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ABSTRACT

The considerations contained in the following article are all based on the large number
of observations of sun radiation and atmospheric transmission collected by the Astro-
physical Observatory of the Smithsonian Institution. The author has shown that there
is & close correlation between the variability of transmission and the apparent variability
of the solar constant as it is presented in the Volumes of the Astrophysical Observatory.
The relationship is explained on the basis of theoretical deductions presented by Dr R.
Lundblad (1922) and by the present author (1921) at an early date. Further results,
concerning the connection between the spectral distribution of intensity of the apparent
solar constant and the variations of transmission, are based on the named theory. If
the variability of the apparent solar constant is reduced to a value corresponding to a
constant transmission, the remaining variability seems to coincide very closely with
the standard error which can be expected in radiation measurements with our most
accurate pyrheliometers. A short preliminary note is added concerning the wavelength
dependence of atmospheric scattering as derived from the variability of the transmis-

sion for different wavelength intervals where no selective absorption occurs.

1. Determination of the solar constant

Let us consider the earth’s atmosphere to be a
plane parallel layer, where the extinction coeffi-
cient is a function of the height A, but constant
in horizontal direction. A homogeneous beam of
radiation, the intensity of which is I,, outside
the atmosphere, passes through the atmosphere
in a direction which makes the angle ¢, with
the horizontal plane. Its intensity at the place
of observation may be I,;. Let us put:

1

b S
sin ¢,

(1)

and let ¢;;, be the value of the extinction coeffi-
cient as a function of A. We put:

1
&= f gpadh (2)

0

The unit for % being the vertical height of the
atmosphere. We then have, in applying the
law of Bouger.

Il;.=10,1 e_‘glml (3)
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In the same way we find for a beam which
passes the atmosphere in the direction g,, if
m, =1/sin g,

Iy =Ipe 4™ (4)

The value p;=¢ ® is the transmission of
the atmosphere for a vertical beam of the wave
length A.

The equations (3) and (4) may be regarded as
the basic ones for determining the two unknown
quantities I,; and ¢, (or p,). Eliminating I,;
between them we get:

lnIm —lnIQ}.

e my —m, 6)
Eliminating &3 we have:
myInlyy—m, Inl.
In Iy = 20 -R 7T e )

my —m,

Regarding I, and m as variables we have the
more general relationship:

Inl;=InIjy—em (7)
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If on the basis of the equation (7) we plot
the logarithms of the measured intensity
against air mass m, we get a straight line, which
cuts the In-axis at a point where In I, =In I,;.
This procedure has an extensive use in deter-
mining the extraterrestrial radiation I,,.

As much argument has been made for or
against the validity of this procedure, we may
examine briefly the fundamental assumptions
behind the equations (3) and (4) and (7). They
are, in addition to the assumed applicability of
the law of Bouger, mainly the following:

(1) The intensity I,; is constant during the
times covered by the observations of I,.

(2) The atmospheric transmission (and extinc-
tion) remains unchanged during the same time.

(3) The extinction is constant within layers
parallel to the surface of the earth.

(4) The extinction coefficients are independ-
ent of the direction in which the incident beam
passes the atmospheric layer.

(8) The height of the atmosphere is small
compared with the radius of the earth.

(6) The path of the beam is a straight line.

The conditions (5) and (6) are practically
fulfilled in the case of observations near to the
surface of the earth, and for not too small eleva-
tion angles @. In other cases corrections may
be applied to the value of m, which allow us to
maintain, in principle, the form of the rela-
tionships deduced above.

As regards the condition (4), it probably
holds in general. On the other hand, when it
comes to determine the solar constant within a
few parts per thousand, as is evidently desirable,
a rather small change in ¢ with direction can
produce an effect of not negligible amount. If
some small part of the extinction takes place
through falling ice crystals or unsymmetrical
falling particles in general, such as meteoric
dust, it seems possible that apparent solar
constant variations, lacking reality, can be
introduced through a variation of ¢ with the
direction. Similar considerations are justified in
the case of condition (3).

The conditions which deserve a special in-
vestigation are those of (1) and (2). This problem
was taken up by A. Angstrom (1921) and was
later subjected to a very thorough mathematical
analysis by Lundblad (1922). It is evident that
if both I,; and p; have changed from the time
t; when I,; was observed, to the time ¢, when
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I,; was measured, we obtain in applying the
equations (3) and (4) apparent values of the
solar constant and the transmission which de-
viate from the real values, whether we refer
them to the time ¢, or &,.

What the computations under these condi-
tions give are thus apparent values of I,, and
p; and not the real ones. What interests us
then, especially, is how an apparent variation
of the solar constant is related to an apparent
variation of the transmission and vice versa.

Let the solar constant within a given wave
length interval at the time £, be I,, and the
transmission coefficient at the same time be
1. If we could measure exactly the solar radia-
tion at the earth’s surface we would then get:

I =1, p" (8)

If the atmosphere and also the solar constant
remained unchanged between the time ¢, and
the time ?¢,, when a new exact measurement
takes place, we would obtain:

I,=1I, - p™ (9)

Now both measurements are characterized to
a larger or smaller degree by certain errors. Let
them be y, and y, respectively. Also as well I,,
as p; may have changed. Their respective values
at the time ¢, may be I,; and p,. Let us put:

I,=1I,+AI
02 01 ] } (10)
p2=p1+Ap
we then have
AL _
I, 71
(11)
Al, Al, Ap

Let us for the sake of convenience call I, the
“real solar constant of the day’ and p, the
“real transmission of the day’’ and then leave
out the index 1. If we with I§ denote the appar-
ent solar constant and with p® the apparent
transmission, both derived from the measure.-
ments I,, and I,, under the assumption of
constant conditions as regards solar constant
and transmission we may put:

