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Abstract

Scintillations are observed during occultations of both stars and spacecrait
by planetary atmospheres. Existing treatments of these scintillations ignore a
major effect unique to eccultations: the‘severe flattening of the Fresnel zone
or source image by defocusing. Other large effects, due to "saturation" of the
scintillation, have also been ignored. The deeper portions of atmospheric
temperature and density profiles inferred from occultation data are seriously in
error if other planets' atmospheres are as turbulent as our own. Thus, profiles
obtained from entry probes (e.g., the Soviet Venera series) are probably more
accurate than those from radio occultation (Mariner 5 and 10) data. Scintillation
greatly reduces the information obtainable from cccultation observations; much of
the detail in published profiles is probably spuriocus. This paper gives an

approximately - correct theoretical treatuent that is a substantial improvement

over published theories, and shows how a more accurate thetory could be constructed.

Some methods for a more accurate determination of atmospheriec structure are proposed.
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I. Introduction

In recent years, a large literature has grown up around the inference of
atmospheric structure (e.g., temperature and pressure profiies) from observations
of the intensity and/or phase of electromagnetic waves received from a point
source, such as a star or a spacecraft radio transmitter, as it is occulted by 2
planetary atmospheie. The occultations of Regulus by Venus in 1959, of BD -
1794388 by Neptune in 1968, of B Scorpii by Jupiter in 1971, and of Maripers 5
and 10 by Venus in 1967 and 1974 respectively, as well as numerous occultations
of other Mariner spacecraft by Mars. have been used to infer planetary atmospheric
profiles. Many events were observed at several stations, and some cbservations
have been re-discussed several times, so the total number of publications is very
~large; I shall not attempt to review this extensive literature.

The theoretical interpretations of such data go back at least to Pannekoek
(1903), who wished to explain the phenomena of the occultation of a star by Jupiter
on Sept. 19 of that year. He commented that the light curves of future cccultations
of stsrs by planets should be measured accurately: "This is of importance, because
it can give a determination of the temperature distribution in the outermost
layers of the planetary atmosplhere, or mere precisely, the way in which the hori-
zontal refraction varies with height." The problem was re-analysed (in French
instead of in German) by Fabry (1929), who also considered the effects of both
diffraction and an extended source, and vho drew the apparent shape of the occulted
object at various stages. A third derivation of the laws of occultations was
published in English, with a third independent scheme of notation, by Baum and
Code (1953), who had observed the occultation of ¢ Arietis by Jupiter in the pre-
vious year. Finally, the subject was reviewed by Link (196%), using a fourth set

of symbols. Since then still uther notations have been used by various authors.



-4 -

This lack of uniformity is a problem, complicated bLerc by the need tc discuss
scintillation as well (sce Table I).

All the above authors assume a simple exponential atmosphere with a fixed
gcale height, More recently, it has become faghionable to reduce occultation
curves by a numerical inversion process, which assumes a continuous, one-to-one
mapping of rays between the successive layers of the planet's atmosphere and the
successive moments of observation (or points along the plane of the telescope
objective.) As will be shown below, this assumption is probably not justified,
at least for the deeper stages of the occultation, and therefore the inversion
results contain systematic crrors.

The first hint that turbulence might play a part in the observed phcnomena
was a comment by Baum and Code (1953): A sequence of photographs taken by
Pettit and Richardson with the 100-inch telescope indicates that the fading is
~ far frow smooth and in fact suggests that the principal humps in [the light curve]
may partly represent real features in the occultation - curve. Random variations

in O caused by turbulence in Jupiter's stratosphere would tend to jumble neigh-
boring rays in such a way that the observed flux ... would deviate randomly from
an ideal occultation-curve. Percentage variations in 6 of the same order as
those suffered by objects near the earth's horizon would become significant for
9 greater than the angular subtense of Jupiter's scale height .., which occurs
when ¢ < 0.5 ¢,. Thus, large fluctuations in the tail of the observed light-
-eurve are rather to be expected.”

Osawa et al, (1968) remarked that their light-curves "have large fluctua-
tions prevailing the main phaiv of occultation. Small fluctuations lasting for
about two minutes after immer::w. . . before emersion are also remarkable fea-
tures of these light-curves. Random variations in refraction angle caused by
turbulence in Neptune's upper atmosphere must be the cause of these fluctuations."

They did not, however, take the Important step of showing that realistic amounts



of turbulence cculd account for thelr observations, as Baum and Code (1953) had
done.

Freeman and Lyngg {1969, 1970) discussed their observations of the same
event., They geem to have been the first workers to call the observed asymmct-
rical light fluctuations "spikes", and also to have attributed them to layers of
lower-than-average refractivity gradient in the planetary atmosphere. Since
then, this explanation has become widely accepted., According to this medel,
"spike~" in the light curve correspond to layers with a more nearly adiabatic
lapse rate, and the minima between them to more isothermal or stably - stratified
regions., “

This view was endorsed, for example, by Kovalevsky and Link (1969), the
first workers to use the numerical-inversion technique instead of curve-fitting.
They claimed, without any quantitative demonstration, that the fluctuations
observed at two staticns several hundred kilometers apart showed "a good
correlation,"”

Unfortunately, the Luman eye tunds to "sece" patterns in random distributions;
the subjective impression of "a good correlation" may uot be justified by the
actual data. For example, Rages et al. (1974) concluded from the same data as
Kovalevsky and Link (1969) that "the correlation is unot striking." Furthermore,
in a quantitative statistical discussion of spikes in the B Sco occultation,
Veverka et al. (1972) concluded, "We find no evidence in our data that the pattern
of fluctuations is planet-wide in the case of Jupiter, and it is therefore im-
proper to speak of global lavering."

Finally, although Veverka et al. (1974a) assume that the "spikes'" ave ﬂue to
"ayering," and claim that "the agreement among the three channels in Fig. 10
[their temperature-refractivity profiles] is excellent," closer inspection of
this figure and their Fig. 13 (which shows refractivity scale height as a function

of depth) shows that the fine structures of the atmospheric profiles deduced by



inve.zion from observations at one station in different wavelengths are not at
all in good agreement, While the same gencral features appear in these profiles,
th2, do not occur uc the same depth in the atmosphere; in many cases = loerl
anxivum on one curve occurs at the same atmospherfe level as a minimum on another
curve, This discrepancy is explained by the scintillation model below.

A similar problem is shown by the very disparate profiles deduced by Rages
et al., (1974) from three different observations ol the Neptune event. Their pro-
files differ by several tens of deprees at point: a few hundred kilometers apart
on Neptunce. It is difficult to see how a planct so far from the Sun can develop
such large horizental temperature gradients, which (if real) would cause very
strong thermal winds,

Other problems with temperature pr-files deduced from cecultations are
reported by Veverka and Wassermuan (1974) and Kiiore et al., (1974). Both the
Regulus and the Piloncer 10 occultation data lead to temperature profiles that are
systematically too high, by roughly 100°K, The discrepancies are so styiking
that Veverka and Wasserman (1974) say, "fhere is no way in which the Repulus
occultation light curve can be reconciled with reality," and Kilore et al. say
"Ihis temperature distribution in the upper levels of the atmosphere of Jupiter
is completely different frem any published model of the atmosphere,"

These statements cast doeubt on the validity of numerical-inversion results,

The spurlous results are, I believe, due to scintillation effects.

