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PREFACE

This Memorandum, sponsored by the Jet Propulsion Laboratory,
California Institute of Technology, under Contract No. N-33561 (NAS
7-100), is one result of a series of investigations of experimental

techniques for studying planetary atmospheres, It consists of a‘

review of progress to date in the somewhat obscure technique of
stellar occultation, along with proposals for future applications

to space probes and conventional astronomy.
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ABSTRACT

The vertical structure of a planetary atmosphere can be studied
by observing the intensity of light from a star as it passes behind
the atmosphere at the limb of the planet., The theory for interpreting
such observations is reviewed. With balloon astronomy, this technique
may be very useful, A possible study of the Martian atmosphere by
observing eclipses of Phobos is also discussed. Finally, use of this
technique with a flyby space probe, where it would complement other

measurements, is proposed and analyzed.
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LIST OF SYMBOLS

Coefficient determining solar limb darkening

Element of area in unrefracted ray

Element of area in ray after differential refraction
Distance from observer to atmosphere

Intensity observed from a point source

Intensity observed from an extéqded source
Acceleration due to gravity

Scale height, gl

mg
Intensity of received light
Intensity of incident light
Bessel function of first order
Coefficient of Rayleigh.scattering
Distance from undeviated ray to surface of planet
A factor determined by shape and limb darkening of Sun
Limb darkening of Sun
Mean molecular weight
Index of refraction
Pressure
Gas constant
Temperature
Reduced length of path
Altitude above surface

Half angle subtended by Sun seen from satellite

Angle between line of sight and normal to surface of Sun
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€ = Refractivity

0 = Angular coordinate of point along ray

g = Angle between radius vector and tangent to ray

o) = Density

T = Optical thickness of path

w = Deviation of ray

T = Logarithmic temperature gradient, % %%

Subscript

1 Corresponding to altitude of closest approach of ray
r At reference level in atmosphere

s At unit density



I. TINTRODUCTION

There are two optical ways to study the atmosphere of a planet
without landing on the planet. One is to look directly at the planetary
disk and observe reflected sunlight or self emission., The second is
to observe light from a distant star or the Sun which has passed at
grazing incidence through the atmosphere, The latter method is the
subject of this report, This method is distinguished by its ability
to give information directly about the vertical structure of the
atmosphere, its pressure, its temperature, and perhaps its cloud or
dust content.

For observations from Earth, the method can be applied to an
occultation of a star by a planet (Fig. 1) and also to the eclipse of
a planetary satellite by its Iprimary (Fig. 2). Both kinds of observations
have been made to some extent in the past (Sec. II). The mathematical
theory upon which rest the inferences made from such observations is
given in Section III.

The possibilities of these earthbound techniques are not yet
exhausted. Because of atmospheric seeing limitations, only occultationspg
of extremely bright stars have heretofore been observable photometrically,
Such occultations seldom occur. However, the introduction of balloon-
borne telescopes (Sec. IV) operating above most of the Earth's
atmosphere will Ymake frequent and accurate occultation measurements
possible,

For a planet having a suitable satellite, the eclipse technique

enables an observer on Earth to probe more deeply in the planetary



Parallel light rays from the star are refracted by the
planetary atmosphere. Since its density increases

with depth,the atmosphere not only bends the ray,
but acts also as a diverging lens.

Planet whose
atmosphere is
under study

Photometer
on Earth . ,
Motion of planet relative

to earth and star
Because of the great distance D

from the planetary atmosphere to the observer on Earth,

dimming due to the diverging effect of the atmosphere dominates all other effects,
The lower Iayers of the planetary atmosphere cannot be studied.

(2) (3) (4) (5) (6) (7)

Seen from Earth, the star appears to retreat

progressively from the planet and grow fainter,
being extinguished (5) long before reaching the
geometrical shadow (7).

Fig.l—Conditions for studying a planetary atmosphere by
astronomical occultation
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Shadow of planet and atmosphere. Structure
determined by angular width of Sun, and
refraction, scattering and absorption in
planetary atmosphere.

Natural
satellite
\
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To photometer
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Distance D' plays same role in determining importance of refractive

effects as does Earth — planet distance D in astronomical occultation.

Since D'<< D, refractive divergence effects are small and low levels in
atmosphere can be studied.

Path of satellite as seen Satellite
from Earth when configuration

of Sun, planet,and Earth

are suitable.

— Satellite
From leaves/
Sun__» enters

P, shadow

Fig.2 —Conditions for studying a planetary atmosphere by
observation of eclipses of a planetary satellite



atmosphere than does the occultation technique, By using astronomical
methods now being developed, it may be possible to observe eclipses

of Phobos photometrically. An analysis of this instrumentally difficult,
but possibly useful, experiment is given in Section V.

