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ABSTRACT

The International Pyrheliometric Scale of 1956 (IPS 1956) is based upon the original
standards of the Angstrom and Smithsonian scales by suitable corrections (+1.5
and — 2.0 %, respectively). The old standards will soon be replaced by new kinds of
absolute actinometers, and a revision of the international scale is at hand. The present
paper reviews the Compensation Principle with special regard to.absolute pyrhelio-
metry and the increased demands of accuracy since the principle was formulated by
Knut Angstrém in 1893. The Swedish manufacturers have maintained a practice of
measuring the characteristics of self-calibration of newly-made pyrheliometers so as
to provide a check of the maintenance of the Angstrém Scale.

1. Introduction

A new era in the science of absolute pyrhelio-
metry has begun. New actinometers (Cromme-
lynck, Froéhlich, Geist, Kendall, Wilson) will
soon replace the old ones in a revision of the
absolute pyrheliometric scale. The Angstrom
Pyrheliometric Scale of 1905 was once embodied
in a particular pyrheliometer (No. 70) on the
principles of electric compensation presented by
Knut Angstrém (1893), and the scale was veri-
fied in many series of newly-made pyrhelio-
meters (Béicklin, 1925). In the years 1920 to 1913,
the Astrophysical Observatory of the Smith-
sonian Institution conducted an intensive cam-
paign to produce & standard pyrheliometer and
established the Smithsonian Pyrheliometric
Scale of 1913. The water-flow and the water-
stir standard pyrheliometers, both designed by
C. G. Abbot, were the basic absolute pyrhelio-
meters of this scale. The two scales differed from
each other, and the International Pyrhelio-
metric Scale of 1956 seemed on good reasons to
be an acceptable compromise between the origi-
nal scales, but it was not itself embodied in an
absolute actinometer.

The modern design of the compensation pyr-
heliometer is a handy instrument for use as a
secondary standard at calibrations of actino-
meters at meteorological stations. On the condi-
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tion that its characteristics of self-calibration
are known, any compensation pyrheliometer
may in principle be used as a primary standard
for verification of the original Angstrém Pyr-
heliometric Scale.

The ‘‘compensation” is generally understood
as a procedure in which the absorption of radia-
tion by one of the sensor strips is counter-
balanced by a supply of an equivalent amount
of electric heat to the other. K. Angstrom (1893)
identified the point of equivalence of the heat
gain of both strips with the equivalence of their
temperatures. A. Angstrom (1914) drew atten-
tion to two shortcomings, namely the ‘“‘edge
effect’ and the difference between the types of
heat flow in the case that heating is alternatively
effected by irradiance and by electricity. Kyle
(1967) commented on this last matter and esti-
mated, as even Angstrijm did, that the meas-
ured value of the sun’s irradiance could quite
reasonably be 0.5 %, too low because of the ther-
mal resistance of the soot coating of the strips.
A. Angstrom (1968) replied that a difference of
5.09% between the Smithsonian and Angstrom
scales might be covered by the edge effect
(2.09%), the effect of the soot layer (0.5%) and
the correction (2.59%) of the Smithsonian Scale
of 1913 announced by Abbot & Aldrich (1948).
The scale comparison is however influenced by
atmospheric turbidity if the scales are re-
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Fig. 1. A diagrammatic scheme of the heat fluxes at a strip of the compensation pyrheliometer. Left: The
strip is heated by irradiation. Right: The heating is effected by means of electric energy.

presented by actinometers having different
apertures. Under such conditions, the difference
between the scales appeared to be about 3.59,
(Angstrom & Rodhe, 1966).

The difference between the Smithsonian and
Angstrom scales has lead to many discussions,
and Courvoisier (1963), Crommelynck (1973)
and Wierzejewski (1973) have studied in detail
the conditions of heat exchange between the
strip and their surroundings within the pyr-
heliometer tube. It is obviously not perfectly
correct to identify the equivalence of the heat
gain of both strips with the equivalence of their
temperatures if there is not complete symmetry
between the characteristic parameters.

