-
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk
provided by NASA Technical Reports Server

V.
SMITHSONIAN INSTITUTION
ASTROPHYSICAL OBSERVATORY

F

>
.

Research in Space Science

SPECIAL REPORT

Ng5-19856
77 A
(R-5DS3 /s

(NASA CR OR TMX CR AD NUMBER}

Nurber 165

FACILITS® FORM 802

NEW DETERMINATION OF ZONAL HARMONICS
COEFFICIENTS OF THE EARTH'S GRAVITATIONAL POTENTIAL

by
Yoshihide Kozai

$

OTS PRICE(s) g

Hard copy (HC)%?' /Z)
Microfiche (MF)U,\j;d

GPO PRICE

Novenber 2, 196k

Cambridge, Massachusetts 02138



https://core.ac.uk/display/85255809?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

SAO Special Report No. 165

NEW DETERMINATION OF ZONAL HARMONICS

COEFFICIENTS OF THE EARTH'S GRAVITATIONAL POTENTIAL

by

Yoshihide Kozai

Smithsonian Institution
Astrophysical Observatory

Cambridge, Massachusetts 02138




TABLE OF CONTENTS

Abstract
Introduction
Method of reduction
Data

Determination of J,
Results
Acknowledgments
References

Figure

Tables

11
13
1k
15
16




NEW DETERMINATION OF ZONAL HARMONICS

1
COEFFICIENTS OF THE EARTH'S GRAVITATIONAL POTENTIAL

by

Yoshihide Kozai2

a3t

Abstract .--From Baker-Nunn observations of nine satellites, whose inclinations
cover a region between 28° and 95°, the following values were
derived for the zonal harmonics coefficients of the earth's gravi-
tational field:

J, = 1082.6k5 x 10’6, J, = -2.546 10'6,
+ 6 3 +20
-6 -6
J, = -1.649 x 10 , Is -0.210 x 10 ",
+16 +25
-6 -6
Jg = 0.646 x 10 7, J7 -0.333 x 10 ,
450 139
-6 -6
Jg = -0.270 x 10 ~, Jg = -0.053 107,
+50 +60
-6 -6
J10= -0.054 x 10, Jp= 0.302 x 107,
£50 +35
-6 -6
Jj o= -0.35T x 107, I 5= -0.11k x 107,
47 +84
Jq)= 0.179 X 10'6.
63
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National Aeronautics and Space Administration.

2Smithsonian Astrophysical Observatory, Cambridge, Massachusetts,
U. S. A.; and Tokyo Astronomical Observatory, Mitaka, Tokyo, Japan.




1l. Introduction

In a previous paper (Kozai, 1963) I derived a set of values for the
coefficients of zonal spherical harmonics in the earth's gravitational
potential from the available observations of artificial satellites. How-
ever, at that time I did not give much weight to observations of high-
inclination satellites simply because accurate observations for such satel-
lites were not available.

We now have precisely reduced Baker-Nunn observations for some of the
high-inclination satellites, and T have found that secular motions of
ascending nodes of these satellites cannot be accurately expressed by my
previous values of zonal harmonics. Therefore, I had to improve my previous
values by adding observations of the high-inclination satellites and higher-
order harmonics to the expression of the earth's potential.

In this paper I have tried to eliminate any accidental errors in ob-
servational data, by using many more observations of a given satellite
than in my previous paper. I have used fourteen sets of observations for
1959 ol and ten sets for 1959 T, in contrast to the single set of data
used for each satellite previously. Consequently, I believe that the data
reported here are more reliable than those in the previous paper even for
low-inclination satellites. Although we still lack sufficient observations
for satellites with inclinations of between fifty and eighty degrees, this
gap in the data will probably be filled in the near future.

2. Method of reduction

The observations used in this determination were made by Baker-Nunn
cameras, and the first steps in the reductions were made by Phyllis Stern
by the Differential Orbit Improvement program, in which first-order short-
periodic perturbations due to the oblateness of the earth are taken out.