With the advent of the instrument-bearing spacecraft, the
limitations of earthbound observations can be overleapt by observing
stellar occultations from the spacecraft (Fig. 3). The theory of
Section III can also be applied directly to such observations. As is
discussjed in Section VI, stellar occultations will be frequent when
the spacecraft approaches the planet, and at the same time, deep
levels in the planetary atomsphere can be probed, The instrumental
and data-transmission requirements seem reasonable, and the data obtained

will complement those from other apparatus aboard the spacecraft,



Trajectory Light from star

of probe
When probe is near planet,
refractive effects are small
as in (b) and deep levels in

Planet
the atmosphere can be studied

COCCQeetcets

xTeIemefry to
Earth

Area to be searched

for a bright star
Since planet subtends a large angle

/~
b
as seen from probe, occultations of ;!
sufficiently bright stars will be frequent v
\
\
o
-

Direction of apparent
motion of planet

Fig.3—Occultation observed from a fly-by
space probe or planetary orbiter



II., HISTORY

A. OCCULTATIONS

The theory describing the occultation of a star by a planet with
an atmosphere was first given by Pannekoek (1903). He showed that, in
an occultation observed from Earth, extinction due to differential
refraction dominates all other effects and becomes effective while the
stellar light is still passing through the rarified upper atmosphere
of the planet., From photometry of the star as it is being occulted,
one can determine the pressure scale height h = RT/ﬁg of the planet's
atmosphere, If the main constituents of the atmosphere are known, it
is also possible to determine the pressure at the occulting layer,
This theory was given again in somewhat elaborated form by Fabry (1929),
whose article was intended as an "advertisement to observers.,"

Application of the theory had to wait for the combination of
modern photometric techniques |and the planetary occultation of a
sufficiently bright star. The occultation of Sigma Arietis by Jupiter

was observed photometrically by Baum and Code (1953) at Mt, Wilson

when Jupiter was 7.9 photovisual magnitudes brighter than Sigma Arietis,
Because of seeing limitations, it was impossible to use a focal-plane
diaphragm smaller in diameter than 8 seconds, so 1 or 2 per cent of
Jupiter's light was admitted to their detector. They used a
spectroscope to observe at the wavelength of the Ca II line. Light

of this wavelength is strongly absorbed in the Solar (and hence Jovian)
spectrum but not in the spectrum of Sigma Arietis; a three magnitude

advantage was thus obtained, The analysis of Baum and Code /showed the



scale height in the upper atmosphere of Jupiter to be between 6.3 and
. o
12.5 km, For values of T in the range 70 to 100 K, the measured -
scale height corresponds to molecular weights in the range 1.8 to 5.1,
from which they inferred that the prevailing upper atmospheric constituents

of Jupiter are hydrogen and helium. The same occultation was observed

visually byffettit and Richardson (1953), who found it possible to

follow the star as it penetrated much further into the Jovian atmosphere,
However no quantitative results were obtained,
Observations of an occultation of the first-magnitude star

Regulus by Venus are reported by Menzel and de Vaucouleurs (1960),

who did not use the spectroscopic technique. Regulus is occulted by
Venus four times in the period 600 AD — 2600 AD (Meeus, 1960). Menzel
and de Vaucouleurs were able to measure the scale height and also to

detect a variation of the scale height with altitude. They obtained,

at a height of 60 * 8 km above the visible surface, a value of 6.8 £ 0.2 km

for the scale height, 0,010 = 0,002 km_l for its logarithmic derivative
with respect to altitude and, for an assumed atmospheric composition and
temperature, 2.6 + 0.13 dynes cm—2 for the pressure.

Other occultations have occasionally been observed visually, but

no numerical results have been obtained (de Vaucouleurs, private

communication),

B. ECLIPSES

The theory describing the optical effects observed during the
eclipse of a satellite by a planet having an atmosphere was given by

Link (1934). It is necessary to include effects of scattering and



absorption in the planetary atmosphere. It is also necessary to take
into account the effect of the finite size of the Sun (and its limb
darkening) and, in some cases, the finite size of the satellite,

Link's analysis of photographic observations by Eropkin of
eclipses of the bright satellites of Jupiter led him to the conclusion
that there is an "absorbing layer" at an extreme height above the
surface of Jupiter. However, the measurements need to be repeated
with more modern techniques.

A book has been written discussing eclipses and occultations
(Mikhailov, 195.).

The atmoéphere of Earth also may be studied by observations of
eclipses of the Moon. An analysis by Link (1932) of a number of .
observations suggests the presence of an absorbing layer of optical
thickness of the order of 0.05 at an altitude of 20 km or more; the

question of its reality remains open (véﬁ‘de Hulst, 1956). The data

need to be re-analyzed using modern information about the Earth's
atmosphere,

Recently, an attempt has been made to study the ozone structure
of the Earth's atmosphere by observing eclipses of the artificial

satellite Echo I. A preliminary report is given by Venkateswaran,

Moore, and Krueger (1961).