(s)

oI, =191, } 12)
sp=p'"-p
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we than obtain

o, _m, AL _m Al
I m,—m, I my—~-m, I
° 2 1 1 ] 1 3 (13)
6_pH 1 AI,_ 1 Al
p my—m, I, my—-m, I

or

gi': __.m_l[A_I"_*_mzéE] +y1m2—y2m1

Io My — My Io m, —m,

op_ 1 [A_I‘,+m2@]+ V2~ ¥

p my-my| I, P my —m,

(14)

We may state that the equations (14) here
derived, mainly in accordance with the mathe-
matical analysis of R. Lundblad (1922), form
the fundamental basis for the so called “long
method”’, where the solar constant is derived
from successive measurements at the surface of
the earth. A wrong interpretation of the meas-
urements, due to the neglect of certain terms
in (14) have, as seems now rather evident, led
to conclusions which are not valid.

A question of special interest is the relation-
ship existing between the apparent changes of
the transmission and the apparent changes of
the solar constant. In order to bring out the
relationships more clearly we make following
assumptions:

I. There are no errors of observations. The
golar constant is not varying. We then have
7, =¥ = Al, =0; consequently we get from (4):

8L, _ _my—m, Ap

I, m, —m.
0 3 1 P .(15)
p_ _m Ap
P mn_ml P
and thus
é 4
myb— e (16)
Y4 1,

We consequently have the following rule
(first derived by the present author in 1921): if,
on account of changes in the transmission we
obtain too low a value on the transmission, we get
from the same measurements too high a value on
the solar constant: ép and 41, vary in opposite
direction in accordance with (16).

We may also pay attention to the fact that
if the transmission changes with a positive
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quantity from the time ¢, to the time ¢, we get,
if m, <m,, which is the case in the forenoon, a
positive correlation between the real changes
in the transmission and the apparent changes
in the solar constant, whereas the correlation
between real and apparent changes in the trans-
mission is negative. In a similar way we may
from (14) derive the apparent changes in the
transmission in the case that the transmission
remains constant but the solar constant is
variable in the time interval from ¢, to t,. Also
for this case the equation (16) holds.

II. A case of rather general interest corre-
sponds to conditions where I, and p are constant,
or can be regarded as such, but where the errors
come in as parameters to be considered. Putting
AI,=Ap =0, we obtain from (14):

‘Et_l N =Y ™
I my,—m

o 2 1 a7
‘_SB _Vamhn

P my-m

Some cases are here of special interest.

(a) The difference between two pyrheliometric
scales may be y, and we have y; =y, =y,. We
then get

81, op

I, Yo P 0 (18)

The difference in the solar constant, obtained
on the basis of the two scales respectively, differ
with the same relative amount as the scales
themselves, whereas the value obtained for the
transmission p is independent of the scale dif-
ference. The result is rather evident already
from rather simple considerations.

(b) The error y may be systematic and chang-
ing from time #, to time ¢,. This may occur if,
for instance, the readings of the pyrheliometer is
influenced by temperature. If there is a great
temperature difference between the time ¢, and
the time Z,, of let us say 10°C or more, a change
in y from 0 to 0.005 may easily occur if not great
precautions are taken. For the assumed case
we obtain, with m, =3, m, =1.2:

8I, 0.005-3
2o 0 L 0.0084
I, 18
op 0.005 (19)
S L 0.003
P 1.8
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We get an error in the solar constant of
almost 1 percent whereas the error in p is less
than half a percent.

(¢) In most observations aiming at measure-
ments of the direct solar radiation an error is
introduced through the fact that an amount of
diffuse circumsolar radiation from the sky is
also entering the pyrheliometer. In the case of
the standard pyrheliometers, viz. K. Angstrém,
Smithsonian silverdisk, and Eppley, this circum-
solar radiation generally, if the sun is not too
low, amounts to between 1 and 3 percent; it is
dependent on airmass and turbidity and prob-
ably, to some extent also, on the size and nature
of the scattering particles within the atmos-
phere. Summary treatments of a rather limited
mass of observations, by Volz, Schiiepp, and
also by the present author, have suggested that
the circumsolar sky radiation expressed in per-
cent of the solar radiation itself, ¢, is roughly
proportional to the product mpg, where m is the
relative airmass and f is & measure on the tur-
bidity in accordance with the definition of the
present author. We consequently have, for the
circumsolar radiation z, entering the pyrhelio-
meter

z=c-mf-Q (20)

where ¢ is a constant dependent on the width
of the opening of the pyrheliometer. Now the
observations, from which the relationship (20)
is derived, refer to the total solar radiation
integrated over all wavelengths. It seems per-
missable however, for the present purpose, to
generalize the equation to some extent and as-
sume:

zy=c-mf,- I, (21)
where 8, now refers to the special wavelength 2,
for which the equations earlier derived are valid.

We may then, in considering the effect on
the solar constant determinations, apply the
equations (17), in putting:

yi=omy B35 ve=cmyf; (22)
We thus obtain
%:cﬁlmlmz—cﬂ1m1m2= 0 (23)
1, my,—m,
5 - -
P _ Y2~ h emy B —cm, i —cfr  (24)
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Consequently, if our assumption (21) is valid,
the additive circumsolar radiation does not
affect the solar constant derived by the so-
called long method. On the other hand the
same method gives us a value for the transmis-
sion which is too high with a fraction ¢f,. Let
¢ =0.2 (which holds for a full opening™ of
about 5°, and f#; =0.10 (a value often found for
the wavelength A =500 mu under rather clear
conditions); we then get dp/p =0.02, viz. about
2 percent. The apparent transmission of the
atmosphere is consequently to some extent
influenced by the opening of the measuring
instrument, a result which is rather obvious.