II. Scintillations: Theory
Although it has been common practice to interpret the fluctuations in signal
strength at radio frequencies as scintillatiens, using the theory for isotropic
Kolmogorov turbulence, this has not yvet been applied to the optical observations.
Furthermore. the theory that has been used (c¢if. Woo and Ishimaru, 1974) is appro-

priate to a medium without differential refraction, in which t. Frasnel zome

[



is eircular. Finally, only weak-scintillation theory has been used, although
many of the observations show very strong modulation, Thus the first neced is to
adopt scintillation theory to suit the special circumstances of planetary
occultations,

1. Effects of Differentlal Refraction,

The theoretical treatments used up to now have implicitly assumed a circular
Fresnel zone, But, as Fjecldbo and Eshleman (1969) point out, "Refraction has the
effect of changing these zones from circular to elliptie. In the atmospheric and

jonosphieric regions that produce defocusing, the curvature of the wavefronts is
increased in such a way as to squash the Fresnel zones into ellipses with minor
axes in the vertical direction." This is strictly true only if the Fresnel zone
is much smaller than a scale height; if 1t i¢ comparable, the Fresnel zone (or
the disk of an occulted star, whichever dis larger) is more flattened on the
lower side. The shapes that result are illustrated in Fabry (1929), Link (1969),
or the form of the setting Sun - a mwost familiar example of an atmospheric
occultation with differential refraction (Young, 1974)., 1In our present examples,
the free-space Fresnel zone sizes are roughly a kilometer across, and the atmos—
pherie scale heights are typically ten times larger., Thus the elliptical approxi-
mation is fairly goed, but not zxact.

From the basic physical law that thé power received at a point is just what
flows through the first Fresnel zone, one sees that the reduction in area of this
zone (or the axial ratio, in the elliptical approximation) is just the factor ¢
by which the intensity has been reduced. For an extended source (stellar disk)
the correspending result follows from the fact that a lossless optical system
(the occulting atmosphere) cannot changze the source's apparent surface brightness;
so the defocusing produces an image-area reduction egual to the reduétien in
received intensity. Thus, when the received signal is cut in half, the regicn

of the atmusphere probed is half as large vertically as horizontally (see Fig. 1).



This reduction in size has a profound effect on the scintillations, which are
mainly due to the smallest elements of turbulence that are not averaged vut over
elther the source or the Fresnel-zone area.

To estimate this effect quantitatively, an heuristic approach used previ-
ously (Young 1969, 1970) is useful. For detailed accounts of scintillation
theory, sce Tatarskii (1961, 1967), Lee (19t9), or Lee and Harp (1969), We can
regard the effect of either Fresnel-zone or source size as an averaging aperture
in the turbulent medium, and then use the ray-optical model (Reiger, 1963;
Young, 1967, 1969) of scintillation. Then the mean-square modulation (or "scin-
tillation power," P') of the shadow pattern cbserved in the x-y plane is propor-

tional to

f‘” A e 2 1/3 2
P~ dk f dk fdz-c (2) k 25 F (ky 2, Ay wee)y
- x D) y 4] "

2

where k = (kx

+ kyz)!5 is the spatial frequency of a Fourier compounent of the
shadow pattern, z is the distance frem a slab of turbulence to the observer,
Cn(z) is a measure of the strensth of the turbulence at distance z, ) is the
wavelength of the light, and ¥ (...) is a spatial frequency filter function
corresponding to source or Fresnel zone size. The effect of this filter is to
cut off the infinite integrations in k-space at finite values (Young, 1970).
/3

The factor kl is due to the Kolmogerov spectrum of turbulence, and z2 is due
to a "lever-arm" effect (Young, 1969) that represents the gradual conversion of
phase fluctuations in the wavefront to amplitude fluctuations.

We can readily obtain the temporal spectrum of the scintillations (Reiger,
1963; Young, 1967, 1969; Lee and Harp, 1969) by choosing the x—axis in the direc-
tion of motion of the line of sight through the turbulent medium, omitting the
integration over kx’ and transforming from spatial frequency kx in the direction
of motion to temporal frequency f£:

f = V.lkx ’
2w

(1

(2)



where V] is the speed of motjon. The integrals over z and k? then give P (kx)
or P (f£), the spectral power density. For a point source at infinity, F is the

"diffraction filter" function (Young, 1969, 1970)

gin® (Azk%/41) 3
(Azkzlﬂn)2

Foaier =

which cuts off at k = (Az)'k. The high-frequency behavioer of the spectral power
density P{f) is then readily found to be asymptotically proportional to f"8/3;
a simple expansion for calculating the spectrum from a single slab of turbulence
is given by Young (1971}. PFor a uniform disk source of angular radius r, the
averaging region at z is a circele of radius rz, and the filter is (Young, 1969)
P ogger = (29,020 /(rzi)® 0
wherc J1 is the usual Bessel function; this cuts off at k « (rz)-l. Lee (1974)
has discusscd the effects of other interesting source sghapes.
For a rveglon of arbitrarvy shoape, the Filter F hos the analytical fova of
the intensity distribution in its Froaunhofer diffraction pattern. Thus, for an ellipti
averaging region with scemimajor axis a and semiminor axis ¢a, where ¢ < 1, we have
F oy = [0 @/@hi? | ()

where

2

* 12 . !:,-
k = [(kx/&i) 4 }--y ] » (G)

assuming the major axis in the y-direction. That is, compressing the averaging

-1, 1 has effectively extended the cut-

region in the x~-direction by a factor ¢ = ¢
off of the filter function by this same factor aleng the kx axis. In other words,
when we substatute Equations (5) and (6) into Equation (1), the ky integral cuts
off at ky = a-l, and the kx in.egral cuts off at kx = (a¢)?l = ¢/a. In the
occultation light curve, ¢4 is the ratio of the partially - occulted intensity to
the unocculted intensity, and is typically much smaller than unity when scintilla-

tions are observed. An atwmospheric averaging region that is very different in the

vertical and horizontal directions results from atmospheric dispersion on Earth
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(Young, 1970), and the same treatment can be used here; the chief difference is

that the sense of the asyumetr' is different in the occultation case, When $>>1,

we find )
8/a 1/a 1/3 413 =713
P~ j dk f dk *k ~ ¢ a . 7
o x % y

Thus the effect of flattening either the stellar disk or the Fresnel zone by a
factor ¥>>1 is to increase the mean-square scintillation by a facror of ¢&/3.

