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Abstract. From time immemorial men have strived to measure the size
of celestial bodies. Among them, the diameter of the Sun was a source
of curiosity and study. Tackled by Greek astronomers from a geometric
point of view, an estimate, although incorrect, has been first deter-
mined, not truly called into question for several centuries. One must
wait up to the XVIIth century to get the first precise determinations
made by the French school of astronomy. Gradually, as the techniques
were more and more sophisticated, many other solar diameter mea-
surements were carried out, notably in England, Germany, Italy and
US. However, even with instruments at the cutting edge of progress,
no absolute value of the solar diameter has been provided yet, even if
the community has adopted a canonical radius of 959.′′63, given in all
ephemeris since the end of the XIXth century. One of the major difficul-
ties is to define a correct solar diameter. Another issue is the possible
temporal variability of the size of the Sun, as first advocated at the end
of the XIXth century by the Italian school. Today, this question is just
on the way to being solved in spite of considerable efforts developed
on ground-based facilities or on board space experiments. We will here
give a review of some of the most remarkable techniques used in the
past, emphasising how incorrect measurements have driven new ideas,
leading to develop new statements for the underlying physics. On such
new grounds, it can be speculated that the roundness of the Sun is not
perfect, but developing a thin “cantaloupe skin” in periods of higher
activity, with departures from sphericity being inevitably bounded by
a few kilometers (around 80 km or 10 to 15 mas).

1 The problematic of the temporal solar diameter variations

The solar diameter variation with time is maybe one of the oldest problems in astro-
physics as the importance of any detectable change cannot be avoided in solar theories
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anymore. A change in solar size would be indicative of a change in potential energy
which could be driven by such means, or a change in the precise location of the convec-
tive process or even in the strength and configuration of the magnetic field. Whatever
the cause, it is likely that the solar luminosity executes correlated variations and it
is known today that unambiguous solar irradiance variations have been observed on
various time scales. As pointed out by Gilliland [Gilliland 1981] “the effectiveness
of the solar radius variability would provide input to theoretical studies which can be
increased manyfold if precise simultaneous determinations of the solar irradiance and
photospheric temperature are obtained”. Since the curvature of the limb changes with
time, one may expect a variable aspherical thermal structure, or an asphericity in the
sound speed distribution in the Sun, a physical characteristic that has been detected
through heliosismology. As a result, the solar modeling cannot exclude constraints
due to changes in the Sun’s geometrical figure, an issue which explains the revival of
its observation through space dedicated missions. Thus some pending questions still
survive. Among them, why is the solar size still a conundrum, even if this one is on
the way to be solved? What has been done in the past? What can be expected from
an astrophysical point of view?

Systematic measurements of the solar diameter have been made since Antiquity
and have been going on up to now. However measurements are usually affected by a
number of disturbing influences, some of which are due to the Earth’s atmosphere,
others to the perceptive faculties of the observer and the last ones due to the Earth’s
motion in space. Among such outcomes, atmospheric turbulence, refraction and geo-
centric parallax (i.e. the fact that the observer is located on the surface of the Earth
and not at its center, for which ephemeris are computed) induces falsifying effects. It
turns out that measuring the solar diameter requires high accuracy; furthermore dis-
entangle between limb fluctuations and an effective temporal limb variability requires
high resolution techniques. In essence, as Sofia from Yale University (USA) stated
in 2005 [Sofia 2005c] during a meeting on “Solar Variability and Earth climate” in
Roma (I), “different measurement and analysis techniques, and sometimes even iden-
tical instruments and similar analysis methods, yield incompatible results. It is not
presumptuous to infer that the cause of this controversy is that for the majority of
the techniques, the results are at the borderline of the sensitivity of the technique. The
major exception to the above statement is the technique of helioseismology”.

In the first part of this paper, we will focus on the main difficulties prevailing in
measuring the solar diameter followed by an overview of solar diameter determinations
during eclipses. Then we will adopt a more conventional historical point of view,
highlighting schools of astronomy having played a predominant role. A special issue
is devoted to almucantar transits, as it was claimed that the solar diameter changes
could be correlated with solar neutrinos, an interesting idea which may arise from
inexact measurements. To conclude, only space dedicated missions will be able to put
an end of several centuries of speculation on this issue.

2 Difficulties for determining the solar diameter

The solar sphere is not a stainless steel ball, but a fluid in rotation. The passage of the
flow from the interior to the gaseous external layers is progressive and the solar radius
needs a definition. The most commonly used stipulates that the radius is defined as
the half distance between the inflection points of the darkening edge limb function, at
two opposite ends of a line passing through the disk center. But this definition needs
to give an accurate description of the limb intensity profile at a given wavelength.
This has been tackled from a theoretical point of view [Haberreiter 2008a; 2008b] in
the scope of clarifying space data analysis. Figure 1 shows the shift of the inflection
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Fig. 1. Intensity limb profile and diameter variations due to a shift of the inflection point
with the wavelength, according to a solar theoretical model described by Haberreiter [2008b].
This graph has been plotted thanks to M. Haberreiter.

point according to the wavelength. Starting at an arbitrary abscissa of 448 mas for a
416.320 nm wavelength, the inflection point is displaced to 475, 494 and 509 mas at
490.560, 610.975 and 770.820 nm respectively, taking into account theoretical solar
models such as those developed by Haberreiter et al. [2008a]. Measuring the solar
radius, taking into account the wavelength is thus crucial.

Definitions of the solar radius other than the inflection point can be used: one
could say that the limb is located at the minimum temperature occurring between
the solar interior and the outside. An equipotential level of gravity, to a constant,
also perfectly defines the outer shape. This definition is certainly the best in terms of
physics but the worst to put in practice from an observational point of view. As all
definitions suffer from one argument or another, the first definition mentioned above
is widely used.

Around the year 1975, an astrometric instrument dedicated to the measurement
of the solar diameter was designed by the so-called SCLERA group (Santa Catalina
Laboratory for Experimental Relativity by Astrometry), in the scope to accurately
measure the solar oblateness and its inference on the gravitational theories [Rozelot
2011]. This instrument was put into operation in the Santa Catalina mountains, at
2609 m elevation, 61 km by road northeast Tucson (Arizona, USA). To achieve accu-
racies of about 1 milli-arc second (mas)1 required for the program, Hill and coworkers
[Hill 1975a; 1975b] have reviewed the different definitions of the solar edge and have
proposed to use the “Finite Fourier Transform Definition (FFTD)” (different from the
classical Fourier Transform) of the observed limb darkening function to get reduced
sensitivity to atmospheric and instrumental effects (a discussion was made by Brown
in 1982 [Brown 1982]).

The choice of the SCLERA group is based, on the one hand, upon their conclusion
that it is easier to sample a region of the limb rather than locating a sharp feature,
and on the other hand, upon the establishment of this particular FFTD algorithm,
leading to the determination of the solar edge as the point where the algorithm is zero.
This property means that this function is well suited to detect differences, if any, be-
tween the different radii at any position angle r(θ), a question of obvious interest

1 In order to avoid any ambiguity, the mark (′′) is used for arc-second and the English
quotation marks (”) have been changed for the French ones 〈〈 . . . 〉〉.
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for determining an accurate solar shape. Dicke [1974] widely debated on the question
both from a theoretical and observational point of view, including the question of an
equatorial temperature excess to account for a solar oblateness as an effect of surface
field only. Concerning ground-based observations, Rösch and Yerle [1983] pointed out
the effects of the terrestrial atmosphere, scintillation and blurring. It is a classical
result that the convolution of the edge of a uniformly bright half-plane by a spreading
function having a center of symmetry, gives a smooth symmetrical profile. In such a
case, the inflection point is exactly on the edge of the object, whereas if the object is
limb-darkened, this inflection point is increasingly shifted inside with the width of the
transfer function. The connection of the FFTD with the definition of the inflection
point is thus clear. A Taylor expansion of the Finite Fourier Transform integral read-
ily shows that all the coefficients at the odd derivatives vanish, and therefore that
both definitions are equivalent to the approximation of the second derivative, and
differ only at the level of the fourth and the higher ones. The shift of the inflection
point, produced by the spreading function of the instrument plus the terrestrial at-
mosphere, has certainly been under-estimated in many ground-based measurements
(mainly solar astrolabes). In analysing space mission data, the transfer function of the
instrument cannot be avoided, and must also be carefully scrutinised. As already ex-
plained, any definition of the limb is conventional and permitted: adopting one, then
one has to check its connection with other definitions, its observational behavior and
its solar significance. Such properties also remain a serious handicap in analysing solar
limb data, with respect to the radius determination at a level of the milli-arc-second
precision which is needed today to carry out pertinent astrophysics.

The question of the absolute value of the solar diameter

Curiously, an accurate absolute value of the solar radius (assuming no temporal
changes and no variations with the heliographic latitude θ) is not known yet and
is not yet the subject of a consensus. The reference value, due to Auwers in 1891,
carried back to 1 AU, is 959.′′63 (±0.′′05), or R� = (6.95997 ± 0.003610) × 1010 cm,
according to the accuracy given by Auwers. Note that the Allen’s ephemeris [2000]
gives (6.95508± 0.0002610)× 1010 cm, as determined by Brown [1998]. We will refer
afterwards to the Allen’s ephemeris, adopting 1 AU = 1.495 979 × 108 km, instead
of 1 UA = 1.495 978 706 6 × 108 km as given by the US Naval Observatory. Lastly,
the difference found by Auwers between the canonical radius and the value derived
from meridian transits, i.e. 1.′′57, called “irradiation”, disappears from the ephemeris
around the year 1963, as its origin has always remained unclear.

