e -la (8) 
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measurements of Linke and Ulmitz, Bossy and 
Pastiels derive for k a value of 0.000479 
(instead of 0.0235) and thus arrive a t  the 
formula : 

I = 0.00048 . E,, e4.s8 a 

On the basis of the formula (8) and with 
introduction of the constants of formula (9), 
Bossy and Pastiels have computed the energy 
of the circumsolar radiation entering the pyr- 
heliometers of the Smithsonian Institution 
(Silver Disk) and of Linke-Feussner. In this 
computation they have taken into considera- 
tion also the sensitivity distribution of the 
receiver. The introduction of the last-named 
factor gives results whch generally deviate 
with up to about 10 per cent from the value 
for the circunisolar radiation obtained under 
the assumption that the receiving element is 
concentrated in a point (a point-receiver). 
Now, as we will d~scuss further below, the 
formulas (8) and (9) give only a very approxi- 
mate idea of the distribution of the circumsolar 
radiation. Not only are, as already was em- 
phasized by Lmke and Ulmitz, the constants k 
and t variable to the extent that they in special 
cases are more than the double or less than the 
half of those presented, but also the form of 
the equation (8) itself represents an ideal case, 
whch only seldom is satisfied. In many cases 
it ought to be supplemented by a factor, 
showing maxima and minima with the distance 
from the sun. 

(9) 

It seems therefore justdied, for practical pur- 
poses, to simplify the computations and to base 
a general consideration of the effects of aperture 
conditions on the simple case of a point 
receiver situated within pyrheliometers of 
different apertures. For the conclusions aimed 
at here such a limitation seems fully satisfactory. 

The total circumsolar sky radiation D 
falling on a point receiver, the aperture being 
cp = 2a, is given by: 

n 

n=r 

where I is the distance from the center of the 
sun, with the radius of the sun as unit. For the 
smail angles a here in uestion (cc < so), we 

here justified, is arrived at by replacing cos cc 
may put I= 3.72 u. A 9 urther simplification, 
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by 1.00. Both these approximations introduce 
an error less than one per cent in D, and are 
justified with regard to the fact that the con- 
stants of equations (9), as we will see, must be 
subjected to rather great variations from case 
to case. 

An integration of ( IO), after theseapproxima- 
tions, gives : 

D = 0.0030 [ ( I  + :) - :( r + i ) ] E o  (I I) 

As the radiation Q from the whole solar 
disk, on the basis of values available, may be 
approximated to 0.8 nEo, we get for the 

n u ratio: E =  - 
Q 

E = 0 . 0 0 1 2 [ 3 1  +;) -?(.+;)I (12) 

Here y has, in the case corres onding to the 
observations of Linke and Umitz, f a value: 

c 0.58 
3-72 3-72 

y = - = __ = 0.156 

The following table gives the value of E for 

different values of v, v = 2a = 2 . '>, and 

for three different values of y :  
( 3 -72 

Table I 

\Q 1 o I 2' I 4' 1 6" I 8" 
Y\ 

0.0050 0.020 0.035 0.051 :::$ 1 1 0.0045 I 0.015 I 0.024 I 0.032 
0.200 0.0040 0.013 0.019 0.023 

Graphically the dependence of E on the 
aperture angle (2a), in the case of a point 
receiver, is shown in fig. 2. 

It is evident already from a superficial con- 
sideration of the rocess of scattering that the 

limited range. With the constants given, the 
equation (9) represents, as was em hasized by 
Linke and Ulmitz, mean values, P rom which 
the individual values deviate down to the half 
or up to the double. Linke and Ulmitz found 

for the ratio - values which were related to 

the product of air mass and turbidity ( T )  by 
an approximately linear relationship (for a < 
-=so). This result has been confirmed by Volz, 

equation (9) can bp e valid only withn a rather 

D 
Q 

who also, as it is to be expected, finds an 
increase of E with a decrease in wavelength. 
The turbidity factor T, which includes also 
the effect of water vapor absorption on the 
extinction, is not, however, a satisfactory 
measure of the scattering ower of the atmos- 
phere. W. SCHUEPP (19493 has treated statisti- 
cally a rather large mass of observations from 
Davos taken (I) with the aid of a pyrhelio- 
graph with about 2" aperture and (2) by means 
of a Michelson actinometer with a rectangular 
opening of 6" x 15". On the basis of compari- 
sons between both sets of values, Schuep 
derives an expression for the percentage di! 
ference, given as a function of the product of 

coefficient and the air mass. 

Schiiepp to the coefficient /?, employed in the 
present paper, we obtain: 

where m is the air mass. Assuming m = 1.2 and 
/?= 0.08, which may reasonably apply to the 
average conditions under which the measure- 
ments of Linke and Ulmitz were made, we 
obtain E = 3 .O per cent, a value which comes 
very near to the 2.8 per cent derived from the 
diagram (fig. 2) for the difference correspond- 
ing to actinometers with apertures of 8" and 
2" respectively. 

