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ABSTRACT 

A number of conductivity models have been investigated 
for compatibility with the Apollo 1 2  magnetometer data. Except 
at the highest frequencies, a simple core-crust model is compatible 
with the observed dayside transfer function, which is expressed 
as the ratio of the lunar surface field spectrum to the inter- 
planetary magnetic field spectrum. All conductivity profiles 
exhibit a peak near 1500 km, when the models are cons-trained to 
conform to the observed flat response at the higher frequencies. 
However, at frequencies above .01 Hz the long wavelength limitation 
of the theoretical model is no longer valid. A combination of 
dayside and nightside models and data indicate that a conductivity 
profile with a peak ( .003 mho/m) near 1500 km radius and a core 
conductivity of about .01 mho/m at 1000 km is compatible with 
the observations, as is a monotonic conductivity profile with 
.0005 mho/m at 1600 km and a core conductivity of .Ol/mho/m at 
1000 km radius. 

A plausible explanation for the difference between the 
north-south and east-west transfer functions is that it is due 
to a time varying compression of the remanent (dc) field at the 
Apollo 12 site by fluctuations in the solar  wind plasma. Provid- 
ing that the spectrum of these compressive fluctuations is not 
strongly frequency dependent, the result of removing this effect 
will be to decrease slightly the estimated conductivity. 
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TECHNICAL MEMORANDUM 

TM- 7 1-2 0 15- 9 

INTRODUCTION 

The Apollo 12 Lunar Surface Magnetometer Experiment 
has produced some unexpected results, such as the observation 
of a large remanent (dc) magnetic field, an inductive response 
to time fluctuations in the interplanetary magnetic field that 
is a function of the polarization of the fluctuations, and 
apparent peaks in the observed response (transfer function) 
to the time fluctuations [Dyal and Parkin, 1971; Sonett et al., 
1971 a, 1971 b]. On the interpretational side, the rapid rise 
and then leveling off of the transfer function, as determined 
from the lunar dayside data, has been taken as indicating a 
thin, highly conducting shell at a depth of about 250  km 
[Sonett et al., 1971 a, 1971 b], while the nightside data has 
been interpreted in terms of a monotonically increasing con- 
ductivity structure. In this paper I intend to pursue some 
of the implications of these observations and determine their 
effects on the interpretation of the data in terms of the 
conductivity models. 

Theoretical Model 

Figure 1 shows the geometry on the dayside lunar 
equator and in this coordinate system the field components 
due to the interplanetary field and the induced fields are 
[Sill and Blank, 19701 

- 
Bx - Box 
B = H B - Ht (Vx*B ) + Ht (Vy*Box) Y P OY OY 
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where a l l  q u a n t i t i e s  are t o  be considered as f u n c t i o n s  of 
frequency, H and Ht are t h e  Po lo ida l  and Toro ida l  t r a n s f e r  
func t ions ,  r e s p e c t i v e l y ,  and the s o l a r  wind components a r e  
(neg lec t ing  a b e r a t i o n  and f l u c t u a t i o n s  o u t  of t h e  e c l i p t i c )  

P 

cos 0 

Sin 0 

- 
vx - -vsw 

v s w  v =  
Y 

( 4 )  

The c o n s t r a i n t s  imposed i n  t h e  above d e r i v a t i o n  a r e  
[Blank and S i l l ,  1 9 6 9 ;  S i l l  and Blank, 1 9 7 0 1 ,  (1) t h e  wavelength 
of t h e  source f i e l d  f l u c t u a t i o n  i s  much g r e a t e r  t han  t h e  r a d i u s  
of t h e  moon, which, for s p a t i a l  i r r e g u l a r i t i e s  convected wi th  
t h e  s o l a r  wind, r e q u i r e s  t h a t  t h e  frequency of t h e  a s s o c i a t e d  
t i m e  v a r i a t i o n s  be much less than  0 . 1  Hz,  ( 2 )  t h e  luna r  con- 
d u c t i v i t y  p r o f i l e  i s  r a d i a l l y  symmetric, ( 3 )  a t h i n  c u r r e n t  
s h e e t  a t  t h e  l u n a r  s u r f a c e  conf ines  t h e  induced f ie lds  t o  t h e  
l u n a r  i n t e r i o r ,  ( 4 )  t h e  day-night  asymmetry i n  t h e  s o l a r  wind 
plasma i n t e r a c t i o n  w i t h  t h e  moon, which r e s u l t s  i n  t h e  plasma 
void  behind t h e  moon, produces smal l  e f f e c t s  on t h e  induced 
f i e l d s  on t h e  s u n l i t  hemisphere. 