However, the solar diameter derived from observations deviates from 959.′′63. A
rather large dispersion still appears, that must be reduced in the future, as the absolute
solar diameter is a fundamental parameter constraining for instance solar modelling,
solar and stellar evolution or absolute values of star diameters referenced to the Sun.

A compilation of measurements made between 1836 and 1975, discussed by
Wittmann [1977], leads to R� = 960.′′00 ± 0.′′09 (or 695 776 ± 65 km). The weighted
mean and standard deviation of the solar radius deduced from measurements made
by different observers, from 1979 to 2004, is 959.′′6± 0.′′5, as given in Table 1 of Kuhn
et al. [Kuhn 2004]. The latest estimate deduced from the solar astrolabes at Calern
Observatory (F) is 959.′′48 ± 0.′′01 (the upper bar does not hit the canonical value).
One may expect that from space, where the signal is not mixed with the fluctuations
of the atmosphere, the determination will be better. One of the first determinations
outside the atmosphere was made by Kuhn et al. [2004], by means of the MDI ap-
paratus on board the SOHO satellite, which leads to an apparent solar radius at
1 AU of 959.′′28 ± 0.′′15 (or 695 254 ± 109 km), a little below the conventional value.
Table 1 summarises the historical efforts made through observations to estimate the
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ël

(2
0
0
4
)

1
9
9
8
.3

9
(1

9
9
0
–
2
0
0
3
)

S
o
la

r
a
st

ro
la

b
e

(S
a
n
ti
a
g
o
,
C

)
9
6
0
.4

2
±

0
.0

1
K

u
h
n

et
a
l.

(2
0
0
4
)

2
0
0
3

S
O

H
O

-M
D

I
9
5
9
.2

8
±

0
.1

5
E

m
il
io

&
L
ei

st
er

(2
0
0
5
)

1
9
7
2
–
1
9
9
7

S
o
la

r
a
st

ro
la

b
e

(S
a
o

P
a
u
lo

,
B

)
9
5
9
.5

2
±

0
.0

3
S
ch

o
u

et
a
l.

(1
9
9
7
)

1
9
9
7

H
el

io
si
sm

o
lo

g
y

9
5
9
.8

7
±

0
.0

1
J
il
in

sk
i
et

a
l.

(1
9
9
9
)

1
9
9
7
.5

S
o
la

r
a
st

ro
la

b
e

(R
io

,
B

)
9
5
9
.2

±
0
.0

2
A

n
ti

a
et

a
l.

(1
9
9
8
)

1
9
9
6

(o
v
er

1
4
4

d
ay

s)
H

el
io

si
sm

o
lo

g
y

9
5
9
.3

4
±

0
.0

1
G

o
lb

a
si

et
a
l.

(2
0
0
1
)4

1
9
9
9
.5

S
o
la

r
a
st

ro
la

b
e

(A
n
ta

la
y
a
,
B

)
9
5
9
.0

3
±

0
.0

7
P

u
li
a
ev

et
a
l.

(2
0
0
0
)

1
9
9
8
.5

S
o
la

r
a
st

ro
la

b
e

(R
io

,
B

)
9
5
9
.0

7
±

0
.0

2
S
v
es

h
n
ik

ov
(2

0
0
2
)

1
6
3
1
–
1
9
7
3

M
er

cu
ry

tr
a
n
si
ts

9
5
9
.7

9
±

0
.0

2
K

il
ic

et
a
l.

(2
0
0
5
)

2
0
0
1
–
2
0
0
3

S
o
la

r
a
st

ro
la

b
e

(A
n
ta

la
y
a
,
T

)
9
5
9
.2

9
±

0
.0

1
R

o
ze

lo
t

et
a
l.

(2
0
0
3
)

2
0
0
1

H
el

io
m

et
er

(F
)

9
5
9
.4

3
4
±

0
.0

0
8

A
n
d
re

i
et

a
l.

(2
0
0
4
)5

1
9
9
8
–
2
0
0
1

C
C

D
S
o
la

r
a
st

ro
la

b
e

(C
a
le

rn
,
F
)

9
5
9
.5

0
9
±

0
.0

1
4

E
g
id

i
et

a
l.

(2
0
0
6
)

1
9
9
2
,
1
9
9
4
,
1
9
9
5
,
1
9
9
6

S
D

S
re

v
is
it
ed

9
5
9
.5

–
9
5
9
.7

<
0
.0

1
K

il
ci

k
et

a
l.

(2
0
0
9
)6

2
0
0
6

S
o
la

r
ec

li
p
se

9
5
9
.2

2
±

0
.0

4
M

o
ra

n
d

et
a
l.

(2
0
1
1
)7

1
9
8
5
–
2
0
0
9

C
C

D
S
o
la

r
a
st

ro
la

b
e

(C
a
le

rn
,
F
)

9
5
9
.4

8
±

0
.0

1

N
o
te

s:
1

S
ee

T
a
b
le

I
o
f
h
is

p
a
p
er

(p
.
2
2
6
)

fo
r

o
th

er
m

ea
su

re
m

en
ts

.
2

O
ri
g
in

a
l
es

ti
m

a
te

a
s

p
u
b
li
sh

ed
in

L
a
cl

a
re

(C
R

A
S
,
2
8
0
,
B

,
p
.
1
3
).

S
ee

a
ls
o

A
ct

a
A

st
ro

n
.,

4
0
,
1
9
9
0
,
3
1
3
–
3
1
9
.

3
A

cc
o
rd

in
g

to
th

e
o
ri
en

ta
ti
o
n

m
o
d
e.

R
ev

is
it
ed

b
y

E
g
id

i
et

a
l.
,
2
0
0
6

(s
ee

b
el

ow
).

S
D

S
:
S
o
la

r
D

is
k

S
ex

ta
n
t

in
st

ru
m

en
t.

4
S
ee

a
co

m
p
le

te
ta

b
le

p
.

1
0
8
1
.

5
a
n
d

7
.

N
o
t

co
rr

ec
te

d
fo

r
a
zi

m
u
th

a
l

re
fr

a
ct

io
n
.

5
E

a
st

-W
es

t
d
is
cr

ep
a
n
ci

es
o
f

0
.′′ 6

3
1
.

6
A

co
m

p
le

te
ta

b
le

o
f

R
�

d
et

er
m

in
ed

th
ro

u
g
h

so
la

r
ec

li
p
se

s
is

g
iv

en
.
†

E
st

im
a
te

n
o
t

ta
k
en

in
to

a
cc

o
u
n
t

to
d
et

er
m

in
e

th
e

g
en

er
a
l
m

ea
n
.



8 The European Physical Journal H

solar diameter since Antiquity. A careful inspection of the data, mainly after the
determination made by Auwers [1891] shows that the canonical radius is certainly
over-estimated by about 0.02%.

3 Solar diameter determination during eclipse’s time

Eclipse observations provide a unique opportunity to give the absolute angular scale
to the measurements leading to an absolute solar diameter. However, the problem is
complicated by the Moon limb which presents asphericity due to the mountains. But
the importance of solar eclipse observations emerges as atmospheric effects are lower
than in any other ground-based solar observation techniques. The main limitation
of such observations arises from the number of obtained data because of the poor
number of eclipses per year. Due to the short eclipse duration and the fast-moving
trajectory in space, total and annular solar eclipse observations can provide more
accurate calibration points by comparison to other data bases [Fiala 1994; Dunham
2005].

The data series of solar radius measurements obtained by visual and video
eclipse observation techniques today cover about three centuries and their interest
increased in the early 1980s. The most ancient reliable observation goes back to 1715
[Danylevsky 1999; Dunham 1980; Sofia 1983], leading to a mean solar diameter of
32.′0′′, consistent with the modern estimates, but most of the solar eclipse observa-
tions were obtained during the 20th century. A careful inspection of the data shows
that the radius values through modern eclipse data are in general smaller than those
obtained before the 1970s as seen in Figure 2. Both current and past solar eclipses
can be used to establish if any variation occurred in the solar radius. As an exam-
ple, Sofia et al. [1983], by analysing the solar eclipses on 24 January 1925 and on
26 February 1979, have reported that the solar radius was 375 km larger than at the
later date showing strong evidence in support of the occurrence of solar radius changes
on shorter times than on evolutionary ones. By contrast, Parkinson et al. [1980] and
Parkinson [1983] reconsidering analysis of transits of Mercury and durations of total
solar eclipses indicated that there has been no detectable secular change in the solar
diameter during the past 250 years. However, diameter variations, even small, are
useful for the determination of changes in the so-called asphericity-luminosity param-
eter w [Sofia 1980; Lefebvre 2004], over time scales of a few centuries. It is known
today that this parameter is important as any variation of the solar signal could mod-
ulate the top of the UTLS region (Upper Troposphere Lower Stratosphere), the seat
of the Earth climatic changes. The parameter w is the ratio (∂r/r)/(∂L/L) where L
is the solar luminosity, thus pointing out the necessity to determine the solar radius r
and its relative variations. Some values of w have been tabulated in Fazel et al. [2008],
with possible physical explanations that can be found in Fazel [2007]. Emilio et al.
[2000] have deduced from space w = 2 × 10−2 as an upper limit.