ITI, THEORY OF OCCULTATION BY A PLANETARY ATMOSPHERE

A, MODEL ADOPTED

1. Method of Computation

Given the configuration of source, planet and observer at each
time (see Fig. 4), and an assumed set of parameters for the structure
of the planetary atmosphere, the light curve (relative intensity versus
time at a given wavelength) can be computed as follows, First,
considering that the atmosphere acts only through its refractivity,
find the path through the atmosphere of the ray from source to
observer (Secs. III.B.1 and IiitBIé} and compute the extinction due to
differential refraction (III.B.3). Next, compute the reduced path
length, or total amount of atmospheric gas traversed (III.C.1).
Multiply it by the sum of coefficients of absorption due to Rayleigh
scattering (III.C.2), molecular absorption (III.C.3) and absorption
by clouds, dust and haze (III.C.L) to get the optical thickness r,
Multiply the intensity reduction due to differential refraction by

the factor e ' to get the over-all extinction.

2. Approximations

It is important to keep the approximations made in mind since,
in some cases, one might have to include an effect neglected here,
Some geometrical approximations made are:
(1) the source is sufficiently distant that its light may be
considered to be a plane wave,

(2) the planet is a sphere of radius T,

(3) the distance x (Fig. 4) is much smaller than D,
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Fig. 4— Configuration of source, planet, and observer
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(4) the radius of the planet is much greater than any characteristic
height in the atmosphere.
Some approximations about the atmosphere are:
(5) the atmosphere is a perfect gas and hydrostatic equilibrium
holds,
(6) the chemical composition of the atmosphere is uniform (but
c.f. Sec. III.B.5),
(7) the refractivity of the atmosphere at any point is small
compared with 1,
(8) the change in temperature is small over §an altitude
difference of one scale height.
Finally, an important assumption is made about the extinction process:
(9) multiple scattering is negligible,
Assumption (9) implies that only so-called "direct absorption" need
be taken into account, 1In fact, if the photometer is sensitive to
light from a solid angle (), then the maximum intensity of scattered
light from the star that can be received at any time during the occul-
tation is of the order of Q/un times the intensity before occultation,
the exact intensity depending on details of the scattering process in

the planetary atmosphere. Since Q/hyx << 1, assumption (9) is justified.

B. EFFECTS OF REFRACTION

1., Variation of Refractivity With Height

The optical properties of the atmosphere are determined by its
refractivity ¢, related to the index of refractionn by n =1 + ¢.

The refractivity is directly proportional to the atmospheric density p,
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so if € is the refractivity when the density is one unit, the

refractivity at any altitude z is

e(z) = esp(z) = €5 RT z) (1)

—~

Since the pressure p is related to the temperature T by the equation
of hydrostatic equilibrium (see below), the variation of refractivity
with lheightl is in effect determined by the variation of temperature
with height,

Because we assume that the variation of temperature with an
altitude change of one scale height is small, an important simplification
becomes permissible, The effects of refraction can be computed on the
assumption that the temperature varies linearly with altitude; we must
use for the temperature gradient its value in the abtual atmosphere
evaluated at the altitude z. of closest approach of the ray, and for

1

the pressure and temperature at z, their corresponding values in the

1
actual atmosphere, Although in the actual atmosphere the higher
derivatives of T with respect to altitude may not vaﬁish, their

contribution to the refractive effects will be negligible,

Thus we consider an atmosphere with temperature

T(z) = Tl(i + ?(2—21)} (2)

where [ is a constant.
Since T (z-zl) is small compared to unity over the region of interest,
the equation of hydrostatic equi1ibrium,

dp __ M
dz_ gRT (3)
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becomes

1]
&z = " BRI, [1-T (2-2))]

which can lbe integrated to give

2

p(z) = Py exp {- %%1[(2-21) - g (z-2,)7]} ()

Using this result and Eqs. (1) and (2), we have!

e(z) = 8]_?1 - T (Z-zl)] €exp {' %]:[(z_zl) - % ('2_21)2]}' (5)

For most computations to first order in T'h, the quadratic term in the

exponential can be neglected,

2. Path of the Ray

The path of a ray of light passing by the planet can be found from
Fermat's principle, ands = 0, The path is illustrated in Fig. 5. At
the point A, the ray has reached its lowest altitude, 245 by symmetry
its direction is then perpendicular to.the radius vector (€ = 900).
Expressing the coordinates of the general point B along the path in
polar coordinates r+z, g, and applying the Euler--Lagrange equation]

on

with Sg = O because of the assumed symmetry of the atmosphere,

e e

[n(z)](r+z)2 %%

i/ = const = \ (6)
ﬁ + (r+z)2 (%g)]
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Fig. 5— Path of ray due to refraction in the atmosphere
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It is geometrically evident that

g’
_ (x+z) dg (r+z) dz

Putting (7) into (6) and evaluating at € = 90o and at g
= [n(z)](r+z)sin € = (1 + eq (r+zl) =T + §

so that

4 =27+ ¢ (r+zl)

1 = 1/2
Edzg + (r+z)2 dg ] /2 El + (r+ (de 23 /

(7

= 0° gives

(8)

(9)

