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ABSTRACT

By means of a coronagraph and a visual skyphotometer which is based upon corona-
graph principles, the intensity of the solar aureole in the interval 4’-66” from the sun
limb has been studied. The results show that there is a good correlation between the
type of prevailing air mass and the characteristics of the measured intensity. The in-
tensity variation with time and height is studied and discussed.

Introduction

Even during cloudless days with very clear
air there is around the sun a more or less bright
ring, which is formed by the scattering of sun
light in the atmosphere. The particles that cause
this scattering process consist partly of air
molecules and partly of the specific content of
the atmosphere: water-drops, ice-crystals, salt-
particles, sand, etc.

The appearance of the ring (the solar aureole
depends mainly on the number, structure, radii
and distribution of the scattered particles. The
wave-length of the scattered light is also im-
portant and must be considered. The intensity
ratio of the aureole to the intensity of the sun
centre is in general of the order 10-2-10-¢, Even
the gradient of the radiance shows a clear varia-
tion with the air mass content when observed
at the same sun-height.

Meteorologists have always been interested in
finding an objective way to classify the air
masses in, order to deduce their origin and thus
indirectly their physical properties. The method
reported here provides a possible way to deter-
mine qualitatively the state of the atmosphere.

The main parameters examined in this study
are the aureole intensity close to the sun and
the radial gradient of the scattered light coun-
ted from the sun limb. These two parameters
show a great variation with the prevailing
weather type. Even the variation of the radi-
ance with time and height at a constant distance
from the sun centre has been investigated.

Similar studies have been performed previ-
ously by means of special photometers, e.g. in
U.S.A. and Germany (G. A. Newkirk 1956; F.
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Volz, 1954). The difficulties connected with the
measuring procedure have always been to exa-
mine the sky close to the limb, where the sensi-
tivity of the phenomena is maximal. These
difficulties of course arise from the low intensity
of the scattered light compared with that of
the sun, which normally, as mentioned, exceeds
the scattering effect up to 10¢ times.

A suitable instrument to overcome most of
these problems is the Lyot-coronagraph, with
which the sun can be hidden behind occulting
disks of different extension, permitting only the
scattered light at determined distances from the
limb to be studied. A coronagraph is, however,
too complicated for use in field studies, in which
it is important to measure e.g. the variation of
the intensity with height. Therefore a more
practical instrument for this part of the work
has been used in this study, namely the VSP-
Al.photometer constructed by J. W. Evans
(1948) at the High Altitude Observatory of
Harvard University, U.S.A.

The measurements were made mainly during
the spring 1963 at the Swedish Astrophysical
Observatory, Anacapri, Italy. By means of the
bigger coronagraph of this station, the sky-
photometer was calibrated during the autumn
and winter of 1959 and 1962. The calibration
curve was checked before the observation period
started in 1965.

The instruments and their principles

The bigger coronagraph of the Swedish Astro-
physical Observatory was constructed and built
by Y. Ohman, E. Aulin & F. Thorlin, according
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Fig. 1. Schematic diagram of the coronagraph at the Swedish Astrophysical Observatory, Anacapri,
Italy. A, Objective; B—J, Diaphragm; K, Smaller coronagraph; L, Occulting disk; M, Field lens; N,
Collimating lens; O, Dove-prism for turning the image; P, Collimating lens; Q/S, Mirror; R, Focal.
plane for P and T (variable slit); T, Autocollimation lens; U, Grating; V, Photometer [Fig. 2]; —— One

ray from the sun aureole.

to Lyot’s principles (Y. Ohman, 1955). The
instrument has an aperture of 12 cm and a focal
length of 150 cm (Fig. 1). The objective of the
spectrograph, built on the principle of auto-
collimation, has a focal length of 80 cm and a
grating, ruled by M. Siegbahn, with 576 lines
per mm, which gives a dispersion of 21 A per
mm in the first order.

For measuring the sky brightness a visual
photometer, designed by Y. Ohman, has been
used (Fig. 2). In the focal plane 4 of the spec-
trograph there is a metal plate B with a large
“window’’ C, in which the spectrum outside the
limb could be observed, and there is also a slit
D with a variable width for direet measurement
of the continuous spectrum of the sun. In front
of the plate B neutral filters 7',-T, of different
transmission powers could be placed. These fil-
ters have been calibrated carefully by F. Lind-
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Fig. 2. Schematic diagram of the Ohman visual
photometer (4).

gren (1954). The properties of the calibrated
filters used in this study are given in the follow-
ing table:

In the side-tube, used for observing the direct
sunlight, there is a green filter, a diffusing screen
and a neutral filter 7’5, which reduce the in-
coming sunlight to a suitable order. The most
important part of the photometer is a pair of
polaroid filters; by means of rotating these
mutually through a certain angle it is possible
to obtain the same intensity of the two images
F and D, which are observed in the prism G
(Fig. 2).