The mean orbital elements of each satellite for every two days or four days
were obtained from observations covering four or eight days. Luni-solar
periodic and solar radiation perturbations in the orbital elements were then
computed and subtracted from the mean orbital elements.

To derive secular motions of the ascending node and the perigee and
amplitudes of long-periodic terms from these orbital elements, I use data
covering agbout one period of revolution of argument of perigee, that is,
about 80 days for Vanguard satellites, for example.

Secular accelerations in the mean anomaly or the mean longitude, and
secular decreases in the semimajor axis due to air-drag, are then evaluated
roughly; they can be used to compute theoretically secular variation in the
longitude of the ascending node, the argument of perigee; and the eccentricity
due to the air drag with sufficient accuracy, by assuming the rate of secular
decrease of the perigee height. The computed secular variations in the three
orbital elements are subtracted from the mean elements.



After the corrections with long-periodic perturbations due to even
zonal harmonic terms are made, the argument of perigee w, the longitude
of the ascending node, (O, the inclination i, and the eccentricity e are
expressed by the following simple forms:

mo+wt+Aw cos w,

Q=0+ At + A cos w,

Q
(1)

[y
!

i . sin
1o+ A; sin w,

e =e. +A sin w.
0 e

By the method of least squares we can determine the constants appear-
ing in the formulas (1) from a set of the corrected orbital elements.
However, when the eccentricity is very small, say less than 0.02, the cor-
rected eccentricity and the argument of perigee are more accurately expres-
sed by the following formulas:

e sin w = eo(l - o) sin (wo + wt) + As

(2)

e cos W = eo(l + a) cos (wo + wt),

where o, which is due to even-order harmonics, can be computed with approxi-
mate values of Jn as

@ = sin® i {J‘z (14-15 sin® i) +5 Jh(6_7 sin® i) (3)
3

- 10.9375 J(16-48 sin® i + 33 sin™ i)/az}/{16 a? 3, (k=5 sin® i)} .

By using the formulas (2) we can determine eo sin Wy eo cos W,

and a correction to an assumed value of @ from observations by the method of
least squares.

s Ay

The relation between the anomalistic mean motion n and our semimajor
axis a 1s given as

3d A
P
where 20 3 )
GM = 3.986032 x 10" cm”/sec” , (5)
P = a(l-eg) .

_3_




Expressing the mean motion in revolutions per day and the semimajor axis
in earth's equatorial radii, we can use the following number for GM:

JGM = 17.043570 , (6)

where I adopt the following value of the equatorial radius:
a_ = 6378.165 kn . (7

The earth's gravitational potentiasl is expressed with Legendre
polynomials as

U= %h-d {1 - i 3 (a /r)" P (sin B)} ) (8)

n=>

The secular motions of the node and the perigee and the amplitudes
of long-periodic terms with argument w derived from observations are com-
pared with those computed from my previous value of J (Kozai, 1963),
namely,

J2=1082)+8x106 J3=-2562X106
5, = L8 x 107, 35 = =006k x 100,
J6- 039><1O6 J7=-Ol+70x106 (9)
Jg = -002><1o6 J9=Oll7XlO6

Of course we must include luni-solar secular terms and a Jg term,

which can be computed with an approximate value of J, to compute secular

2
motions. Therefore, each secular motion and amplitude provides us with
(O-C), which will make it possible to improve values of J .

