to stimulate the fish, and biolumi-
nescence was observed to persist for
about 1 second after the flashlight was
turned off. The possibility that this
emission was the result of phospho-
rescence or some other such phenome-
non was considered and tested, without
receiving any support. The luminescence
in response to light appears to derive
from the emission of the luminous or-
gan. The response was reliable—
neither fatigue nor failures were noted,
and it was independent of the duration
of the exposure, up to 2 minutes.

The observation of light-induced bio-
luminescence strongly supports the hy-
pothesis that luminescence is used to
match the background light intensity.
However, experimental studies of the
effect of intensity of irradiation upon
the intensity of emission will be needed
in the evaluation of the proposed hy-
pothesis. Another important but also
unresolved question is posed by the
fact that the fish are apparently bottom
dwellers, where the silhouette-con-
cealing mechanism would seem to be

of limited value (I5). If the proposed

hypothesis is correct, it would be ex-
pected that in deeper water these fish
spend some part of their life off the
bottom. Knowledge concerning the
natural history, ecology, and especially
the behavior of these fish is needed to
evaluate this question.

J. WooDLAND HASTINGS
Biological Laboratories,
Harvard University,
Cambridge, Massachusetts 02138
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Lunar Gravity Analysis from Long-Term Effects

Abstract. The global lunar gravity field was determined from a weighted least-
squares analysis of the averaged classical element of the five Lunar Orbiters. The
observed-minus-computed residuals have been reduced by a factor of 10 from a
previously derived gravity field. The values of the second-degree zonal and sec-
torial harmonics are compatible with those derived from libration data.

The results given here represent an
extension and refinement of previous
work by Lorell (I). The second-degree
zonal and sectorial harmopics deter-
mined here are in agreement with values
obtained by libration data given by
Jeffreys (2) and Koziel (3). A compari-
son is also made between our work and
that of Muller and Sjogren (4).

The lunar gravity potential & is
represented by the spherical harmonic
expansion

p=t41y nZ; m;) [(1}) X

P, (sin ¢p) (Cum cos m\ + Sum sin mx)]

where p is the gravitational constant of
the moon, adopted as 4902.78 km3/
sec?; R is the mean equatorial radius of
the moon taken as 1738.09 km; P,™
(sin ¢) is the associated legendre poly-
nomial of order m and degree n in sine
of lunar latitude ¢; A is the lunar longi-
tude; and r is the radial distance of the
orbiter from the moon. The harmonic
coefficients C,,, and S,,, have numerical

values that are determined from the
data.

With the vast quantity of tracking
data, a direct reduction of the data
becomes a formidable undertaking, even
for the high-speed computers of today.
Therefore, the radar data were com-
pressed into normal points consisting of
five mean orbital parameters, q, e, i, Q,
and o, averaged over an anomalistic
period. A weighting matrix describing
the statistics and correlations between
the mean elements was associated with
each normal point. A complete descrip-
tion of these matrices and data has been
given (5). Lorell (I) was limited to an
8th-degree, 4th-order (8-4) model
because of computer limitations. His
computer program (6) computed the
averaged orbital elements and produced
the partial derivatives necessary for dif-
ferential correction by the technique of

finite differences. Having access to a

third-generation computer, we were
able not only to extend the solution to
the 15th degree but also to use varia-
tional equations to compute the partial
derivatives.

Included in the equations of motion
were effects of the harmonic coeffi-
cients, the point mass perturbations of
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the earth and the sun, and solar radia-
tion pressure. It should be noted that
we found it necessary to expand the
disturbing function for the earth to
third and fourth order in the ratio of
the orbiter selenocentric distance and
the earth selenocentric distance (7).

We have solved for.a 15th degree,
8th order (15-8) model, and the result-
ing normalized and unnormalized har-
monic coefficients, together with their
standard deviations, are shown in Table
1. Corresponding contour graphs of
equivalent surface density distribution,
represented by departures from a refer-
ence sphere with contour lines at 400-m
intervals, are shown in Fig. 1. Multiply-
ing the contour values by 0.11 will give
the variations in units of milligals.