Alternatively, the concept of ‘““compensation”
may be understood in the way that the screened
strip is compensated with electric heating for
its loss of the sun’s irradiation, i.e. the irradia-
tion is replaced by electric heat. The mathemati-
cal treatment of the compensation principle is
in this case simpler than in the preceding alterna-
tive since we do not juxtapose in the same equa-
tion the parameters of different strips.

The difference between these alternatives,
which in the following will be discussed under
the concepts of the “cold’” and the ‘“warm’’ zero-
points, is sometimes felt to be of minor import-
ance. K. Angstrom’s demand on accuracy was
no greater than what he could achieve with the
techniques of his time. He (K. Angstrém, 1899)
was aware of the fact that the coefficient attrib-
uted by him to the absorption power of the
black coating of the strip, might be in error by

0.5%. He did not go further and meet the
problems raised by Courvoisier, Crommelynck
and Wierzejewski in their above-mentioned
papers. He initiated the application of the
“warm’’ zero-point. Following his interpretation
of the concept of “‘compensation”, Frohlich and
Wierzejewski (1972), however, recommended
the ‘“‘cold” zero-point as a logical consequence
of the condition that the equivalence of tem-
perature should be settled between the strips.

2. The heat balance at the strip of
a pyrheliometer

The sensible receiver of the sun’s irradiation
in the pyrheliometer tube consists of two man-
ganin strips, each of which is 2 cm long, 0.2
cm wide and 0.002 em thick. As far as the
manufacture permits, the strips are made equal
to each other in dimension and electric resist-
ance. They are blackened firstly by platinizing,
secondly with soot from a candle. A thermo-
junction of copper-constantan is attached to the
backside of each strip so that the temperature
difference between the strips can be observed
with a sensitive galvanometer.

Without intending to give a correct presenta-
tion of the relative thickness of the platinum
and soot layers, Fig. 1 shows a diagrammatic
scheme of the heat fluxes in a part of the strip.
There are two alternatives; either the strip is
heated by the sun’s irradiance H, or by the
effect H of an electric heating current. Each
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of these effects are balanced, partly by the con-
duction of heat to the ends of the manganin
strip, and partly by the losses due to convection
in the ambient air and to infrared radiation.
The latter are assumed to be proportional to the
difference between the temperatures,

hy = y(Ty —Ty), by = 5y(Ty — T,) (2.1)
at the frontside, and
hy = 0q(Ty — T,), hy = 2s(Ts — T,) (2.2)

at the backside.

In Fig. 1 are also found the temperatures T',
and T which refer to the platinized surfaces of
the manganin. Since the thermal conduction in
manganin is good, the temperature is assumed
to be constant within the cross section between
the platinized surfaces. The thermal connection
between the manganin and the thermojunction
ig assumed to be good so that the latter yields a
thermoelectric current which responds well to
the temperature 7T', (or T'3). Under steady condi-
tions, there is no accumulation of heat within
the manganin strip, and the heat flux H; ~h, —
hy (or H, — k] —hy) to the sinks at the ends of the
strip and at the thermojunction is proportional
to the difference between 7', (or T) and the
temperature 7', of the environment.

The temperature profile through the whole
cross section of the strip, inclusive of the layers
of platinum and soot, is determined by the
transverse heat flux and the resistances of ther-
mal conduction (p, and g,) within the layers.
Taking into consideration that the absorbed
amount H; is transferred through the frontal
soot layer, we get for the first alternative the
equation
Ty =Ty+eshs tou(H;—ly) (2.3)
In the alternative of electric heating, the equa-
tion reads simply
Ty =Ts+gshs~p, by (2.4)
By introduction of (2.1) and (2.2) we arrive at
the following equation of the upper and lower
surface temperatures in the two alternatives,

(T5 = T)(1 +y%,) = (T — Ta)(1 +ea%s) —0:1 Hy
(2.5)
Tellns XXVIII (1976), 1

The electric heating current is agsumed to have
such an intensity that the temperature of the
thermojunction is the same in both alternatives,
i.e. T, =T,. In consequence,

T3=T;,h:=h;» Hl_hl‘"hn=Hi—h;—h;
and

H;=H,—(hi—h) = (1 +0,%,)H, (2.6)
under the conditions of equations (2.1) and (2.5).