3. Data

a) 1959 Alpna 1--Table 1 lists fourteen sets of data for this satel-
lite, and table 2 gives (0-C)'s referred to my previous values for Jn'

The standard deviations for the daily secular motions g and Q given
in table 1 are determined from observations; those in table 2 are computed

by adding uncertainties which come from those in 5 and iO' Weighted mean

values for the fourteen sets are given at the bottom of the table. As can
be seen, the scattering of (0-C)'s is much larger than that expected from
the standard deviations assigned to the observed values. However, the

-



standard deviations assigned to the mean values in table 2 should be more
reliable, and will be used in the determinations of Jn.

b) 1959 Eta--Ten sets of data are given in tables 3 and L for tnis
Vanguard satellite. However, its orbital elements are not essentially
different from those of 1959 ql and the mean values of (O-C) in table b
are almost identical with those in table 2, as expected. For the two
Vanguard satellites (0-C) in O and A, are significantly large.

¢) 1960 Iota 2--Since the eccentricity is very small for this rocket
of Echo I, the formulas (2) are used in the reduction. Since & + G are
very small for this satellite, it is necessary to take special care to
compute terms with arguments 2(w + Q -g}D) and 2(w + Q - 0.) in the luni-
solar perturbations. (

Five sets of data are given in tables 5 and 6. For this satellite
the scattering of (0-C) for secular motions is very large. The large
scattering for o may be partly due to the fact that the radiation pressure
effects in the argument of perigee are too large to handle accurately.
Also, I suspect that the anomalistic mean motion cannot be determined with
sufficient accuracy for a satellite of such small eccentricity. This might
be one reason why we have large discrepancies in the secular motions of the
node .

However, (0-C)'s in &,  and A, are still significant.

d) 1961 Nu--For this satellite precisely reduced Baker-Nunn observations
are not available and observations must be used that are not precisely reduced.
However, since the satellite is close to the earth and the inclination is the
smallest used in this paper, the node and the perigee move rapidly and the
relative accuracies in the determingtion of the secular motions are fair.

Four sets of data are given in tables 7 and 8, which show a wide scatter
in the values of (0-C) in A, and A.. The residuals in the two secular motions
take large values. This satellitelwas not used in the earlier determination
of J ; at that time the smallest inclination was 32%9, for 1959 al.

e) 1961 Omicron--There are two separate satellites for 1961 o. However,
since they have almost identical orbital elements, they are treated as one
satellite here. The eccentricity is very small. Since the inclingtion is
rather close to the critical inclination, the argument of perigee moves very
slowly. Therefore, one set of observations must cover more than 500 days.
However, as the mean motion changes rather rapidly due to air drag, I have
used one set of 4OO-day observations.

For this satellite, the mean height is rather low, about 900 km, and
the inclination is high. Therefore, the object is rather difficult to
observe from the Baker-Nunn stations due to visibility conditions, and there
are many gaps in the observations, periods for which accurate orbital elements
are not available. As the Baker-Nunn stations are between +35° and -35° in
latitude, the inclination of this satellite is poorly determined although the
longitude of the node can be well determined. This situation is contrary to
that of Vanguard satellites.

_5-



The secular motion of the node is determined quite accurately, as
we can see in table 9. However, we cannot compute theoretical values
of the secular motions so accurately as the observed ones, because of
uncertainties in the inclination. Therefore, the standard deviations
in (0-C) of Q in table 10 are large. But (O-C)'s in Q themselves are
quite large, as we can see in table 10. 1In the previous determination of
Jn’ accurate orbital elements from Baker-Nunn observations were not available,

The value of (0-C) in ) for the epoch 4 is quite different from the
others, and I suspect this scattering is due to some accidental errors
in i, for the epoch 4, and give small weight to this value in taking the
meano

For this satellite the radiation pressure effect in the argument of
perigee is too large for my program to compute 1t with enough accuracy. This
is also true for other satellites of small eccentricity.

f) 1961 Alpha Delta l1--This satellite has a polar orbit. However, as
the mean height is quite high, we can determine the orbit very accurately
from Baker-Nunn observations.

This satellite, and the three listed in tables 13-17, which were
launched in 1962, were not used in my previous determination.

The first set of data is determined from 300-day observations, and the
second set is from 400-day observations, which cover one revolution of argu-
ment of perigee.