Except for rays penetrating deep into the atmosphere, g is approximately

equal to z

1
. : dg . .
Solving Egqs. (6) and (8) for P and integrating,
| ]
-7 (1+€1)(r+zl) dz
°(z) = L 1/2
2 2 2 2
(r+z)p(1+e) "(r+z)” - (l+e;) " (r+2 )
Since
W
S+ 5 =0
and
L jw (r+zl) dz
- 2l1/2
2 z) (r+z) Er+z)2 - (r+z1)] /
S
. —
it follows that - (erz - ora, + 2 - z§)1/2

, o [r+z 1/2
w(zy) = 2 ( 1) [(1:e)° (v+2) 2 _ (r+zl)%]

r+2
Zl kl-’r—el)

(10)

dz

(2rz - 2rz1 + z2 - zi)l/2

(11)
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With the approximations that €] << 1 and |z-z,| << r in the region

1

where the integrand is large, the above equation becomes

o - -1/2
w(zy) =/§-J; —1—1/2 61 + i_il r') -1 Ydz (12)

1 (z-zl) 1
With the further approximation that é%él r << 1,
1
T @ €1_€ 3- €l—€
=4f= — d 1
w(zl) \/;- j 372 [1+ e r+ ...] dz (13},
z, (z—zl) 1

We can now use Eq. (5) from the previous section giving the variation

of refractivity with scale height to get

z-z z-z
1
/;.cn l--exp{-hl Fexp{- hl}
w(zl) =¢ V3 j 1 +
“1

.

3/2 YL
(Z-Zl) / (Z zl)
S — T — S . S
Z-zl !
|8 (l - exp {- }) |
3 ‘ by ; »
+ 2 e.r . z
L 71 (2_21)5/2 .
2nr L /2 Iy €r €sP1
m(zl) = € —EI Ul 'l + 3 + (yﬁll) —EI S ep = hlg (1L4)

(The quadratic term in the exponential from Eq. (5) has been neglected,
since it does mnot contribute to the result, to first order in r.) The

term including rhl is the first-order correction for the variation with
€41
height of the temperature, The term involving 0 is an additional
1
small correction,
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3, Differential Refraction

The ratio of incident to received intensity is equal to the ratio

of ds' to ds (Fig. 6), or

dw(zl)l
L a0 das+paw B*P T ds 14D do(z,) (15)
L T ds ds h ds - dz
Combining Eqs. (5) and (1lh) from the previous sections gives
3 1 N 2
w(z) = w1[1—2 I' (z-z{)] exp {- HI [(z-zl) -z (z-zl) 1} (16)
so that
I w,D
21+ (1430 (17)
Il hl 2 1

L, TLight Curve When Scattering and Absorption are Negligible

When the occultation of a star by a planet is observed from
Earth, only the effects of refraction need be considered to compute
the light curve. 1In this case it is possible to give an analytic
expression for the light curve, to a good approximation. The expression
given in this section applies both when the atmosphere is isothermal,
and in the more general case when the temperature varies linearly
with altitude.

During the occultation, we can approximate that‘D remains constant,
while x increases linearly with time (see Fig. L). Also (Sec. III.B.2)

4 is approximately equal to z;. Thus

D=~ %t +C (18)
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ds

Fig. 6— The effect of differential refraction on the
received intensity
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In this calculation, the quadratic term in the exponent in (16)
again will be neglected, This term only starts to contribute when
the occultation has progressed to the point where the received intensity
is several orders of magnitude weaker than the initial intensity. 1In
any case, at that point, the analysis may be invalid, since turbulence

may have begun to influence the refraction (Baum and Code,1953). Thus

(16) is rewritten as

w =w_exp {- —¢ [1;—-;lr'(z1-zr)] (19)
T B

where the subscript r denotes an arbitrary reference level in the
atmosphere, Since there is allinear relationship between h1 and hr’
(17) becomes

I w; D 3
= =1+ —=—101+ S Th, - F(zl-zr)] (20)

hr
Choose such a reference level z_ that tr = 0 and IO/I1 = 2. In the
above three equations, the variables w and z can be eiiminated, to
give the relationship between Io/fz]and t, as follows,

Evaluating (20) and (18) respectively at z_ gives

h
w =5 (1-2Th) (21)

and

C=z_ -h(l-2rh) (22)
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Equation (18) now becomes

(z)-2)

2,72 - hr exp - T [1 - % F(Zl'zr) - % Fhr] (23)

- - %t -h_ (1 -=Th)
r r

Equation (20) becomes

I (z,-2_)
o 1 "r
T - l=exp {-—5— 7 [1- 2 r (zl-zr)] (2h)
1 T
from which
I (z;-2 )
-9 _ R St S B,
ln(I l)_ - 5T (272,) (25)
1 T
Solving this equation for zl-zr/hr
(z,-2_) I
L r _ .2 - .
b =(1-%Th) In ( T ) (26)

*
With this result, (23) becomes

*It should be remembered that variation with altitude of mean
molecular weight, due to diffusion and photo-dissociation, may be as
important as variation of temperature in the upper atmosphere, In that
case, not only is it necessary to replace [' by

1 oar
T T dz

1

for a linear variation with altitude of m, but also it is necessary to
take into account the change with altitude of the refractivity constant
¢. (Sec. IIL.B.l), due to the changing molecular composition. Unfortunately,
this has the effect of introducing another parameter,
dm

dz ~’

into the theoretical light curve,
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(27)

defining, for a given hr and , a light curve, If the atmosphere is

isothermal, (27) reduces to

Io Io Xt
»»}n-'fz - + (EI‘- 1} = E; + 1 (28)

Choosing the wvalues of hr and I' that give the best fit of (27)
to the observed light curve, (21) can now be used to find w3 if
values are assumed for m and/gsj Tr and p, can also be determined,
from (1l4), Finally, if the diameter of the planet is known accurately

enough, an extrapolation from P can yield a value for the pressure

at the surface.