4 A historical glimpse on the solar radius determination
from Antiquity to mid XVIth century

Many of the arguments that earlier philosophers used are founded on the ideas that
there must exist an overall harmony of the design of the Universe. This harmony was
based, as Ionian (VIIth century BC) and Eleatic (Vth BC) thinkers first thought, in ra-
tios of numbers, that were positive at that time. This notion of harmony underlain by
numbers, was described in the “Quadrivium”, a textbook written by Pythagoricians
and consisting of four parts, arithmetic, geometry, music and astronomy. Applied to
the study of the universe, this concept has led to a description of the heavenly bodies



J.P. Rozelot and C. Damiani: Rights and wrongs of the temporal solar radius... 9

Fig. 2. Up: solar radius measurements made during eclipse time since the XVIIIth century.
(After S. Sofia, Picard’s meeting in Paris, February 2010). Down: same measurements plot-
ted as a function of the solar activity, after Kilcik et al. [2009]. A complete table of past
solar eclipse measurements aiming at estimate the solar radius can be found in this last
paper. The scale in arc-second measures the departure from the canonical radius of 959.′′63.
Measurements seem to better hit this value in period of higher solar activity.

written “in fractional parts of known elements” [Linton 2005]. In addition, these ele-
ments should emit harmonious sounds. Bearing in mind helio -or astero -seismology,
one can measure how this philosophy appears still valid, even if the sounds emitted
by the Sun (and the stars) may be heard as dissonant by changing the frequencies
down by several octaves!

On such grounds, one may understand why Aristarchus of Samos (circa 310–
230 BC) tried to assign to the size of the Sun a particular ratio of numbers. Based
on a brilliant geometric procedure, and acknowledging that the Sun appears as the
seven hundred and twentieth part of the circle of the zodiac, that is to say 1800′′
(arc-second), he showed that the absolute diameter of the Sun was more than 19/3
but less than 43/6 times as great as the diameter of the Earth. As Eratosthenes
(Greek astronomer, circa 276–195 BC) determined the Earth’s radius to be slightly
over 40 000 stades, the problem is solved, but the found result is erroneous (the Greek
Attic stadium is 184.98 m., as quoted by D. Engels, 1985, American J. Phil., Vol. 106,
3, 298–311).

A few years latter, Archimedes (287–212 BC) wrote in his work entitled “The
Sand Reckoner”:
“The diameter of the Earth is greater than the diameter of the Moon, and the
diameter of the Sun is greater than the diameter of the Earth (. . . ). It is true that,
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of the earlier astronomers, Eudoxus declared it to be nine times as great, and Pheidias
my father twelve times, while Aristarchus tried to prove that the diameter of the Sun
is greater than 18 times but less than 20 times the diameter of the Moon. (. . . ). It
is therefore clear that the angle subtended by the Sun with vertex at the eye, is also
smaller than the one hundred and sixty fourth part of a right angle, and greater than
the two hundredth part of the right angle”.

Such estimates, i.e. 1976′′ (90◦/164, or 32’56′′) and 1620′′ (90◦/200, or 27’00′′)
albeit rather correct, are still a bit far from the standard value adopted today i.e.
1919.′′26, as previously seen.

The Archimedes method to measure the Sun’s apparent diameter from the “Sand
Reckoner”, consisted in a rod and a circular disk which was shifted along the rod until
it matched and just covered the Sun’s disc. This device is similar to the latter “Jacob’s
staff” (also named radius astronomicus and developed in the 14th century) [Witmann
1989]. A full description of the Archimedes method can be found in the works of
Lejeune and Shapiro [Lejeune 1947; Shapiro 1975]. It thus appears that Archimedes
can be credited with a first plausible determination of the apparent diameter of the
Sun.

In his well documented book entitled “Measuring the Universe, cosmic dimensions
from Aristarchus to Halley” (i.e. from the Greek Antiquity up to the mid seventeenth
century), Van Helden [1985] notices that the geometric approach of Aristarchus, com-
pleted by two other Greek astronomers Hipparchus and Posidonius2 was a necessary
step in building a system of celestial bodies, but not solid enough without finding out
parallaxes. The reader will find in this book a quite a complete and coherent histori-
cal description of how astronomers have progressively completed their knowledge on
the determination of absolute distances in the solar system. Albeit focused on this
question of parallaxes, the solar diameter estimates appear with the passing pages,
allowing to get an idea on the difficulty to reach a consensus on a firm value. Pursuing
in this way, the compilation of various historical sources permits to highlight some
crucial features concerning the apparent solar diameter temporal variability.

The Marãgha School (Iran), in the thirteen century, under the impetus of Nasir
ad-Din at-Tusi seems to have recognised the change in the apparent diameter of the
Sun, contrary to Ptolemy3 who regarded it as a constant of 31.′20, with no varia-
tion worthy of mention during the year (see also Van Helden, p. 17, 19 and 25).
Albategnius Al-Battani (circa 868–929) criticised that affirmation, basing his proof
on his observations of two solar eclipses.

In a memoir untitled “The Final Quest Concerning the Rectification of Principles”,
Ibn-al-Shatir (1304–1375) wrote that the solar diameter varies from 29.′5 (at apogee)
to 32.′32 (at perigee), a fact that obviously Greek astronomers could not evoke in
their geometric demonstration. The ratio is thus 0.913, a still erroneous estimate, as
present data are: 152 096 252 km at apogee (July, 1rst, 2011) and 147 104 670 km at
perigee (January, 1rst, 2012), leading to a ratio of 0.967.

With the turn of the XVIth century, Tycho Brahe made eleven measurements
of the solar diameter (in 1591), by means of a so-called “pin-hole” instrument. Two
measurements were reduced by Johannes Kepler and published in 1604 [Kepler 1604].
Tycho Brahe used a closed 2-m long tube attached to the side of a wooden frame.
At the upper end of the tube was set a screen pierced by a square pin hole of ap-
proximately 2-cm. The Sun light produced a round image at the bottom of the tube

2 Hipparchus: second century BC. Most of his astronomical observations were made be-
tween 161 and 127 BC. Posidonius, circa 135–51 BC: as an astronomer, he wrote that daily
tides are related to the Moon’s orbit, while tidal heights vary with the cycles of the Moon.

3 Ptolemy, Greek astronomer, circa 85-circa 165, see reference [Ptolemy 1948].
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and the diameter was measured on a lower screen. The Kepler conclusion “Sed res
certa est et cuilibet exploratu, diametrum Solis in apogæo 30’ in perigæo 31’ ess” (i.e.
whatever the observation means, it is sure that the solar diameter is 30’ at its apogee
and 31’ at its perigee) will be consistent with the modern data with the proviso of
taking into account a geometrical correction, mainly due to the diffraction effects un-
known during Kepler’s time [Sigismondi 2001]. Giovanni Battista Riccioli4 reviewed
the existing measures of the solar diameter in 1651, ranging from a minimum of 30’00
given by Kepler to a maximum of 32.′44′′ given by Copernic.

5 The French pioneers

The story of the accurate solar diameter measurements really only begins in 1661,
when Gabriel Mouton (1618–1694), a French abbot who spent his whole career in
St Paul’s Church in Lyons (F) where he was appointed in 1646, obtained the first
precise estimates of the solar diameter. The results were published in his famous work
“Observationes diametrorum solis et lunae apparentium” in 1670. Between December
29, 1659 and September 26, 1661 Mouton made 86 measurements showing a mean
value of the solar radius of 960.′′75, that is to say, 960.′′67 carrying back to 1 A.U.
(Secchi gives 961′′.56 as seen in Fig. 9). Mouton provided the basis of the metric
system, being the first to recognise the regularity of the oscillations of a pendulum
of 1 m length which swings just a half second (of time). Such free-swinging second
pendulums were widely used as precision timers in scientific experiments in the 17th
and 18th centuries.

At the same time (in 1676), Etienne Villiard5 put in evidence the annual varia-
tions due to the eccentricity of the terrestrial orbit –32’35′′ (January, 1rst) to 31.′31′′
(July, 1rst) – thus acknowledging the Iranian astronomer’s observations almost three
centuries later. Figure 3 shows for the year 1676 Villiard’s measurements. The black
curve, computed from modern ephemeris back to that year, fits the observations rather
well. One can easily be convinced by the cleverness of the observer.

Jean Picard6 was appointed in 1655 as Professor of astronomy at the Collège
de France in Paris. He moved to the Paris Observatory (F) in 1673, when its con-
struction was achieved. There, he began to undertake meticulous quasi daily series of
measurements of the diameter of the Sun. His notebooks, kept at the Paris Observa-
tory library started in March, 27, 1666 (shelf-marks D1, 14 to 16); one page for the
year 1670 is illustrated in Figure 4. Such notebooks can be used again today to do
other calculations, such as determining error bars, a mathematical tool unknown at
that time.

Picard’s observations are based on a particular use of a pendulum combined with
ocular observations, showing the observer’s great skillfulness. He was certainly aware
that the quality of the measurements depended on the precision of the pendulum, as

4 Italian astronomer and Jesuit, Ferrara, 17 April 1598 – Bologna, 25 June 1671. See
its book “Almagestum novum astronomiam veterem novamque complectens observationibus
aliorum et propriis novisque theorematibus, problematibus ac tabulis promotam”, 1651, Vol. 1,
pp. 1, 119, 151–152 and 570).