To compute the solar-perturbatlons there arise three small divisors,
namly, E(D.@ - w), 2(0») - Q -+ no>’ and 2(1’1 - 2“) - Q)

Tables 11 and 12 show that the eccentricity is wery small and that
(0-C) in ) is very significant.

g) 1962 Alpha Epsilon--For this satellite three sets of data are given
in table 13. However, observations in sets 1 and 2 are overlapped w1de1y.
Since w and -Q have nearly the same value, 2(w + Q) and 2(ne - 2w - Q) take
small values, as for 1962 Beta Mu 1. Therefore we must be careful to com-
pute luni-solar perturbation terms with such arguments.

All values of (0O-C) in table 1L are significant.

n) 1962 Beta Mu 1--Tnis is a geodetic satellite, and although the in-
clination is not very much different from that of 1956 we, the eccentricity
and the mean motion take quite different values.

The mean height of this satellite is not high enough for the Baker-Nunn
camera§ to track the object over a long arc. Therefore the accuracy of
determination of the orbital elements is not high.



i) 1962 Beta Upsilon--Unfortunately, precisely reduced Baker-Nunn
Observations are available for this satellite only for 200 days, during
which the argument of perigee moves by 240°. Therefore I will increase by
a factor of five the standard deviations given in table 17 in the deter-
mination of Jn.

4. Determination of Jn

Table 18 gives for the nine satellites the semimajor axes in units of
earth equatorial radii, the inclinations, the eccentricity, and the area-

to-mass ratio in cgs units. The same table also gives Jg terms and luni-
solar secular terms in & and Q (Kozai, 1962; Kozai, 1959).

A previous paper (Kozai, 1962) gives the formulas used to compute
secular perturbations and amplitudes of long-periodic terms with argument
®w by including up to 8th~-order harmonics. However, I include up to 1llhth-
! order harmonics in the present determingtion, and the additional formulas

are given in the following:

34653
G = - 10 6n(63-109262 + horke” - 79566° 4+ 419960)
4,194, 30kp
. (128 + 2304e? + 608" + 336060 + 315¢0)
9009J

- 12— en(231 - 57756° + 392708 - 106,5906°
67,108, 86lip
+ 12&,35598 - 52,003910).(256 + 7oh0e2 + 31,680eh + 36,960e6 (10)
+ 11,550e8 + 693¢20)

45,0457

- ’ 1h o nd(L429 - 1&,58692 + 138,56791+ - 55&,26896

5,147,483, 648p

8 _ 965, 7706 + 334,3050%2).(1024 + 39,936e2

6

+ 1,062,3470

4

+ 27h,560e" + 549,120e° + 360,3606% + 72,072eX0 4 3003¢12) |




s0 = - 050

34655
1010 n(63 - 34656° + 30,0309“ - 90,09096 + 109,39598

" 8,388, 608p
- u6,189elo).(128 + 1152e2 + 2016eu + 8u0e6 + 63e8)

9009J
12 n(231 - 18,0186° + 225,2050" - 1,021,0200°

268,435, 456"

2

1 1
+ 2,078,50598 - 1,939,9386 - 676,0396 2)- (102k + 39,93682

L 6 8 (11)

+ 274,560e = + 549,120e” + 360,360e  + 72,072elo + 3003e12)

h5,0k53

14 L 6

4,294,967,296p

- (k29 - 15,0456% & 765,7656" - 4,849,845

4

1
+ 14,549,5356° - 22,309,2876°C + 16,900,9756%2 - 5,01k,5756" ")

. (1024 + 19,968e2 + 91,520eh + 137,280e6 + 72,072e8 + 12,012elo + h29e12),

6
2,-1 2
_ . . 1
de sin 1 (1-567) ~ (1-e°) E:cj Aj Bj sin w , (12)
3
81 = - e se/fsin i (1-2)] , (13)
6
PRI RS- | 2, - NN |
860 = e6 sin ~ 1 (1-507) ZCJ. { sin l'Dj+ (9-567)(1-567) Aj}Bj cos w, (14)
I
6
PP | 2\-1
dbw =~ 86 - . . (1-
W Q - sin i.e ~.(1-56%) ‘khcj AJ Ej cos w , (15)
J:



O =cos i,

105J

c -9
L T
1155Jll
CS = 9 ’
,19%,304J,p
3003J13

c, =
6 67,108,86&J2pll ’

A= T- 30862 + 20026 - looke® 4 ou316? |

ag =2l - 13656° + 13,6500" - 146,4106° + 62,9850° - 29,3930%° ,

Ag = 33 - 297007 + k2,0750" - 213,1800° + 479,6556° - 490,346 0 + 185,7250™2 ,
B, = 64 + 336e% + 280e" 4 350, (16)

35 = 128 + 1152e2 + 2016eh + 8h0e6 + 63e8 s

Bg = 512 + 7ol+0e2 + 21,120eh + 18,&80e6 + h620e8 + 231el° ’

L

D), = 88(7-916° + 2730+ - 22196) ’

DS = 130(21 - haoe2 + 211;29h - 387696 + 226198) s

b 63,951+e6 + 81,71998 - 37,11+591°) ’

by 2u8se6 + 210e° ,

D = 60(99 - 28056% + 21,3180

E, = 64 + 1776% + k760e

Eg = 128 + 550ke? 4+ 26,208eh + 30,072e6 + 8,967e

4

8, sokel0 |

6 8 2

E¢ = 512 + 31,360e2 + 232,320e  + 467,280e” + 300,300e" + 57,982e10 + 2310el .

a) Even harmonics--Tsble 18 gives equations of condition to determine
values of I, through Jy)+ There are 18 equations with 7 unknowns.

-9-




The equations can be solved by assigning to each a weight reciprocally
proportional to the standard deviation. Actually, each equation is divided
by its standard deviation, and then normal equations are constructed. Before
solving the equations, note that 7(0-C)2 is 3882 (= 18 x 14.72); that is (0-C)
is bigger than the standard deviation by factor of 14.7. This value comes

down to 23 = (18-6) x 1.4° after solving J;,, and to 13.4 = (18-7) x 1.1°

after solving th, whereas it is 93.5 = (18-5) X 2.72 after Jlo is solved.

Therefore we can stop either at Jl or at th’ although the solution in-

2
cluding th is, of course, better.

In table 19 residuals based on the solutions up to th and J are given

12
under headings I and II, respectively, in units of 10—6 degrees. Under the head-
ing KH, residuals based on King-Hele and Cook'’s values (1964) are given ; that is,

6 6

J, = 1802.70 x 10, 3y, = -1.40 x 1077,

Jg = 0.37 X 10'6, Jg = 0.07 x 10'6, (17)
-6 -6

Jjo= -0.50 x 107, J;5= 0-31x 10 .

In the node equations the residuals based on my new determinations for
1962 Bu are larger than the standard deviations. However, since this datum
is not entirely reliable, being based on a single determination covering an
incomplete period of time, this may not be a weak point in this determination.

In the perigee equations of 1961 vy and 1962 qe¢, the residuals are larger
than their standard deviations. This may suggest that we must still include
higher-order terms to express these data.