When measuring the intensity of the scattered
light around the sun, F is viewed close to D
and their widths are made equal. (During the
calibration procedure D was held at a distance
~ 5’ from the sun limb). By turning the analy-
ser an angle v;, F' is given the same intensity
as D. v, is computed from a zero-point at which
the polaroids are crossed and the measurements
are repeated at least four times on each side of
this zero-point.

The intensity of the sun aureole at the selec-
ted distance when no filter is used is equal to
4, 8in® vy,
where 4, is the intensity of the direct incoming

sunlight.

The same procedure is then immediately re-
peated with the sun centre in D.

The intensity received can now be written

1, 8in? v,,
As mentioned before, the directly incoming
sunlight must be reduced by using filters. If ¢,
is the sun-centre intensity and ¢; is a suitable
transmission factor according to the prevailing
air conditions

g 8IN% vy = t42,. (1)
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Table 1. Calculated and measured transmission powers for neutral filters (5)
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Transmission-factor ¢

Thickness, mm Wavelength, A Calculated

57

Filter Measured
T, NG5 1.885 5303 0.318 0.303
T, NG4 2.085 5303 0.126 0.124
Ty NG3 2.250 5303 0.0085 0.0168
T,NG4+NG9 2.085+1.150 5303 0.00372 0.00337
Ts NG3 2.050 5303 0.0129 0.0150

In the same way the intensity of the aureole
at a certain distance ¢y is reduced by using one
of the filters T',—7',, and the filter 7Ty is placed
in front of the polaroids in order to obtain a
sufficiently great measuring interval on the
analyser. We get

t; i, sin? v, =1, iy, (2)
and from (1) to (2)

P lyts SIN% v,

(3)

t, 8In? y,

To obtain a good calibration of the VSP—AI-
skyphotometer every measurement with the
bigger coronagraph was compared with a simul-
taneous observation of the sky brightness with
the portable skyphotometer. This instrument,
which also works according to coronagraph
principles, is described in Fig. 3. It has an
aperture A of 3 mm and is equipped with an
external occulting disk B which could be varied
in radius between 1.25-5 R in order to study
the intensity of scattered light of distances
from 4-66’ from the sun limb. The distance
A-B is 100 cm. Behind A4 is placed an objective
C with a focal length of 25 cm and an eye piece
D (f =10 cm). The incoming rays are reflected
in a black glass mirror E. There is also in the
focal plane of D & second occulting disk F, which

acts as a comparison surface. The surface F
is painted diffusing white and the direct sun-
light illuminates it after having passed an opti-
cal wedge G'. When the observer looks into the
aperture diaphragm H (which is slightly smaller
than the image of the bright edge of 4 in order
to prevent the diffracted light from edge A
from entering the observer’s eye) he sees F
surrounded by an image of the sky. The extent
of this image depends on the selected radius of
the occulting disk B. For B the following radii
were used: 1.25, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and
5x Ro.

From the known density of the optical wedge
the sky brightness iy then is obtained for the
average brightness of the sun 4, (3).

@?- cos fB-r,

7:H=?:s‘
ta" g

tws 4)

where 4y = brightness of sky;
4, = brightness of sun;
¢ = angular radius of sun (0.0047
radians);
= angle of incidence of sunlight on F;

. = transmission of C and D;

=
i

i

ty = transmission of the wedge at balanc;

r, = diffuse reflecting power of white
surface on F;

r5 = reflecting power of mirror E.

ol X

4
e

Fig. 3. Schematic diagram of the VSP-AI sky photometer (3). A, Aperture; B, Occulting disk; C, Objec-
tive; D, Eye piece; E, Black mirror (partly reflecting); F, Comparison surface; G, Optical wedge;

H, Aperture diaphragm.
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Fig. 4. Calibration (I and II) and comparison (III) curves for the sky photometer.

From simultaneous observations during 1959
and 1962 with the two instruments, an accept-
able comparison curve was obtained for the sky
photometer (curve 1, Fig. 4). This curve was
checked in 1965 under various sky conditions.
To be certain that no severe errors had been
included, a second calibration curve was cal-
culated in the following manner: The sun disk
was displaced in relation to the diffusing screen
F, and the two images were made equal in

intensity by using different combinations of the
calibrated neutral filters T',~T'; in front of the
aperture A (without the occulting disk). The
wedge as before reduced the intensity of the
screen R (curve II, Fig. 4).