Accepting the values of », and g, given by
Kyle (1967),

%, =12 watt/(m?* °C)
0, = 32 d, (m? °C)/watt

where d, is the thickness of the soot layer, we
get the relation

H, = H,(1 +400d,) (2.7)

In the Stockholm version of the Angstrém
Compensation Pyrheliometer, d, is about 107°
m. The difference between the alternatives H,
and H, is therefore about half a percent, the
electric heating being smaller than that of irra-
diation.

3. The “warm” zero-point

The procedure of measuring is started by fac-
ing both strips to the sun by means of the diop-
ter along the pyrheliometer tube. The screen is
put in such a position that it does not shade any
of the strips, and the electric current is inter-
rupted.

Let us assume that the sun’s irradiance is I
watt/m?, and that there may be a slight varia-
tion between the measured values I’, I” ete.
during the run of the measuring procedure. If
the length of the irradiated part of the left-hand
strip for instance is L,, its width b, and the
absorption coefficient of its blackened surface
a;, then the heat amount absorbed by the strip
is

H, = I,a;b, L, watt (3.1)

The same formula is applicable to the right-
hand strip

H,=1,a.b,L, watt (3.2)
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Under steady conditions, the absorption is
balanced by the heat losses of conduction, con-
vection and radiation. The temperature differ-
ence obtained between the thermojunctions
when the strips are simultaneously irradiated,
determines the galvanometer’s indication of the
“warm’’ zero-point.

It is not possible to make the strips and the
locations of the thermojunctions so similar that
their characteristics of heat balance do not differ
at all. Therefore we have to take into considera-
tion that even under the conditions of simulta-
neous irradiation, there may be a small tempera-
ture difference between the thermojunctions.
The difference remains constant even when the
sun’s irradiance varies within the small normal
range (I’, I” etc.) during the few minutes of the
measuring procedure. The ‘“warm’’ zero-point
ig in fact under undisturbed ambient conditions
a constant reference point.

In its reciprocal form, the definition of the
“warm’’ zero-point constitutes the basis of the
compensation theory: The ‘“warm’ zero-point
verifies that I, and I, in (3.1) and (3.2) are
equal.

When the zero-point of the galvanometer has
been determined, the first of three measure-
ments begins. The left-hand strip is shaded by
the screen, and it is, in the way shown by the
equation (2.6), compensated for the loss of I
with an equivalent amount of electric heat,
Iab,L; =42 R,(1 +0,%;) (3.3)
where R, is the electric resistance of the strip
in ohms. The current ¢, is regulated so that the
galvanometer’s indication moves back to the
“warm’’ zero-point. According to the state-
ment above, the amount I; in equation (3.3) is
then equal to the I, which for the moment is
the radiation falling upon the right-hand strip
and therefore, I is identical with I’

I’ =k where k, = Ry(1 +0;%)/(a;b,L,)
(3.4)

The second measurement is started by chang-
ing the position of the screen so that the left-
hand strip now gets exposed to the sun’s irra-
diation (I} gets identical with I”) and the
right-hand strip is shaded. The right-hand strip
is compensated for the loss of I, with an
electric heat effect,

Iia,b,L, =& R,(1 +or%,) (3.5)

The current 4, is by the condition of the
“warm’’ zero-point adjusted so that the equi-
valence I, = I is ascertained, and consequently
also the equivalence I, = I”,

I" =ksy® where &, = R,(1 +g,%,)/(a,b,L,
(3.6)

For the third measurement, the left-hand
strip is again shaded and the procedure of the
first one is repeated. Finally, the position of the
zero-point is checked by exposing both strips
to the sun’s irradiation.