5 We have very scarce elements concerning his life. Lefrançois De Lalande wrote in his
book 〈〈 Histoire de l’astronomie 1781–1802 〉〉: “Etienne Villiard was trained to astronomical
observations by Picard and escorted him in his Danemark travel to Uranibourg in 1671”.

6 Born 21 July 1620 in La Flèche, France, died 12 Oct 1682 in Paris, France. He was one
of the first persons to measure the size of the Earth with a reasonable degree of accuracy.
See the web site of the St Andrews University (GB) and Van Helden, A., 1990, in Isis, 81
(3), 572–573.
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Fig. 3. Left: an example of the Villiard’s notebook for the year 1676. Right: its modern
transcription. Dots (in blue for color figures) denote the measurements referring to the left
scale of the diagram, i.e. the apparent solar semi-diameter (in arc-seconds); lozenges (in red)
denote the transit time at the meridian in seconds (of time); the black continuous line shows
the solar diameter computed from modern ephemeris back to the year 1676.

in 1669, he determined the length of the second-pendulum at Paris, using a 25 mm
(1-inch) copper ball suspended by an aloe fiber, obtaining 993 mm (39.09 inches).

To measure the solar diameter accurately, the method consisted of determining the
needful time during which the Sun crosses a fixed line. To be rigorous, this process
imposes an observation with a telescope (or a refractor) equipped with a reticule
allowing to visualise the passages of the two diametrical limbs of the Sun; a precise
clock (first the pendulum, before 1657, then the ancestor of the chronometer, with a
regulator pendulum and three hands – hour, minute and second –, after its discovery
by Huyghens) provides the transit time. Picard observed the transit counting the
number of oscillations of the pendulum swinging the second in going from one side
of the solar image to the other. An accuracy of about a quarter of a second could be
obtained. This method is called working with the eye and ear. We may add that this
method is no other than the ancestor of the modern technique today called the drift-
scan method. In 1667, due to the invention of the filar micrometer by Auzout (1622–
1691, another French physicist), the method was drastically improved7. However, if
Picard can be considered the pioneer of modern solar astrometry, due to the number of
scrupulous observations made, he was still considering a circular Sun. All the Picard

7 William Gascoigne (circa 1612–1644), from North England, invented the micrometer
around 1640, but he died before being able to bring it to the scientific community. In 1659
Huyghens published a description of this micrometer leading the French colleagues to con-
struct screw micrometers, which in turn caused English to re-appropriate the invention. . .
Nevertheless Gascoigne measured the solar radius to be 963′′ in 1640 [Townley, R., 1667,
Phil. Trans. R. Soc., 2, 457].
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Fig. 4. An example of the notebooks of the solar observations made by the French astronomer
Picard and kept at the Library of the Paris Observatory (F) under the shelf-mark D-1, 14.
The main interest of such documents is that new computations can be done using modern
techniques (such as variance analysis) or for determining ephemeris. See the interesting
remark made by Toulmonde [1995] in his thesis (p. 58) concerning the delete lines, whereas
Picard was quite right.

measurements are committed in handwritten notebooks, as seen above, and were
published by Le Monnier, a French astronomer, sixty years latter after Picard’s death
[Le Monnier 1741; see Livre I, p. 8 and sq.] (Fig. 5). They are analysed in three papers
[Grillot 1987; Débarbat 1987; Toulmonde 1995]. Picard himself was certainly a very
discreet man, and published very little [his most worthy of note manuscript is Picard
1669].

After the death of Picard, measurements were pursued by his student Philippe de
la Hire8 and the two series cover the solar Maunder Minimum period (1645–1715).
Observations were made at the Paris Observatory, with a new meridian instrument,
a quarter circle of 1.6 m associated with a new clock; about 7800 measurements are
recorded in the Manuscripts D-2, 1 to 10 available at the Paris Observatory Library
and also transcribed in [Le Monnier 1741; Toulmonde 1998]. The data were exam-
ined on a yearly basis by Ribes et al. [1987; 1988] who were able to re-determine an
accuracy of ±0.′′5 on the old measurements, albeit such a process is rather compli-
cated [Toulemonde 1997]. Carried back to 1 A.U., and taking into account modern
data, the Picard and La Hire measurements show a significant difference from the

8 French astronomer, March 18, 1640 (Paris)–April 21, 1718 (Paris). He published several
treaties in mathematics and a set of astronomical tables. His son, Gabriel-Philippe (1677–
1719) pursued his work.
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Fig. 5. Example of an observation made by J. Picard, transcribed by P.C. Le Monnier in
1741 in his book Histoire Céleste ou Recueil des observations astronomiques faites par ordre
du Roy.

mean, corresponding to a larger Sun diameter during the Maunder Minimum. O’Dell
and Van Helden [1987] questioned these conclusions, discussing the accuracy of the
observations made by Picard and his heirs. They concluded that the measurements
should be corrected and the remaining small difference could be attributed to errors
in the measuring system. They added that solar diameter measurements made during
the eclipse time in 1715 consolidated their assertion. The polemic initiated at that
time never stopped, numerous authors claiming that a bigger Sun occurs in periods
of minimum solar activity (and vice-versa), whereas other investigators report a Sun
immutable in size.

Drawing an objective conclusion is no easy task and one must put forward some
physical grounds. The Ribes et al. arguments seem rather convincing. Indeed, they
observed that the mean radius of 964.′′5 obtained during the deep solar Maunder
Minimum (around 1670–1680) was correlated with a slowdown of the solar rotation
velocity rate at the equator; besides, more sunspots were seen in the southern Sun
hemisphere than in the northern one. Such an unusual solar state may plead in favor of
a slight pulsation of the stellar envelope. If it cannot be concluded without ambiguity
that a bigger solar size occurs when few sunspots of lower velocity rate are observed,
by contrast, one may conclude that a pronounced solar minimum is likely to be due
to a change in the velocity rate of scarcer spots, combined with a dissymmetry of
their presence in the two solar hemispheres. Physical arguments must be found: these
reported by Pap et al. [1998] and Fazel et al. [2008] deserve mentioning (see below,
paragraph 7.2.1).

On April, 24th, 1748, Pierre Bouger9 presented the Royal Academy of Sciences in
Paris with a 13-page memoir describing how to get better measurements of solar (and
lunar) diameters. Reviewing the flaws of the existing instruments, he proposed a new
apparatus, called heliometer, consisting of a telescope in which the objective lens was
cut along its diameter into two halves that can be moved independently (Fig. 6). A
micrometer screw permits to superimpose the two separate images of a star, but to
measure the diameter of the Sun, the micrometer is adjusted so that the two images
of the solar disk just touch each other. On this principle, several instruments were
built and used, especially in Göttingen (G) for solar purposes. Bouger himself made
several measurements by means of his apparatus. In 1753, confronting the results

9 February 16, 1698–August 15, 1758. He was a French mathematician and astronomer,
mainly known for his law on refraction and for his work on the figure of the Earth.
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Fig. 6. Heliometer principle as first described by S. Savary in 1743, for the use of dou-
ble images in astronomical measures. P. Bouger in 1748 originated the true conception of
measurement by double image without the auxiliary aid of a filar micrometer, that is by
changing the distance between two object-glasses of equal focus. The instrument presented
here, kept in the Marseille Observatory (Longchamp, France) is made up of 2 half-lenses of
long focal distance (300 feet), mobile transversely and symmetrically, that can be seen in the
foreground. To measure with a high degree of accuracy the apparent diameter of the Sun,
the micrometer is adjusted so that the two images of the solar disk just touch each other.

he had obtained on June 22 (8.30 am), i.e. 32’31′′, and December, 31 (9.30 am),
he concluded that the solar diameter difference between the apogee and perigee was
1.′11′′1/2.

On the 2nd August of 1760, Lalande10 gave an oral presentation at the Academy
of Sciences in Paris (F) in which he indicated the results obtained by different authors
for the solar diameter at the apogee11:
Le Monnier: 31.′40′′; La Hire: 31.′38′′; Picard: 31.′37′′; Le Gentil (from the transit
of Venus, see12 Fig. 7.): 31.′34′′; Cassini: 31.′36′′; de Liouville: 31.′33′′, Bradley and
Short: 31.′28′′, and himself: 31.′30′′1/2, or 305 918 “lieues”, i.e. a solar diameter of
1 359 744 km. Bearing in mind that one (terrestrial – French –) lieue is 4.4448 km,
the difference with the adopted present solar radius of 1 391 016 km comes from the
uncertainty attached to the value of the Astronomical Unit at that time.

All the measurements made by these precursors were followed by others in the
XIXth century and up to the present. These measurements were never stopped, ob-
viously pursued by other techniques and with higher accuracy: from about 1′′ during
the XVIIth century to a few mas presently from space.

10 Joseph Jérôme Lefrançois de Lalande (July 11, 1732–April 4, 1807) was a French as-
tronomer, Professor of Astronomy at the Collège de France in Paris. He is mainly known for
his planetary tables, in which he introduced corrections for mutual perturbations, and which
were the best available up to the end of the 18th century.
11 Auzout mentioned 31.′37′′ in Mémoires de l’Académie Royale des Sciences de Paris, 1729,
Tome 7: 〈〈 Manière exacte de prendre le diamètre des planètes 〉〉. The Auzout estimate is not
taken again by Lalande.
12 Mercury transit measurements show a periodic variation in phase with the Gleissberg cy-
cle [Parkinson 1980; 1983] which duration is about 90 years, in accordance with the Schwabe
cycle.
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Fig. 7. Narration of the transit of Venus on June 6th 1761, as written by Le Gentil (French
astronomer, September 11, 1725–October 22, 1792) himself and published in the New York
Times on July, 25th 1874 (excerpt). From the transit time and the coordinates of the entrance
and exit of the planet, the diameter of the Sun can be determined. Numerous other estimates
have been made from Venus or Mercury transits (see a review in Sveshnikov 2002). For
instance, a modern determination of the solar radius from the Mercury transit of 2003 May
7 has been made from space, leading to 959.′′28 ± 0.′′15 [Kuhn et al. 2004].