5. The "Critical Level"

It has been assumed thus far that ﬁE << 1; physically this means
that the curvature of the rays in the atmosphere is small compared
with the curvature of the surface of the planet, However, if the
pressure at some altitude is sufficiently great, this condition will

not hold, Near the level where L = 1, the two curvatures will be

h )
‘tqual; a ray starting in the right direction has a near-circular
trajectory, concentric with the planet. The effect has been discussed
by Link (193k4).

It is impossibleyusing the occultationltechnique, to study the

atmosphere below this critical level.
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C. EFFECTS OF ABSORPTION AND SCATTERING

1, Reduced Path Length

In order to compute the extinction due to absorption and scattering,

it is necessary to find the reduced path length, given by

p, © P, o o) 1/2
1 £ P | [ 2 de
X, =7 I . ds = 2 7 I ” El + (r+z) (dz)_i dz (29)
l - 1 1 z, 1

where the integral is to be taken along the path of the ray. If p
is measured in atmospheres, T in units of 273OK and ds in centimeters,

d
X will be in units of "em-NTP." |Using Eqs. (6) and (8) for —ﬁ-, the

dz

above equation becomes

(1+e )2 (r+z )2 -1/2
= 1 - 1 1 dz 0
€; I (l+7)2 ¢(r+z)2 (30)

|
1 Tl 2

C—TB

—

With the approximation that €] << 1

2P w (r+zl)2 -1/2
X, = —= I = 11 -(1+2¢, - 2¢) m——= dz (31)
1 - T e 1
1 z; 1 (r+z)
With the further approximation that z-z, << R over the region where the
integrand is large,
-
—1l(zc € o, _y17L/2
X -5 (5) [ % e - (o) a (32)
1 zq 1

L

Introducing the expression in (5) for (with the quadratic term in the
N -

€
1
exponential neglected), and assuming — << 1
1

2

=
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- I [
—_—

Z_er
P e, o [ exp {- }
X, - =t (2r)‘1/2 (1 + -1—) I I h [1-T (z-2,)] dz
1 1 21'11 2 i _ 1/2 1
1 (2-2)
PR R PP ST (33)
1~ T1 1 2h1 2
€1r
The term ho is the first-order correction for the curvature of the
1 Ih
path, and the term = is the first-order correction for the variation

of temperature with height,

2, Rayleigh Scatteriq&‘

Since multiple scattering has been neglected (approximation 9),
each kind of scattering and absorption contributing to the intensity
reduction of the ray can be treated separately.

The optical thickness due to Rayleigh scattering is determined
by the reduced pathlength (33) and by the coefficient of Rayleiéﬁ
scattering at /standard temperature and pressure, The latter is given
by

5.3
Kg = 5 30
i

3nok

i

(van de Hulst, 1956). Here n_ is Loschmidt's number, 2,70 x 10 9

cm—3; A is the wavelength, and V., n and fi are the fraction by

i}

volume, index of refraction at standard temperature and pressure, and

. . . . . th ,
coefficient of depolarization respectively, for the i gas in the

atmosphere,
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3. Molecular Absorption

If the intensity of light in an eclipse of a satellitegqor in an
occultation of a star observed from a fly-by or orbiting probe, were
observed at wavelengths absorbed by an atmosphere's components, the
variation with altitude of those components could be determined,
Already the vertical distribution of ozone in the earth's atmosphere

is being studied by observing eclipses of an artificial satellite

iliuminated by the Sun (Venkateswarian, Moore, and Krueger, 1961),
However, if such detailed knowledge of chemical composition of

the atmosphere is not required, observations can be made at wavelengths

in the visible region, where molecular absorption is expected to be

negligible compared to Rayleigh scattering,

L, Absorption by Haze, Clouds and Dust

No detailed discussion of possible kinds of absorption by haze,
clouds and dust will be given, although it is clear that suchléffécts
are important. For example, observations of "dust storms’ on Mars
indicate that the absorption for a grazing ray may be great indeed,
while the clouds that are thought to exist on Venus should also have
great effects. Once light curves have been obtained, one could compare
them with curves computed for pure molecular atmospheres and account
for the departure observed by means of absorbing layers in the upper
atmosphere, cloud banks, wind-blown surface dust, or some other
appropriate mechanism. Quantitative information about the optical

properties of these features could then be obtained.
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IV, APPLICATION TO BALLOON ASTRONOMY