On the other hand the freedom from error in
the solar constant, as apparent from (eq. 23),
is only valid under the condition given in (21).
This relationship, however, must be regarded
as a rather coarse approximation. Already the
addition in (21) of a quadratic term k-m?g3,
which may be found justified under some atmos-
pheric conditions, can very well introduce an
error of 0.3 percent in the derived solar constant
value.

A conclusion which suggests itself is the fol-
lowing. Even under conditions when the ‘‘solar
constant” as well as the transmission remain
absolutely constant, variations of up to 0.3
percent in the solar constant derived from the
long method, may easily occur as a consequence
of optical properties of the atmosphere. Ap-
parent periods with an amplitude equal or less
than about half a percent may easily be pro-
duced through uncontrolled changes in the at-
mosphere from case to case.

(d) Let us now consider a case which seems
rather important. Let us assume I,; to be
cons#ant, but let p; behave, as it actually does
to some extent, namely showing a change Ap
from the first observation to the second. For
the apparent change of the solar constant we
then have, according to (15)

5101 _
ey my,—m, Pi

_my—m, Ap;

(25)

Now a change in p; is generally—if we ex-
clude the case of selective absorption—accom-
panied also by a general change in the trans-
mission of all other wave length, due to the
general way in which the scattering by dust and

1 We here mean by full opening the double value
of the aperture angle.
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by the molecules affect the spectrum. On the
basis of a great number of spectral measure-
ments, especially by the Smithsonian Institu-
tion, we may with some simplification of the
actual conditions, which in individual cases are
more complicated, express the transmission
through:

~ (VA — (B1) 1A%

pr=e (26)

where «, is the coefficient of the Rayleigh
scattering, B, the scattering coefficient of the
aerosol (A. Angstrom, 1924). According to the
definitions, f; can be regarded as a measure on
the optical density of the aerosol. Practically
«, is proportional to the air pressure at the
place of observation, f; to the optical mass of
solid and liquid particles constituting the aero-
sol. At a given place the variation of «, with air
pressure during a set of observations is generally
rather small. It may under comparatively stable
conditions only seldom amount to more than
what corresponds to +3 mm pressure, viz.
generally to less than half a percent in «;.

Under average conditions, expecially at low
altitudes, the value of #, may easily vary within
a large interval, already in a short time. But at
the high altitude stations generally selected for
solar constant determinations, the variability
of B, is much less. We will recur to this questions
in following attempt to apply the previous theo-
retical discussion to the practical experiments
for determining the solar constant.

If we consider «, and f; as variables we have:

o 0
dp1=ﬂda;. 4 ﬂ'

day dgs, b (27)

Now we get from (26)

(28)

As Ap; of equation (25) is small compared
with p,, we may equalize Ap; and dp; and thus
obtain:

zfo_z,_"h_fm_[éﬁ+%] (29)

Top myg—my| A2 2%

According to a number of measurements at
different localities a generally adopts a value
only slighly different from 1.3 but is dependent
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on the size and nature of the scattering particles
in the atmosphere.

From (29) we draw the general conclusion:

If through changes in the transmission an er-
ror 61,;/1,, is introduced in the determination
of the solar constant I, for a given wavelength
A, it can be expected that the error increases
with a decrease in wavelength. The error is
inversely proportional (roughly) to a function
A", where n has a value between 1 and 4. When
the apparent solar constant is high the shorter
wavelengths must appear to be more intensely
represented than when the apparent solar con-
stant is low.

2. Applications

By far the largest amount of observations for
determining the solar constant we owe to the
Astrophysical Observatory of Smithsonian Insti-
tution. Under the guidance of its director Dr
C. G. Abbot a number of high level stations
were erected, with the view to avoid as much as
possible the disturbing influence of the atimos-
pheric absorption and- scattering. Thus stations
at Mount Wilson (1780 m), Bassour (1160 m),
Harqua Hala (1720 m), Montezuma (2710 m)
and Table Mountain (2280 m) have been in
operation during longer or shorter intervals of
time. The original procedure for determining
the solar constant, in principle already applied
by Langley, may be described briefly as follows.

The solar radiation, as we observe it at some
place of observation within the earth’s atmos-
phere is composed by a great number of different
wavelengths forming on the whole a rather
continuous spectrum, the limits of which fall
at about 2900 and 30,000 A.E. In order to be
able to obtain a correct value of the solar con-
stant through extrapolation in the way de-
scribed above, we must, as was clearly realized
already by Langley, subject the solar spectrum
to an analysis and measure the intensities of the
different wavelengths separately. For the last-
named purpose Langley devised his recording
spectrobolometer through the use of which
continuous curves giving the intensity distribu-
tion within the solar radiadion, after it had
passed given air masses, were obtained.

Simultaneously with these measurements the
integral radiation covering the whole spectrum,
were made with aid of a pyrheliometer, in the
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early measurements covering a full opening
angle of about 5°. In this way the spectrobolo-
metric instrument was, so to say, calibrated
by means of the pyrheliometer, which, in its
turn, had been calibrated through comparison
with an absolute instrument.