Now let us return to Eq. (1) and put in the integral over dz. Since the whole
planetary atmosphere is at a distance z = D that is large compared to the planctary
radius, we can approximﬁfﬁ

Jaz - ¢ 2 vz, o0 = 0PEQ@, L0 fo Pnae, (8)
wherc.[bnz dz, the integrated turbulence along the line of sight, behaves like an
air-mass factor. For example, for an atmesphere of radius R with an exponential

distribution of turbulence with scale tieight Ht’ we have (Young, 1969b; Fabry, 1929)

2 >
S %z az = ¢ 20) (2 )% exp (-2m/m) )
n n t t
where an(U) is the turbulent structure paraseter at some reference level din the
atmosphere where h = 0, and h is the minimum height of the ray above this level.
For an isolated turbulcent layer of thickness b and strength an, such as Woo and
Ishimaru (1974) have assumed, we have

2 L2
an (z)dz -~ ZCn

2L
(b 4+ b)) " (10)

- 2 Y

= ZCn (2bR) -,
1f the lowest point on the ray touches the bottem of the layer. The first part of
Eq. (10) (which was first derived by Lambert in 1760) is equivalent to equaations
2 and ? of Woo et al. (1974). If the ray passes a depth d below the basc of the

layer,
) 1 1
Jcnz(z)dz - 2Cn2{[2(b + R + b>=d?77 - [2aw - dz}“f}

2 ) 3 n 35}
x 2C {[Z(b + d)R]* - (2dR) , (11)
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which reduces to Eq. (10) as d + o, and becomes anbKZR/d)k when d » b, Notice
that the effective path length in the atmosphere is always piaportional to the
geometric mean of a characteristic veetical dimension and the radius of curvature,
If we call this length L(h), we cnulsummarize Equatfons (9-11) as
fe ez -c? 1w, (12)

n max
where an » the peak value of an a2long the ray, is an(o) cxp (—Zh/Ht) for the

max

exponential madel, and

L(h) = (ZHRHt)% (13a)
for the exponential model, and

L) * B4 RG -1 , h>o (13b)

L 2[4 Re]E ., oZhET-b/2 (13¢)
and

Lk = [~21 b2/m1% , h o< -b/2 (13d)

for the one-~layer model. (The approximaticns in Equations (13c¢, d) slightlv over-
estimate L{h); at h = =-b/2, the error is on the order of 27%.)

Now let us combine these results. For simplicity, assume a simple exponcntial
atmosphere (Pannekock, 1903; Fabry, 192%) with refractivity scale height H,o In
the absence of turbulence, the normalizid light curve ¢(t) is related to the
minirmum ray height h by

¢ =4t =1+ exp (~h/H) (14

if h = 0 where 4 = Y%; this is the conventlional "occultution level.”" We remark that
h(¢) = -h (2-4); thus, for cxample, the 10% and 907 intensity points are 2.2 scale heigh
below and above the occultation level, the 5% and 95% points are 2.9 scale heights
from this level, and the 1¥ and 995 points are 4.6 scale heights from it. Since
typical photometrie crrors are a few per cent, we obvicusly learn nothing reliable

about any part of the atmosphere more than a few scale neights from this level.



It is also easy to show that the vertica) component of ray velocity through

the atmosphere 1s directly proportional to the light rematning:

Loy () =4 vy (D . (15)

If we measure time from the half-intensity point on the light curve, vy (e} » H,/t,
for large t, These simple relatious provide some "feel" for the occultation
phenomena.

Woo and Ishiwaru (1974) have assumed that vy is the only iwmportant component
of the motion. This is true only for central occultations., In general, there is

also a horizental compunént v, parallel to the planet's limb. As long as the

1

ocewltation point does not move far along the linb, we con regard vy as constant;

i
this is genverally satisfactory for stellar occultations. For radio oceultations

of spacceraft, a large wmotion along the liwd occurs. As Link (1969) points out,
the motion along the liwb is the projection of the geometrice position of the source
in the sky from the center of the planet's disk to the limb, Thus vy can bu
strongly accelerdted, especially near the widdle of a nearly-central occultation.

Because of the rapid decrease in Vy and the increasc in v, the motion is pri-

H?
marily horizental for the decper parts of every occultation. Thus, the assumption
of Woo and Ishdmaru (1974) is strongly vielated by the data (Woo et al., 1974)
to which they lhave attempted to apply thelr theory.

Ag long as the scintillations are wesk, we can treat the observed light
curve as an ideal one modulated Sy the scintillatioms. The modulation power is,
from Equations 7-13,

b3 _773
pool” o’ cn2 ORROR (16)

a gipf = (aD) (17a)
for Fresnel-zone averapging, and
= 1D (17b)

if the stellar disk is larger, X[ they are comparable, they can be added

T e T T S T P
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quadratically (Young, 1969). Note thit ¢ depends on b and the refractivity scale
height “v through Eq. (14), and that L depends on h and the vertical structure of
turbulence through Eq. (13).

We are now in a position to estimate where, in various occultation curwves,
scintillation should appear. We first remark that P must generally dincrealc
rapidly with depth in the occultution, not only becausc of the rapid inercase of
/3, but also becausc of the expected increase of _[Cngdz with depth. Even in
the single-layer model of turbulence, where L decreases slowly (with about the
squace root of ray depth below the layer), the esponential increase in ¢ with depth
must overwhelm the small deercase in L. Thus, the reason offerced by Weo et al,
(1974) for using a laver model of turbulence canunot be correect. This error is a
direct result of vmittding the dispersive [lattening of the Fresnel zone in the
thecory by Woo and Ishimarvu (1974).

He 1.4 us eutimate P, assuming that Cn iv proportional to density, and
sicpting the following values for stellar seiatillations produced in the zenith
by the Earth's utposphere (Youny, 1957, 1969, 1970b): P ~ 0.2 for a = 5 cm =
5% 10'5 kin, % £ 1 (ne refractive flattendng), L 5 0 T 8 km, vuwber density
Py = 1019 wolecules/ee,  For a planct, we shall assuwme an exponential atmosphere
Ve

with “v = N0, = H, adopt Eq. (13a) for L({h), and call che number density o

I

L3

v

can ignore the effects of small differentes in temperature and molecular refrac-

tivity between plancts; these ave generally only a factor of 2 or so, We then

Pp 2 ¢4/3 a -7/3 L. DZ
P02 (= P ERT)
0 5x10

p )2 JBI3 0 -113 2

have

LD
7.8x10° (‘Tg' | ’ (18)

o

for Pp measured at the minimum ray height h, and all dimensjons in kilometers.

The circumstances of several oceultations, and the corresponding values of P, are
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given in Table II for ¢ = 0.5, 0.2, 0.05, and 0.01 (¢ = 2, 5, 20, and 100,
respectively.) The relative values of P at these levels, just duc to the varia-

bs3
/ ppz(h) with height, are 2.51, 137, 2x10&, and A.leos, respectively,

tion of %
The very rapid increase in seintillation with depth s due to the combined effects
of increasing atmospheric density and Fresnel-zone flatteningg the amplitude of the
fluctuations increases by a factor of over 1000 between the ¢ = 0.5 and ¢ = 0,01
levels.

A few special circumstances should be noted in Table II. The star £ SecoA is
double; this decreases P by about a factor of 2, which I neglect in the present
crude treatmen:, The appropriate value of D for a spacceraft oecultation is the
spacecraft-to-planet distance instead -f the Earth-~to-planet distance, as pointed
out by Golitsyn and Tatarski (1972). We may also note that a is on the order of
a kilometer, and L on the order of 103 km, for all the events in Table I1; the

7/

- 2
factor a YL is stmilar for all. Thus, because the attenuation 4 is propor-

2
tional to p, D, the value of ¢,D (or & 2 D°, which appears in the seintillacion

¥ P P
equation 18) at 4 = 0.5 is similar for all planets. Thus, the value of P is not
greatly different from one plapnet to another at the same point 1 the light curve
(& = constantl.