Figure 1 shows a large positive area
near the center of the far side, which
indicates a large “mascon” or a system
of “mascons” in this region. The exist-
ence and location of such a farside
anomaly had already been proposed by
Campbell, O’Leary, and Sagan (8), and
the results presented here are consistent
with their analysis. To demonstrate the
degree of improvement over the 8-4
model (7), the residuals are compared
in Table 2.

We base our statistics on the a poste-
riori data fit, which reflects unmodeled
effects such as mascons. The resulting
standard deviations are about 1000
times larger than the formal statistics
based only on the Doppler noise. The
values of C,, and C,, are consistent
with f and g, which have been obtained
by observations of the physical libra-
tions (2, 3) where f, g, Cyy, and C,, are

related by
8= C_E—ﬁ = 0.000627 = 0.000001
_C—=B1 _2C»
== ="t .=
0.633 = 0.011
g=-C —3C»__ (5956 = 0.001

T“2ME T A +9

where M is the lunar mass and a is the
mean lunar radius.

The principal moments of inertia are
A, B, and C. Adopting the observed
value of B to be 0.000627 and using
the values Cyy and Cy, from our model,
we find

f=0.617 = 0.067
£ =0.590 = 0.028

Since the even-degree coefficients of the
same order, and the odd-degree coeffi-
cients of the same order, are highly
correlated, the individual C,,, and S,
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Table 2. Residuals for Jet Propulsion Laboratory’s 8-4 model (mod 3) versus the 15-8 model.

In-
clina-
tion

Q4+ w
(deg)

a(m) e (X 10%)

Number
of points

Time span

(deg)

(deg)

(deg)

Arc

Min-

15-8 Mod 3 15-8 Mod 3 15-8 Mod 3 15-8 Mod 3 15-8 Mod 3 15-8 Day Hour ute (deg)