The two sets of solutions derived are the following:

Solution I (in units of 107()

4, = 1.65, aJ), = 1.81, dJg = 2.56, dJg = -2.50,
+6 +16 +30 +50 (18)
Ji0 = -0.54, J._ = -3.57, J,, =1.79,

550 2 +hh 1k +63
Solution IT (in units of 1077)

a3, = 1.50, 4J),

2.03, dJg = 2.03,
+5 +18 +31
(19)

dJgq = -1.29, J.. = -1.55, J.. = -2.9k4.
8 i3h’ 10 iu5’ 12 +49

-10-




b) 0dd harmonics--As shown in table 20, we have 32 equations to
determine 6 unknown coefficients of odd harmonics. At first =(0-c)2

is 349(= 32 X 3.32). This number comes down to 153(= 28 x 2.32) after
J9 is solved, and to L42(= 27 x 1.252) and to 39(= 26 x 1.232) after J,4
and Jl3’ respectively, are solved. Therefore, the inclusion of Jl3 does
not reduce the residuals too much. Two sets of solutions are derived,
one up to Jll and one up to Jl3; that is,

Solution I (in units of 10-7)

aJ_ = 0.31, 4J. = -l.47, 4J, = 1.36, J, = -1.67, J,, = 3.02, J.,_ = =-l.1h
3 4:20, > *25’ 7 139’ 2 -1:60’ 11 135’ 13 5:84’
Solution IT (in wnits of 107 ')
aJ, = 0.07, d4J_ = -l.22, 4J, = 0.93, J. = -0.75, J,, = 2.96. (20)
3 a1 0 a7 1 g 9 a7 43

Table 20 gives the residuals based on solutions I and II for each datum.
Residuals in the eccentricities of 1961 p and 1962 B, in the perigee of
1961 p, and in the nodes of 1962 qe and 1962 Bu have much larger values than
the standard errors. This may show that still higher-order harmonics are
significant.

In this analysis parallactic terms are neglected in computing lunar per-
turbations. However, in the parallactic disturbing function there is a term,

%?-sin i .sin ¢(1 -g sin® i)(l-—% sin® ) ee'(l-k% e2) sin w- sin w’ , (21)

where ¢ is obliquity, e is lunar eccentricity, and w’ is lunar argument of
perigee. Since w’ moves slowly, we must include this term if we treat ob-
servations of high-altitude satellites in the future.

5. Results
The two sets of solutions derived in this paper are the following:

Solution I (units of 10-6)

J, = 1082.645, J_ = -2.546,
+ 6 3 +20

J, = -1.649, Jg = -0.210,
+16 +25

-11-



J6 = 0.6’4—6, J7 = '0‘333’
+30 +39
J8 = -0-270, J9 = "0'053’
+50 +60
J., = -0.05k4, J,y = 0.302,
10 +50 1 *35
J —_ _0.357 Jd = -O.ll’-'-
12 i 13 8y’
J., = 0.179 (22)
1k 163
Solution ITI
J, = 1082.630, J3 = -2.559,
+5 +11
3, = -l.627, J5 = -0.185,
+18 +17
Jg =  0.593, I = -0.376,
+£31 122
J8 = -O-lll-9, J9 = 0.039,
+3h £17
J..= -0.155, J.. = 0.296,
10 145 1 +35
J. = =0.294 (23)

A. H. Cook (1964) recently derived values of J5,J), snd Jg by using high
satellites only, and his results show remarkable agreement with Solution I.

The flattening of the reference earth ellipsold based on this wvalue of
J, is 1/298.252. The theoretical value of J), for the reference ellipsoid

assumed to be in hydrostatic equilibrium is computed as -2.350 X 10-6. The

deviation of the geold computed on the geopotential based on solution I is
expressed as a function of geometric latitude:

B =+ 0.8 -18.3 sin B - 87.8 sin® B - 119.1 sin> B + 1042.5 sinl‘s

+ 1191.7 sin’ B - 507h.2 sixDB - 3636.7 sin! B + 12,668.0 sin® B

+ 5230.8 sin” B - 16,676.3 sin™> p - 3556.4 sin’l B + 10,913.0 sin*> 8

14

+ 926.8 sint3 B - 2791.3 sin~ B (in meters) . (o)

Figure 1 shows the value of n as a function of § based on this equation.

Tne.value of geoid height h in the north pole is 13.5 meters, which is the
maximum value, and is -24.1 meters in the south pole.