Seintillations are first visible above the noise when their amplitude exceeds
a few per cent, say ¥ = 10-3. This can be expected near, or shortly after, the
reference level & = 0,5, if other planets' upper atmospheres are as turbulent as
ours. When PE510_2, the BEMS scintillation exceeds 103, and an inteunsity record
shows asymmetrical excursions ("spikes") because the logarithm of the intensity
(rather than the intensity itself) has a normal distribution (Tatarski, 1961,
1967; Ochs and Lawrence 1969; Young, 1969, 1971); this occurs by the time the
average intensity has fallen by a factor of about ten. On the extreme tail of

the light curve, the theory predicts P » 1; 1 shall say more about this in

subsection 4, below.
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2. Temporal Power Spectrum

Now let us consider the temporal power spectrum of the fluctuations. As
long as * 2 scintillatious are "weak" (i.e., P £ 0.1 or so) this can be calculated
by well-known methods (Reiger, 1963; Young, 1967, 1969; Lee and Harp, 1969), out-
lined above. But now we must allow for both the flattening of the Fresnel zone
and the flattening of its trajectory through the atmosphere (see Fig. 1).

For the moment we regard the planetary limb as straight. Since the cutoff
frequency in the temporal power spectrum is

fc“VJ_ kc
2%

) : (19

and the cutoefi wavenumber kc = 1/a when ¢ = 1, we have

£ o=V
[V O

2na (20)

at the top of Lhe atwesphere, where Vo is the initial speed of the ray relative to
the planct. 7The horizontal cemponents of Vi and a are unaffected by differential
refraction; the vertical compression of a to ad is compensated by the reduction of
the vertical ray velocity by the same factor, when the light is reduced to a frac-
tion & of its original intensity. Hence, to a first approximation, the scintil-
lation frequency spectrum remaing grossly similar throughout the occultation.
However, as can be seen in Fig. 2, the effect of flattening the Fresncl zone
is to stretch the region of k-space that contributes substantial scintillation ‘
into an ellipse. The spatial frequéncy cowponents that contribute to a temporalvk
irequency f now lie along a line that cuts the ellipse obliquely. Thus the de-
tailed shape of the frequency spectrum is altered; it is no longer given by the
expressions derived by Woo and Ishimaru (1974), even apart from their omission ofj
4/3 !

the factor & . Qualitatively, the effect is to smear out the fine structure 1

(oscillations) in the curve, and to make the knee at f, less pronounced and more

gradual,

e T T R g mE e
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If we consider the deeper phases of an occultation, where limb curvature
cannot be neglected, we see that the effects of projection enlarge the horizontal
extent of the Fresnel zune in proportion to the increased horizontal velocity
component. Thus the cutoff frequency, again, is unaltered.

A special remark must be made about Vy, however. Woo et al. (1974) have
allowed this velecity to be a free parameter, and have adopted values of a few
hundred meters per second, But, as pointed out above, the value Vo (which is
fixed by orbital motion) must be used in Eq. 20. The apprepriate values of Vo
and fc appear at the bottom of Table II for several events. For the Venus /M5
occultation, VD is about 20 times larger than Woo et al. (1974) assumed. 1n fact,
the theorvtical value given in Table IT (0.9H:) is close to the spectrum turnover
shown in Fig. 3{¢) of Woo et al. (1974} for this event.

Relow this spectral knee, the pewer density is on the order of 0.1 Hz-l for
the Mariner 5 scintillations in a region where the average poger received is about
13 db belew the unocculted signal (L.e., & % 0.05). Thus, the observed value of
P is a little less than 0.1, while Table I1 predices P = 0.25 for this region.
The agreement is fair; however, the slight discrepiancy, together with the higher
refractivity of CUQ compared to air, suggests that the stratosphere of Venus is
a little lcss turbulent than our own.

For the Jupiter/é# Sco event, the frequency cutoff implies a characteristic
time scale (=a/¥,% of 0.05 seconds, which should corfespond to the half-width
(at half-maximum) of the narrowest "spikes” in the light curve., TIuspection of
the spike profiles published by Liller et al. (1974) confirms that this is thp
case, Their light curves also show that the seintillation became strong {i.e.,

P > 1) for ¢ between 0.2 and 0.5, again in agreement with the prediction in
Table I11.
The published records of the Neptunc/ED-17°4388 occultation are noiser.

The seintillations have a large amplitude for # < 0.5, and their width appears
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to be on the order of 1/3 sccond, as well as can be estimated from recovdings

with a rather compressed time scale, The predicted half width is exaetly 1/3

sccond, which is satisfactory., However, the scintillations are obviocusly much
stronger than expected, which suggests that Neptune's upper atmosphere is con-
siderably more turbulent than the Eavth's,

On the whole, the rough caleulations of Table IT are in good agreement with
the observations. Both the times of onsct of "spikes" and, especially, their
widths, are what one would uvxpeet frowm seintillation theory. Note that Table I1
merely assumes Bartheliie turbulence, with no free pavamcters to fit the data,

3. Turbulewvee vs. Layers

The "spikes” have been uttribﬁted to layered structure in the occulting
atmosphere by o number of ipvestipators.  Obviously, 10 one asgures the atmos-
phere is spherfeally symmctrical, oy the numerical-inversion people do, a spike
in the light curve must produce o tiuk in the dedoeed thersmal profile. But the
required thermal excursions in the "layers" arve 1argu-~luw K or wore,

How can randuom turbulent {luctuations produce such large fluctuations in
the light curves, when turbulont temperature fluctuations ave typically ouly a
few tenths of a degree (BMS) at separaticons oun the order of 1 ka?  One night
cxpeet that the random cffects of turbulence woiuld be wuch less effective than
the organized effects of a wniforw Juyer: But the layer can only agct in the

"y "

vertical dirvection, while turbulence ean "foeus' in two dimensicns; and the ray

path throuygh a thin layer is much shorter than the effective path lewgth

1L (- 107

km) through the turbulent atwmosphere. Furthermore, a layer refracts
a ray only twice (on entry and exit), but turbulence produces many randum
deviations aleny the path. TFor L 7 103 km and a ~ 1 km, isotropic turbulence
produces about a thousand random refractions alony the ray path.  The net

deviation is on the order of the square root of this -- say 30 -- tines the

deviation produced by a layer. For the same net deviation, the temperature oOF
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refractive~index fluctuations can thug be ™ 30 times smaller if turbulence is the
cause, rather than layers. Thus, the roughly hundred-fold smaller temperature
variations needed by the scintillatfsn model are readily accounted for,

There is a further problem with "layers". The fine structure in the light
curves always has a time scale of a/V). This 1s naturally explained by the
spatial-filtering effecct, if scintillation is the explanation; smaller-scale
structure is smoothed out, But if layers are the cexplanation, we have two unsatis-
factory alternatives: either the layer thickness just happens to match the
shrinking Fresnel size at every depth, (an implausible ceineidence); or there is
still smaller detail in the layers, which is smoothed out by Fresnel filtering.
But in the latter case, the finer structure must have still larger temperature
excurslons aud gradients., However, the inferred escursions in the "layers" arve
already tens of degrees, and the gradients in some cases are clese to the
adiabatic value. The fincer structure must esceced these values, If we do not
accept temperature {luctuations of 100° or more, nor superadiagbatlc p-adients,
we are forced to aceept the implausible coincidence cited above. As turbulence
can produce thie cbserved "spikes" with much smaller temperature excursions, the
scintillation wodel aveids these uncesifortable problems.