The sun’s irradiance is overcompensated for
in the measurement at one strip and is equally
undercompensated for in the next measurement
at the other, when a zero-point other than the
“warm’’ is referred to, that means
I'+E = k,ifg at the first measurement (3.7)

I”"-E = Ic,'i;'2 at the second measurement (3.8)

and

I’ +E =k;5,’"? at the third measurement

(3.9)
Introducing the weighted means
it = (5% + 202 +4,""%)4 (3.10)
and
I=(I"+2I" +I'")/4 (3.11)

we got
I = Ki* +[E +(I" =217 + I"")[4](k; — k) [ (e + k)
(3.12)

The pyrheliometer’s factor K of self-calibra-
tion is related to k; and k, by the equation

2/K = 1/k; +1/k, (3.13)

Complete symmetry between the strips is
difficult to achieve in the manufacture of the
pyrheliometer so that (k;—%,) is mostly not
zero, but nevertheless the well-known pyrhelio-
meter formula
I=Ki (3.14)
is valid for the following reasons.
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A. The irradiance is in most cases either con-
stant (I’=1"=1I"') or subject to an almost
constant variation (I’’’ =1" +¢ =1’ +2¢) during
the short run of the three measurements. The
term

(I"=2I" +1I7)/4 = (I' - I")[4 +(I"" - I")/4
(3.15)

is in both alternatives zero. Otherwise, the varia-
tions are accidental, and the term disappears
from the average of many measurements.

B. The part E, which is due to deviations
from a strict application of the ‘“warm’ zero-
point, is accidental and dissappears from the
average values of (3.12). Its variance is mostly
of the same order of magnitude as that of
(3.15).

C. The factor (k, —k,)/(k, +£&,) is small.

4. The “cold” zero-point

The eq. (2.6) for the quantities H; and H, is
valid on the condition that the strips are identi-
cal. The condition is evidently fulfilled when
only one strip is involved as for instance in
(3.3) or (3.5). But if H,; and H, refer to heat
fluxes which go to different strips, then we have
to find a criterium for the equivalence of the
temperatures T, and T, (Fig. 1), and we have
to put mean values of ¢ and x into the formulae,

Ia,b L, =} By(1 +px)—the left-hand strip
is shaded (4.1)

Ia;b,L; = i; R,(1 +px)—the right-hand strip

is shaded (4.2)
Or,

I =ky,ii = kyyt; (4.3)
where

ky, = R, (1 +ox)/(a,b,L,) and (4.4)

k= R(1 +gx)/(a;b,L;)

differ from k; and %, in (3.4) and (3.6).

The “cold” zero-point arose from the de-
mand for a criterium of the equivalence of the
temperatures T, and 7T, in different strips. It
was put in practice by the Davos Physical-
Meteorological Observatory in the 1960’s. It
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was used earlier almost exclusively when windy
weather made it difficult to find the equilib-
rium of the heatings of the strips under ex-
posed conditions. The reason for occasional
deviations from the application of the “warm’’
zero-point was under such conditions a practical
one, but the Davos Observatory based their
deviation upon the generally accepted inter-
pretation of the concept of ‘“‘compensation’.

The galvanometer’s indication of the “cold”
zero-point is obtained when neither the sun’s
irradiation is falling upon the strip nor the
electric heating is effected. Under this con-
dition, both strips have the same temperature
as the surroundings inside the pyrheliometer
tube, and the temperature is constant along
each strip.

But the temperature is not constant along a
strip when it is heated. The heat sinks at the
ends of the strip and at the location of the
thermojunction determines a particular tempera-
ture profile (Angstrom, 1974; Major et al., 1974).
An important condition so that equal tempera-
tures might exist at the thermojunctions is the
symmetry between their locations on the back-
sides of the strips. However, such a degree of
symmetry is not feasible, and it is therefore not
realistic to presume that the ‘“‘cold’ zero-point
under “warm’’ conditions constitutes a verifica-
tion of the equivalence of the heat income of
both strips.