As has been suggested by de Vaucouleurs (1960), it will be

possible to observe Egcultations with reasonable regularity once

small telescopes with suitable guidance can be carried aloft by

.balloons. Since a telescope thus situated is not limited by atmos-

pheric seeing, a focal plane diaphragm much smaller than is now pos-

sible with even the best telescopes could be used. For example, for a
planet with brightness of the first magnitude and an apparent radius of

5 sec and a telescope of 20-in. diameter permitting a diaphragm of 0.2-sec
radius, it will be possible to observe photométrically the occultation

of any star brighter than approximately eighth magnitude,

Occultation measurements could thus be repeated with greater
accuracy for Venus and Jupiter. and also extended to other planets,

In combination with determinations of atmospheric compositions and of
precise visual diameter yielded by other balloon-telescope observations,
the occultation measurements could be used not only to determine the
scale height at some given altitude in the upper atmosphere of the planet,
but also to determine the absolute pressure /at that altitude (see Sec,
III.B.L4).

Finally, if a sufficiently bright star is occulted, it would be
possible to follow it even when its intensity has been greatly reduced,
the intensity decreasing eventually by a factor of e (approximately
one magnitude) for each additional scale height penetrated, Thus

somewhat lower regions of the atmosphere could be probed,
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V., OBSERVATIONS OF ECLIPSES OF PHOBOS

Observations of the eclipses of natural satellites provide a
way to obtain from Earth occultation data like that obtainable by an
observer near the planet, The finite size of the Sun, however, and in
some cases of the satellite, smears the light curve in time and
greatly reduces the sensitivity of the method. Also, unfortunately,
it is difficult to make rapid photometric observations of a faint
satellite located very close to a bright planet,

The most desirable satellites to observe are those of Mars,
because they are very close to their primary. Although observations
of eclipses of satellites of other planets, particularly Jupiter, may
give useful information and may also be much more feasible observationally,
they will not be comnsidered further here,

The appropriate time for the observation of eclipses of a satellite
is during the period near quadrature, when the angle Earth-planet-Sun
has its largest value. The orbital planes of Phobos and Deimos around
Mars are tilted with respect to the plane of the orbit of Mars around
the Sun, so the satellites will have eclipses only for certain heliocentric
longitudes of Mars. However Phobos is so near to Mars that eclip$¢s
are frequent, Deimos is further from Mars; its eclipses are both less
frequent and, due to the enhanced smearing effect of the finite size of
the sun, less interesting., An approximate ephemeris is given graphically
in Fig. 7 for the quadrature of 1962, with the data needed to determine

the feasibility of making the observations,
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Date Magnitude Angular

(1962) Mars | Phobos | Deimos | separation, "D"
Sept 3 |.2 146 16.1 3.4

Sept 23 I.4 145 16.0 4.0

Oct 13 1.0 14.4 5.9 4.6

Nov 2 0.7 14.1 15.6 5.2

Nov 22 0.4 13.8 15.3 59

Dec 12 0.1 13.5 15.0

Dec 32 -04 13.0 14.5 5.6

| PR S S WS W

o]
Scale (sec)

Sidereal periods
Phobos 7h 39m
Deimos 30h (8m

S
NN
0o

@Eclipse

(2>
-+

DeimOs

Fig. 7—Approximate ephemeris for quadrature of 1962,
Mars, Phobos, and Deimos
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A, INSTRUMENTAL PROBLEMS

Phobos is extremely faint. However, in observing its eclipses,
the major problem is not sensitivity alone but rather that of discrim-
inating against unwanted light from Mars, The brightness difference
between Phobos and Mars is 13.6 magnitudes, or 3.6 x 10—6, while at
the time of eclipse, Phobos is at most 6.3 seconds of arc from the
edge of the disk of Mars,

Unwanted light from Mars is received because of diffraction by
the telescope. Scattered light is negligible provided the telescope
is designed to minimize scattering and is operating under optimum
conditions (clear sky and telescope optics free from dust and scratches),
The diffraction can be estimated from the normalized expression for

Fraunhofer diffraction from a circular aperture,

1 -5 a5 (35)

where d is the diameter of the telescope, ¢ the angle from the maximum
of the diffraction pattern, and )\ the wavelength., For large values of

© the average of this function approaches

3% 3 = 13 3 (sec. of arc)—e (36)

w0 dep d(inches)[w(seconds)]
for a wavelength of 0.5u. This expression should be integrated over the
disk of Mars; however, if the satellite is sufficiently far from the
edge, Mars can be treated as a point source, giving, for ¢ = 11 seconds

and d = 40 inches, I = 2.4 x 10—6 per square second, Thus, the intensity
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received from Phobos before occultation is equal to that received
from approximately 1.5 sq. sec. of background.