Freeman and Lyngg (1970) and Rages et al. (1974) have argued that the good
correlation between "spikes" seen at two telescopes 200 m apart at Mt. Stromlo
is evidence for layers extending at least this far along Neptune's 1limb. But
because the projected diameter of BD-17°4388 at Neptune was about 10 km, the
atmospheric columns sampled by the two telescopes overlap almost cempletely; one
must expect better thqn 95% correlation between the sceintillations cbserved at
two points so close tugether. Hence their argument is worthless; the tiny diff-
erence between the nearly perfect correlation expected from turbulence, and the
perfect correlation expected from layers, is buried in the noise. Stations

separated by at least the length a aleng the limb must be used to distinguish
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layers from turbulence.

Rages et al, conclude that no significant corrclation wis observed betweun
two stations in Japan separated by 260 km, however. But this is an order of
magnitude smaller than L, which requires the horizontal extent of the assumed
"layers" to be longer in the line of sight than acress it. Such accusing "fingers"
pointing at the obseriver are generally a sigu of some error. They are removed by
assuming isotropic turbulence instead of a layered structure.

Another way to obtain two nearby ray paths is to use two different wavelengths
(Young, 1969; Liller et al, 1974). As the two PFresnel zones become more {lattened
and their vertical separation incrcasces, decper in the atmosphere, the two
repions sampled at the same time eventually cease to overlap. However, if the
motion is nvarly vertical, differceat wavelengths will pase through nearly the same
air cclumn in succession, and all fluctuwations will be reproduced at difievent
wavelengths after some tiwme delav.  This is seen as chvosatie seintillation of
gtars near the terrestrigl horizong when viceed through a priswm, the scintillations
appear to run through the spectrum (Respipghi, 18725 Zwicky, 1950), In the Jupiter/
B Sco occultation, it was seen as a delay in the appearvance of "spikes" at differ-
ent wavelengths (Liller et al., 1974).

Now, 1f the path of the star outside the atwosphere makes a 45° angle with
the planct's limb, a sipnificant drop in the peak time-lagged correlation between
spikes observed at two wavelengths should be found when the dispersion separates

the Fresnel zones by their (flattened) thickness, bLecause they are then separated
horizontally by their diameter as they pass a fixed depth (sce Fig. 3). This
occurs when the spikes in the two light curves become separated by their own
widths, as at B in Fig. 3. The more obliquely the star wmeets the limb, the more
rapidly the maximum correlation should decreasze with depth, if turbulence is the
cause of the spikes. On the other hand, if horizontal lavers are invelved, the

pattern of spikes should repeat equally well in the two light curves, whether the
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epikes are scparated by large or small time delays at the two wavelengths. The
data of Liller ot al. (1974) obviously agree better with turbulence than with
layers: 8 Sco A met the limb at roughly a 30° angle, and the spikes veproduce

more and more poorly as their separation in time inercases. Indeed, when they are
well separated in time, one light curve can show spikes that de not appear at all
in another, as is obvious from Figs. 2 and 4, and Tables 1T, III, awmd 1V, of Liller
et al.{1974). Such observations of a still-more-grazing occultation would show
this cffect still more strongly.

However, there is even stronger evidence against layers in Figs., 10 and 13
of Veverka et al. (1974a). Fig. 10 shows the temperature vs., refractivity profiles
for three different wavelengths; the preofiles shew similar wiggles (due to spike
structure), but at differveant refractivity levels. 1In Fig, 13 the same data are
plotted as vefractivity scale height vs. depth, but have been arbitrarily "adjusted
to bring the fine structure of the profiles into aligmuent,”  However, this adjust-
ment is not legitimate. To see why, ene needs only reeall that the refractivity of
a trausparent pas can change Ly only a few per cent, at wost, over the spectral
range (3530 -~ 6201 ﬁ) covered by these data, Thus, constunt vefractivity is (within
a few per cent of a scale height, or about 2 km on Jupiter) constant height. Hence
the mis~match of structure inferred from different wavelengths is real, and cannot
be ramoved by an arbitrary "adjustment",

How does the scintillation medel handle the sawme data?  The waximum overlap
between the two Fresnel zones shown in Fig., 3, and hence the maximum correlation
between "spikes" on the corresponding light eurves, cccurs when the bluer zoue has
reached a point between B and B, if a red "spike” occurred at B, Hence the same
atmospheric structure is traversed by the bluer Fresnel zene at a time earlier than
would be expected for the lavered wmodel, i.e., befere it reaches the depth hl.

Thus the numerical inversion of these spikes will produce a feature in the "blue"
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refractivity profile that occurs at a greater height in the atmosphere than the
corresponding feature on the "red" profile. This is exactly what Fig. 10 of
Veverka et al., (1974a) shows. Furthermore, if the profiles are "adjusted" to
agree at one depth, the same discrepancy will occur, inereasing with depth, at
lower parts of the two profi’es. This is elearly evident in Fig, 13 of Veverka
et al, (1974a). These effeects by themselves are encugh to reject the "layer'
nodel in favor of turbulence.

Grazing occultations offer another way to distiunguish between layers and tur-
bulence, If the star meets the 1imb at an angle 8, the time for the Fresnel zonc
to traverse its own vertical dimension is proportional to cosec 8, and the time
scale for "spikes" duv to layers is inercascd by this same factor. For the Jupiter/
B Sco event, the factor was about 2.1 for the data ef Veverka et al, (19740) and

', thoy should have been

Liller et al., (1974). ‘Thus, if lavers caused the “spikes'
twice as wide as cbserved; the narrowness of the spikes requires turbulent {luctu-
ations of lenypth a along the limb. This ean be scen also frow a comparison of the
obscrved and cemputed Tight curves shown in Fig, 9 of Veverka et al., (1974a):  the
ealeulated spikes are systematically brosder and less extreme than those observed.

Fig. 1 of Veverka et al. (1974b) shows the sume defect, although the Reptune
event was nearly ceatral. This is perbaps the most telling point of all: layers
are unable to ezplain the details of the light curves, which are readily explained
by isotropic turbulence.