As the mean surface intensity of the sun for
2=5062 A (a green filter Wratten No. 58 was
used in the aperture diaphragm H) is equal to
the observed intensity at 0.8 Eg (6), the calcu-
lated intensity ¢, for all the sun surface is 75%
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Fig. 5. Parameters used in the theoretical discussion

@).

of the centre intensity 7, at this wavelength.
This means that there will be a small difference
between the two methods of calibration de-
pending on the difference in comparison inten-
sity. This difference can be expressed as

log :—’ = log 0.75= —0.125- (5)

(4

This is in good agreement with the mutual
parallel displacement between the two calibra-
tion curves I and II (Fig. 4). The slope of the
curves has been checked through a photometric
calibration of the wedge by means of a mirror
galvanometer, type AOH, and in green light
(curve IIT, Fig. 4) by using an ordinary lamp,
the intensity of which was compared with that
of the sun’s surface. The three curves are, as
can be seen from Fig. 4, acceptably parallel
with each other.

From curves I and IT we obtain the follow-
ing linear functions

curve I: log H= - (0.36p+3.22), (6)

e

curve T:log H= — (0.36 p+3.14),  (7)
?

]

where p is the scale-number of the wedge.
Thus log 4./, = —0.08, which should be com-
pared with the calculated theoretical value in

(5).
Theory

We regard the sun as a point source (G. A.
Newkirk) with the zenith distance z (Fig. 5).
The flux with wave length 1 at the top of the
atmosphere is F,. A unit cross-section volume
element of length ds and at altitude A is assu-
med to scatter an amount of illuminance dE,
in the direction ¢, counted from the sun centre
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dE#', ¢, k) = Fafa(e, ) ds, (8)
where 2’ = zenith distance to the scattering
volume;
z2-2" = ¢;

h = height above zero level of the scat-
tering volume;

F; = flux of the solar radiation at (z’, k)

fs = (g, b = volume scattering function
for the wavelength;
A at (g, k).

Moreover, we have the fundamental trans-
mission equation

F;’_ =F). e—tu(h) sec 2, (9)

where ¢, is the optical depth at height k.
Integrating over all elements along the sight
line at an angular distance ¢ from the sun, one
obtains
o0
Fafalp,h)dh.

Ej(z,p) = “XP 50 2 goe f (10)

0

The ratio of the sky luminance Bj,(z, ¢) to
the average luminance B;(0) of the solar disk
is then

Bl(z’ ‘P) * iH
= Fip,hydh = =,
Bi0) w, sec z . W, h) ;, (11)

where w, is the solid angle subtended by the
sun.

The expression (11) can now be applied to two
different cases of scattering:

1. With the assumption of only Rayleigh
scattering for unpolarized light, f; can be ex-
pressed as

2 n2

falg) = e (pa—1)* (1 + cos? ),

(12)
where 7 is the specific number of molecules and
pa the refractive index at NTP.

2. In addition to the molecular Rayleigh
scattering there is another scattering process,
depending on the particle spectrum of the
atmosphere, that is more important for this
study. G. Mie (1908) has calculated the scatte-
ring coefficient for the general case to be

Farm(rot) = ;7 {610, 2) + 84y, @)} Nas ),

(13)



60 BO RYDGREN

lng-in
TRy |

D e — ——— —

- 0,025

-0,050

-0075

- 0,100 {

0 R, 20 30 40

50 60 4R, 70 80 90

MINUTES OF ARC

Fig. 6. Angular distribution of the relative intensity of the light scattered by water droplets (2).

where n = refractive index of the particle;
y = 180° — ¢ (scattering angle);
a« = 2 II a/A (size parameter);

N (a, n) = number of particles with size
parameter « (@ =drop radius) and
refractive index n;

%, and 4, = quantities proportional to the

plane polarized components.
According to Penndorf’s calculations (8), (9)
the function ¢, and %, for n =1.33 (water), for
0.1 < « £30.0 and for 0° <y <180° are available
in a tabular form. Fig. 6 shows the angular
distribution of the scattered radiation for diffe-

rent values of the size parameter for an atmo-
sphere containing only water drops. As we can
see from this diagram, it is possible to substitute
the curves with their asymptotes in the inter-
vals of interest, namely up to about 60", It is
observed, however, that there is no further
agreement between the theoretical curves in
Fig. 6 and the angular distribution of the studied
aureoles (Fig. 7), which in our case are caused
mainly by mixtures of dust-, ice- and water
particles.

It is thus obvious that the function iy/i, =
=f(r), or iyxli; = f (r), is exponential up to
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Fig. 7. Observed aureole intensity under various weather conditions (constant sun height).

about ¢ =60’ and that the exponent varies with
the specific air content, e.g. with the air mass.
In any case it is possible to convert the expo-
nential functions to linear curves and calculate
graphically the function parameters k and ! in
the normal equation log ¢y/t, = kr +1 (Fig. 7).