Let the value of the total radiation as meas-
ured with aid of the pyrheliometer be ¢, the
ordinates measured with the bolometer and cor-
rected to constant sensitivity by means of simul-
taneous measurements of @, be I;. Further let
I, be the value of these ordinates extrapolated
to air mass zero according to equation (7). If
I;, and consequently I,, also, were given in
absolute units, and if no total absorption at
certain regions of the spectrum took place,
neither in the atmosphere nor within the ap-
paratus, we would have XI; =@, and XI,; =S,,
where S, would be the solar radiation at the
upper limit of the atmosphere. Now, on account
of the absorption effects just mentioned, we
must apply corrections d and J, in the way that
we get for the solar constant § reduced to mean
distance between sun and earth:

R 2 EIO;,+50
i 0t o

II+6

where R is the distance between sun and earth
in the actual case, and R, is the mean distance.
Through the equation just given the corrections
d, and 4, or what in the Annals are called the
“ultraviolet and infrared corrections for total
absorption”’, are defined. The correction §, at
zero air mass, is in the works of Astrophysical
Observatory assumed to be constant and evalu-
ated to be 5.44 percent. Evidently the value
of S is to some extent dependent on the assump-
tions concerning 3, and 8. The apparent varia-
tions however are practically independent of §,,.
The value of d, on the other hand, is variable to
some extent with air mass, and has been founded
on some experiments, which necessarily include
a possibility of slight errors in individual cases,
if we proceed on the basis of experimental mean
values. It seems therefore evident that apparent
variations, which are not real, may arise in the
derived solar constant, from this reason. It is
difficult to see, after a study of the funda-
mentals (Annals V, p. 103) how occasional er-
rors in § of up to a few tenths of a percent could
be avoided from wuncertainties combined with
the evaluation of 4.
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According to Aldrich & Hoover the equation
(30) is the basic one used in all determinations,
with the described long method, by the Astro-
physical Observatory.

The question, which here interests us espe-
cially, concerns the changes of the solar constant
and their relation to the variations of the at-
mospheric transmission.

We have found that for the case that varia-
tions of the transmission of the solar constant,
or of both, are occurring during the set of ob-
servations, we have for the errors introduced
(eq. 16):

opr_ _ 2o

' pa Iy (1)

On the basis of this relationship, and from

considerations based on a further analysis, Lund-

blad (1922) came after close study of the Smith-

sonian solar constant determinations from 1909—

1911, to the conclusion that there are only two
alternatives possible namely:

Kither the solar radiation 1is constant or
the apparent fluctuations are totally independent
of the real ones.

After the time when this result was derived,
a great mass of solar constant determinations
have been made at stations selected with view
to eliminate as much as possible the errors due
to atmospheric extinction. At the high level
stations Montezuma, Table Mountain, Harqua
Hala and Bukkaros the atmosphere was gener-
ally very pure, and the extinction due to scat-
tering by the aerosol was as a rule reduced to a
couple of percent or even less at vertical in-
cidence of the suns rays.

Let us now, for a moment consider the mean
fluctuation of the transmission in relation to the
mean wvariation of the apparent solar constant
during the same period of time. We will intru-
duce the following definitions and approxima-
tions in the treatment of the matter.

From the values S of the solar constant,
derived by means of the long method described
above and published in the Annals of the
Astrophysical Observatory, we compute the
sum I8 of the values corresponding to a given
time interval 7. The time interval is as regards
the values of Table 1, selected with preference
for such periods, where the largest possible
number of values are concentrated over a rather
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Table 1. Variability of apparent solar constant
in its relation to variability of transmission®

ZAS

ZAp  ZAS
N n

Station Time Zp

Montezuma Sept. 1920 0.0045 0.0040 12

Montezuma Jan.—June 1923 0.0100 58 49
Montezuma June—Dec. 1923 (.0074 61 34
Montezuma March 1925 0.0051 54 18
Montezuma May 1925 0.0022 36 16
Montezuma Jan.—Dec. 1930  0.0071 47 47
Hargua

Hala Febr. 1921 0.0075 67 15

¢ Based on values of solar constant and transmis-
sion given in Annals of The Astrophysical Observa-
tory of The Smithsonian Institution, Vol. V. Table
29b.

short time. The sum of the individual differences
AS from the mean value XS/n, where n is the
number of values, is computed. We derive the
quotient

SAS
ST
n

which is the mean value of the differences
(independent of the sign 4+or—) divided by the
mean value of the apparent solar constants.
In a similar way we compute the sum of the
transmission coefficients p which correspond to
the solar constant values just mentioned, and
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also the individual deviations —A; from the
mean value of p. We derive the quotient

__ Zap
Z_A£=_1L_, (31")
Zp Xp

n

In order to simplify to some extent the com-
putations, the transmission values correspond-
ing to the wavelength 497 my have been chosen
to represent the general transmission in the
spectrum. As the transmission of various wave-
lengths are closely correlated to one another,
this procedure seems justified as regards our
present problem.

It seems a reasonable assumption that the

mean values AS and Ap are closely related to
the changes in both elements which can be
expected to occur during the time element which
occurs between the first and last of the pyrhe-
liometric observations, on which the solar con-
stant determinations are based. As the values

of AS/S and Ap/p are small—generally less
than a couple of percent we have at some con-
siderations in the following equalized them
with the differential quotients ds/fs or dp/p. The
matter will be further discussed below.

If we consider, at first, the conditions as
they appear from an analysis of the values from
the stations where the variations in the atmos-
pheric transmission have been large, as at
Mount Wilson and Bassour and compare them
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simply with the result of number of determina-
tions at Montezuma, where the transmission
has been constantly very high, and the varia-
tions rather small (Fig. 1), we must come to the
conclusion that a very marked relationship
exists between the two parameters, just as
could be expected from our previous discussion
here. A high variability of the transmission cor-
responds evidently to a high variability of the
derived solar constant and vice versa, and a

rough extrapolation to ZAp/Zp =0 suggests
even a total disappearing of the apparent varia-
tions of the solar constant. As we can scarcely
assume the solar constant to be influenced by
the atmospheric conditions to an appreciable
extent, the conclusion would be that the solar
constant variations, if they exist above a value
of a small fraction of one percent, are only a
fraction of the apparent ones derived. As re-
gards the determinations from Mount Wilson
and Bassour this result would confirm the con-
clusions of R. Lundblad. If extended to a repre-
sentative part of the great material of determi-
nations from the high level stations: Monte-
zuma, Harqua Hala, I think, however, that such
a general conclusion is premature. The result of
a special analysis of this material is demon-
strated by Fig. 2, where the same parameters
as in Fig. 1 are plotted against one another. It
is evident that the relationship here is much
less pronounced, even if here also a marked
connection is suggested. Through the method
of least squares we obtain from the values of
Table 1 the relationship:

TAS TAp

——=0.0028 + 0.37—— 32
zs Zp (32)

It is evident that the relationship between
the two variabilities ZAp/Zp and TAS/LS must

A. ANGSTROM

be highly dependent on the closeness of the
connection between Ap and Ap, viz. between
the variability Ap/p of the once a day values of
the transmission and the variability Ap/p during
the three to four hours during which the obser-
vations of the long methods take place. If no
such connection existed, there would be no reason
to expect the relationships which we actually
have found to exist.

Up to now we have only dealt with the classical
method, the so-called long method, for deter-
mining the solar constant. In 1922 Abbot
devised (Annals, vol. IV) what he calls “‘the
short method”’, and this method seems to have
been widely used at the expeditions of the
Smithsonian Institution after that date. In
using this method the extrapolation from a
number of radiation measurements at various
solar heights is avoided.

In this short method, the measurement with
aid of a pyranometer of the circumsolar sky
radiation is introduced.

Behind the introduction of the pyranometer
measurements stays the realisation of the evi-
dent relationship which must exist between the
extinction through scattering and the amount
of scattered sun radiation returned from the
sky. If the kind of particles constituting the
aerosol was always the same, and if the size
distribution of the particles as a function of
altitude was the same, we could expect that, for
a given solar height, the scattered radiation
from a circumsolar region of the sky would prac-
tically always correspond to a given transmis-
sion function representative for the atmospheric
extinction due to scattering in its dependence of
wave length. Under these assumptions the whole
procedure of extrapolation from a series of
measurements at different solar heights can be
avoided and the errors resulting from changes
in the extinction during the period of observa-
tions eliminated.

Through a combination of the pyranometric
values and the values of the “precipitable water”’
obtained from a single bolometric curve, both
reduced with due regard to the solar height,
Abbot. was able to derive a factor F, which
applied to the solar radiation value, as measured
with the pyrheliometer, gave a solar constant
which closely agreed with the same constant
derived from simultaneous measurements by
means of the ‘“long method”.

Let us now consider the solar constant values,
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Table 2. Mean solar constant and its variability within given time intervals derived from the Annals
of ihe Astrophysical Observatory, Vol. 7, Table 6 a—d

Height ZAS
Station Time (m) S xS n
Montezuma 1940-48 2740 1.946 0.00245 46
Table Mountain 1940-50 2280 1.947 0.00275 39
Mount St. Katherine 1934-37 2600 1.946 0.00235 40
Tyrone 1940-45 2440 1.949 0.00235 30
St. Katherine 1934 2600 1.944 0.0022 10
St. Katherine 1935 2600 1.950 0.0008 10
St. Katherine 1936 2600 1.949 0.0017 12
St. Katherine 1937 2600 1.944 0.0023 8
Tyrone 1940 2440 1.951 0.0019 13
Tyrone 1941 2440 1.949 0.0023 12

Comparison TAQ/n
Gornergrat 22.7.68 3130 A158/A70 0.0023 10
Gornergrat 22.7.68 3130 A158/A70 0.0023 10
Gornergrat 25.7.68 3130 A1717A585  0.0021 11

simultaneously determined through the long S,
and the short method S, respectively, as they
appear in the tables 6a—6d of Vol. 7 of the
Astrophysical Observatory. Already a first look
reveals a high correlation between them both.
In fact the correlation is 0.75 +0.03 if all values
are given the same weight. If the values S; and
S, could be regarded as determined by inde-
pendent methods this correlation would cer-
tainly be regarded as a strong argument in
favour of the reality of the solar constant varia-
tions derived. Now, however, they are evidently
interdependent in two ways. The constants of
which the factor F is composed are in fact
obtained through a comparison with values ob-
tained through the long method: The short
method is so to say, calibrated by means of the
long one.

Secondly a fundamental value, namely the
solar radiation measured with a pyrheliometer,
is common for both the values §; and S,.

Let us investigate the mean variation of the
solar constant §;, viz TAS,/ES,, as it appears
from the tables 6a-6d. We obtain the values
given in Table 2. Evidently the mean fluctua-
tion agrees extremely well for all stations, being
at the average 0.00245 for the several years
series, a value which comes very near to the
value 0.0028 obtained, if we extrapolate the
fluctuation curve of Fig. 2 to zero variation in
the transmission (cf. also eq. 32).

Now the solar constant values of Table 6 of
Vol. 7 refer evidently to the best possible condi-
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tions. They are selected in order to give the
fundaments for a comparison of the results of
the two methods and also in order to give the
fundaments for determining the factor ¥ of the
short method. It seems probable from our analy-
sis that the error from variations in transmis-
sion are here practically fully avoided. Does that
mean that one ought to regard the remaining
mean fluctuation of slightly above 0.2 of a per-
cent as real? The main question seems to be: is
the accuracy of the pyrheliometric measure-
ments such that one ought to depend on meas-
ured differences of 0.2 percent as being real.

It is clear that the instruments which gener-
ally are in practical use, are not able to furnish
an accuracy of this degree. In the case of the
silver disk pyrheliometers the inertia of the
whole system, and the variability of air convec-
tion, introduce, when the instrument is used
in the open air, irregularities to which no theory
is able to take full regard. Errors in the derived
radiation values, which probably are of the
order of size of several tenths of a percent, can
only seldom be avoided. The same is true con-
cerning the Angstréom compensation pyrhelio-
meters in regular use. If used under conditions
in the open, when the temperature may vary
from case to case within 4 20°C and the wind
velocity from nothing, up to several meters
per second, the instruments and with them
combined auxiliary instruments, do certainly
not answer such extreme demands.