J1I. Saturation of Scintillation

When the value of P calculated frum weak-scintillatien theory is comparable
to, or larger than, unity, the theory breaks dewn., Ubservationally, the scintil-
lation modulation "“saturates" at a maximum value; bevond this, if the ionstrumental
frequency response is limited, the measured signal variance may decrease (an

effect sometimes called "suvpersaturation.”") These effects have been cbserved not
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only with terrestrial light sources, but also in interplanctary and interstellar
scintillations at radio frequencies, as well as jonvspheric scintillation. The
literature in ecach of these arcas is quite large and will not be cited here; the
phenomena are familiar to all scintillation workers, under such diversce names as
"grrong scattering”, "multiple scattering”, "focusing", "multipath propagation",
etc.

The theoretical treatmont of saturation has been difficult, In weak scintil-
lation, we can regurd the intensity fluctustions as due to weak focusing and
defocusing effects, which cause the fivst Fresuel zone {or the solid angle sub-
tended by a finite source) to inecrease and decrease in area. In strong scintil-
lation, the Fresnel zonwe breaks up into a "seeing disk" (Young, 1969, 1970) con-
taining "speckles" . Thus, in place of a = (lD)%, two length scales gppear in the
shadow pattern: one corresponding te the overall blur (which imposes a low-pass
gpatial filter) and ome correspending to the speckles, which can be regarded as
multdple-beom, high-order interference frinmges, In broadband observations of
stellar scintillatien, both bapdwidth (temporal cohierence) amd atmospherics
dispersion effects smedr out the fine structure, and the overall "seeing' blur
can be treated as a low-pass filter (Young, 1969, 1970). However, in the present
case, the higher-order fringes or "speckles" must be included in the theory
(Clifford et al., 1Y74; Yura, 1974; Clifford amd Yura, 1974).

The effect of saturation en the fregueney spectrum (Yura, 1974b) is twofold:
the "knee" in the spectrum becomes more gradual and shifts to lower freuuencfcs;
and the "“tail" flattens, extends to much higher frequencies, and contains un
increasing fraction of the total modulation power. The appearance of an intensity
record changes from a dense population of oscillations {the band-limited noise
character of weak scintillation) to a sparse population of isolated large spikes,
guperimposed on a more slowly varying background. This progressive change in

character is well illustrated by Fig. 1 of Gracheva (1967); the strouger examples
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look exactly like the tails of oceultation curves. In particular, the isolated
Yepikes" in the far tails of the curves are duc to the saturation predicted in
Table II.

The effeet of saturation on the frequency speetrum is clearly seen in Fig. 5
of Woo ct al. (1974), where the "knee" has been blunted and shifted to roughly
a quarter of the weak-scintillation cutoff. Comparison with Fip., 2 of Yura
(1974b) shows that this corresponds to a value of 3T2 for P, in our notation) of
about 100, As region € of Woo et al.(1974) 4is some 20 db down from the unoceult-
ed signal, we have & = 0.01, at which Table II prediets P = 60. The aprecment is
within the uncertainties; the shape of the spectrum deep in the tail of the event
scems to be adequately aecounted for by saturation effects,

There is thus no evidence in the Mariner sciontillation spectra for effects

'of turbulence,

of a findite cuter scale. There is5 alse wo evidence for "layers'
if saturaticn (and "soperssturation”) eflfeects are taken into account; o simple

model with roughly constant temperature structure function throughout expluins

all the data.

IV, Effects of Saturdtion ou Oceultation Curves

As saturated scintillation involves rav crossings, deeply saturated sceintil-
lations completely vitiate the numerical inversions of vecultation curves, quite
apart from the fact that scintillutions proeduce spuricus detail o the resulting
profiles. Indeed, some of the numerical-isvertors have already suspected ray-
crossings in the deep parts of curves, where there ave saturated scintillations.
For example, Kliore et al. (1974) mention that "Discontinuities in the observed
Doppler shift indicate the possible oceurence of multipath propagati. u," and
Veverka et al, (1974a) admit that "we suspect that some ray crossing occorred.”
Veverka et al., (1974b) and Wasscrman and Veverka (1973) also admit that "In

seeking a solution by inversion it is implieitly assumcd that ray crossing 1s
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negligible," But they then bsg the question, saying, "at any rate ... there is
no way in which ray crossing can be dealt with ... the assumption that it is
negligible is unavoidable."

On the contrary, it is possible to estimate the statistical effccts of
seintillations. Weak scintillation can be considerced noise, and can be filtered
out by simple least-squares model-fitting, or by explicit filtering (Kovalovsky
and Link, 1969). Strong scintillations are log-normally distributed, which
presents a statistical problem: least-squares fits are efficient only for normal
(Gaussian) noise. Strong seintillations can be rendered normal;by using log 4
instead of ¢; but the problem then is that the legardthm of the mean intensity
is not the mean lugarithm of the intessity. Owing to cvuservation of cuergy,
the seintillations cannet add or subtract energy from the shadow pattern, but
merely move it around.* It is readily shown that

(log 1) = 10g (1) o*/2 , (21)
where 02 = Jog (1+¥) is the variance of log I, the angle brackets dencte averages,
and all loparithms are Hapicrian, Thus, 1f the course of the scintillatien strength
P is known, the systematic corrveetion (21) can be applied to the course of log I,
and a model~-fitting by least sguares will be adequate.

In the ecase of saturated scintillations, the preblem is nore complicated. As
mentioned above, scintillation redistributes the light on the receiving plane. As
long as the scintillations are weak, the lateral scniu of this redistribution is
just the Fresnel zoene size, But in saturatien, it is the projected sceing-disk
size, which can be much larger, and increases exponentially with occultation

depth. On the sloping occultation curve, the effeet of such a redistribution is

*Thus, the procedure of rejecting “spikes”, as done by Freeman and Leyug3
(1959, 1970) and suggested by Hubbard et al, (1972) as “justified if the Flashes
were due to random lumps in the ... atwmosphere”, is an unacceptable vicolation of

energy consetvation.
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to make the tail of the curve brighter (and hence, longer) than it should be.

I have remarked above on the ancmalously high temperature derived from the
Venus/Regulus and Jupdter/Pioncer 10 occultations. It is alse well known that
the Mariner 5 temperature profile shows higher temperatures than the direet Venera
probe mfasurcments, in the region below about 55 km altitude., This is just the
region of super-saturation - i.e., the evnsct of very strong angular scattering -
according to the present interpretution (regions B and C of Woo et al., 1974).

Thus the Venera profiles are probably more rellable in this repion.

It may be argued that the agrecuent between Mariner ingress amd ceress pro-
files shuws that the structure derived is correet. Actually, the agrecment
merely shows that the atmospheric structure (including turbulence profiles, amd
th> onset of saturation) is similar for both ix_ress and epress. It does not
prove that the structure dervived by ignoring ray-croessings is correet.

It may be objected that the radio profiles were Jderived From phase ratha
than amplitude data. Multiple scattering makes the optical puth bLetween tronse
mitter and recedver longer than it woold be in a non-turbulent atmesphere with
the same temperature profile; the "image" of the transmitter thus appears to be
too far froem *%e receiver, as if the atmosphere were less dense (warmer),
Furthermore, the phase information is affectsd by the large-~seale turbulent com-
ponents, much larger than the Fresnel zoue {Lee and Harp, 1969); large phdse
perturbations can occur before large scirtillations.