15-8  Mod 3

Mod 3

12
12
18
17
16
21

37
58
18
10
22

11

. .
57
126

Average residuals

—0.008
—0.014
—0.005

—0.004
—0.056
—0.162
—0.134
—0.302

—0.184
—0.325
—0.223
—0.168
—0.001
—0.058

0.057

0.176
0.311

—0.061
—0.501

0.015
—0.116

—0.027
—0.033

0.106
6.48

—40.8

—46
—175
—1264

—0.79

0.26
—2.02
17.85
—25.85

20 20

1A
1B
IIC
11D
IIE
IIIB
IIIC
1D

0.445
—0.700

9.34
45.5

66
4

55
40

0.218

0.538
—0.756

0.047
—0.200
—0.019
—0.064
—0.161
—0.014

0.044
0.005
—0.003
—0.195

73 16

0.016
—0.014
—0.005
—0.022
—0.038
—0.005

0.622
—1.889

0.186
—0.012

81.7

231
244
140
—909
1023
—2514

9.32

11

11

94
50
94
44
39
31

1.587
--0.389

21.3

4.01
—1.04

—20.1

1.78
—79.55

32
25

18
22

0.394 0.005
—1.298

0.054
—0.193

—9.19
—61.8

59

56

21

0.318
—0.249
—0.084

0.171
—0.520
—0.022

1.616
—0.349

0.141
—0.076
—0.024

3.74
—0.75
41.94
—24.61
—26.71

—64.09

7
4
18
10
34
30

21

40

0.100
—2.158

0.482

29.5

6.93
29.4
—21.6
—14.0

4
18
10
35
32

308

21

0.021
—0.012

0.022 2.074
—0.009

—0.054
—0.030

271.0

II1IE

IvC

29 85

22

0.081
—0.074
—0.054

0.079

0.020
—0.155

0.058

4.50
0.3

29.8

66
910
—1102

85
85

17
20

53
111

0.092
—0.431

0.013

0.148
0.445

3

vC
VD

20

0.010

0.308

22.9

Total 289

Standard deviations

0.027
0.283

0.197
0.800
0.733

0.190
0.790
0.802
1.076
2.600
1.009
2.069
0.439

0.186
0.763

0.205

0.026
0.268

21.2
176.0
102.0
240.0

64
358
1292

5.37
71.3

5.41
63.97
56.90
58.03

1A
1B
1IC
11D

0.751

0.714

0.822
1.054
2.239

0.203

0.231

58.8

0.706
0.439
0.855

586 0.412 0.412 0.694
218 0.430

408
1240

58.3

0.0578
0.401

0.044
0.392
0.153

75.8

5.29

78.0

9.93
103.71

IIE
I11B
IIIC
II1ID

0.822
0.519

0.984

109.0
115.0
186.0
601.0

0.492

1.628
0.498

0.193
0.029
0.192
0.296

91.3
9.36

57.7

42.75

0.642
0.466

0.591

692 0.073

2061

6.13

1.191
0.166
0.704
0.512

0.477

1.053

0.217

57.99
9743

95.39

IIIE

ve
vC

0.099
0.579

0.019
0.100
0.068

0.079
0.174
0.318

0.537

0.316
0.568

86.7
25.2
219.0

235
655
1147

92
92.2
100.0
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0.364

0.457

0.497

101.95

VD




Arc Contour Arc Contour Arc Contour Arc Contour
label  value (m) label  value (m) label  value (m) label  value (m)
A -2400.00 G -1200.00 M 0.00 ] 1200.00
C ~2000.00 1 - 800.00 (0] 400.00 u 1600.00
E -1600.00 K - 400.00 Q 800.00 w 2000.00
i 2400.00

Latitude (degrees)

280 300 320 340 0

2040 " 60~ 80 100 120

Lunar near side

Longitude (degrees)

140

180 200 220 240 260
Lunar far side

160

Fig. 1. Lunar gravity field contours. (The contour value multiplied by 0.11 is approximately 1 mgal.)

are not so meaningful as all the coeffi-
cients taken collectively.

The validity of the 15-8 model was
checked by using the original Doppler
data to predict over an arc of 14 revo-
lutions (36 hours) for a low circular
orbit (Lunar Orbiter 3). The maximum
disagreement at the end of 36 hours
was 50 hz. There appears to be no
tendency for the orbit to drift; that is,
there is no secular trend in the Doppler
residuals. The only detectable error is
a gradual increase in amplitude of the
periodic error.

To compare our work with the work
done by Muller and Sjogren (4), we
adjoined a mascon expansion to our
15-8 model. The result of this experi-
ment was to show that the works are
completely consistent. The adjoined
model breaks up the gross nearside fea-
tures of the 15-8 model into clear,
mascon-type features [as presented in
(4)]. The high region between Imbrium
and Serenitatis breaks into two, and
Crisium, Humorum, and Nectaris ap-
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pear in their appropriate locations. The
far side remains relatively unaffected,
indicating a small correlation between
low-order gravity harmonics and mas-
con-type features.

The resolving power of the 15-8
model is limited to about 40 degrees of
latitude or longitude; that is, two ad-
jacent high regions described by the
model cannot be closer than 40 degrees.
Therefore, the mascon-type features,
which are more local, are glossed over.

In summary, we have generated a
global model for the moon which is
consistent with the gross features de-
rived from physical libration data and
which does not contradict the fine fea-
tures (that is, mascons) derived by di-
rect mapping of the Doppler data. An
independent check of the model’s
validity is its ability to predict orbital
parameters better than any model to
date. Considering that the biases and
other systematic effects have been es-
sentially removed from the normal
point data residuals, we feel that this

model represents about the limit of
information extractable from the Lunar
Orbiter data by our method.
ANTHONY S. Liu
PHiLiP A. LAING
Jet Propulsion Laboratory,
California Institute of
Technology, Pasadena 91103
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