KALITIN (1933 and 1937) found that the sky 
luminosity was not subjected to a continuous 
decrease with an increasing distance from the 
sun, but showed minima at about 2 O . 5  and 
4O.5 distance; LINKE and ULMITZ (1940) found 

Translating the rom the turbidity coefficient B of 

E =  0.315 m b (13) 

Fig. 2.  Percentage increase, E ,  of observed solar radiation, 
if measured by means of pyrheliometers (point receivers) 
with different apertures, Q. The coefficient y is a measure 
of the decrease of circumsolar sky radiation with the 

distance from the sun. 
Tellus XI11 (1961). 3 
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K. Angstrdm comp. pyrh. ...... 
Silverdisk .................... 
Michelson .................... 
Moll-Gorzy nski . . . . . . . . . . . . . . . .  
Linke-Feussner . . . . . . . . . . . . . . . .  
Eppley normal incid. . . . . . . . . . .  

Table 2. Apertures of pyrheliometers. 

5’ x 13’ 
6” 

5OX 13O 
8” 
I I0 
5 . 7 O  

aperture’ I Pyrheliometer 

the decrease to turn into an increase at 6O.5 
distance from the sun. This is in conformity 
also with the results of D. STRANZ (1940, I942), 
who states that the scattered radiation from the 
sky, in the neighbourhood of the sun, is not, 
under man conditions, a simple decreasing 
function o t? the angular distance, but shows 
secondary maxima and minima, the location 
of which are dependent mainly on the nature 
and size of the scattering particles of the 
aerosole. 

Recently G. A. NEWKIRK (1956) has made a 
photometric study of the solar aureole. No 
integral or absolute values are directly derived 
for the circumsolar radiation, but it may be 
concluded from his discussion, that, acceptin 
the empirical formula ( S ) ,  we must assume 
as well as c to be dependent of the amount 
and character of the scattering particles of 
the atmosphere. 

The conclusion must be that the values for 
the circumsolar sky radiation given in table I 
and fig. 2, can only represent average condi- 
tions, limited to a clear sky, a moderate or 
low turbidity, and a solar elevation correspond- 
ing to relative air masses less than about 2.5. 
At a solar elevation of, for instance ISO, the 
circumsolar sky radiation entering an actinom- 
eter of the type used in practical field work, 
may easily rise to about 10 per cent or even 
more. 

3. Practical Considerations 

It may be concluded from the previous 
discussion that, in the operation of the common 
pyrheliometers, K. h strom, Silverdisk, Linke- 

perfectly free from the effect of an additional 
sky radiation. Practically we may get rid of it 

P 

Feussner, Eppley, Mic i elson, etc., we are never 
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by making the a erture less than about one 
degree, but suc R a construction has very 
evident practical drawbacks and we then must 
consider more closely what is to be gained 
by making the aperture very small. 

a. Solar constant determinations 

As the amount of circumsolar sky radia- 
tion is rather small and approaches zero in a 
linear way when the air mass decreases to zero, 
it seem evident that it can not be expected 
to influence to an appreciable degree the solar 
constant value, obtained through the so-called 
“long method”. As this method is the basis 
also of the “short method” of Abbot it seems 
reasonable to assume that aperture effects do 
not introduce an appreciable error into solar 
constant determinations. 

The error, which may sometimes occur from 
this cause, must in any rate be small compared 
with the error occasionally due to variations i n  
the atmospheric transmission during the time 
covered by the set of radiation measurements. 
Such a change in the transmission must evi- 
dently affect the variation of Q as well as D 
and leads, when the values are extrapolated 
to air mass 0, to an error dependent on the 
variation of both the named quantities. Under 
concttions of a very clear atmosphere, as on 
high mountain tops in dry climates, and in 
cases where the aperture is smaller than 8”. 
the named error robably seldom amounts to 
more than a smal f fraction of I per cent. 

b. Standard scales 

As re ards the difference between the stand- 

sonian, a slight effect of differences in aperture 
conditions may reasonably be suspected. On 
the other hand no influence of the air mass or 
solar elevation on the difference of the scales 
has, so far, been shown to exist, which ought 
to have been the case if the difference of the 
scales was due mainly to t h i s  cause. P. COUR- 
VOISIER (1957) has presented a fundamental 
discussion on this question. It seem therefore 
probable, that for the average distribution of 
circumsolar sky radiation, the effective surface 
angle ratios of the pyrheliometers, which have 
represented the scales, are so closely equal as 
to eliminate differences occurring on this ac- 

ard scaes, P the Angstrom and the Smith- 
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count1. It seems more probable that the varia- 
tions of the difference between the two scales, 
which undoubtedly have been obtained on 
different occasions (about 3.5% 1.0 per cent), 
are due to other causes (ANGSTROM 1958). 