Finally, the kind of fluctuations in ionospherie electror density that
cause fonospheric scintillations on EBarth car also produce ionospheric scintile
lations at other planets at radio wavelensifis. This is particularly likecly to
be a problem at Jupiter, with an estensive and active ionesphere. Indecd, the
complex structure derived in the lower Jovian ioncsphere from PMoneer radio

occultations may be analogous to the spurious detail derived frowm the © Sco
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occultation. A comparison with the much weaker fonosphere of Veaus is instructive:
Figs. 9 - 18 of Fjeldbu and Eshleman (1969) show that mederate scintillations wore
observed at 423.3 Mz (70 cm) and sgaturated ionespherie seintillatdions were secn
at 49,8 Mz ( 6 meters). They add that "Because of the multdpath propagation at
49.8 Mz, inversion of the Doppler data does not yield an accurate profile in the
lover ionosphere.' This remark applies equully well to the lower parts of the
S~band occultations discusucd ubove,

In short, the numerical inversion techmique yiclds spurious results in the
parts of ocecultaticens where gtrong scintillations (as indicated by “spibties" ov
multipath propagation) occur, di.e., the lower parts of all cccultations, As
Wasserman and Vevirka (1973) say, "in the case of occultation curves contaiuing
splkes, this wethod cunr ot be applicd weardupfully, and attempts to Ao 0 Jead to
deceptive results,  Theretore, this approach must be aveided in such cases,"
(Curiously cnougzh, they were referring to the sodel=fitting methed; but thedir
remarks apply equally well to the nuserical-fuversion woethod.)

I have just shewn that scdetillation effectys vitiate the results of unumerical
Inversion fu the lewer parts of eceultations.  bBut Wassérman and Veverka (1973)
also showed this method was vareliuble for the upper & scale hedights of the inver-
sion. As it is not practicul to start the process until the inteasity has fallen
by a few per ceat, their supposedly reliable part Jocs net bepin until boelow
¢ = 0.5. bBut this is Just the region in which scintillution makies the results
unreliable! Thus the inversion method is unreliable everywhere,

Another way of seeing this ic to regard the scintillations as noise on the
curve, Because isotrepic turbulence in the planet's atmes phere can deflect
light sideways as well as vertdcally, there is no suaresatee that the fluctuations
observed are a conservative redistribution of the energy dn an ideal light curve
without scintillations; lavge portions eof the observed curve mey be systeématically

too bright or teo faint. The very close similarity of ideal light curves produced
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by atmospheres with quite differcent temperaturcs and temperaturce gradients, shown
by Wasserman and Veverka (1973) dn thedir Figs, 5 - 7, shows that it is hopuless
to extract more than an approximate scale height (or temperaturce) at the ¢ = 0.5
level from an oceultation curve,

Wausserman and Veverka (1973) have claimed that a temperature gradient can be
extracted by inversion frowm an céecultution curve, even in the presence of woisc,
However, their simuiated noise is wide-bandwidth white noise, whieh 4s like plioton
noisc but uwnlike scintiilation. The values of g in Table 1T are on the order of
a tenth of a scale hedight. Thus near ¢ = 0.5 one has typically only 20 iudependent
seintillations per scale hedght; 4f the RMS scintillation amplitude 45 reughly 103,
as the cbecrvations indicate, one can expect abeut 25 photemetric evror averdgped
over a seale height, or about twice this error in the average slope of the curve
(and benee, the derdved scale hedght) avound b o= 0.5, Devper dn the cecultation,
the nuaber of samples per seale hedpht increase, but the seintillaticas increase
still fuster, By contrast, the 35 white noisc tested by Wassermen and Veverba has
about 100 indepondent sawples por scale height near & = 0.5, piving o slope uvncers
tainty an ovder of magnitude Jewer than for real occultation curves, It is thie
gspeetral density of thi weise, not 1ts total over a wide bandwidth, thot is
imporcant,

To sum up the results of this scetion: (1) Both the gross structure in the
deeper parts of temporature profiles derdved frem occultation curves, and the
Fine structure throughout them, are spurious.  (2) In general, 4t is oanly possible
to derive an approxitmate seale hedght, or mean temperature, fovr the upper purts of
oceultations. (3) Contrary to the conclusions of Wasserman and Veverka (1473), a
(modified) leastesquares model-fitting procedure is probably more accurate than
numerical {nversion, which is highly suseeptible to randow and systematic crrors
due to scintillations, (&) In the region of disagreement, the Venera tomperature
prufiles are probably more aceurate than the Maviner profiles of the Venus atrnos-

phere.
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V. Discussion

The general conclusion, that the fine structure of occultation curves tells
us something about turbulence, but almost nothing about the general atmospheric
structure, is a dismal one indeed., To those who have a substuntial professional
Investment in the deconvolutisn of such details, the sugpestion that they have
wasted their time in the interpretation of random noise wust be especially re-
pugnant., Can we offer them hopes of either improved observational techniques in
the future, or of obtaining more relicble information from existing cccultation
records?

I have alveady sapsested ¢ weans of re-anulysing existing occultation curves:
fit an isothermal curve by least squares to the part of the record containing
only weak scintillations, This could be extended somewhat into the region of
stronger scintillations by an iterative process: estimation of thz RIS scin~
tillation noise (deviation from the initial isothermal curve) on short secctions -~
say, eacii half & scale height in extent - followed by estimation of thie course of
P or 02, which would be used to find the systomatic corrections to the course of
log I, and an dwproved least-squarces fit., In some favorable cascs, it muay be
possible to determine 3 mean temperature gradient in this way.

In the future, the largest possible telescope apertures should be used to
observe stellar occultativns, to reduce photon noise and terrestrial scintillations.
If optical arrays several huidred meters across ceould be used, some aperture aver-
aping of the planctary atmospherin shadow pattern (which has characteristic dimen-
sions of a parallel to the planet's liwb, and Za perpendicular te it, in the re-
gion of weak scintillation) may be possible. Observations.at longer wavelengths
would also help, because P (weak) is proportional to 1 //¢ (Tatarskii, 1963, 1967;
Young, 1970). A wide opticail bandpass will reduce both photon noise and scin-

tillation (through the effects of atmospheric dispersion - see Young, 1969).
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Alternatively, one could combine observations made at several observatories,
and solve for the single atmospheric scale height (and possibly, its gradient)
that best reproduces all the obscrvations simultancously. This seems a promising
possibilty for the Jupiter dand Neptune events.

The spacecraft problem is more severe. 1f one goes to lower frequencies
than S-band, ionospheric scintillation becomes a severe problem (Fjeldbo and
Eshleman, 1969). On the other hand, at higher frequencies the Fresnel zone is
smaller and the scintillations in the neutral atmesphere increase with the 7/6
power of froquency. Furthermore, projection of the Fresnel zone back to Earth
gives dimensions on the order of 104 kin for the Mariner events at Venus and the
Pioncer events at Jupiter, so all parts of the Barth see essentially the same
scintillation, and ground-station diversity buys no averaging of even weak scin-
tillations. Only a receiving station on a (high) satellite can help here,

Ou the other hand, spacceraft scintillations are redueed as the 11/6 power
of the flyby distance, se closer spacceralt encounters could help substantially,
Nevertheless, when we contemplate the ¢xpected expenential inercase of sciotil-
lation with depth in the atmosphere, we must expict only modest gains in depth
penctration.