-12-




In the solutions (22) and (23), the values of J, do not tend to con-
verge to zero as n increases. However, if n is large enough, J, should
take a very small value. Otherwise the gravity expression, which is derived
by differentiating the potential with respect to the radius, may give a very
great difference of gravities between the equator and the poles and between
the north and south poles.

To determine how strong or weak the solutions (22) and (23) are, the
correlation coefficients in my determinstions are shown in tables 21 and 22.
The tables indicate that these solutions are derived from rather strongly
correlated equations of condition. Therefore, in the future we must use both
low and high satellites having the same inclination.

However, to determine the orbital elements of low satellites with high
inclinations we need observations from high latitudes. As I mentioned
earlier, I could not assign a large weight to the node equation of 196lo
to determine even-order coefficients, because the inclination could
not be determined with sufficient accuracy. Also, T must mention that I did
not use satellites with inclinations below 28°, between 50° and 67°, or
between 67 and 85° in this determination.

However, I believe that the present determination is much more reliable
than the previous one, since the data themselves are more reliable, both
because of the number of observations and because I included some satellites
that were not used in the previous determination.
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Table 2.--(0-C) Referred to Kozai's previous constants
for 1959 Alpha 1

e

b x 107 a x 10° A, X 10° A 10° A X 10* A, X 10
1 19° +£+17  -31° £18 12 %7 1P @17 90° + 4o’ -9 x5
2 0O + 8 b9 + 23 17+5 -26 18 2 + 23 19 + 7
3 3 £ 8 23 + 23 18 + 6 -13 33 33 £ 36 =37 £9
h -15 +11 -22 £ 21 2+6 41 16 102 + 29 -23 4
5 3 £ 6 42 + 13 T+ h -3 T b1 + 17 -1 + 3
6 -3 = 4 -33 + 10 0 -31 14 12 + 12 10 + 3
T 6 + 3 3 & 1 T+5 Lk 13 12 £+ 10 11 + 6
8 -5 + 7 27 e 17 T+ 3 24 21 98 <+ 18 -20 + 5
9 1 £ 5 24 + 16 -4 +5 6 30 37 £ 13 -1 + 4
10 -4 + 3 -8 £+ 15 32 18 11 ko + 8 1 +5
11 0 % 3 -4 + 8 -2+ 2 -20 T 31 + 10 8 2
12 13 £ 3 -33 = T 8 +3 -17 T 51 + 8 -2 x4
13 3 £ 3 46 + 14 5 + 3 -13 14 4o + 1k -36 + 4
1k 9 + 2 -48 + 8 6+ 2 38 12 75 £+ 9 -21 + 3
mean 4 + 2 26 + 6 h+o2 -2 8 ho + 8 -5 %5
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Table 4.--(0-C) for 1959 Eta

. 5 . 6 6 5 L L

w X 10 0 x 10 Ae X 10 Ai x 10 Aw x 10 AQ X 10
1 P+ & -70° £ 31° -9%5 -50° + 30° 50° £ 25° 8
2 14 + L4 -70 % 13 O+h 10 + 20 17 + 10 -9 +2
3 17 + 4 20 + 9 -9+l 1 + 16 43 + 12 0 %2
L 9 + 4 -62 + 11 -2+ 3 -21 + 15 37 £ 11 3 x4
5 8 £ -23 + 1k -1+ 3 46 + 14 70 + 18 -8 £6
6 26 =5 -160 + 40 10+ 5 7 £ 4 32 + 15 -4 +8
7 10 %3 -70 + 14 9«2 84 + 19 30 £+ 11 -7 £ 6
8 -4 +3 T + 13 3+4 0O £+ 9 b5 + 7 -15 + 3
9 32 +20 -66 + 24 -5+ 2 -69. + 11 59 + 11 -3 2
10 -5 +£3 =34+ 7 15 + 3 -37 + 13 62 + L -1k + 2
mean T =+ 3 450 + 9 2+2 -4+ 9 50 £ 5 -7 £2
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Table 6.--(0-C) for 1960 Iota 2