Visual observations could give some useful information. A
modification of conventional photometric techniques could be used in
which a comparison star of adjustable brightness is projected on the
visual field near the satellite being eclipsed. In this way,
compensation is made for effects of seeing and background brightness.
Unfortunately, Phobos is so faint that, evenrlwith a large telescope,
the ability of the eye to perceive fractional changes in its intensity
is poor. A further drawback is that observations will be limited to the
narrow wavelength range of maximum visual sensitivity; as will be seen
in Sec. V, C, one actually wants light curves from as many spectral
regions as possible,

The observations could be made by means of cinematography,
taking perhaps one frame each 5 seconds, An emulsion far faster than
that conventionally used for‘photometry is required, and since the
image of Phobos would be formed of so few blackened grains, the
photometric accuracy would be poor,

The most promising technique to use is probably photoelectric
photometry. Servo-controlled fast guiding should be used, tracking
either Mars or the satellite itself. In this way, a small focal plane
diaphragm could be used to reduce the "noise" due to diffracted light
from Mars; at the same time, the fast guiding would reduce the

fluctuations in this noise due to seeing fluctuations,
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B. LIMB DARKENING AND FINITE SIZE OF SUN

The half angle p subtended by the Sun when seen from Phobos is
approximately 0.003 radians, On the other hand, at the time of eclipse
the distance D from Phobos to the atmosphere of Mars (Fig. 4) is
8700 kilometers, so a characteristic distance of 18 km, or approximately
one scale height, in the atmosphere of Mars subtends an angle of 0.002.
Therefore, the light which reaches Phobos is a sum of contributions
from various parts of the disk of the Sun, each passing through a
different layer of the Martian atmosphere. The effect is a spreading
of the light curve and a smoothing of the discontinuities due to fine
structure in the atmosphere.

To take this effect into account, we may consider the distance
D as fixed for all light received from the Sun, but the distance l
x as variable, depending on the part of the Sun from which the light
under consideration issues, Thus, if f(D,x') is the intensity for a
point source at the center of the sun, theii;fegrated intensity taking
into account the finite size of the Sun is of the form

1

Fox) < [ £, X'+ B Dy) 4(y) dy (37)

where 4 (y) takes into account both the circular shape of the disk and
its limb darkening. (Neglecting limb darkening, g(y) is simply
Vi - yéﬂ times a normalizing constant,)
Let L(cos y) be the factor giving the solar limb darkening, where
v is the angle between the line of sight and the normal to the surface

of the Sun. Then the normalized value of y(y) is
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A simple approximation to the solar limb darkening is

L(cos v) = B + (1 - B) cos vy (39)

Then 4 (y) becomes

If the satellite is large, a similar integration should be done
over its disk; its law of limb darkening would have to be known, or

guessed. However the satellites of Mars are sufficiently small (~ 16 km
in diameter for Phobos) that this need not be done. Also the eclipse is

sufficiently brief that the tumbling of the satellite on its axis, and

resulting variation in .its reflectivity, can be neglected,

C. MODEL CALCULATION

To get some idea of the expected effect of the Martian atmosphere,
consider a dust-free Martian atmosphere with the following parameters,
corresponding roughly to reasonable guesses based on present data:

T - 23OOK constant

i}

il

P oL mb

surface

composition g6 per cent N 2 per cent A, 2 per cent C02 by volume,

2}
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With this model, the only effects that need be considered are
differential refraction, direct Rayleigh scattering, and finite size

and limb darkening of the Sun. Clearly the neglect ofAdust and haze makes
the model unrealistic; however, there are not at present data enough

to make possible a more realistic model, With the above model, the

light curve is determined by

expl - K X, exp(-z/h)]

1 {1+ (wlD/h)exp(-z/h) 4y} , 2> 0 -

X' + ADy = - z + @ De /h

with w, given by Eq. (1k), k by Eq. (34), X1|by Eq. (33), and £(y)
by Eq. (40).
With the additional constants D = 8700 km, B = 0.00305, B = 0.l

g = 3-,7,m,§e9',,,2,, and r = 3400 km, we have

expl (-0.074 /A Yexp (= z/18)] ¢ - 3(1y?
1 1 + 0.505 exp(-z/18) o 8(1 ¥, 2>
F(X’) = /
-1 0, z <
(42)
-z/18 . ) . ;
and X' + 26.5y = - z + 9.6e , with A in microns and x' in

kilometers. Light curves obtained from these equations for several
wavelengths are given in Fig, 8. For comparison,ya curve is given

for the case of no atmosphere, where the only effect is the finite size

and limb darkening of thefSun.
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Fig. 8—Computed curves of the light from Phobos
entering an eclipse
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The projected velocity of Phobos is 2.0 km/sec, so each 10 km

division corresponds to a time of 5 seconds.
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VI, OCCULTATION PHOTOMETRY FROM A FLY-BY SPACECRAFT OR ORBITER

A. UTILITY OF DATA OBTAINED

Balloon-mounted and Earth-satellite—mounted telescopes, and optical
instruments aboard fly-by and orbiting space probes will permit us to
answer many questions about planet surfaces and atmospheres, Many of
the data will be obtained by looking directly at a part of the planet's
disk; the light seen will be a composite of light reflected from the
surface and from atmospheric gases, clouds, and dust. For most planets,
the effect of multiple scattering will be important.