VI. Same Loese Fnds

The whole scintillation theory used above assumes that the outer scale of
turbulence is large compared to the length a, which is typically a kilomcter.
This assumption is directly justificd by the agreement between predicted and
observed "spike" widths, cr frequency turnover: if the outer scale vere smaller,
the spikes would be narrower than observed, and the knee in the frequency spect-
Tum would be at a higher frequency than observed. Turthermere, Woo and Yang
(1975) have used the wavelength dependence of scintillation to show that the
outer scale is "large"; as both wavelengths are équally affected by the factor

&/3 .
¢ / , this demonstration is not 4invalidated by their neglect of Frosnel-cone
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flattening. Furtheruore, there is considerable direct cvidence for a Kolmogorov-

like turbulent spectrum in our own lewer atmosphere up to scales of tens of
kilometers (Reiter and Foitz, 1967). Of course, the spectrum becomes aniso-
tropic at scales comparoble to the height abs.e ground. But the heights of
occultation regions in planctary atmospheres ave on the order of 100 km above
the surface, so aniseotrorny should be unimportant.

One may also ask whether it 1s plausible to expect turbulence at the great
heights of stellar occultations. In the Farth's atmosphere, turbulence is
strong enough to overcole diffusive separation up to hedights of 100 km, and tur-
bulence has been reperted as high as 110 km (Lloyd et al., 1973). At this alti-
tude the aii: density is less than lO“I:J of that at sea lewvel, and cowparable to
the density at the Neptune occultation level, All the other events occured at
higher densities, Veverka et al. (1974b) have also arpued that the oceultation
level on Neptune is near the turbepause.  Thus there are reasens, apart from
tha obgerved scintillations, to expect turbulence in the vegions probed by
aoccultations.

We may also inguire into the assumption that turbulence is exponentially
distributed, with a scale height ut = “v {or approximately constant Ct)' teiper
(1963) introduced this mwodel, and showed it agreed with both airborue turbulence
measurements and stellar scintillation. .Later obscervatioens of planctary scin-
tillation (Young, 1969) suppoerted this model, as have more recesnt obscrvations
of stellar scintillation (Young, 1970b). Moderan balloon measurcments (Bufton
et al., 1972) also show that although there is much patchy fine structure, the

lower atmosphere follows this trend quite well.

VII. Future Needs

Obviously, a wore accurate cal:ulation of the effects of turbulence on occul-

tation curves needs to be made. We need an accurate theory for the frequency

spectra, for example, A careful investigation of the effects of multiple

L.
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scattering on the Mariner phase data is needed, taking account of the phase -
locking receiver characteristics. The theory of saturated scintillations should
be applied to the tails of occultation curves; perhaps it will be possible to
salvape some useful information from them after all. As is suggested above, the
existing dauta should be re~analysed to separate the gencral atmospherice structure
from the turbulence.

If we find that we know less about planetary atmosplieres than we thoupght we
did, at least we have our hands full of unfinished work; which should ultimately

lead to a better understanding of atmospheric structurc than we have at present.
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TABLE 1

Notation used for occultations by various authors,

I KA A e e B it 3 R I e R R R e B KR It ¥ S SNES L R SR T I

PHYSICAL QUANTLIY PANGIEROER FAURY BAUM & CODE LIkK THIS PAPER

1903 1929 1953 1969
Radius of planct a R xr, a R

Distance to

planect R D D 1 D
Refractivity -1

scale height 1 h a n i,
Fractivnal resi- -1 -1

dual inteosity - E/Eo 4-/4:0 e 4=
Angpular

refraction n ] 0 W i

Ray height
in atwesphere h z - ho h

Refractivity,
(n-1) - £ - cp v



TABLE 11

Scintillation paramcters of some occultations.

PLANET /SOURCE JUPLLER/BScoA NEPTUNE/BD—1794388 VERUS /M5 Jue, /P10
Scale height,

H 30 50 5 30
Distance, D 6.5x108 4.5x109 1.2x10ZI 2x105
Radius, R 7x104 2.5x104 6.1x103 7x104
Wavelength, A (0.5 oferon = 5x10 Okuy (13 em = 1.3x1074 k)

3 .

ndiffc(lb) 0.57 1.5 1.3 5

8,=Dr 0.55 5 0 0

afeffective) 0.8 6 1.3 5

atmospheric 3 3 3 3

length, L 3.6%10 2.8x10 0.4%10 3.6x10

atmospheric

density at /

¢ = 0.5, 1014 1013 10*8 3x107°

(bplo): 107 107¢ 1! 351072

P(¢=0.5) 2. 4x1072 8x107° 3x107° 3x1070
=" - ]

P(¢=0.2) 1.3 4310”2 2%10™3 1.4x10""

P($=0.05) 190 0.6 0.25 0.02

P(4=0.01) 4x10° 140 60 5

(Note: ALl lengths are in kilomcters.)

Vo(km/sec) 16 18 7.5 -

fc(ﬂz) 3.2 0.5 0.9 -



Figure 1.

Fipure 2.

Figure 3,
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FIGURE CAPTIONS

(a) Patu and shape of Fresnel zune, for a 45° entry angle. (b) Cor-
responding 1light intensity (or vertical veloeity cowponent). An
exponential atwosphere Is assumed. The he fzontul veloeity component

is constant, so hovisental positlon is proportional to time.

Effeets of Fresnel-zoune and trajectory [lattening on spatial and tem—
poral frequency spectra: (@)  at the start of an occultation; and
(b) at the level ¢ = 0,5, An inditial entry anple of 45° {s 11lus-
trated. Spatial frequencics along the doslied Jine all contribute to
the same temporal freguency § in both cases. Note that the Fresaeld
zone and the vertical componcnt of Vy arce both cempressed by the sane

facteor 4.

The Fresnel sones, and their paths throvgh the atuesphere, for two
wavelenpths,  Solid lines: red; doashed liness blue. At the beginning
of occuttation (A) the two Fresael senes everlap completely and the
same Scintillations appear ol both wavelenpths sismultancously., At
sowe later peint (B} the two Fresmel zones partly overlap but are
separated by atmespheric dispersion.  The everlap of the blue (Jashed)
Fresnel zone with the red (solid) zone remains larvge vatil B', whoen it
reaches the same helght hl‘ Thus if a spile appears in the red curve
at B, it will also appear in the blue curve at B ; however, the two
spikes may have diflerent heights, as the overlap is only partial.

In the tail of the curve (C) the two zones never ovverlap, and scin-
tillations becote uncorrelated, But g layer at height h2 would still

- ’
be encountered by the blue Frespel zene at € so the correlation of
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spike heights would still be as good as at A, though after a time lag. The two
paths should be scaled vertically in the inverse ratio of the atmospheric ra-

fractivitices at the tweo wavelengths,
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a) ABOVE THE ATMOSPHERE

FRESNEL ZONE

b) AT ¢=0.5:

FRESNEL ZONE
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