6 The legacy of the first half of the XXth century

6.1 Historical archives from German and American observatories

From 1890 to 1902, a series of measurements of the solar diameter were conducted
by Ambronn13 and Schur at the Göttingen Observatory (Lower Saxony, Germany)
by means of a six-inch heliometer. Their results were carefully analysed in a paper
presented by Ambronn on the 23rd July 1904 at the Göttingen Royal Academy of
Sciences [Ambronn 1905; 1906]. They mainly wanted to highlight the difference, if
any, between the equatorial and polar diameters (E-P ) of the Sun, that is to say the
deviation to a sphere or the solar oblateness.

13 Ambronn, Leopold Friedrich Anton, 1854–1930: German astronomer, first appointed in
1880 at the Hamburg Observatory (G), then, in 1889, at the Göttingen University.
Schur, Adolf Christian Wilhelm, 1846–1901: German astronomer, Professor of Astronomy at
the Göttingen University (G).
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Fig. 8. Relation of the Sun’s figure to the Sunspots number according to C. Poor [1905b].
In spite of the fact that differences between the equatorial radius and the polar one are not
always positive, they show periodic changes following the solar activity. The amplitude of
the variations are no more than 0.′′2, a remarkable result for that time.

At the same period, Charles Lane Poor14 [Poor 1905a; 1905b] carefully investi-
gated a series of solar photographic plates taken by L.M. Rutherfurd in his private
observatory, and by W.W. Payne and H.C. Wilson at Northfield (Minnesota, USA).
He wanted to compare their results with Auwers [1891] reduction made in connection
with the transit of Venus in 1874 and 1882, and with those of Ambronn. The results
and extensive tables of the measurements (E-P ) are given mainly in two papers: [Poor
1905a; 1905b]. Let us quote the conclusion made by Poor, describing the results shown
in Figure 8 directly taken from his paper: “These observations indicate clearly that
the Sun’s figure is subject to periodic changes, and they point toward the conclusion
that the period of these fluctuations is the same as that of the sunspot’s frequency.
The amplitude of these variations, as shown by these observations, is extremely small,
being not more than 0.′′2”.

Thinking about the published results, it can be seen that the main idea was to look
for a temporal variation of the shape of the Sun. Ambronn was convinced that “the
most thorough investigation of the large amount of data collected (. . . ) furnishes no
justification for a periodicity”. By contrast, Poor concluded with a variable “Figure of
the Sun” which may have explained the anomalies observed in the motions of Mercury,
Venus and Mars. In other words, he meant to explain these anomalies by a pulsating
Sun. This interesting idea was discarded just at the same time by the arrival of General
Relativity, which explained the anomalies of the motion of planets by another means.
In 1950, Meyermann [1950] the series of both equatorial and polar radii made by
Ambronn and Schur to compute the “the solar pulsation” again, inferring a mean
value of 0.′′09 ± 0.′′02 of amplitude, phased with an 11-yr solar cycle, and a nearly
circular Sun of 1919.′′87 ± 0.′′015 diameter. A pulsating Sun is certainly credible at

14 January, 18, 1866–September, 27, 1951: American astronomer and Professor of celes-
tial mechanics at Columbia University (New-York, USA). He disputed Einstein’s theory of
relativity in a series of papers: see for instance J. Opt. Soc. Am. 20, p. 173 (1930).
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present, but of an order of magnitude 10 times smaller than the one mentioned by
Poor (or Meyermann), i.e. around 10 to 20 mas instead of 100 to 200 mas.

Other determinations of the solar diameter were made by Chevalier [1912] and
Hayn [1924] using photographic plates, but their determinations yield a prolate Sun
(which is not correct). From 1975 to 1986, observations were made at the Belgrade
Observatory (Serbia) with a meridian instrument by Sadžakov and Dačić [1988]: mea-
surements include 349 determinations of the equatorial radius (961.′′2± 0′′2) and 433
of the polar one (961.′′1 ± 0.54′′) leading to a mean oblateness of ∼=10−4, which is
inexact. All these observations can be analysed only with a historical point of view in
mind.

6.2 The Italian school

In his authoritative book published in 1877, entitled 〈〈 Le Soleil 〉〉 (The Sun), A. Secchi
(1877), Director of the Vatican Observatory15, wrote in a premonitory way:

〈〈 Serait-il absurde de se demander si les dimensions de l’astre sont absolument
invariables avec le temps, si sa forme est rigoureusement sphérique et si son axe de
rotation cöıncide avec l’axe de figure et le centre de gravité ? Nous ne le croyons pas
(p. 210). . . Il faut regretter (. . . ) qu’en ce qui concerne la mesure du diamètre solaire,
bien peu d’astronomes s’occupent de ce problème 〉〉 (p. 216) (i.e.: would it be absurd to
wonder whether the dimensions of our star are absolutely invariable with time, if its
shape is rigorously spherical and if its axis of rotation coincides with the axis of the
figure and the center of gravity? We do not believe so (p. 210). . . We can regret (. . . )
that, regarding the measurement of the solar diameter, very few astronomers deal
with this problem (p. 216)).

The lovers of old measurements will find in this book (see an excerpt in Fig. 9)
a series of solar diameter estimations, from 1661 to 1848. Looking at these observa-
tions, Secchi himself wrote “what is particularly striking is to see that in spite of the
great variety of methods and even with refined instruments, the measure of the solar
diameter has made little progress” (p. 210). An interesting figure shows the diameter
variations with time and Secchi, after discussing the errors concludes: “if the tempo-
ral variation law is correct, we can explain this circumstance by a flaw of a perfect
sphericity” (p. 218 and p. 219) adding “the undecennal solar activity period cannot
be retrieved, albeit a longer one at 50–60 yrs can be tracked . . . Is this the effect of
the solar perihelion variations discovered by Le Verrier?”

The results concerning this quasi periodic variation of the radius of the Sun were
published in 1872 by Secchi and Rosa [Secchi 1872], in the Comptes Rendus de
l’Académie des Sciences de Paris, and are known in the American scientific com-
munity under the name of the “Secchi–Rosa law”, which thus cast a new basis for a
pulsating Sun. Following such traces, an observational program was set up in 1874 by
L. Respighi, Director of the Roma Observatory (in Campidoglio, I). This program was
maintained in operation by his successors up to the year 1937, the year when the ob-
servatory was transferred to Monte Mario (I). Thus a total of 31 200 measurements of

15 Pietro Angelo Secchi, June 29, 1818, Reggio (I) – February 26, 1878, Roma (I). Jesuit
priest and astronomer. He worked as a Professor of physics at the Jesuit college in Loreto and
became head of the Pontifical Observatory at the Collegio Romano (Gregorian University)
in Roma, at age 32. Under his long direction of 28 years, he renovated the buildings and the
instruments, beginning his solar studies by observing the eclipse of July 20, 1851. He was
pioneer in astronomical spectroscopy and was one of the first scientist to recognize the Sun
as a star. Paolo Rosa, another Jesuit, was the assistant of Angelo Secchi.
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Fig. 9. Measurements of the solar diameter as reported by Secchi in his book (The Sun,
1877). A quasi periodic variation of the Sun’s radius has been consistently reported by
numerous observers since its discovery by Secchi and Rosa in 1872 [Secchi 1872].

the solar diameter have been made, that were first analysed by L. Giallanella [1941]16.
Let us note that the abstract of this paper is written in Latin, that we transcribe here
(as well as its translation), as a fair reminiscence of old papers:

“Omnes eadem ratione (quod antea factum erat numquat) exhibentur observationes di-
ametri solaris, AA. 1874–1937 in Specula Capitolina (Romae) peracteae per circulum
meridianum ab Ertel repertum (see Fig. 10).

Auctor, plane perpensis singulorum speculatorum propriis erroribus, demonstrat
valorem 961.′′38 radio solari, si medium sit intervallum, esse tribuendum; ostendit
praeterea fluctuationes et oscillationes diametri ipsius, quarum amplitudo 1′′ exsu-
peret, periodus autem inconstans.

Perpendit denique auctor quomodo variationes apparentes diametri solaris per
anni cursum, se habeant ad variationes irradiationis atmosphaericae17 .