It is of interest in this connection to point
out the existence of the obvious similarities
concerning intensity gradient conditions which
exist between the aureole and the sun corona.
Though the scattering processes in the corona
case are much more complicated and in certain
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respects are of a different nature, similar results
have been obtained for the actual interval 4—66’
using the principles of the observation method,
sketched above (H. C. Hulst, 1947; S. Baum-
bach, 1938).

Results

1. The results from the main observation
period are summarized in Fig. 7, in which
measurements performed in different air masses
during cloudless conditions are presented. Ac-
cording to the earlier discussions, the functions



62 BO RYDGREN

Wedge log!l
scale ic
e 24/5 1965
cm
1,25 Ry
3.
L4
2..
1+-35
" o8 0s 10 n 12 13 15 T 17 18 MET

Fig. 8. Observed aureole intensity at a fixed angular distance and during a day with strong convection
(curve B). Curve A shows the symmetrical intensity distribution around noon in an undisturbed atmo-

sphere.

are assumed to be linear with the parameters
k and 7 expressing the intensity gradient respec-
tively the intensity level. The observations pre-
sented in Fig. 7 were made at about noon, e.g.
approximately at the same sun height. The air
mass types were deduced from weather analyses
and representative aerological soundings. As
can be seen in Fig. 7 there exists an evident
difference in k and I between the four curves,
each representing the distribution of intensity
in an air mass with typical characteristic pro-
perties. The turbid tropical air masses show a
definitely higher intensity and a slower aureole
gradient out from the sun limb than the clean
air masses from the arctic and polar regions.
2. The daily variation of the intensity at a
constant distance from the sun limb is described
in Fig. 8 for a representative cloudless calm day.
There is obviously always a maximum (mini-
mum in the curve B) in the intensity at 1-2
p.m. because of the daily convection, which in-
creases the number of particles in the lower
parts of the atmosphere. The corrected curve

A shows a clear symmetry around noon and it
can be transformed into a quasistraight line
when reduced to constant sun height. This is a
clear expression for the very stable weather
conditions which prevailed on the actual day.

3. Finally, the intensity distribution concer-
ning the vertical gradient has been examined
during several days with stationary atmospherie
conditions. The skyphotometer was brought by
car and lift from sealevel up to the top of Monte
Solaro (589 m) and back to the initial point in
less than 1.5 hour. Observations were made at
four fixed points along the road and for diffe-
rent distances from the sun limb as previously.

The results from one of these experiments are
deseribed in Fig. 9, in which the differences
between the up- and downcurves depend main-
ly on the variation in the sun height with time.
Taking a mean value between the two compo-
nents in one pair of curves, one obtains a ‘“‘con-
stant-time-curve’’, which is sketched in Fig. 9.
Because of the symmetry in time it is possible
to determine the difference in intensity as a
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Fig. 9. Observed aureole intensity in altitude at different angular distances and under very stable

weather conditions.

function of height. In this case the difference,
which is caused mainly by the particle decrease,
is for the lowest 600 m about 4 x10-4 ¢, at a
distance 3 Rp from the sun limb.

Errors

F. Lindgren (1957) has shown earlier that the
combined error from use of this method and
instrumentation can be expressed as log i =
= +0.04. The errors arising from instrumental
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scattering in a conventional coronagraph have
been estimated by Newkirk and Bohlin (1963)
to be 6 x10-% ¢, which in the normal case is
only a few per cent of the measured values.
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GOTOMETPUYECKOE UB3YYEHUE COTHEUYHOTO OPEOJIA IIPU PA3JIMYHBIX
MNOTrOAHLIX VCJIOBHUAX

C nomompio KopoHorpada M BU3YaJbHOIO
doromerpa 1aA uccirenoBaHuA HebecHOro cBOAA,
OCHOBAHHOI'0 HA HpHHIUNE KopoHorpada, mc-
ciefyercA WHTEHCHMBHOCTB COJIHEUHOTO Opeoya
B MHTepBaje YIJIOBHIX paccroanuit 4-66 or
costHedyHOro Jumba. Pesyabrare TNoxa3bBaIoOT,

4TO CYIIeCTBYeT XOpOIIee COTIIacue MeMpmy TH-
nmaMd HOPeBAMMPYIINUX BO3NYUIHHX Macc X
XapaKTepHCTHKAMK U3MEPAEMOlt HHTEHCHBHOCTHU.
Nayuaerca u 06CyHITaeTCA M3MEHEHME HHTEH-
CHBHOCTY C BHICOTOI M CO BpeMeHeM.
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