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Abstract

The potential of very-long-baseline interferometry (VLBI)
is examined for use in the determination of wind speeds in
Venus' lower atmosphere vié the differential tracking of entry
probes. A simplified mathematical model is presented in
detéil. An incomplete error analysis based on ﬁhis model
permits an educated guess to be made: Aan uncertainty in wind
speed determination of no more than about 100t ™% m/sec, where
t>1 is the corresponding tiﬁe resolution in seconds, is an
achievable goal -- without the use of transponders on the
mlnlprobes. Certain important issues raised in the report
must be resolved before firm conclusions can be drawn. However,
if transponders are available on all probes, there shouid be
little difficulty in estimating wind speeds with useful

precision.
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"I. Introduction

Can the Venus entry probes be tracked via differ-
Enﬁial very-long-baseline interferometry (VLBI) with
sufficient accuracy to yield useful estimates of the
wind speeds-in Venus' lower atmosphere? A definitive
answer cannot yet be given. The current status of the
analysis is summarized in this report with special em-
phasis on the main areas of uncertainty.‘HSection IT con-
tains a brief description of the basic method, with a
mathematical model and fi:st—order'error analysis being
developed in Sections III and 1V, respectively. The main
conclusions and the requirements for'additional.analysis

are presented in Section V.



II, Differential VLBI

The VLBI technique has ﬁeen.used successfully for
the past five years prima;ily to study the structures and
§ositions of compact extragalactic radio sources. For a
strong source, the main limitations on the.accuracy achievable
in determining the direction to the source gve the result of
(i) instabilities in the frequency standard used at the ob-
serving sites, ana (i1} phase fluctuations of the signals
introduced by the propagation medium, maihly the earth's
atmosphere and ionosphere. If severai objects ih hearly
the same direction are obserﬁed simultaneously, these error
sources can elther be eliminated or drastlcally reduced in
their effect on determinations of relative position. The
frequency standard need only be sufficiently stable to
_a;low fringes to be obtained on the strongest source which
then acts as the standard for comparlson with the signals
from the other sources observed simultaneously. The prop— 
-agation medium effects cancel to the extent that.the sig-
nals from the different sources received at a given site pass
through identical paths in the earth's atmosphere and ion-
osphere. Thus the accuracy 1in relative position determin-
ation can exceed that of "absolute" position determination

by several orders of magnitude.,

-



In‘observing the quasar 3C279, for example, our VLBI
group (Whitney et al. lB?l)diécovered that its structure
was consistent with a two-point-source model; these two.
5points“‘were separated by about l.5:-c10_3 arcseconds and
the standard error in the determination of the separation
was only 6:-:10_6 arcseconds in the right ascension compo-
nent. This extremeiy small error in relative position de-
termination is meaningful because of the small angulaf sep-
aration of the putative two point sources and the consequent
high order of cancellation of the propagation medium effects.
We call this technique of relative position determin-

ation differential VLBI. We have also applied it successfully

to the Apollo 16 Lunar vaer whose position relative to the
Lunar Module was monitored throughout the first EVA by use
of this method (Shapirb éE al. 1972; Counselman et al. 1972).
_Although the trackiﬁgsystems were far_from'optimally arranged
-for the task and although the radio frequency of the Rover
differed from that of the Module by 17 #iH;, the final po-
sition of the Rovef calculated via the differential VLBi
technique differed from the estimates of the astronauts by
léss-than'30 m. No accurate intermediate check-points are
available for comparison. | |

‘ The appllcatlon of dlfferentlal VLBI to the tracklng

of the Venus entry probes differs in several important



respects from the Rover-Moduie case. On the positive
side of the ledger, we have che possibilities (i} to
choose nearly identical entry probe transmitter freg-
uencies (Af < SCkHy) to insure that if the different
signals pass through the same plasma environment, the
latter's effect on phase path will cancel upon differ-~
encing; (ii) to design the receiver equipment so that

at a given site the local-oscillator signals introduce
the same phase noise when mixing with each of the probe
signals (the commonality implies that.this source of
noise will also cancel upon differencing); (iii) o
utilize a phase-coherent transponder on.at least one

of the entry probes: and (iv);to select earth-tracking
Ssites with greater east-west and north-south baseline
components. The negative sidé of the ledger‘contains
more entries: (i} Venus wi;l be ébout 200 times further
:away than the moon, causing a correspondlng reduction in
- the accuracy of determlnatlon of the progected dlstance
between tracked objects; (ii) the 1nterplanetary medium
has a much greater influence on Venus-earth than on moon-
earth signals; (iii) Venus haslan ionosphere and a thick
- atmosbhere; the moon has virtualiy_none of either;

(iv) the tracked Venus probes will move relatively
unconstrained through a fluid; the Rcver was constrained
to‘adhere to the lunar surface and hence the intrinsic
two-dimensional differential VLBI tracking result could
be converted to three—dimensicnal relative position by
use of lunar topoéraphic data; (v) the separation between

Rover and Module was known at the



start of the VLBI trécking perio&; for the entry probes
Corresponding information wiil probably not be available
and thus in the latter case only the monitoring of changes
in the (projected) separations of the probes, i.e. only
the monitoring of (projected) velocity differences, will
be possible; and (vi) the thermal .environment of the entry
Probes will be far less stable than for the Rover and
Module thus tending to cause greater variations in the
transmitter frequencies of the probes,

How does the differential VLBI technique cdmpare
with the straightforward use-of a turnaround transponder?
In fact, they are complementary: the transponder supplies

the radial velocity and VLBI the transverse components of

the velocity.* The VLBI approach can be used with either =2
transponder or a free-running oscillator to determine.the
transverse components; the radial component canﬁot be use-
~-fully inferred without a4 transponder unless the a priori
knowledge of the transmitter frequency is sufficiently ac-
- curate. For signal propagation in a vacuam , the‘trans—
ponder can have an enormous advantage: _éll‘qthét'aépects
béing equivalent, the error in the determination of radial

velocity will be less than for the differential VLBI determ-

~

*By "radial" we mean parallel to the @arth-Venus line.



ination of the transverse components by the ratio of

the VLBI baseline to the distance from the earth to the
source‘(i;e., by the parallax). For the Venus probes,
this enocrmous advantage——approximately 2x104 in accufacy-—
is offset to a great extent by the systematic errors in-
troduced by the propagation medium which largely cancel
in the differential VLBI procedure. One further point
needs to.be made here: the differential VLBI procedure
which is needed to cancel these errors yields only the
relative transverse components of velocities for a pair
(or more) of probes; the transponder approach ylelds the

“absolute“ ‘radial velocity for each probe.

We may now address briefly the main problem -- the
determination of the wind speeds in Venus' lower
atmosphere. We distinguish two cases:

(i} Transponders Available on Entry Probes. Here

we would be able to estimate usefully the
LVelocity vector for all probes from the

ordinary Doppler data. The a priori knowledge
of both the geometry of entry and the terminel

- vertical velocity for each prcobhe will most

. likely be of sufficient accuracy for this
purpoee. The (two-way) effects of the
atmosphere of Venus will introduce uncertainties
“well below the . meter-per-second level
unless the geometr# is particularly unfavorable.
The wind speeds will be given by the prOJectlon

:of the VelOClty vector on the plane normal to
the local vertical at the probe's position.