On the other hand a case is now available
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where standard pyrheliometers of the Angstrém
type and of high precision have been compared
under conditions similar to those at the Smith-
sonian high level stations. Frequently instru-
ments of the same type, however, have slightly
different opening angles, which implies that the
amount of circumsolar skylight entering the
tube varies, often with several tenths of a per-
cent of the measured solar radiation, with the
turbidity of the atmosphere. A comparison be-
tween two such instruments gives a ratio be-
tween their indications which can vary within
up to almost one percent at different turbidity
values (Rodhe 1969). On the other hand, if the
openings are the same, and no influence of tur-
bidity can be found as regards their indications
relative to one another, the variability of (), the
ratio between their readings, may be expected
to give a measure on the precision, which can
be reached with this type of instrument.

Three such Angstrém instruments have been
compared during 1968 on a station near the top
of Gornergrat (3130 m) at excellent weather
conditions by Dr B. Rodhe (1969). The instru-
ments were A 585, A 171, A 158 and 4 70 and
they were compared at a solar height of about
60°. The turbidity was about §; =0.017 in the
A. Angstrém scale.

From the measurements presented by Rodhe
we derive for the varability AQ/Q

EA2[}& 158/A70] = 0.0023
=0

(number of measurements 10)

ZAQ
—[A171/4 585]=0.0021
0 [ / ]

(number of measurements 11)

It is evident that the mean value of AQ/Q
comes very near to the variability ZAS,;/ZS,
derived from the several years series of deter-
minations of the solar constant, previously
treated here.

The values of AQ/Q thus derived, gives ac-
cording to my experience a correct idea about
the precision which one is able to reach with
the best of the Angstréom pyrheliometers, when
used by experienced observers. It would seem
that the Smithsonian solar constant values,
founded as they are on pyrheliometric measure-
ments at very different occasions, and under
different conditions as regards wind and tem-
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perature, that they would show a greater prob-
able error than those radiation values at Gor-
nergrat, where the two instruments compared
were at exact the same conditions as regards
temperature and wind. That this is not the
case speaks for the great accuracy and care
characteristic for the American measurements,
but also, according to my opinion, against their
reality as representing variations of the solar
constant.

From equation (28) we get, if da is neglected:

o dp,

. o (33)
where % is a constant dependent on the air mas-
ses corresponding to the observations of I; and
dp, is the change in the scattering coefficient g,
(corresponding to the wavelength 4 =1 u) from
day to day of observations.

From comparisons between theory and experi-
ments we get for k a value of about 0.2. Assuming
df, = —0.02, corresponding to high wvalues of
the apparent solar constant, we get the following
table giving 61,/I,; as a function of the wave-
length:

A=1.0 075 0.50 0.40 0.30
al/I; =0.004 0.006 0.010 0.016 0.025
percent = 0.4 0.6 1.0 1.6 2.5

For the centre of gravity of the spectrum at
0.5 u the assumed conditions correspond to a
change of 1.0 percent. The table may then be
compared with the table 26 of volume 6 of the
Annals where the derived wave-length distribu-
tion of solar variation (the apparent one) is
given. The similarity is highly remarkable. It
seems to me to furnish still a support for the
opinion held in the present paper, that the
main derived variations of the solar constant are
apparent and not real ones.

In the previous discussion of the wave-length
dependence we have neglected the influence of
changes in the air pressure (do; =0). It can be
assumed that changes amounting to more than
3 mm during the interval of observations have
very seldom occurred. In some cases, especially
when extreme values of the solar constant have
been derived, such pressure changes may pos-
sibly have introduced an additional error. Even
for as high values for the pressure change as 3
mm the error is negligeable at wave-lengths
above 0.5 4 but amounts for the wave length
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0.3 u to more than 1 percent. As regards the
very short wave-lengths we must consider the
possibility of rather considerable errors on ac-
count of pressure changes when the so-called
long method has been applied for solar constant
determinations.

3. The wave-length dependence of aerosol
scattering

To the previous considerations which have
dealt chiefly with methods for deriving the solar
constant, we may add a short note concerning
the scattering of light by the atmospheric aero-
sol in its dependence on wave-length.

If we assume (which seems justified according
to our previous discussion): AIy/I, =0, we get
from

wi__my Am
P my—m; Pa

(34)

This means that the error which is introduced
in our determination of p, is proportional to
the real variation of p; during the interval of
observation. Consequently, if we compute the
average deviation of the apparent transmission
from the mean-value and express it by TAp/Zp,
the values of Ap include an error 6p. But as this
error can be assumed to be proportional to
Ap, we can put

AP B

35
sp e (35)

As an example we may consider the transmis-
sion values from Washington as given in Vol. 2,
table 17, of the Annals. Applying the equation
(54), we get the values for §,/A* given in the
table and also plotted in the Fig. 3. For a the
value 1.26 is derived. This value is rather close
to the value 1.24, earlier derived by the pres-
ent author from the same measurement, but in
a somewhat different way, and also close to the
mean value 1.3, for a number of stations, as
given by Schiiepp in his thesis of 1949.

The transmission values from Mount Wilson
1906 and 1910, give with the method here ap-
plied, the values for §; presented in Fig. 3. It
seems evident that the simple expression f§; =
B1/2* does not strictly hold at this altitude, a
fact which is evident also from the figures pre-
sented in the thesis by Schiiepp. For i-values
below about 600 mu the curves suggest a value
for a of about 1.5 but above 700 myu the aerosol
transmission seems to be almost constant.
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Fig. 3. For Washington where ZAp/Zp has a value
between 0.04 and 0.10 we have applied a correction,
which gives (dp/p)c~ B,/A% the curve gives a = 1.26.