16 Italian astronomer, January 18, 1905 (Capobasso, I) – January 10 (Roma (I). He is mainly
known for his work on harmonic functions developed for the gravity field on ellipsoids. He
analyzed the long series (1874–1937) of the solar diameter measurements at Campidoglio.
17 All the observations of the solar diameter which are the starting point of our calculations
(and because that had not been done before), have been achieved by means of the Ertel
meridian circle (see Fig. 10), between 1874 and 1937, at the Campidoglio Observatory in
Rome. The author, by clearly explaining his own systematic errors of observation, shows
that one must allot to the solar radius the value of 961.′′38, in median interval; moreover he
shows that the fluctuations and the oscillations amplitude of the diameter amount to 1′′, yet
not of constant period. Lastly, the author evaluates how the apparent variations of the solar
diameter are related to the variations of the atmospheric irradiation during the course of the
year”.
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Fig. 10. Example of an Ertel meridian circle, manufactured by Ertel & Sohn, Munich
(Germany), 1847 (Museo della Specola, Bologna – I). The meridian circle is a tool to detect
the instant of meridian transit by celestial objects. The instrument consists in a telescope
erected on fixed supports so that its only axis is horizontal in the East-West direction. The
telescope is movable in the meridian plane, i.e. the North-South direction. The mount is
equipped with graded circles that allow to determine the declination accurately. The exact
time of the meridian passage is determined with thin vertical threads in the field of vision
and with a clock that gives sideral time to determine the ascension.

This forerunner paper was followed by two others written by M. Cimino in 1944
and 1946 [Cimino 1944; 1946] in which he drew attention to the two solar oscillations
found, one in phase with the solar activity and the other of shorter period (of around
7.5-yrs), attributed to the atmosphere. Then, in 1953 and 1955, M.A. Giannuzi pub-
lished two other papers, one on the reduction of the “horizontal” solar diameter data
[Giannuzi 1953; 1955], coming from observations made in Greenwich (UK), and the
other one on the reduction of the “vertical” solar diameter data [Giannuzi 1955],
coming from Campidoglio Observatory (Roma, I). As Cimino, Giannuzi found a basic
cycle of 22 to 23 yrs, of 0.′′1 − 0.′′2 amplitude, in phase with solar activity, modulated
by a shorter cycle of 7 or 8-yrs (7.5-yrs as a mean), in phase opposition with solar
activity, given “suspicion of its atmospheric origin”. It is rather striking to note that
this periodicity is a quasi harmonic (3) of that found in the Calern data [Laclare 1983;
1999] (as 7.5 × 365 (days) = 2737, divided by ≈900 = 3.04).

Based on the observations of Ambronn and Schur (see above), by means of a
heliometer, over the period of time 1890–1930, Meyermann’s work in 1950, indicates
that radius maximum may occur around the time of sunspot maximum rather than
around the time of sunspot minimum, as Secchi and Rosa in 1872 [Secchi and Rosa
1872] had found earlier (transcribed also by R. Wolf in 1884 in the “Astronomische
Mitteilungen”, 1884, 108, p. 261).

6.3 The Greenwich observations from 1850 to 1937

Observations of the solar size were initiated in Greenwich (UK), as soon as 1850 by
means of a transit circle, which was equipped with a micrometer in 1915. Since then
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and up to 1936, five regular observers made measurements, with exceptionally long
periods of data recording. A full table of the measurements, corrected for personal
bias are given in Gething [1955]. His conclusion is that “there is no obvious connection
between sunspot activity and the apparent variations in diameter. There is, in fact, no
significant correlation between the two phenomena”. Let us remark that the Greenwich
data lead to a mean solar semi-diameter of 960.′′92 ± 0.′′12 from 1918 to 1936.

From the Greenwich data, a secular change of −2.25 arc-second per century
(or −0.023 arc-sec yr−1) was found by Eddy and Boornazian [1979], but was ques-
tioned by some authors. Gilliland [1981] examined five different data sets of solar
radius indicators, Greenwich Meridian circle, US Naval Observatory Meridian circle,
Shapiro’s Mercury transit data [Shapiro 1980] and Parkinson Mercury transit data,
over 265 years (1715–1980) and found a 76-yr radius variation with a half ampli-
tude of ≈0.′′2, negatively correlated with the Gleissberg cycle and the 11-yr cycle,
which placed the last solar radius maximum in A.D. 1911, and the next one around
A.D. 2063. Moreover a secular decrease of around 0.′′1 per century was also detected
(another review can be found in Sofia et al. [2005b], in which Figure 3 taken from
Rozelot [2006] shows a clear amplitude modulation of around 0.′′1, with a periodicity
of about 205-yrs, leading incidentally to a next “bigger” Sun by ≈ A.D. 2018. See
also Livingston and Penne [2009] who deduced from observed spectroscopic changes
in solar magnetic field that sunspots may vanish by around 2015).

7 The solar astrolabe adventure or a new fly in the ointment

A new page was written in 1983 when it was claimed that solar astrolabes permitted
to emphasise a solar radius variation of ≈0.′′5 of amplitude with a 900 days periodicity
[Laclare 1983, Fig. 3, p. 202].

Indeed, in the years 1975, astrometric measurements of the Sun and stars were
made at the new CERGA observatory, South France, by means of astrolabes (see a
description in paragraph 7.1.1) in order to improve the FK5 stars catalogue. At that
time, the Sun was observed to determine accurately its position on the ecliptic, in
order to fix ephemeris. It was found that the solar radius was an unknown quantity
in the equation datasets and could be thus easily solved. Measurements made during
the years 1975–1977 showed that the solar radius was found to be variable with time.
In 1977, the solar astrolabe was modified to improve the accuracy and has been used
since then for around 30 years. The main interest of the measurements lies upon the
fact that the same instrument was used up to a recent date (around 2009) by the same
observer, minimising bias called “personal equation”. The visual measurements have
been gradually replaced, since the year 1999, by CCD acquisitions [Morand 2011].

The results published in 1983 were corroborated by N. Leister in 1990 [Leister
1990] by means of an instrument of the same type installed in Valinhos (Brazil). He
found an amplitude modulation of 0.′′21 (±0.′′04) peak to peak and a periodicity of
1000 ± 20 days, antiphased with the solar cycle. Such results have been confirmed in
more recent works by Laclare et al. [1999] or Morand et al. [2011]: “the 1000 days
signal clearly outclasses the spectra” (p. 1111), albeit it was claimed that the “origin
of these apparent variations is currently unclear (Abstract)”.

Such an intriguing variability of the solar radius was the source of many new com-
mentaries. The CERGA and Brazilian results caused a vivid outburst and a series of
other modified astrolabes were built in particular in Rio de Janeiro (Brazil), São Paulo
(Brazil), Santiago (Chile), Antalaya (Turkey) and in Tamanrasset (Algeria). Unfortu-
nately, in spite of efforts aiming at standardising procedures and software, astrolabes
results remain conflicting, both in amplitude and in phase. A review of discrepancies
can be found in two of Noël’s papers [Noël 2004; 2005]. His main conclusion is that the
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disagreements “should be blamed from data analysis biased by filtering processes and
by the influence of empirical results, i.e. over interpretations of eventual agreements
between selected data”.

7.1 A quick tour of the techniques used to determine the solar diameter

7.1.1 Instruments

During the past decades, several instruments have been put into operation aiming at
an accurate determination of the solar radius and its variability with time. Namely, the
most used instruments are, for ground-based observations, heliometers, solar astro-
labes, spectrographs and on board satellites, two embarked telescopes, one called MDI
on SOHO, and the other one called HMI on SDO.

Heliometers are now no longer in operation. The last instrument, on a slightly
different concept from the one described in Figure 6, definitively ceased activities
at the Pic du Midi Observatory (South France, 2877-m of elevation) on September,
2010, after more than 14 years of functioning. It was designed by J. Rösch (January
18, 1915–January, 22, 1999) a French Professor of Astronomy at Paris university and
Director of the Pic du Midi Observatory, after the controversy initiated by R. Dicke
(May 6, 1916–March 4, 1997, American astronomer and physicist at Princeton, USA)
about the determination of the solar oblateness [Rozelot 2011]. Results and their
discussion can be found for instance in [Damiani 2010].

The solar astrolabes are derived from the classical Danjon astrolabes [Kovalevsky
1995, see p. 188], by adding a protecting density in front of the instrument. The
solar image is split by a reflector prism, one beam focused directly to the detector
and the other one focused also to the same detector, but after being reflected (in
opposite direction) by a mercury mirror. Thus, the two images (direct and reflected)
are moving in the pupil plane; and timing the contact of both images enables, after
some celestial trigonometry computations, to deduce the solar radius. A Wollaston
prism near the detector permits, on the one hand, to maintain the focus in case of
defocusing and on the other hand, by means of a micrometer screw, to compensate
the vertical shift of both images in order to extend the apparent duration of the
coincidence of the two images. When a perfect setting is achieved, the direct and
reflected images are symmetric in relation to the axes of the eyepiece reticle. The time
of their coincidence in the center of the eyepiece field corresponds to the instant when
the observed Sun edge crosses the parallel of altitude corresponding to the angle of
the reflector prism (which is variable and can be adjusted to perform measurements
at different declinations). A stable focal length is necessary for the quality of the
measurements. It has been measured on the CERGA apparatus that the average
variation of the focal length during the few minutes between the crossings of both
edges of the Sun induces an error on the zenith distance never bigger than 0.′′05. In
principle the atmospheric refraction is canceled, at least to first order. In spite of
efforts to achieve the most perfect mechanisms as possible, some secondary effects
still persist (notably an east-west dissymmetry). A full description of the instrument
as well as the reduction process can be found in [Delmas 2003].