(We assume that the probe has reached "tarmip-~ln



(ii)-

8

~velocity in both the vertical and horizontal
~directions.) Under these circumstances, the

VLBI measurements may not be competitive. But

they will still be of interest to provide a
check.

Transponders Not Available in Entry Probes.

Here essentially only the pairwise differences
in the probes' velocities projected on the
Plane normal to the earth-Venus line will be
available (except in the unlikely event that
the transmitter.freguency of one or more of the
Probes is known very accurately). In general,
there is difficulty in separating the contrib-
utions of the horizontal velocity components

from the vertical components in the projections

of the differences. If one of the tracked

6bject3'were following a ballistic trajectory

(e.g., the bus on a flyby trajectory), then the

~contribution of the horizontal velocity component

of each entry probe could be distinguished.

- Also, if one of the probes were directed towards

- the subearth point on Venus, it would be possible

to identify part of the velocity projections

as being due to winds. If neither of these

-conditions applies, it appears that models of

- the terminal descent and appropriate fllterlng

would be requlred to extract estimates of the
wznd speeds. Whether such estlmates would be

useful has not yet been establlshed. . .



From this qualitative introduction to the problems of
the determination of the ‘lower atmospheric wind speeds
using differential VLBI, we proceed in the next section

to the development of an appropriate mathematical model.

A
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ITI. Mathematical Model

Our goal here is to develop an algorithm for the de-
termination of wind speeds in Venus' lower atmosphere from
VLBI tracking data. Let ﬁs begin with the definitions of
the relevant geometric guantities. The'vector distance
?: from the earth-tracking station i to the entry probe

ip
E can be expressed in a geocentric reference frame as:

R (t T-T) = e.,(ft Tle) Uotg.(f"'- () =~ r 4, (1)

where rév is the vector distance from the center of mass

of the earth to the center of mass of Venus; f%, is the
‘vector from the center of mass of Venus to the ﬁfk probe,

r is the vector from the center of mass of the earth to

the (th tracking station, t is the time of reception of

the signal from the )th probe at the (th tracking statlon,
-and 'fﬁ,is the time delay between the transmission of a
signal from the th'probe and its reception at the (th track-
ing station. | |

For the purposes of this section, we shall assume that

the signals Propagate in vacuum; in Qéction_IV we will con-
sider the medium effects explicitly.' Thus, in the afymxnna}wn
of vacuum propagation, the phase delay ngq}may be found

1terat1vely by means of a simple algorithm:

Ty (4) = Mo

M0 P

(2)

where

G = ER(G - LR f-"‘“’(f») he b, )
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and

(02 2R (- TR0). @

Since the velocities involved are only of the order of
10-4c, where € is the speed ofllight, one or two iter-
ations will be sufficient to obtain the needed accuracy.
If we assume continuous reception of signals start-
ing from t=0, then the phase ¢%Jt) of the signal received
at station i from probe Q may be written as
boto= 4,00 + m‘fﬁ, by dx ()

T

where {1(t) is the frequency transmitted by proke ; at time

t. From the measurements ¢qif) we wish to estimate. the wind

. Speeds, but in such a manner that we cancel to as high a de-

‘gree as possible the adverse éffects of the propagation med-

ium (which is, however, ignored in the explicit formulation

given in this section). By the formation of symmetric double

differences, wé can insure the tendency to cancel of any po-
tential source of error that is common- either to all receiv-
lers or to all transmitters.

- Before applying this principle, we must consider a
means for improvement of the estimate of-ﬁfﬂ which is not

known accurately a priori. Our results will turn out to
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be relatively insensitive to those estimates and so we
will employ sums of the different 47 ‘e (ez42,,.. )
to determine each fp.. Since fp w1l_l vary with time I_in
an unknown manner, we will estiiﬁate an average value
('Fp) appropria.te for each time resolution interval of
interest. Without any important loss in generality, we
may cons_:".der this interval to be a cons-tant, T (see

Sect:—oﬂ IZ). fThus, we may use Eq. (5) to obtain,

succe551vely
(t_,,f)" ¢ (r) - iy (taer)
T, () $(-tptt,.) .
=zr_[ #t(x}dx o~ mf .0y +fﬁ_§-":‘;t,(t.,.i))¢a&
-;-qcir(t"") ;.0- L‘f{t““i))

= 7 {i-% (H)) [,,., '.‘ (e

where
‘ty.EHIT, j W= ot ... a.:'A. )
thf";_':' L 'g = 1, - "E : / @)

'%O'ﬁJh%»
i . e
St ) f Flyrtes - Tpl6)8, )
- - 30- %) |

<, (t.) = LLP(th_.:)i- Ltr(f,,‘,i).—l- , (o)
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and where'fir(fh-i) signifies the time derivative of the

phase delay evéluated at t:tn—l/é' If the total number

of tracking stations is I) then we consider

<.Fl f ot = i 5: M) 3 (“J
p (s, D> =T ST )

to be the average value of the transmitter frequency fp
over the corresponding receiving time interval (fgd)ﬁn}
on the assumption that the error in the meésurement isle
is independent of i.. If there is a dependence, a more
suitable weighting function can easily be substituted.
Since <{%} depends. on't%, , alheit‘weakly, the caléu-

lations can, and perhaps should, be repeated a posteriori

if more precise values of & W become available.
We now return to the task of forming a suitable éym—

metric double difference. We shall use

C.T' "J F‘ﬁ (Eﬁ fh) A(}:P Mt} A 435'({“'”%") Ad C finry r‘*) A"# (tn o L }

lTTT<fP(éh-.,Ih)> 2” T’<F6(tu. i;.)>

where we defer to the following section a demonstration of

(i)

the efficacy of this definition. (Here the superscript 2s
denotes symmetric double difference.) From Egs. (1)-(4),

(é), and (11) we see immediately that

A?il"b (t...,ih)f-‘:,c‘f"[’ﬁblfh-g) plhs) + LJ{,[i )"f (... )]

(R R - (R )

) (), w
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where

R;(: = R;P (¢, t,- ’ap(t.)). | - ({3)

To discuss

1

the implications of Eg. (12) conveniently, we

shall introduce some approximations. First we introduce
— ]

the vector gﬂgr:

- - = —~? | }
Pt = Pe 1 > .

which, if the time arguments coincide, represents the vector

separation of probes 5 and ¢ with Ef extending from ¢ £o p.
P01 /w TR TR

Suppressing time arguments for simplicity, we can expand E;

in terms of Rip: o 7- N | 6
?‘B*E?F-pgf J ‘ ' Qﬂ

whence

R

in

ob_(f)cﬁ Eﬁ,z)f““(fk P}?Ff/df)/z‘ ,
= Ry f&” 2ip +O(%¢) o e

where X (x;ﬁxl) signifies a unit vector. The neglected

terms in Eq. (16) will in magnitude always be less than
10” fO‘BF . Using Eq. (16) in Eq. (12) yields