The method here applied for determining
wavelength dependence of the transmission
through the aerosol has one decided advantage
over the old method which demanded an elimi-
nation according to the Rayleigh scattering func-
tion, in order that the rest extinction from aero-
sol scattering could be derived. The variability
method here applied, makes the elimination of
Rayleigh scattering unnecessary and is thus in-
dependent of all assumptions concerning for in-
stance the depolarization factor, the value of
which has been subject to controversial opinions.

Further the method is practically independ-
ent, as far as we are interested chiefly of the
contrasts within the spectrum, of the error
arising from changes of the transmission during
the time of observations.

On the other hand the variability method
also has its draw-backs. It must be kept in mind
that the variability is not a function simply of
the variation of the real transmission, but that
to this is added also a probable error entering
into all the bolometric measurements within the
gpectrum. This makes that this method, as also
the classical one, must give rather unsafe results
when we try to derive values for the aerosol
extinction at high altitudes, where the aerosol
concentration is often extremely low.

4. Historical notes and summary

In the present article the author has set forth
the elementary theory on which the so-called
“long method’ for solar constant determina-



216

A. ANGSTROM

Table 3. Principles values established for the solar constant of radiation (after Drummond, 1965;
Drummond & Hickey, 1968)

Value
Year Authority cal. ecm~2min~? mW cm ™2 Radiometric reference
(a) Ground-based extra-
polations
1923-1952 Abbot 1.94% 135.2 Smithsonian scale 1932 ete.
(30 years)
1932 Linke 1.94 135.2 Smithsonian scale 1932 ete.
1934-1935 Mulders 1.95 135.9 Blackbody source
1938 Unsold 1.90 132.4 Smithsonian scale 1932 ete.
1951 Nicolet 1.98 138.0+5% Smithsonian scale 1932 etc.
1951 Allen 1.97 137.3 ?
1954 Johnson 2.00 139.44+279, Smithsonian scale 1932 ete.
1955 Unsold 1.96 136.5 Smithsonian scale 1932 etc.
1956 Stair & Johnston 2.05 142.84+59 U.S. NBS scale
1958 Allen 1.99 138.6 +1% Smithsonian scale 1932 ete.
1966 Stair & Ellis (1968) 1.95 135.9+3% U.8. NBS scale
(b) Measurements from high-
altitude aircraft
1966-1968 Drummond, Hickey, 1.952 136.0+1% International pyrhelio-
Scholes & Laue metric scale (IPS) (at 83
(1967-1968) km from the Earth)
1967 NASA Goddard 1.938 135.0+2 % IPS
Space Flight
Center
(Thakaekara, 1968)
1967 NASA Ames 1.994 139.0+3 % U.S. NBS scale
Research Center
(Arvesen, 1968)
1968 Labs & Neckel 1.958 136.5 (c) Survey of the literature
(but excluding b)
1969 Jet propulsion 1.942 135.3+1% (d) Measurements from
laboratory spacecraft
(unpublished) JPL blackbody — Mariner

spacecrafts 6 and 7 — Mars
(at about 20,000 km from
the Earth)

% Value reported originally, in 1952, was 1.95 but this contains a small scale error (corrected above).

Mean of the two values in space 1.95+0.5 %.

tions is founded. Already early attention was
drawn by Knox-Shaw, Bernheimer, Granqvist
and others, to the fact that there was a marked
correlation between the early solar constants
derived by the Astrophysical Observatory and
the transmission of the atmosphere, a fact which
must throw suspicion on the reality of the de-
rived solar constant values. In an early paper
the present author expressed the opinion that
the explanation to this relationship ought to be
sought in the changes of the transmission, not in
the transmission itself. In deriving the eq. (16)
I further put in question whether not, perhaps

to full extent, changes in the solar constant itself
could produce apparent changes in the trans-
mission and thus give rise to an apparent rela-
tionship between the respective values of solar
constant and transmission.

The problem was as a consequence of the
work of Granqvist and of myself, attacked by
R. Lundblad through a very thorough analysis.
Lundblad came to a conclusion, very categori-
cally expressed, namely that there wagno reality
in the early solar constant variations derived
by Dr Abbot, and that consequently the varia-
tions could be fully explained as caused by
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changes in the transmission during the time in-
terval of observations (the long method).

In the present note I have taken up my early
idea, as it was further developed by Lundblad,
and applied it to the new and much more ac-
curate material of observations now available.
There exists in this material also a very close
correlation between the variability of the appar-
ent solar constants and the wvartabdity of the
transmission. When this last named variability
tends against zero, the corresponding variability
of the solar constant tends against a value which
closely coincides with the probable error adher-
ing to our most accurate pyrheliometric meas-
urements.

Further, attention has been drawn to the
fact that the connection found by Abbot be-
tween the apparent solar constant variation
and variation of the spectral energy distribu-
tion, can be fully explained as a consequence of
changes in the transmission, as far as the “long
method” is conecerned.

Finally the new solar constant determina-
tions by Drummond & Laue and their collab-
orators on the basis of measurements at high
altitudes (about 15 km and up to 80 kmj} ought
here be briefly mentioned. For the elaborate
technique, which includes measurements with
multichannel filter radiometers under extreme
conditions of air pressure and temperature, the
reader is referred to the original publications.

Here a table of Drummond and Drummond &
Hickey is presented.

Table 3. Solar constant determinations 1923—
1968.