Measurements of the solar radius by means of a spectrograph have been described
by Ulrich and Bertello [1995] as used at Mount Wilson (California, USA). Briefly
speaking, the image of the Sun is focused on a spectrograph slit by a doublet objective
installed at the top of a 150-foot (45.72 m) tower. A guiding system maintains the
image under the control of a servo loop, at a determined position, and the whole solar
image is scanned over the spectrograph slit. The limb position is determined during
the data reduction process from the point where the sampled intensity is 25% of the
disk central intensity. As the authors do claim, this limb position differs fundamentally
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from a white light or broad-band filter position (as it is the case for solar astrolabes)
since the portion of the spectral line used (λ525.0 nm) arises near the temperature
minimum rather than the photosphere. The records have been made between 1970
November and 2003 March, and are analysed by Lefebvre et al. [2006].

The Michelson Doppler Imager (MDI) Instrument is one of the twelve instruments
set up on board the Solar and Heliospheric Observatory (SOHO) satellite. The space-
craft built by a European industrial consortium (Astrium) was launched on December
2, 1995 to study the Sun under the control of the European Space Agency (ESA).
MDI was designed to measure velocity and magnetic fields in the photosphere to learn
about the convection zone which forms the outer layer of the interior of the Sun and
about the magnetic fields which control the structure of the corona. MDI was one
of the biggest producer of data on SOHO. It was also able to produce unique astro-
metric data because of its accurate pointing and imaging capability from above the
Earth’s atmosphere. M. Emilio, J. Kuhn, R. Bush and P. Scherrer working within
the Standford University (USA) solar group were able to disentangle data in order
to extract the intensity at the limb and then the limb position. However, the MDI
radius measurements necessitate corrections (for instance annual temperature change
due to the variable Sun-satellite distance and secular variation due to degradation of
the front window transparency, etc) that have been analysed and reduced in several
papers written by the above-mentioned authors (see below).

The Helioseismic and Magnetic Imager (HMI) is a new and improved version of the
Michelson Doppler Imager (MDI) instrument and is one of the three instruments that
make up the Solar Dynamics Observatory (SDO) mission, launched on February 11,
2010. HMI makes measurements of the motion of the solar photosphere to study solar
oscillations and the photospheric magnetic field by measurements of the polarisation
in a specific spectral line. Images are made in a sequence of tuning and polarisations
at a 4-second cadence for each camera. One camera is dedicated to a 45s Doppler
and line-of-sight field sequence while the other to a 90s vector field sequence. All
the images are down linked for processing at the HMI/AIA Joint Science Operations
Center at Stanford University. First inspection and analysis of the data has already
been reported by Kuhn [2012] on the scope to accurately measure the solar oblateness.
The solar radius temporal changes are also due to be measured.

7.1.2 Results

Results obtained from astrolabes are not consistent with the majority of other tech-
niques. By seeking to find why, it appears that the results can be synthesised in three
main groups. Those showing a variability in phase with the solar cycle, those an-
tiphased and those showing no variations. Results of the first category are much more
numerous, but are they more credible? In any case, the survey of papers leaves no
doubts that the solar radius problem has been an important astronomical effort in
the past.

– Techniques showing antiphase with solar activity: astrolabes (except that of Chile)
and instruments aboard balloon flights, the so-called SDS (Solar Disk Sextant)
experiment from S. Sofia et al. [Maier 1992; Egidi 2006].

– Techniques showing a phasing with solar activity. Undoubtedly, this issue seems
the most pertinent, as results come from various instruments, calling upon different
techniques. Among them, let us recall:

• astrolabe data from Chili [Noël 2003, 2004];
• solar magnetograph observations at Mount Wilson (CA, USA) [Ulrich 1995]:

during solar cycles 21 and 22, the observations of the spectral line of neutral
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iron at λ = 525.0 nm permitted to determine a phasing of the solar radius
variability with magnetic activity (±0.′′2);

• full disk photometric image of the Sun obtained at λ = 672.3 nm at
San Fernando Observatory (CA, USA) from 1986 to 2008 [Chapman 1999;
2008]: a peak to peak variation in the geocentric north-south solar radius of
0.′′136 ± 0.′′01 was found, with a maximum near the maximum of solar cycle 22
and 23;

• radio observations at 48 GHz made at Itapetinga Observatory (São Paulo,
Brazil) during the years 1991–1993 showed a decrease of the measured radius
as the solar activity declines [Costa 1999; Selhorst 2004]: a variation of 3′′ was
found for the mean radius from minimum to solar maximum (while the polar
radius presented a variation of 1′′ during the same period and the distribution
of center-to-limb distances showed a large increase in the equatorial regions);

• helioseismic data have also been used to derive solar radius fluctuations
[Dziembowski 2000]. These data imply a solar radius change of 10 mas between
1996 and 1998, an amplitude much smaller than the ground-based optical mea-
surements [Antia 2004]. Using data from the GONG group covering the years
1995 to 1998, Antia et al. [2000] concluded that the solar radius decreased dur-
ing this period of time by about 5 km (6.8 mas) from minimum to maximum
solar activity.

– Techniques showing an immutable quasi spherical Sun. Observations made by
Brown et al. [1982, 1988] by means of the Solar Diameter Monitor at Boulder
(Colorado, USA) show no significant variations. Measurements made by Wittmann
and Bianda at Izanã (Tenerife, Spain) during the years 1990–2000, by means of
a CCD drift-scan telescope, yield no significant cycle-dependence variations above
about 0.′′2 [Wittmann 1989; 1990; 2000] and the authors concluded on no temporal
variations. Analysing a by-product of the limb-darkening observations in 1981
and from 1986 to 1990, Neckel [1995] also reported no significant deviations from
the standard value. Lefebvre et al. [2006] analysing more than 770000 individual
radius values measured at Mount Wilson (CA, USA), for the period 1970 to 2003
found that the variations of the average radius are not significantly correlated with
the solar cycle. However, the data showed a distortion of the observed apparent
solar figure, a bulge appearing near the equator, extending through 20–30◦ of
heliographic latitudes, then followed by a depression at higher latitudes. However
the global behavior of the shape remains oblate.

Table 2 summarises the efforts made through observations to detect a temporal di-
ameter variability since the beginning of the XIXth century.

7.2 Are there any explanations to the large observed solar variations obtained
from ground-based instruments?

Astrolabe data were largely used to prove the temporal variability of the solar diameter
despite their striking disagreement with other techniques. Even if the review of results
given above seems confusing, the galore published papers resulted in an abundance
of ideas, exchange of criticisms and more or less harsh comments. Though, because of
the lack of a known mechanism that could support the concept of a temporal diameter
variability, the phenomenon remained under the state of “curiosity”. Nonetheless, a
first step was made by Pap et al. [1998] who reported that “if the solar central energy
source remains constant while the rate of energy emission from the surface varies,
there must be an intermediate reservoir, where the energy can be stored or released,
depending on the variable rate of energy transport; the gravitational field is one such
reservoir; if energy is stored in this reservoir, it will result in a change in the Sun’s
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radius”. On another hand, Fazel et al. [2008] supporting the work of Callebaut [2002],
tried to explain a pulsating envelope by a variation of the gravitational energy in
the sub-surface layers. It was clearly underlined that the order of magnitude of the
temporal radius variations reaches only 0.′′02 as an upper bound. This clearly rules
out the astrolabes observations.

A similar energy reservoir could be found in the variable magnetic field of the Sun.
Based on the numerical code developed in Yale (USA) (called YREC, Yale Rotating
Evolution Code, Winnick et al. 2002), Li et al. [2002] computed the structure and
evolution of a solar model where the effects of magnetic fields and turbulence have
been included. Such a high-precision stellar evolution code is required to study solar
variability due to structural changes produced by varying internal magnetic fields of
arbitrary configurations. They were able to show that the observed cyclic variations
of solar irradiance, effective temperature, radius (according to SDS flights, i.e. assum-
ing that solar radius varies in antiphase with solar activity), and p-mode oscillation
frequencies require a magnetic field component between 20 and 47 kG, peaked at
r = 0.96 R�, although a stronger component of about 300 kG buried in the overshoot
layer beneath the base of the convection zone cannot be ruled out. Moreover, as de-
tailed later on by [Sofia et al. 2005], this model shows that the solar radius variations
at a depth of 5 Mm can be amplified by one to three orders of magnitude at the level
of the solar surface. This could have explained the discrepancies between several he-
lioseismologic studies based on different modes (thus probing different depth) and also
with the limb-observing instruments. Unfortunately, in spite of its achieved formal-
ism, this model seems strongly contradictory with f -modes observations as discussed
by Lefebvre et al. [2007]. Moreover, as it was designed to study the solar dynamo,
the radius variations are taken as an observational constraint, at least for the anti-
phasing with the activity. Thus the conclusions of this model have to be taken with
caution, regarding the radius variations behavior. Finally, the gravitational study of
layers of the Sun just below the surface, supported by the helioseismic analysis of the
f -modes, shows that [Schou 1998; Lefebvre 2005; 2007] a temporal variability of the
solar radius is depth-dependent (at least for the very first layers below the surface).
In this region called “leptocline”, the diameter should vary in phase with solar activ-
ity in the layers between 0.97 and 0.99 R� and in antiphase beyond this zone (i.e.
0.99−1 R�); the maximum amplitude between 1996 and 2005 does not exceed some
20 mas in amplitude.