— ( RA(M A (hl = (n~)

L'"'-') Ln -1)
&, /ﬂﬁf (R_, t A b t). (7
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By use of further approximations, the expressions for
the unit vector differences can be made more fmwfmuaun

_ — -3 — ) -
A _ wa f’f}.*'rk - (I&j'
R‘. - - REN - 2

r lrzvffr‘r(’
and _
-~ - = =} 2 D N DR = 27
[Ty +Pp~Ti17 = )00 =26 (=) e (A7) (R
_a’
=1, E{-}-(_._&) G+ O( 1) [4)

Thus,

whence
N
~ r; Y. S (
R‘-F !'a.v E ! '{"( ) ey fw
~ i =Pp i
= wf(r /P) [(‘f !f '/:’-YJ aV{ | |
~
S zlf;_,, x( oy X[ V; = ﬂr:{)g , (20
where in the last line we made use of the vector identity:
dx(,ﬁ-ﬁc)‘(a-c)éf—(m-,{’,)c, (2¢)
- The desired expression for the unit vector dlfference is
" therefore A ~ ‘
R, = R, (r x/f (22
E;F- LP Veu . = ) ’
where . : . '
-—.) —
.- = ro-r 23)
g J ¢ _

is the baseline vector extending from tracking station i

to tracking station 3.
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What is the physical iﬁterpretation of the wvector

triple product appearing in Eq. (22)? It is simply the

vector obtained by projecting éﬁ onto the plane normal to
A
r

ev . In terms of the baseline vectors, we find by sub-

stitution of Eq. (22) into Eq. (17):

-")Q"J Any /\LH; =\’ ~ =¥ () /‘{,....) "-(”.,) “"{a-.lj ul-vﬁ 'f ‘r
[ _y X,G )I Fy [ ) él (G-, )

nlx(i uré

(29

where we also neglect the very small difference between rég)
and r(n b, So long as the vectors %yK(E)x;E;)" for the
different pairs (ij) are not éarallel, Eg. (24) will allow
Vthe changes in the vector separation of the probes, projectedr
onto the plane normal to the earth-Venus line, to be followed
during the period of continuous tracking of the probe pairs.
The'aqtual projected vector separation, as opposed to changes
in it, cannot be determined from tﬁese data alone because.thé
initial suéh separation--at the time simultaneéus tracking
commences--is uncertain due to the fringe amblgulty. Because
of the narrow band of the emissions from the probes, the pro-
jected separation of the probes will only be determined to
within the equivalent of an integral number of fringes. A
"single fringe corresﬁonds, for the typical VLBI baselines
under consideration, to a projected Qistance at Venus of about

3 km. This ambiguity can be eliminated by simultaneous use of



lie in the plane normal to 7
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a shorter baséliné interferometer pair for which the fringe
spacings in the two orthogonal directions, ih the plane normal
to the earth-Venus line, are larger than the corresponding
E‘Eriori uncertainties. This elimination is useful for

establishing the geometry.

In particular, our main object is to determine wind speeds.-

To this end, we develop the expressions for the components of
‘:'J £

’ —-—te
the velocity difference /QEf' on the plane normal to Yoy

(a dot signifies differentiation with respect to time). For
convenience, we ignore the superscript (n), assume we have a

continuous determination of the projection of {t) , and

/5."

define

— L — A\ A -:5 AR A
/ﬂ‘b}’ ({:) = Pygl) e, (:{03}- G‘L) e, , (27)

. . N .
where the unit vectors e and 32 are mutually orthogonal and

ov® Since the relevant portion

of the probes' descent through Venus' atmosphere occurs on

.a time scale short compared to a day, we ignore here the time

ol

s = N
~ dependences of b;; and r__.* The vectors (¢=1,2) can be

‘4

defined, for example, by

~ -3 N . ‘, -
& - Y X(PpRle,) , S (2¢)
. | . ~ ) .

TR, < (F < 7o) |
~ =~ D o '
€, = Ser Xp s - 2"
. ‘.rﬁrxj}l’l ' : .
— P

A ’ .
where €. is parallel to the projection of Ap and €,y is
/

*These and other mathematical approximations would, of course,
not be made in a realistic model to be used in an actual
ana1y51s et data., :
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normal to this projection. We alsc ignore the slight

-
change in direction of jQP during final descent 1nsofar

. >l
-as this change affects (3ﬁ . Both components of(/ﬁdr

are determined since ‘We assume that the projections of
—qﬁ
the various baseline vectors . Span the plane normal

“J
-
r .
to ev

How may we estimate wind speeds from this measured

=

vector function}f*% ? First, we assume that the horiz-
ontal velocity of each probe is egual to that of the local‘
wind (see JSectienT¥). sSecond, we decompose the velocity.
of each probe into its vertical and hgfizontal parts and
project each onto the'plahe normal to ?;v to determine

their effects on the measured vector function.  Thus we
> Lt,l. = 7Y 2H (28)
Lot F e T |

where L= AN A
P?V (frefede 5 G
/JP = /3?1(‘2';,(%)}(/@) 5 ) ... (30}

-
and where we again ignore the variation‘indf%; during

set

. . ) A
descent in its effect en the unit vector f} . In terms
{

of these definitions and similar ones for the gth prohe,

"we have:
| [5{;: = A= LG R 180 f(/-;;'teﬁ)ep _.

. Ly By ~ JdH
) _[(/3H+/>? ) ]L,Bf /)3 ﬁ

. | S (3 0
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From this general expression, we can examine some special

cases:

(1)

(2)

- (3)

One of the objects being tracked has a trans-

-ponder and is not passihg through the lower

atmosphere. Since the trajectory for this

object, say ¢, can be reconstructed from the
~

Doppler data, the coefficient of €¥Lcan be

isolated and will yield directly the projection

of f_D)PH -
Both objects being tracked are passing through

' A
the lower atmosphere, but the unit vector /%

—>
and the velocity component parallel to T, are

known for each probe from transponder data {or,

equivalently--if it were possible, from suffi-

ciently accurate a priori knowledge of the trans-

mitter frequency for each .probe). In this instance,

the differential VLBI data can be used to yield
the time dependence of the vector difference
between the projections of the horizontal velocity

components of the probes onto the plane normal to

-
r_ . This function can be compared with the corres-~

ev

ponding estimate obtained from the trajectory re-

_ construction.