There is evidently a very close agreement
between the results from different high level
ascensions indicating a very constant value of
136 mW cm~!+19, viz. 1.948 cal. cm~! min
for the solar constant. The value comes very
near to the mean value given by the Astro-
physical Observatory (1.94). The difference of
+0.49, is far below the accuracy which can be
assigned to either of the absolute values. On the
other hand there is no indication of a relation
between solar constant and sunspot frequency in
the results of the ascensions. Such a relation,
however, is suggested by Table 18 and Figs. 11
and 12 in Vol. 7 of the Annals. For a difference
from 0 to 200 in the sunspot number the differ-
ence in the solar constant amounts only to
0.005 cal., viz to about 0.25 percent, partly with
a very irregular trend within the named interval.
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Very little weight ought evidently be attached
to this apparent relationship. C W. Allen (1958)
has made an analysis of the material and comes
to the result that “it would appear that the
whole variation (in relation to sun spots) might
be due to scale changes in the procedure”.

Without taking side as regards this argument,
I think attention must here be payed to some
conditions which perhaps have been too much
neglected in the discussion. The early solar
constants from 1905 up to 1917, as derived by
the Astrophysical Observatory, gave a very
pronounced relationship between sunspot num-
bers and solar constants, and an increase in the
solar constant of almost 2 percent could be de-
rived, corresponding to an increase from 0 to
150 in the sun spot number. (A. Angstrom 1922).
The relationship was evidently, in the early de-
rivations, almost 10 times as pronounced as in
the recent ones. Now, we are fully aware and it
is confirmed by Dr Abbot himself that the
early constants were highly influenced by errors
due to atmospheric conditions. In fact practi-
cally all the variations of the early solar con-
stants must be regarded as due to such causes.

The consequence seems to be that the rela-
tionship which at the early time seemed to
exist between apparent solar constant and sun-
spot number, cannot be interpreted as valid as
regards real solar constant variations, but pos-
sibly as a relationship between the sunspot
number and the atmospheric factors producing
errors in the derived solar constants. Such fac-
tors may be changes in the optical properties of
the aerosol, as has been discussed in our previous
analysis, but may also have their origin in other
kinds of changes of the atmospheric absorption.
In both cases a relationship to solar activity
would not be out of question.

The prime endeavor of the Astrophysical
Observatory has, very rightly, been to eliminate
as much as possible of the atmospheric influence
in order to get at the pure source of energy: the
solar constant itself. But after the observatory’s
great success of having reached the result of
showing its constancy within fractions of a
percent, one must question whether not the
further attempts to correlate the apparent and
according to our opinion largely illusory varia-
tions of the solar constant with important ele-
ments of weather, like temperature and rain,
have led astray.

The real relationship seems to be not between
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these elements (including sun spot numbers)
and the solar constant value, but between them
and the factors of error, which one, with all
means, have tried to eliminate, viz. the optical
properties of the atmosphere. If such a rela-
tionship exists it could perhaps be unveiled

A. ANGSTROM

through a more profound study of the rich
material of transmission values and of the values
of circumsolar sky radiation, which has been
collected through the enormous and admirable
work of the Astrophysical Observatory of
Smithsonian Institution.
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KAYUIMECA UBMEHEHUA COTHEYHON NNOCTOAHHON 1 EE CBs3b C
U3BMEHYUNBOCTLIO ATMOC®EPHON ITPO3PAYHOCTHN

Pa6ora ocHoBaHa Ha 0oubiioM yuciae Habmumwone-
HUI COJTHeYHOU pajguanuu U aTMocdepHOIt npo-
3pavyHOCTH, COOpaHHHX AcTpodusuueckoit 06-
cepBaropueit CMUTCOHHAHCKOIO MHCTUTYTa. AB-
TOp MOKaszal, 4To cyulecTByer 0OIM3KaA Koppe-
JIALMA MeMAY M3MEeHYUBOCTHIO INPO3PAYHOCTHU
M Kamyue#icds M3MEeHYHBOCTBIO COJHEYHOH MO-
CTOAHHOW, KAaK 3TO MPEACTABIEHO B TPYAAX
Actpopusudeckoft oGcepBatopuu. CBA3bL 00b-
ACHEHAa HAa OCHOBE TEOpeTUYEeCKUX BHIBOJOB,
xaHHux Jlynpbaagom (1922) u paHee aBTOpOM
(1921). JanbHeiinine peayabTaThl, KacalolluecA
CBA3M MeHAY CINEKTPAJbHBIM paclpefeleHueM
WHTEHCHBHOCTH u3MepAeMofi coJHeuHoit T™oO-

CTOAHHOW W M3MEHEeHMEM IPO3PAYHOCTH, OCHO-
BaHB Ha YHNOMAHYTOM Teopuu. Ecam usmen-
4YUBOCTH M3MepAeMOil COJHEYHON NOCTOAHHOIN
YMeHbIIEHA [0 3HA4YeHMdA, COOTBETCTBYIOLIEro
MOCTOAHHOW MPO3PAYHOCTH, TO OCTABIIAACH
M3MEHYNBOCTh KaKeTcA oOuYeHb OJIM3KO COBIa-
Jalonleil co craHmaprHo# omubKoill, KOTOpYyIO
MOMKHO OKHUIATH NPU UIMEPEHUM paRUANMH
HAMMK HauboJjiee TOUYHBIMM MHPreIuoOMeTPaMu.
Jo6GaBneHo KpaTKoe mMpemBApHTelbHOE 3aMeva-
HUe 0 3aBUCUMOCTH aTMOCHEPHOr0o PACcCeAHNHA OT
JUIMHHL BOJIHBI, BHIBEJ[GHHOE M3 HM3MEHYHBOCTH
MpoNyCKaHUA AJA PA3IUYHEIX UHTEPBAJIOB IJIUH
BOJIH, B KOTOPHX HET CeJIEKTUBHOTO NOTJIOILEeHUA.

Tellus XXII (1970), 2