Moreover, any variations of the radius as large as claimed by the astrolabes mea-
surements are bound to have other observable consequences. Let us consider for in-
stance their effect on the multipolar gravitational moments of the Sun. The use of
larger values of Δr(t) (i.e. >≈20 mas) in models which are tested to other respects,
would lead to major difficulties. This is the case for the theory of lunar motion that
uses estimations of the gravitational moments of the Sun Jn to predict the spin and
orbital motion of the Moon, which can be accurately confronted to observed lunar
physical librations. As these librations are known with a precision of a few mas, the
result Δr(t) is inevitably bounded up by some 15 to 20 mas [Rozelot 1997; Bois 1999].
Another example is given by the temporal variations observed in the solar irradiance
of about 0.1% over the solar cycle. It is true that a variation of radius could be the
origin of the temporal variability of the irradiance. If the radius changes were the
only mechanism at play, then variations of amplitude of about ≈200 mas in the solar
diameter would be required to explain the irradiance variation, in agreement with the
astrolabe data. However such a large value is not realistic, as it would automatically
exclude the effect of other physical mechanism that are otherwise well-known. Among
them, the magnetism of the surface is known to explain most (but not all) of the
irradiance variations [Lefebvre 2003]. A relevant study [Ball 2011] shows that 97%
of the observed TSI variation is due to surface magnetism, indicating reciprocally,
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that if the 3% left are due only to radius changes, these must be no more than some
20 mas.

Eventually, a recent analysis by Kuhn et al. [2012] of the radius data coming
from the HMI instrument on board the SDO satellite, over one year and a half of
functioning, shows that the temporal radius dependence will not exceed a few mas
modulation of amplitude.

7.2.1 A brief critical look on the solar astrolabe data

If it is clear today that the astrolabe measurements cannot be correct, a critical study
of measurements is essential. First, one must notice that astrolabes measurements
are a measure of a “vertical” solar diameter. As the solar equator is tilted on the
celestial equator by ≈26◦, this has the result that, during the course of the year,
diameters are shared out among a range of actual solar latitude spanning over ≈52◦.
Moreover, due to the design of the instrument, measurements do not give a unique
diameter but two radii forming a small angle between them [Rozelot 2004]. At the
level of accuracy obtained presently by observers, this characteristic can be neglected,
but it should be born in mind while investigate other questions, such as the one of
the solar shape. Besides, solar astrolabe data analysis does not take into account
the asymmetric refraction, also called abnormal refraction [Teleki 1979]. Contrary to
symmetric-radial refraction, abnormal refraction is dependent on both zenital distance
and azimuth. This point is usually overlooked and deemed negligible but to the level
of accuracy required to assess any temporal variations, this may not be the case. In
any case the propagation of these effects limits the accuracy of the end results. This
may also explain the systematic discrepancies found between astrolabe measurements
pointing Eastward and Westward. Moreover, it has been shown that the data are
highly correlated with the zonal wind variance in the UTLS (Upper-Troposphere-
Lower-Troposphere) region [Badache-Damiani 2007], and it is possible that the solar
signal is amplified within this zone, at the interface between the troposphere and the
stratosphere. This may also explain why solar astrolabe data are in opposite phase
between the South and North hemispheres [Badache-Damiani 2006]. In conclusion,
we can say today that the enhanced solar radius variations (from 0.′′5 to 0.′′7 peak to
peak amplitude along the cycle) recorded from astrolabe data are most probably the
result of some atmospheric effects [Bush 2010; Kuhn 2012].

7.3 Present results from space missions and future prospects

The only way to decide is to observe solar radius variations from space. Hence, two
satellite missions were proposed around the year 1996, a French one called Picard,
by Damé and Rozelot [Damé 2000; Lamy 2010], together with an accompaniment of
balloon flights under the commitment of the Yale University (USA), and the other
one Americano-Brazilian, called SPHERIS by Kuhn and Emilio [Coulter 1996]. The
first one is expected to give results by fall of 2012, the second was first abandoned, but
has been recently proposed again. From then, several other dedicated missions were
proposed, such as the DynaMICCS/HIRISE perspective [Turck-Chièze 2006; 2009] in
the framework of the ESA Cosmic Vision 2015–2025.

For the time being and despite the fact that the MDI instrument was not meant
to be used for astrometry, a first set of data were analysed between 1996 April 19
and 1998 June 24 [Emilio 2000], from which it was concluded that the solar cycle
radius variation was 21±3 mas over the solar cycle, with a possible declining trend of
8.1± 0.9 mas yr−1. In a second step [Kuhn 2004], taking into account several internal
corrections (thermal effects, focus change. . . ), it was found “that the solar radius was
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varying by less than 7 mas over the course of the solar cycle”. A third paper [Bush
2010] reports “our results show that any intrinsic changes in the solar radius that
are synchronous with the sunspot cycle must be smaller than 23 mas peak to peak. In
addition, we find that the average solar radius must not be changing (on average) by
more than 1.2 mas yr-1. If ground – and space – based measurements are both correct,
the pervasive difference between the constancy of the solar radius seen from space and
the apparent ground-based solar astrometric variability can only be accounted for by
long-term changes in the terrestrial atmosphere”.

Lastly, The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
has been used to determine the oblateness of the Sun. Because of its requirement for
sub-arcsecond aspect information, RHESSI has correspondingly precise tools for image
alignment, and therefore, permits the measurements of limb shape and photospheric
brightness distribution to be made differentially and with a high degree of redundancy.
The current efforts [see a review by Hudson 2010] will be continued in the next 3 or
4 years. For the time being, scientists using the RHESSI spacecraft have thus measured
the roundness of the Sun with unprecedented precision, and they find that it is not a
perfect sphere. During years of high solar activity, the Sun develops a thin “cantaloupe
skin” that significantly increases its apparent oblateness: departures to sphericity are
yet limited to a maximum of a few kilometers (around 80 km or 10 to 15 mas; see
also paragraph 7.1.2 on the quasi spherical Sun).

8 Conclusion

Since the commendable works of Picard and La Hire, as seen in paragraph 5, the his-
tory of the solar radius variations is now more than three centuries long. Observations
have been performed by many means. Description of all techniques and their results
would require several pages: we have given here only a brief survey of historical mea-
surements, pointing out those which seem to have been forgotten (such as the Italian
one), albeit modern observations lead to the same former conclusions.

All methods and techniques should lead to convergent conclusions. The three cat-
egories which permit to measure the solar diameter namely (i) transit time mea-
surements (micrometers, meridian circles, drift-scans, Mercury or Venus passages in
front of the Sun, solar astrolabes, solar eclipses), (ii) angular measurements (heliome-
ter, spectrographs, instruments on board satellites) and (iii) indirect measurements,
such as the determination of the so-called “seismic” radius, which is determined from
helioseismology observations, have permitted to make substantial progress, but do
not reach agreement. Let us recall that among the observed modes resulting from
the MDI data, the f modes permit to derive the diameter of the sphere inside which
these oscillations propagate [Schou 1997; Antia 1998]. By adjusting the frequencies
of the oscillations foreseen by a model to the observed ones, the solar radius can be
derived. This radius, named “seismic radius”, is different by a few hundredths per
cent from the photospheric radius determined through other means (i.e. a difference
in the solar radius of ≈0.33 mM. Habereiter et al. [1998] have reconciled the points
of view). Lastly, associated with an internal calibration, measurements of the second
category are more precise than those entering the first one, but are still not accurate
enough. This highlights the necessity of more sensitive experiments, which will soon
be available. In this way, the challenge opened by the Greek astronomers is about to
come to its end.
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à l’astrolabe solaire, 1975–1998. C. R. Acad. Sci. Paris 327: II, 1107-1114
Lamy, A. 2010. PICARD, an innovative mission to study the Sun. CNES Magazine Suppl.,

44, folio 05
Lefebvre, S., L. Bertello, R.K. Ulrich, J.E. Boyden and J.P. Rozelot. 2006. Solar radius

measurements at Mount Wilson Observatory. Astrophys. J. 649: 444-451
Lefebvre, S. and A.K. Kosovichev. 2005. Changes in the subsurface stratification of the Sun

with the 11-year activity cycle. Astrophys. J. 633: L149-L152
Lefebvre, S., A. Kosovichev and J.P. Rozelot. 2007. Test of nonhomologous solar radius

changes with the 11 year activity cycle. Astrophys. J. 658: L135-L138
Lefebvre, S. and J.P. Rozelot. 2003. Influence of the Sun Radius Variability on Irradiance

Modelling, ISCS meeting, Tatranska Lomnica, ESA-SP 535, pp. 53-56
Lefebvre, S. and J.P. Rozelot. 2004. Solar latitudinal distortions: from theory to observations.

Astron. Astrophys. 419: 1133-1140
Leister, N.V. and P. Benevides-Soares. 1990. Variations du diamètre solaire. C. R. Acad. Sci.
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Some historical or relevant websites:

http://en.wikipedia.org/wiki/The Sand Reckoner
http://www-history.mcs.st-and.ac.uk/Biographies/Mouton.html
http://www-history.mcs.st-andrews.ac.uk/Biographies/Picard Jean.html
http://www.cnes.fr/web/CNES-fr/5726-picard.php
http://hesperia.gsfc.nasa.gov/hessi/
http://sdo.gsfc.nasa.gov/

http://en.wikipedia.org/wiki/The_Sand_Reckoner
http://www-history.mcs.st-and.ac.uk/Biographies/Mouton.html
http://www-history.mcs.st-andrews.ac.uk/Biographies/Picard_Jean.html
http://www.cnes.fr/web/CNES-fr/5726-picard.php
http://hesperia.gsfc.nasa.gov/hessi/
http://sdo.gsfc.nasa.gov/
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