No data other than the differential VLBI data are

available. Here, there are a number of subcages
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' — -
that should be mentioned. First, assume f%;f%J
‘_5 . - .
and Yoy are coplanar. We would then have
PN .Y ~ S At
€p = * e?, and Cpa*-eﬁm . The com-
. ' A ‘ A
bined coefficient of ¢,. and ‘Q%; in

Eq. (31) would therefore yield directly the

projection of the horizontal velocity differ-

- ence. One can then apportion horizontal vel-

" ocities between the probes in a variety of

ways consistent with the measured function
: ~ " -
: n . O T n } A
and with "plausibility, IijF:}/%J and -
are not coplanar, the differences of the pro-
jected horizontal velocity components do not
Separate. Several alternatives then exist:

(1} admit defeat; (ii) arrange to have one

of the probes enter at the subearth point so

)
‘that fr would have no component in the plane

normal to'?év, thus allowing the coefficient
of aft to depend only on the projections of
horizontal velocity components; or (iii) use -
a%l other available data to estimatg ;iv and
IBEV  so that the observed function ;%ﬁ can

be used to delimit the differences in the pro-

jected horizontal velocities..
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(4) Null results are obtained. Suppose we get a

| null value for the difference in projected hor-
izontal velocities. What other possibilities,
aside from the abéence of winds, would be con-
sistent with such a result? Unless the E? ;5
are normal to'?év—~a very unlikely event--
the only other possibilities are either a can-
cellation of the prdjections from the two probes
or an alignment of the projections of /é?H and
kjﬁv for each probe and a consequént apparent

absence of /é?ﬂ . The cancellation might ccmé-

about, for example, if the winds were east-west

at a constant gpeed, independent of height, and

if the probes entered symmetricallv about the

meridian of the subearth point.

- In summary, we have developed a mathematical model to
~show that in most circumgtances the differential VLBI meas-
ureménts-will'yield.information on the wind speeds in
Venus"lower atmosphere. But the crucial gquestion concerns
‘..whéthgr or not such informatign is usefui. That question

is addressed in the following section.
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For a proper assessment of this application of differ-

ential VLBI, we must ihvestigate a large number of possible

sources of error. It has not beéen possible in the limited

time available to carry out as complete an investigation

as is required.

Thus, we shall simply list many of the

questions which need answering, followed in turn by the

status of our analysis of each:

1.

What is the basic resolution capability of

différential VLBI with respect to the entry

probes?

What are the limitations imposed by:

i.

vi.

wii.

lack of clock synchronization be-
tween the various receiving sites.
on earth; |

the receiver systems;

the atmosphere of Venus;

the atmosphere of the earth;

the ionospheres of Venus and'the

earth, and the interplanetary medium;

instability of the transmitter freq-

uency;
uﬁcertainty in the geometry of entry
for the probesAor in the trajectory of
the bus if the latter is used as a

reference?
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3. What are the optimum configurations of the
probes with respect to positions and times
of entry?‘ | |
1. To determine the basic resolution capability, we
note that the weakest signals will be from the miniprobes
which will transmit about 1 w of effective radiated power
when near the surface of Venus. If the bandwidth of this
‘signal is no more than 50 Hz(probably a gross upper bound),
then the flux at the earth will be no less than about 30 FU

(L FU = 10”2

6 w/mz—Hz). For the antenna systems that might
be used in the experiment--Goldstone, Madrid, |
Arecibo, Haystack, and Jéhannesburg—*the fringe phase un-
certainty, due solely to system noise, would be under_lo
after'only one or two seconds of integration fsee, also,
2.ii below). Such a fringe phase error corresponds to a
displacement uncertainty at-Venus of about 6 m for this
S-band signal with a projected baseline of 4000 km and

an earth-Venus separation of 0.5 a.u. Thus average pro-
jected velocity differences could be measured over.a time
interval t with an_unéertainty of only about 10 g1 m/sec,
where t is in seconds, if the system noise were the only

" source of uncertainty. We may compare this resolution
withrthe time required for the entry probes to acquire the

horizontal speed A7 of the wind. As a crude model, con-

sider the probe to be sPherical of radius R and average
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density /D - Then, if we neglect the density of the at-
mosphere relative to that of the probe, the probe's hor-

‘izontal acceleration ay will obey:

&y = X (}qb-—ﬂﬂf) = (32)
whence its velocity VH_Will be given by
~K{t-t.) _
Uy :-fb;;_,(l'e ); (33)

where the time constant K-l is

1
-1 :
K= %ﬁ ; - (BY)
with % being the viscosity. Since the terminal vertical
velocity Ay 1is given approximately Ey | | |
oy = Ky - (35)
we have k_l;z 5 sec for /01,2 SOﬁ/éec, etc* The required
- VLBI integrétion_time thus appears well matched to the time
scales in which the probes reflect the local wind speeds in
the lower atmosphere. |
2.i. The lack of precise.clock synchronization between
the various receiving siﬁes should introduce no detectable
error if the data are properly taken. With thé signals from
~each object tracked being sampled simultaneously, ihe clock
. error cancels completely upon differencing..:ih effect, the
strong signal, say from the bus or main probe, acts as the
"clock for the weaker signals from the miniprobes. A large

epoch offset of the station clock frqm one site relative to

that from another only increases the set of trial times that

* Here g is the acceleration of gravity om the surface of
Venus. . : _
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need be introduced in the usual cross—-cerrelation procedure

used to search for fringes. However, even this minor problem

A-disappears if advantage is taken of the presence of the

carrier signal from each source as wé explain below.

2.ii. The receiver system, if properly configured,
also need introduce no detectable errors. We reguire here
that the different local-oscillator signals, used at a given

site to heterodyne the radio~frequency signals from the

_various objects being tracked, all be derived from the same

frequency standard and, insofar as possible, from the same
L.O0. chain elements. The purpose of these strictures is
to insure that almost all of‘ﬁhe phase noise of the hetero-
dyne signals are common to the receiver chains for all tracked
cbjects. The common phase noise thus introduced will +hen
cancel upoﬁ differencing. The residual (non common) phase
noise can probably be reduced without much difficu;ty to
the order of 1°.

In connection with the receiver system, we also note
that the-presence of a carrier sigmal--lacking in the usual
celestial sources involved-in VLBI experiments--allows the

tape recording of the heterodyned signals and subsequent

cross correlation to be eliminated. If the carrier signal

from each probe is sufficiently stable, it can be tracked

with a suitable phase-locked loop (of third order, if necessary,
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to follow drifts in transmitter frequency) and only the
,uéuai counted-Doppler Valueé need be recorded. These
samples. can be incorporated directly into the double-dif-
ference observable defined in Section III. We must still
insure that the samples for each tracked object are obtained
simultaneously, or very nearly so, to insure that the clock .
synchronization errors cancel. ‘
2.iii; The atmosphere of Venus can be expected to in-
troduce sizable phase variations in the signals received
at a given site from a given tracked object.r The one-way
electrical éath length of the.Venus atmosphere is about
300 m in the zenith direction. However, the phase var-
iations introduced will be virtually identical in their
effects on the signals received at each of the earth—béée&
tracking stations. The geometric beams from a givén entry
probe to each of the tracking stations are separated by
-about 1 m at an altitude of 20 km. The Fresnel zone at
that altitude for these S-band signals measures about 70 m
across. Since the overlap is almost complete, this error
source will largely vanish in the symmetric differencing
process. The residual phase noise will be due to the small
. erescent-shaped non-overlap regions, sepgratéd by about 70 m
at a 20 km altitude and by less at lower altitudes. This_.
noise will depend on the spatial speetrum of the atmoépheric

inhomogeneities and on the wind speeds. No attempt has yet
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been made to estimate this contribution quantitatively.