The intensity and polarization of light reflected by a planet with
a pure Rayleigh atmosphere and a diffusely reflecting surface can be
determined numerically by means of a large computer. The same
characteristics for an atmospheric model with dust or haze undoubtédly
also can be determined, although the problem is §much more complicated.
However, it is not clear that the inverse problem, that of inferring
the structure of the atmosphere from measurements of the reflected
light  can be solved uniquely without other independent information.
For example, it would be desirable to know the reflective properties
of the surface taken alone or the distribution with altitude of the
clouds and haze,

However, an occultation observation gives data that (1) refer to
‘vafious specific altitudes in the atmosphere rather than to the whole
atmosphere and surface combined, and (2) can be interpreted without

knowledge of the surface properties of the planet.
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Thus a program of planetary photometry should include, if possible,
some occultation measurements observed from a point near enough to the
planet that low levels in the atmosphere are probed., With the partial
exception in a few special cases of observations of the eclipses of a
planetary satellite, as discussed in Section V, such an observation is

possible only by means of a space probe.

B, SUITABLE EXPERIMENTS

1. Using the Sun

If the trajectory of the space probe can be so controlled that
the Sun is occulted by the planet, then a very powerful way to study
the atmosphere of the planet becomes available. A simple radial scan
of intensity at various wavelengths can be analyzed with a theory
Véhnilé;‘to that discussed in Section III. 1If a TV pickup with various
color filters were available, the structure of the atmosphereyincluding
clouds, could be studied in great detail indeed. Such an experiment
might also be a good one for a survey of the atmosphere from a planetary
orbiter, However, a complete] picture of detailed atmospheric structure
would not be obtained, since all data would refer only to atmospheric

conditions at local sunrise and sunset.

2. Using a Star

From a space probe near a planet, occultations of stars bright
enough to yield useful information will be frequent. It is not
necessary to wait for a prearranged occultation. Instead, a given area
of sky off the limb of the planet, such as the dotted area in Fig, 3,

can be searched untilhqysufficiently bright star enters it, and that



-37-

star can then be tracked as it is occulted., The frequency with which
suitable stars occur in this area is determined by its angular extent,
the distribution of stars of various brightnesses in the sky, and the
minimum stellar brightness which will be acceptable for the measurement,
The latter, in turn, is determined by the precision to which measurements
are desired, the orbital parameters of the probe, and the sensitivity

of the photometer.

The area of sky to be searched might be of the order of 100 square
degrees. For example, this would ensure that, for a low altitude orbiter
designed for synoptic measurements, a measurement could be made every
few degrees along the orbit; for a "fly-by" probe passing within a
radius or so of the planet it would ensure that several useful occultations
would take place during the period of close approach.

The average number of stars at OO and 900'gala¢tié741atitude in

100 sq. deg. of sky is given in the table below,

Table

— o

o Latitude L 6 8 10
° 1.5 13 100 770
90° .5 3.7 28 180

Thus the experiment must be designed for stars as faint as approximately
fifth magnitude.

The photometer sensitivity needed is determined ultimately ‘by
the requirement that a statistically significant number of photons be

received during a time short enough that the change in received intensity
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is negligible. The equivalant number of 0,5y photons received from a

star of magnitude m by a photometer in space of diameter d in. is

-j—f - 1.4 x 10° x 1070-Mm 42 (43)

Only a fraction of these are useful for a given measurement since it
is desirable to observe in a narrow spectral range, Still, it is
clear that, with a photometer as small as 1 in, in diameter, useful
information can be obtained,

Because of scattered sunlight, the occultation technique is
severely limited in its ability to assist in the study of the atmosphere
on the day side of the planet. 1In fact, the brightness of the lower
part of the sunlit atmosphere, seen edge on, will be comparable to
that of the planetary disc, Thus the occultation technique will, in
most experiments, be Juseful only for study of the nighttime atmosphere.

A suitable experiment would have to be performed in the following
sequence:

(1) Locate the region to be searched (Fig. 3):

(2) Find, in the region, a star of a given magnitude;

(3) Lock on the star, stop down the solid angle; and track the

star as it is occulted, telemetering back to Earth the intensity

of light versus time at various wavelengths,
With proper design the instrument for this experiment could be small
and reliable; much of it could be utilized in other photometric
experiments,

For a single occultation, suitable data would be intensities at

perhaps four wavelengths and ten times, starting when the star first
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begins to fade., If each point has an accuracy of one part in 128,
then a transmission capacity of 320 bits per occultation of information
is required,
The occultation technique is particularly suited for the following
experiments from space vehicles:
(1) synoptic studies from an earth satellite of
(a) nocturnal ozone distribution in the Earth's atmosphere
(b) height of cloud tops
(2) preliminary study of gross properties of a relatively unknown
planetary atmosphere from an advanced (by 1962 standards) fly-by
probe
(3) synoptic studies from an orbiter of a remote planetary
atmosphere whose gross properties are already known, possibly

including pressure and temperature variations.
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