Indeed, the “warm’ and the ‘‘cold” zero-
points differ from each other not only in theory
but even in practice. If the points do not coin-
cide and the ‘“‘cold” zero-point is referred to,
then E in (3.12) includes a constant part which,
in contrast to the accidental part, does not
vanish in the average of a lot of measurements.
Then, it depends on the degree of symmetry
between the strips, which is expressed in terms
of the factor (k; —k,)/(k; +k,), whether the pyr-
heliometer formula (3.14) is valid or not. The
question should be settled for each instrument
separately on the basis of the required accuracy
and the possible advantage of the “‘cold” zero-
point over the “warm’’.

5. The maintenance of the Angstrom
Pyrheliometric Scale

The Angstrém Compensation Pyrheliometer
is an absolute actinometer, but nevertheless each
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Fig. 2. The annual variation of the ratio Kg,./K,
Uppsala and Stockholm, Sweden.

pyrheliometer is calibrated with reference to a
standard actinometer. The ratio K ,./Kc be-
tween the instrument factors, which are ob-
tained by calibration with reference to a stand-
ard and by caleulation in terms of the instru-
ment’s own characteristics, is a tool for the con-
trol of the manufacture of the instrument and
provides a check of the materialization of the
pyrheliometric scale by the standard actino-
meter which the calibration has been referred
to.

However, since the formula (3.13) was not
known from the beginning, the instrument fac-
tor has been calculated in a good approximation
by means of the formula
Keuo = 2[R0, L)) + B,/(5,L,))/0.98  (5.1)
where the value 0.98 stands for the absorption
coefficient. The effect of the thermal resistance
(@) of the soot layer was not considered.

When the International Meteorological Con-
ference in 1905 adopted the Angstrém Compen-
sation Pyrheliometer as an actinometer for
absolute measurements of the sun’s irradiance,
pyrheliometer No. 70 became the standard to
which new pyrheliometers were referred during
several years of manufacture at Uppsala. In the

calc

within the series of pyrheliometers manufactured at

series of 55 pyrheliometers manufactured be-
tween 1905 and 1912, the average of the ratio
K po/Keare was 1.0026 +0.0009 (Grangvist,
1912). In this way it was confirmed that the
Angstrom Pyrheliometric Secale was correctly
based upon the Compensation Principle and not
arbitrarily represented by No. 70.

With some exceptions, the ratio K. K .,
has been determined from the beginning at Upp-
sala and later at Stockholm for new pyrhelio-
meters up to the present time. The instruments
are subject to ‘“‘aging and death’ but the above-
mentioned ratio at the “birth’’ of new instru-
ments makes it possible to keep the scale under
control and ‘‘alive’”. The ultimate reference of
the scale should in fact be neither the old No.
70 nor any other particular pyrheliometer—but
the ‘“generations’” of newly-made pyrhelio-
meters.

The run of the annual averages of K /K a10
in the series of pyrheliometers manufactured
since the beginning has been studied earlier by
Granqvist (1912), Backlin (1925), Courvoisier
(1957) and Lindholm (1958b). An extended dia-
gram up to the present time is shown in Fig. 2.

Before 1925, the ratio was almost constant
and equal to 1.004, but later there have been
some breaks. In 1928, damage was discovered
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in the black coating of the right-hand strip of
the reference pyrheliometer No. 70. The strip
was repaired before the next calibrations in
1929. By careful comparison with other instru-
ments before and after the repair, the effect of
the damage was proved to have been 1.0%.
The calibrations in 1928 were accordingly cor-
rected (Bécklin & Kellstrom, 1930).

But the ratio remained a bit too low in the
following years. Perhaps, it was due to a decrease
of the absorption coefficient of the strips of No.
70.

The manufacture of new pyrheliometers
ceased at Uppsala in 1935 and was resumed at
Stockholm in 1940. The calibrations were then
performed at the laboratory of the Swedish
Meteorological and Hydrological Institute with
reference to another standard, pyrheliometer
No. 158. Unfortunately, the K., was not
computed for the series manufactured in the
years from 1940 to 1953.