2. iv. The eafth's atmosphere introduces far less
seveﬁe.phase fluctuations Since it has a zenith electrical
path length of less than 3m——two,drdersof magnitude smallerxr
than for Venus. The almost complete overlap of the beams
entering a given antenna aperture from the various entry
probes insures a high-order of cancellation of the atmos-
pheric effects in the differencing procedure. No quanti- -
tative estimate has yet been made of the residuai noise,
although rele&ant noise statistics are available. In
summary, the Venus atmospheric effects tend-tolcaﬁcel
because of the differencing of the signals reéeived at
the different receiving sites whereas the corresponding
effects of the earth's atmosphe:eitendrto cancel because
of the differencing of the.signals from the various probes.
The beauty of the syﬁmetric doubieudifferehce technique
 is thus appérent. |

2.v. The effect of the charged particles along the
propagation paths--equivalent to a change in electrical
path length of less than 15 m--will also tend to cancel
in the double différence. But here there are several im-

- portant differences from the étmosPhere case: (a) The
path sepafations midway between earth and Venus are about
2000 km, compared to a Fresnel zone éize of about 100 km;
(b)‘Thé ionospheres have peak densities at altitudes of

hundreds of kilometers; and (c) The lack of exact eguality

~n
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among the transmitter frequencies will prevent complete
cancellation of plasma effects due to dispersion. To
insure that the frequency differenées Af cause cérres-
ponding variations in phase pathlof no more than 1%, it

is necessary that A¥ $ lOV&H} If the charged-particle
contributions can be modelled from other data to within
40%, then this restriction can be relaxed to Af € Sf“kHs.
.The lack of cancellation due to non-overlap of the various
paths again will depend on the spatial and temporal spectra
of the inhomogeneiﬁies. And again no attempt has yet been
made to estimate éuantitatively this source of residual
phase error.

It may, in fact, be possible to solve for the above
propagation medium effects if all probes cén be tracked
simultaneously from more than three earth-based antenna
sites. The multiﬁlicity of paths provides redundanéy which
may be usedlin a suitable filtering scheme to eliminate all 
medium effects. (We assume that the differences in trans—
mitter frgguenéies introduce negligible dispersion;) The
analysis 6f this multi-probed many-sited situation has been
started, but not completed. |

2.vi.' Variations in the frequencies of the transmitters
maké difficult their calibration by means of the one~way
Doppler values. Errors in this calibration will tena to
introduce asymmetries into the acuble-difference'observable

with the consequence, for example, that the propagation
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medium-effects will not caﬁcel as completely; An_g'Eriori
knowledge of these frequenéieé, accurate to 1 part in 108,
would certainly be sufficient to eliminate this source of
error. Whether or not a knowledge of them to 1 part in
106—-a more .realistic figure--will be sufficient is un-
certain., A detailed analysis-of this aspect is in progress
but has not been completed. With turn-around transﬁonders,'
the problem all but disappears. o

2.vii. Uncertainties in the geometrical gonfiguration
of the entry probe vectors /5; {see Section iII) will
affect the interpretation of the data in terms of wind
speeds. Similarly, uncertainties in the velocity vector
of the bus, if it is used as a reference, will introduce
interpretation difficulties. Although no guantitative
estimates have been made, the trajectory feconstruction
for the bus should be sufficiently accurate with'Doppler
errors at the 1l mm/sec level or below. Hopefully, the
medium effects and the unknown harmonics of Venus' grav-
itational field won't vitiate this conclusion. With the
bus providing a reference, the small uncertainties in the
~entry probe géometry will be of littlé conseguence; such
- will not be the case if only the several miniprobes are
tracked simultaneously; But then other problems loom larger,

as mentioned in Section III.



30

3. It would be best to have the bus tracked simul-
taneouély with each entry probe (no entry occultations
‘allowed during this peried!) and to have the trajectory
of the bus passing far enoﬁgh from Venus to minimize the
effects of the higher harmonics of the gravity field.
Arrayed against this requirement will be the reduction
in cancellation of propagation medium effects that accomp-
anies an increase in angula;xseparation of the targets.

If the bus is unavailable, then wind speeds seem to be
easiest to isolate (see Section III) if one of the simul-
taneously tracked entry probes is directed towardé'the
subearth point on Venus. Again, the quantitative advantages

have not been analyzed.
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V. Conclusions

We conclude that wind speéds in the lower atmosphere
‘of Venus can be detected via differentiai VLBI observations
df the entry probes. The.uncertainty in'the wind speed
determination can probably be kept below 100 t—lxn/séc,
where £t > 1 is the time resolution in seﬁonds, provided that:
(1) the residual effect of the propagation ﬁedium-on
the symmetric double-difference observable can be
be kept below about 10° of phase at sS-band; and
(2) the transponded signals from the bus, on an exo-
atmospheric trajectory, are available as a reference.
Condition (1), which is crucial, is unfortunately not but-
tfessed by a prima facie case. The loopholes left, discussed
in Section IV, are related to the effects of the non-overlap
' regions of the propagation paths and the instabilities of the
transmitters. (We assume, in éddifion, that the differences
in transmitter frequencies are no more than ébout.SOkHz.)
If the signals from the bus were not available asg a reference,
the main probe with its transponder could serve the same
function with a loéss in accuracy that would probably not be
too severe but that hasn't been estimated guantitatively.
- If only the miniprobes--without transponders--can be tracked
éimﬁltaneously, the siﬁuation looks grim because of the

difficulty in separating the contributions of the vertical
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and horizontal velocity components to the observed pro-
Jections on the plane normal to the earth-Venus line.
Unless the vertical velocity components can be mbdelled
accurately, the only aﬁparent solution in this circumstance
'is to have one of the miniprobes directed towards the
subearth point. |

Of course, if a transponder were avaiiable cn eaéh
probe, all of these problems would fade away. The recon-
struction of the horizontal probe velocity from the pro-
jection of the total velocity vector along the earth-Venus
line should be reasonably accuréte even after allowance for
uncertainties in the entrance geometry, the terminal vertical
velocity, and the (two-way) effects of Venus' atmosphere on
the observed Doppler shift.

The main conclusion to be drawn on the potential.df
. differential VLBI, per se, for the determination of wind
speeds is that, despite this mass (mess?) of verbiage, much

work remains to be done to assure a proper assessment.

L
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Astronomical Applications of Differential Interferometry

Abstract. Intercomparison of radio signals received simultaneously at several
sites from several sources with small murnal angular separation provides a power-
ful astrometric tool. Applications include tracking the Lunar Rover relative to
the Lunar Module, determining the moon’s libration, measuring winds in Venus's
lower atmosphere, mapping Mars radiometrically, and locating the planetary

system in an inertial frame.