. 5 . 6 7 5 4

® x 10 Q x 10 A, x 10 Ay X 10 Ay X -10
1 6 £17  -31° +%° Ly o+ 14 & +11° & £ 3°
2 134 + 21 <16 + 6 88 + 14 -7 11 -2 3
3 75 + 18 46 +5 123 + 14 -9 10 -10 + 3
4 22 24 -101 %5 72 + 20 0 10 10 + 3
5 200 % 24 -64 + k4 101 + 11 -38 7 L £ 3
mean 90 z 30 -52 % 15 86 + 13 -9 8 2 x4
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Table 10.--(0-C) for 1960 Omicron

. -5 > -6 6 5 )4.

w X 10 Qx 10 Ae x 10 Ai X 10 AQ X 10

50° @ 23° -1291° + 12° -51 % 3 2 +19° 7+ 3°
2 sb £+ 9 -1238 + 13 -35 + 2 -18 + 16 -5 +£2
3 -2 + 8 -1257 + 10 -46 + 3 -16 + 19 10 + L4
L -20 + 11 -1162 + 15 =37+ 2 8 21 2 +2
mean 20 + 30 -1262 + 25 k2 + 6 -6 + 13 L + 8
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Table 12.--(0-C) for 1961 Alpha Delta 1
b x 107 a x 10° A x 10° AL x 107 A_x 10
e i Q
1 33° + 11° 68 + 2° L +2 -5+ 7 -T2
2 =72 £ 10 63 + 2 21 + 3 18 + 8 T3
mean -20 * 50 65 + 2 8+ L4 7+ 10 T+ 7
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Table 14.--(0-C) for 1962 Alphe Epsilon

b x 10° a x 10° A_ X 10° Ay X 10° AL X 10t Ay X 10%

473 + 1%0 -6+ 5 38+ 2 g+ 2 + 5 31° + 3°

4h,0 £ 2.2 51 + 7 32+ h b9 + 21 24 £ 9 35 £ 3

33.k £ 1.0 57T +£8 52 + L 73 £ 11 -15 £ 9 35 £ 3

b +6 -56 £ 5 37 @ 20 43 @ 33 =20 £ 5 b £ 3
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Table 16.--(0-C) for 1962 Beta Mu 1
o x 107 a x 10° A X 10 A, x 107 A x 0%
e i Q
1 271° + 61° 160 + 14° 27T + 2 b o+ 25° 1° £ 3°
2 =128 + 55 -69 + 18 19+ 2 27 + 23 11 +£5
3 191 + 33 18 + 15 20 £ 2 -92 + 17 8 + 4
mean 131 + 150 -12 + 30 22 + 4 -55 + 30 T £5
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NOTICE

This series of Special Reports was instituted under the supervision
of Dr. F. L. Whipple, Director of the Astropbysical Observatory of the
Smithsonian Institution, shortly after the launching of the first
artificial earth satellite on October 4, 1957. Contributions usually
come from the Staff of the Observatory. First issued to ensure the
immediate dissemination of data for satellite tracking, the Reports have
continued to provide a rapid distribution of catalogs of satellite obser-
vations, orbital informastion, and preliminary results of data ana.lyses
prior to formal publication in the appropriate Jjournals.

The Reports are also used extensively for the rapid publication of
preliminary or special results in other fields of astrophysics.

Edited and produced under the supervision of Mr. E. N. Hayes and
Mrs. Barbara J. Mello, the reports are indexed by the Science and Technology
Division of the Library of Congress, and are regularly distributed to all
institutions participating in the U. S. space research program and to
individual scientists who request them from the Administrative Officer -
Technical Information, Smithsonian Astrophysical Observatory, Cambridge,
Massachusetts 02138.