The Uppsala standard No. 70 was in 1951
transferred to Stockholm. After repair by re-
newed blackening, it was compared with No. 158
as well as another old pyrheliometer of the same
design, No. 153. The repair seemed to have been
successful (Lindholm, 1958a).

A new design of the Angstrém Compensation
Pyrheliometer was introduced in 1954 (Ang-
strom, 1958). The edge effect, which the pyr-
heliometers of the previous design suffered from,
was now eliminated.

In the series of manufacture from 1954 to
1958, the ratio K.4/K,, decreased to 0.972.
Lindholm (1958b) attributed the decrease to the
elimination of the edge effect.

Fig. 2 indicates that in 1959, just before the
IPC-I at Davos, there was another decrease of
the ratio by 1.8 % down to 0.954. This value has
been maintained in the 1960’s to present time.

A change of the ratio K ,/K.), may be ex-
plained in any of the following three ways.

A. There may have been one or more constant
errors in the calibration procedure for the deter-
mination of K., The milliammeters which
were used at the calibrations in the 1960’s, suf-
fered from some errors which now have been
corrected (Rodhe, 1974).

B. The possibility of constant errors in the
determination of K, must also be considered.
As a proof of the techniques of measuring the
width and the electric resistance of a strip, new
methods were recently introduced. In fact, the
ratio K ,e/Kq), retained its low value. An un-
intentional change of the procedure of blacken-
ing the surface of the strips may cause a varia-
tion of the absorption coefficient. The coefficient
has been assumed to be 0.98 but may surely
vary within at least 0.5 9%.

C. Perhaps the absorption power of the strips
of the old reference pyrheliometer No. 158 has
become less effective because of aging. Un-
fortunately, all old pyrheliometers of this type
may possibly suffer from the same shortcoming,
and a consistent verification of the maintenance
or a change of the No. 158 has not been ob-
tained by comparisons.

The increased difference between the Ang-
strom Pyrheliometric Scale and the Smithsonian
Scale, which Frohlich (1974) and Latimer (1973)
have drawn attention to, is probably related to
the decrease of the ratio K,s/K., shown in
Fig. 2. It is perhaps caused by a deterioration
of the absorption coefficient of the sensors of
the old Angstrém standards. The final judg-
ment is not yet pronounced.
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UCCJEOOBAHUE MNPUHIIUIIA KOMIIEHCAUNN U IINPTEJNOMETPUYECKAA
MMKAJIA AHTCTPEMA

MexayHaponHasa nuprelnoMeTpudecKas IIKAIa
1956 r. (MIIII 1956) ocnoBmIBaercAa HA HEPBO-
HAYaJbHBIX CTAHJAPTAX IIKAJB AHICTpEMA WU
CMUTCOHMAHCKOI IIKajle ¢ COOTBETCTBYIOLIMMH
nonpaBkamu (+1,5 1 —2,0 9%, COOTBETCTBEHHO).
Crapbie craHmapThl OyAyT BCKOpe BaMeHEHH
HOBHIMM BAapHaHTaMM aOCONIOTHHIX IHPreNIuo-
MeTpoB M GyaeT mMpou3BegeHA PEBU3UA MEMIY-
HapopHolt mKajael. B Hacrosameii craTbe maerca
0030p NpPMHOMIA KOMIEHCALMH ¢ YHAeJeHueM

CHelMaIbHOr0 BHUMAaHM abCoIoTHON NNpreIuo-
MeTpUHU M pacTymuM TpeGoBaHMAM K TOYHOCTH,
MOCKOJBKY 9TOT NPUHIHI GBI cHOpMyIHMpOBAH
Kuyrom Aurcrpémom B 1893 r. llIBenckue mpo-
MBIIIJIEHHUKM € JAaBHHUX MOp MOAMEPHUBAIA
NPAaKTUKY M3MepeHUIl XapaKTepUCTHK CaMo-
KaauOpoBOK MBTOTOBIAEMHX MUPreIMOMETPOB
AJIA TOro, 4ToObl 00eCHeuYuTh NPOBEePKY COOTBET-
CTBUA 1IKaJie AHICTpéMa.
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