In most applications of wvery-long-
baseline interferometry (VLBI) the
most serious limitations on the accuracy
of the results are imposed by unknown,
variable phase errors introduced by both
the neutral atmosphere and the iono-
sphere above the receiving sites, and by
fluctuations in the rates of the oscillators
that provide phase references at the
separate sites. These limitations may be
largely removed in differential measure-
ments, ih which signals received simul-
taneously from different radio sources
located close together in the sky are
compared. 1f atmospheric and indepen-
dent oscillator phase shifts affect obser-
vations of each source equally, their
effects will cancel when differences be-
tween ohservations are examined. In this
report we discuss several scientific ap-
plications of differential interferometry
(1), as well as the actual tracking of
the Lunar Rover performed during the
Apollo 16 mission.

Because differential interferometry
involves taking differences not only be-
tween receiving points but also between
transmitting points, it follows that any
potential source of error will cancel if
it is common either to all receivers or
to all transmitters, This simplc principle
will be shown to have important con-
sequences for astronomical measure-
ments. One such consequence relates to
observations of artificial transmitters for

F]g
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which the carrier frequency may be un-
certain and variable, Noninterferomet-
ric one-way Doppler tracking of such
objects is ordinarily of little use be-
cause changes in the received frequency
due to the Doppler shift cannot be
distinguished from changes in the fre-
quency of the transmitter itself. In inter-
ferometry, however, transmiiter (and
any other) frequency changes that ap-
pear equally at all receivers have no
direct effect on the ability of the inter-
ferometer to determine relative angular
positions. In fact, artificial radio sources
make particularly convenient objects
for interferometry because conventional
Doppler counting techniques can be
used to keep 4rack of the phase of
the carricr signal received at each site.
Wide-bandwidth group-delay interfer-
ometry also may be done efliciently
with artificial sources if the carrier wave
is suitably modulated, for example, with
a psendorandom wave form of the kind
often employed for two-way radar rang-
ing (2). As in the case of one-way
Doppler tracking, ong-way radar rang-
ing is ordiparily useless if either or
both of the transmitter and receiver
time bases are unstable. But for either
phase-delay or group-delay observables,
the effects of transmitter instability can-
cel when the difference is taken be-
tween receiving sites (thus forming an
interferometric observable), and the ef-

Lunar
Mm\iule

. | |

“rea(B)

fects of receiver instability cancel when
the difference is taken between a pair of
transmitters (forming a differential in-
terferometric observable).

We shall mow discuss some of the
potential scientific applications of dif-
ferential interferometry. First, however,
we describe one technical application
already successfully carried out: Earth-
based tracking of the Apollo 16 Lunar
Rover relative to the Lunar Module.
Three tracking stations (3) were em-
ployed so that two independent base-
lines were formed. Thus, two compo-
nents of the motion of the Rover rela-
tive to the Module were determined
from the changes in phase of the two
differential interferometric observables.
From the initial separation of the Rover
and the Module and the constraint that
the Rover remained on the lunar sur-
face, it was possible to determine its
entire path (Fig. 1). After a traverse of
over 4 km, the final position computed
from these data differed from the actual
position by about 30 m, or about 0.015
arc second at the distance of the moon
(4). The main source of error was rela-
tive phase drift bcitween the two re-
ceivers (one each for the Rover and
the Module) used at each site in this
trial experiment. In an operational sys-
tem this error would be eliminated by
using a single receiver for both signals.
The basic technique appears capable of
reducing tracking errors to the meter
level, a limit imposed by unmodeled
lunar topography.

A related scientific application in-
volves the accurate determination of the
moon’s libration by monitoring simul-
tancously from several tracking stations
the ALSEP (3) telemetry transmitters
located at three well-separated sites,
such as those of Apollo 14, ‘Apollo 15,
and Apollo 16. Here, because the
ALSEP’s are fixed on the lunar surface,

Fig. 1. The path of the Apollo 16 Lunar Rover is shown as
determined by Earth-based differential interferometric tracking
on 21 April 1972, Individual dots mark the positions obtained
at 20-second intervals, beginning at 20:52:40 U.T. from point
A, Craters given names by the astronauts are included for refer-
ence, although their locations are known only approximately.
The Rover was siopped at point B for 6™20°, at C for 1%9™40°,
and at D for 270, several brief stops were made at E. At
23:03:40 our tracking indicated that the Rover had stopped
finally at F, 30 m east of the Lunar Module; the Rover had
actually parked at the Module. Some of this error may reflect
a corresponding error in the assumed starting position, 4. How-
ever, tracking data obtained while the Rover was known to
be stopped occasionally showed systematic drifts as large as
2 or 3 ecm/sec (see text). Random noise was less than 1 m.
At all times during the traverse, position readings from the
navigation system on board the Rover agreed within 100 m
(approximately the limit of precision of the onboard system)
with these differential interferometric tracking results.



their relative positions must be deter-
miped by monitoring changes in the
phases of the differential interferometric
observables over a sizable fraction of a
day. Lunar libration causes these ap-
parcnt positions to vary over the course
of a month, and longer. The differential
nature of the observable sharply reduces
the cflects of errors ia the lunar ephem-
eris, tracking station coordinates, and
so forth, and should yield at least an
order of magnilude improvement in our
knowledge of the libration [present un-
certainty about 10 seconds of selenocen-
tric arc {6)].

Differential ‘interferometric iracking
of planetary probes, landers, and orbit-
ers will yield results in many cases more
accurate than can be obtained from
tracking satellites of the earth. This
seemingly paradoxical conclusion fol-
lows because the usual limitation is set
not by signal strength but by systematic
cfiects of the atmosphere and iono-
sphere, and sometimes by receiving-
system phase instabilitics. These effects
cancel in the differential interferometric
observable. A planetary application of
differential interferometry which s
analogous to, but more complicated
than, the Lunar Rover-Lunar Module
situation involves tracking a number of
small probes descending simuftaneously
into Venus’s atmosphere (7). By differen-
tial tracking of the free-falling probes
relative to a parent spacecraft it should
be possible to detect horizontal winds at
the level of a few meters per second.
‘Differential interferometry could also
aid in the imterpretation of occultation
data (8). Additional applications of dif-
ferential interferometry to both orbiters
and landers are too numerous to be
elaborated here; for example, improved
estimates of the planet’s gravity model
parameters, rotation vector, and landing
site or orbit parameters may bc ex-
pected [see, for example, (8)]. Whenever
the planet passes close to the direction
.of an extragalactic radio source, dif-
ferential interferometry may be used to
determineg the earth-planet direction
rclative to that of the source to about
0.001 arc second. Such measurements
could be used to determine precisely the
orientation of planetary orbits with re-
spect to an inertial frame and, fqr ex-
ample, to monitor the perihelion preces-
sions to further test general relativity.
For ground-based radiometric mapping
of the terrestrial planets, differential in-
terferometry can overcome the effects
of instrumental, atmospheric, and iono-
spheric phase drifts, which limit the ap-
plication of aperture-synthesis tech-
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niques. A phase refercnce could be pro-
vided, for example, by the specular echo
of a radar signal sent at thc appro-
priate frequency (9). Such mapping ap-
pears especially important for Mars
where the distribution of small amounts
of surface water (or ice) might be dis-
cernible from millimeter-wavelength oh-
servations (/0}.

In summary, the technique of differ-
ential interferometry seems capable of
solving a wide range of astronomical
problems.