If we with the true pyrheliometric scale 
understand the values Qo given by an exact 
pyrheliometer, which measures the direct sun 
radiation only, without any additional sky 
radiation, we must realize, that there is no 
possibility whatsoever to derive a strict evalua- 
tion of t h s  scale simply from measurements 
with pyrheliometers characterized by aperture 
angles like those generally used in practical 
work (Angstrom, Silverdisk, Michelson, etc. 
pyrheliometers). The measured value is here 
always given by : 

where the circumsolar term D is a function 
of air mass m, turbidity 8, wavelength il and 
aperture v, as the chief variables. We may guess 
a t  the value of D from measurements like 
those of Linke and Ulmitz, but as long as D 
is not directly measured at the instant of ob- 
serving Q, and as the function D is not ac- 
curately known, all speculations as regards the 
differences between observed values and those 
of the true solar radiation itself are rather 
fruitless, at least if they aim a t  an accuracy 
greater than f 1.0 per cent. 

If we observe the radiation with, let us say, 
an Angstrom pyrheliometer or a silver disk, 
the true value of the solar radiation alone may 
be between 1.0 and up to 5.0 per cent lower, 
dependent upon atmospheric and other con- 
ditions determining the variables in equation 
(14). Comparing two pyrheliometers charac- 
terized by different apertures, they may thus 
differ with one value today and another value 
tomorrow dependent upon the named varia- 
bles. Strictly, therefore the true pyrhelionietric 
scale value can never be given through apply- 
ing a fixed constant percentage correction to 
the values obtained with pyrheliometers with 
aperture angles larger than a couple of degrees. 

In the case of the K. A N G S T R ~ M  compensation pyr- 
heliometer the circumsolar sky radiation falling on the 
strip illuminated by the sun is partly compensated by 
the sky radiation reaching the screened strip. In view of 
the occurrence of secondary maxima, as mentioned above, 
it seems even possible that under extreme conditions an 
overcompensation may take place. 

Practical average values for the correction may 
however be derived. For greater accuracy, 
when in rare cases a need for such occurs, we 
are dependent on a clearer knowledge of the 
function D, or preferably on measurements 
with more specialized instruments. 

c. Practical use 
In discussing the aperture effect and the 

question in regard to the desirability of its 
elimination, we must consider also the prac- 
tical use, which the nieasurenients are intended 
to serve. For many purposes, for instance when 
it comes to computing the heating effect on 
differently oriented surfaces, we wish to dis- 
tinguish between the directed radiation from the 
sun, and the d$use radiationfrom the sky, both 
groups differing fundamentally as regards their 
dependence on geometrical optical factors. For 
most practical evaluations it seems here 
reasonable to include a certain amount of cir- 
cumsolar sky radiation in the solar radiation 
itself, as has been done in practice using pyr- 
heliometers with apertures about so in size. 

The circumsolar radiation naturally follows 
the sun and obeys the cosine law in its de- 
pendence on solar elevation and azimuth. 
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Appendix 

In a report of the Sub-commission on Aper- 
ture conditions of the Radiation Commission 
of the International Association of Meteorology 
(IUGG) submitted to the Davos session of the 
Radiation Commission, in September 1956, the 
following parameters were recommended to 
specify the aperture conditions of a radiom- 
eter. (Compare fig. I and Linke’s “Constants 
of normalization”.) 
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a a the “opening angle”. (tg a = -) b 
a -  I 

T) aI the “slope angle”. (tg aI = 

a + 1  
T) up the “limit angle” (tg xz=  

Evidently all these parameters can be derived 
from the constants of normalization, R and b. 

Thc subconmiission realized that it would 
be unpractical to recommend an aperture 
angle so small that the circumsolar radiation 
falling on the receiver would be practically 
negligible, but regarded it desirable, in order 
that measurements with different standard in- 
struments should be comparable with one 
another, that a certain normalization of the 
aperture conditions were established. For this 
reason it was recommended that “pyrhelioni- 
eters constructed in future should have an 
angle of slope not less than IO, and not greater 

than 2O, and a ratio -equal to or greater than 

IS. These conditions imply that the opening 
angle should not be greater than 4” (p < 8”). 

As a practical instance of the extent to whch 
some pyrheliometers with circular apertures 
conform to these rules, we may refer to the 
following table : 

I 
r 

Abbot Silver disk pyrheliometer : 

R = 18.5 nini x = 2O.9 
r = 13.5 )) a, = oO.8 
1 = 370 )) a2 = 4O.9 

Eppky standard pyrheliometer : 

R = 10.3 nim a = 2O.9 
r = 2.8 )) u1 = 2 O . I  

1 = 206 )) as = 3 O . 6  

Pyrheliometer Linke-Feussner : 

R = 6.3 mni a = 5O.1 
r = 5.0 )) a1 = I O . 0  

= 70.3 )) a2 = 9 O . r  

43 J 

b= 27 

b =  73 

b= 14 

It will be noticed that the geometry of the 
pyrheliometers are in reasonable agreement 
with the named requirements. It is especially 
important that the aperture angle (z x 2.9”) for 
both the first named pyrheliometers be well 
below the limit value 8”, and yet above about 
4’ (a > 2O), which seems to represent a 
reasonable lower limit, when we are concerned 
with practical field observations withm the 
meteorological station network. 
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