C., C. Counserman, IIH
H. F. HINTEREGGER
1. 1. SHaPiRO
Departiment of Earth and Planetary
Sciences, Massachusetts Institute of
Technology, Cambridge 02139
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Venus: Radar Determination of Gravity Potential

Abstract. We descrtbé a method for the determinaiion of the gravity potential
of Venus jrom multiple-frequency radar measurements. The method is based on
the strong frequency dependence of the absorption of radio waves in Venus
atmosphere. Comparison of the differing radar reflection intensities at several
frequencies yields the height of the surface relative to a reference pressure
contour; combination with measurements of round-irip echo delays allows the
pressure, and hence the gravity potential contour, to be mapped relative to the
mean planet radius. Since calibration data from other frequencies are unavailable,
the absorption-sensitive Haystack Observatory data have been analyzed under the
assumplion of unijorm surface reflectivity to vield a gravity equipotential contour
for the equatorial region and a tentative upper bound of 6 X 10~1 on the frac-
tional difference of Venus' principal equatorial moments of inertia. The minima
in the equipotential conlours appear to be associated with topographic minima.

Present knowledge of the surface of
Venus rests largely on the results of
radar observations. Pcrhaps the most
striking fact to emerge has been the
retrograde direction of Venus’ spin and
its apparent resonance ‘with the relative
orbital motions of the earth and Venus
(/). The earth could have captured

Venus' spin in this resonance only
through the action of a gravitational
torque on a substantial axial asymmetry
in Venus’ mass distribution (2). Hereto-
fore, no measurement of this asymmetry
has been possible. The main purpose
of this report is to demonstrate that
future radar observations can be used

to determine equipotential contours of
Venus' gravity field and, hence, to
estimate the axial asymmetry of its mass
distribution. A preliminary contour for
the equatorial region and a concomitant
bound on the axial mass asymmetry—
based on past radar observations not
made explicitly for this purpose—is also
included.

How can radar data be sensitive to
the gravity field of Venus? A direct
sensitivity seems almost unthinkable.
But an indirect intermediary exists,
namely, the thick, carbon-dioxide-domi-
nated atmosphere of Venus. Because
this atmosphere absorbs X-band (ap-
proximately 8000 Mhz) radio radiation
strongly and, for example, S-band (ap-
proximately 2000 Mhz) radiation hardly
at all, we can infer surface heights
relative to a particular pressure contour
from a comparison of radar cross sec-
tions measured at the two frequencies,
since the intrinsic reflectivity of the
surface itsclf should not, in general,
vary sharply with frequency (3). The
use of a third frequency would allow
a more precise scparation of atmo-
spheric from surface reflectivity effects
on cross section, The pressure contours
can then be related to the mean planet

radius with the aid of measurements of
round-ttip radar c¢cho time-delays,
which allow the absolule surface heights
to be determined (). Gravity equipo-
tential contours will coincide with pres-
sure contours under conditions of hy-
drostatic equilibrium in the atmosphere
(5). From such a contour, the gravita-
tional torque exerted by the earth can
be estimated..

Now we develop this basic idea
quantitatively. Since at present its ap-
plication is restricted to the equatorial
regions traversed by the subradar point
of earth-based observations, we confine
our analysis to that situation. The pos-
sibilities for extension to high latitudes
and for the use of radars on Vecnus
orbiters are discussed briefly in the last
part of the report.

The radar cross section ofhg) per
unit surface area at the subradar point
can be writiten as

a(M3) = elhglexp{— 2r(hg)] (1)
where

k

r0g) = | «thn)dk

M)
with X being the wavelength of the
radar signals, ¢ the longitude of the
subradar point (we suppress 4, the lati-
tude dependence), o, the intrinsic cross

(2)

section per unii area of the observed
region of the surface, r the opacity
{optical depth} of the atmosphere, « the
absorption coefficient for radio waves,
h the height of the reflecting region
relative to a refercnce pressure contour,
and A, the aliitude above which ab-
sorption can be neglected. We define
the reference contour in terms of a
reference longitude ¢, such that
h{@,) = 0. The factor of 2 multiplying
r in Egq. 1 accounts for the two-way
passage of the radio waves through
Venus' atmosphere. The coeflicient, «,

is given approximately by the semi-
empirical formula {6)

(A = 157 X 10°P*(h)

MIT ) /273
where P is the pressure in atmospheres,
T the temperature in degrees Kelvin,
and A the wavelength in centimeters.
Since the absorption is important only
in the lower atmosphere, we may use
the approximate temperature-pressure
relation (7}

km™  (3)

P(h) .. [ T(0) —Lh:l" 4)

P(0) T(0)
in the evaluation of 7. Here & = 0 refers
to the refercnce pressure contour; I =
9°K per kilometer is the lapse rate,
assumed constant and & = pg/RL == 5.3
is the polytropic index, with 1 the mean
molecular weight of the atmosphere, g
the acccleration of gravity, and R the
gas constant. From Eqs. 1 through 4
we obtain

a{hg) oolhgo)
o(Aipo) aulhg)
«(OAIT(0) 12/
exp(— gL - Ty 1)
= exp[2x(0,x) R] (5}
where the last relation is valid only for
h << [T(0)/L] = 90 km. Since £ does
not scem to vary by imore than about
*+ 4 km (4, 8), the expansion used in
the last part of Eq. 5 will be in error
by less than 15 percent. Hence, for
expository purposes, we confine discus-
sion to the simplificd form. Solving for
i then yields

Ao)=~ 1 [a(m) LA

2:(00) " Lo(h o) aelhg)
Assuming that the multiple-frequency
observations provide the ratios o/ oy,
how may we use the resultant values of
(@) to determine the height variation
of the reference contour with respect
to the mean surface radius, p? From
the value of the echo time-delay, mea-
sured simultaneously with the cross sec-
tion, we can infer the height, 4, of the
reflecting region above the mean radius
(4). Thus, the height, A", of the
reference pressute contour above the
mean radius is given by

(6)

h"=h—h (7)

The function k“(g) defines a gravity
equipotential contour over the equa-
torial region under conditions of atmo-
spheric hydrostatic equilibrium (3). If
the contribution of the centrifugal ac-
celeration to the gravity field were
neglected (9) and if A" were known
over the entire planet, then the un-



known coefficients in the expression for
gravitational potential energy, U, could
be obtained from inversion of

GM
P RS

(1+ ( _'_h,,) P2 (sind)
ar—lm—

. [Cumcosme + S,....sinmvp]) =0 )

Ule + #"(0,6),0.8) = —

where G is the gravitational constant,
M o the mass of Venus, Pm(sinf) the

associated Legendre function of degree
r and order m, C,,, and S,,, the sought-
for coeflicients, and U/, the value of the
potential on the reference contour. For
data confined to the equatorial regions,
as here, Eq. 8 can be recast as

Zﬂ(cmcosmq& + S.sinmg) ~ flﬁi—“b) (9

where

C] 3 P o ao

n=m

arid where we set Uy = — GM _/p (10}
and dropped terms of second order and

higher in A"”. The coefﬁctents C,, and
§,, are given by

[¢1=1 j B () [“’S’"‘”’] do;

m=12,... (11)

with Cy = Cyq = 1 and S, = 0. No use-
ful information on the coefficients of
the zonal harmonics (C,,; n = 2) is con-
tained in the equatorial portion of the
equipotential contour, since the zonals
have no longitude dependence and their
bulk equatorial effect is not easily
sepatable from that of M .

How may we use these results to esti-
mate the gravitational torque exerted
on Venus by the earth? For study of the
putative spin-orbit resonance {2), the

relevant torque is proportional to (B —
A)/C where A < B < C are the princi-
pal moments of inertia of Venus, with €
assumed to be the moment about the
spin axis. Unless either (i} Venus is now
a very elastic body (high “Q") with
respect to the diurnal stresses of 100-
day periodicity, or (i) there exists a
very delicate balance between the tor-
ques exerted by the sun on Venus' tidal
bulge and on a possible atmospheric
bulge ({1), it appears that control of
Venus' spin by the ecarth requires
(B — A)/C > 101 (2). If the tesseral

=

harmonics for Venus fall off with degree

as do those for the moon and Mars,
then the approximation

(CD" 4 (S:)71% =
2 B—A
H(Ca)® + (Sm)*[% = 03575 (12)

shoutd yiéld a reasonable estimate for

(B — Ad)/C.

Unfortunately, data necessary to de-
termine. an accurate equipotential con-
tour in the equatorial region of Venus
do not now exist. The lack of both
accurate values for x(h,A) and properly
calibrated radar cross-section data are
the major limitations; in particular, there
have been no coordinated observations
of cross section at more than one radar
frequency. If the variations with longi-
tude of the intrinsic surface reflectivity
are small and if the effects of the differ-
ences between total radar cross sections
and cross sections per unit surface area
at the subradar point are also small, we
may use the limited data from the
Haystack Observatory on the total cross
sections (§) at A = 3.8 cm, coupled with
the surface-height variations recently de-
termined (4), to obtain an approxiinate
equipotential contour. The result is pre-
sented in Fig. 1 for « =0.07 km~1
This choice for « is based on Eq. 3 and
the “nominal” values P(0} = 100 atm

“and T(0) = 750°K (I2). A comparison

with the surface-height variation (see
Fig. 1) seems to indicate that minima
in the equipotential contour are as-

sociated with topographic minima. But

one must remember that the uncertain-
ties are large; it is even difficult to place
reliable bounds on the accuracy of the
equipotential contour, in view of the
lack of accurate and suitable data.

We can assess analytically the rela-
tive sensitivity of h” to the various
relevant factors. From- Eqgs. 1 through
7 we find, under conditions validating
the last part of Eq. §,

5c Sx(0.0)

ah”:ah'"‘—Zx(O?\)a —h 0N (13)

The last term, through Eq. 3, can be
separated info components due to errors
in 7(0), P(0), and numerical factors.
On the basis of experimental and
theoretical evidence relating to these
components, we estimate that [8x/«|
< 0.6. This contribution to A" is pro-
portional to A and may therefore be
as much as several kilometers. For our
nominal value of x(0,A = 3.8 cm) == 0.07
km~—1, fractional errors in cross section
of 10 percent will contribute errors of
under 1 km to A”. The contribution of

8k (4) should be nowhere greater than
about 0.5 km.

Unless the intrinsic surface reflec-
tivity is well correlated with the surface
altitude—unfortunately a not. unlikely
possibility—the solutions for C, and S,
and hence the estimate for (B — A4)/C,
may be relatively immune to the effects

\of variations in intrinsic reflectivity, Un-
der this assumption, we find from Fig. 1
and Eqs. 11 through 13 that

E-doenxior e
where the error reflects our estimates
of the uncertainties in x, (@), and
h'(g). No allowance was made for the
contributions of the higher-degree terms
to C, and S, (13). We also find that the
axis of minimum moment of inertia
passes through longitude 30 = 60 de-
grees [International Astronomical Unicn
(IAU) coordinate system], which is tco
uncertain to allow meaningful deduc-
tions about torque balance. .

The prospecis tor improvement in
this very crude estimate of the gravity
equipotential are good. Results from
Venera 8, for example, should tighten
the bounds on atmospheric compaosition,
T(0), and P(0), and hence on « {after
laboratory confirmation or correction of
Eq. 3). The radar systems at Arecibo,
Puerto Rico (A = 70 cm), Goldstone,
California (A = 12.5 cm}, and at Hay-
stack (A=3.8 cm) could be used
to reduce the uncertainties in surface-
height variations to the 150-m level or
slightly below. With careful calibration
of the radars, cross section measure-
ments—for the same surface regions to
which the height measurements apply—
should have relative errors of no more
than about 2 percent {(8). Haystack’s
contribution is essential here, because
there is no appreciable atmospheric
absorption at the wavelengths used at
the other observatories. Thus, earth-
based measurements could yield gravity
equipotential contours in the equatorial
regions of Venus with a lateral surface

resolution of about 100 km, correspond-
ing to information on spherical harmon-
ics up to the 360th degree, and an
altitude resolution of about 200 m. The
decrease in the uncertainty of the esti-
mate of (B — 4)/C should be at least
fourfold if the higher harmonics do
not contribute too much to C, and S,

Can the determination of Venus
gravity equipotential contour be ex-
tended beyond the equatorial regions
traversed by the subearth point? Two
approaches are possible, (i) With more




Fig. 1. Comparison —
of the surface
heights on Venus
with & gravity equis
potential contour.
The surface heights
are bzsed on round-
trip radar echo de-
lays from published
{(4) and recent, un-
published data. The
gravity potential
contour is derived
from data on radar
cross sections ob-
tained at the Ilay-
stack  Observatory -4 r
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powerful earth-based radar systems,
such as the proposed improved Arecibo
facility, it will be possible to determine
surface heights and reffectivities over
most of the planet with high resolution
by use of the new technique of delay-
Doppler interferometry {(74) at the
12.5-cm wavelength at which this radar
would operate. If a similar capability
existed for shorter radar wavelengths,
such as with a Haystack-Goldstone
bistatic configuration, then the atmo-
spheric absorption could be determined
as well, Of course, in the analysis of
these data—for which the incident and
reflected waves would not be in the
zenith direction on Venus—atmospher-
ic refraction effects must be considered
(7) as well as possible variations of the
intrinsic angular scattering law with
frequency (3). (ii) A spacecraft placed
in a polar, or near-polar, orbit about
Venus and equipped with a suitable
dual-frequency radar, could determine
surface heights, reflectiviiies, and the
corresponding atmospheric absorptions
over virtually the entire planet. Re-
peated polar passages would offer the
possibility for continual calibration. The
resultant high-resolution equipotential

contours would not only vyield the
gravitational torque exerted by the earth
but would have other scientific applica-
tions as well: these contours bear, for
example, on questions of the origin
and evolution of Venus, its deep inte-
rior, the extent of isostatic compensa-
tion near its surface, and the processes
of surface erosion (15).
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