Model s t u d i e s  i n d i c a t e  t h a t  H i s  an i n c r e a s i n g  
P 

f u n c t i o n  of frequency i n  t h e  frequency range where induc t ion  
occurs  i n  t h e  more conduct ive p o r t i o n s  of t h e  l u n a r  i n t e r i o r ,  
wh i l e  Ht i s  independent  of f requency u n t i l  i nduc t ion  occurs  

- 
i n  t h e  l e a s t  conduct ive reg ions  near  t h e  l u n a r  s u r f a c e ,  a t  
which p o i n t  Ht  dec reases  w i t h  f requency [ S i l l  and Blank, 1 9 7 0 1 .  

Discuss ion  of t h e  Observat ions 

F igu re  2 shows t h e  r a t i o ( o f  t h e  power s p e c t r a  
(Ai = ~ B i ~ / ~ B o i ~ ) ,  i = x, y,  z ,  
r e p r e s e n t i n g  2 1  hours  of d a t a )  as determined from measure- 
ments made on t h e  l u n a r  s u r f a c e  by t h e  Apollo 1 2  magnetometer 
and i n  t h e  s o l a r ' w i n d  by Explorer  35 [Sone t t  e t  a l . ,  1 9 7 1  b l .  
The observed v e r t i c a l  t r a n s f e r  func t ion  (Ax) i s  nea r  u n i t y  i n  
accord  wi th  (l), b u t  it shows a tendency t o  decrease  a t  t h e  
h i g h e r  f r equenc ie s ,  perhaps i n d i c a t i n g  t h a t  t h e  approximation 
of an i n f i n i t e l y  t h i n  conf in ing  c u r r e n t  s h e e t  i s  no longer  
v a l i d .  The observed h o r i z o n t a l  t r a n s f e r  f u n c t i o n s  (Ay,  A z )  

i n c r e a s e  wi th  frequency i n d i c a t i n g  a dominant c o n t r i b u t i o n  
from t h e  p o l o i d a l  response.  

(average of 1 4  s p e c t r a  

However, AZ i s  c o n s i s t e n t l y  
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l a r g e r  than A an'd t h i s  has  been suggested as an i n d i c a t i o n  
of a c o n t r i b u t i o n  from t h e  t o r o i d a l  response [Sone t t  e t  a l . ,  
1 9 7 1  a ,  1 9 7 1  b ] .  From equat ions  2 and 3 ,  assuming t h a t  Vx, 
V have a dc component only and t h a t  Ht i s  r e a l ,  t h e  r a t i o s  

of t he  power s p e c t r a  a r e ,  

Y 

Y 

- 2Vx Ht Real [ H  ] + (Vx H t )  2 
P 

A2 = AZ 2 + (V H t 1 2  + 2 V  Ht Real [ ( H  -Vx Ht)  
Y Y Y P 

B:x Boy/Boy B" oy 1 (7) 

Therefore  A Z  > A 

negat ive .  
t i o n  i s  t h a t  t h e  product  V Real [B*ox B ] be nega t ive .  From 
(5) and Figure  1 w e  see t h a t  V i s  nega t ive  be fo re  l o c a l  noon 

Y 
and p o s i t i v e  a f t e r  local noon. Observationsf of t h e  x and y 
components of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  show both 
p o s i t i v e  and nega t ive  c o r r e l a t i o n s ,  e .g . ,  F igures  1 4 a ,  14b of 
D y a l  e t  a l . ,  [ 1 9 7 0 ] .  Therefore ,  i f  w e  r e q u i r e  AZ > A by t h e  
above mechanism, those  s p e c t r a  averaged i n  F igure  2 wh ich  
r e p r e s e n t  measurements made be fo re  l o c a l  noon (V < 0 )  must be 
dominated by p o s i t i v e l y  c o r r e l a t e d  even t s  i n  t h e  cross-spectrum 
( R e a l  [B:x B ] > O )  and those which  r e p r e s e n t  measurements made 

a f t e r  noon (v > 0 )  by nega t ive ly  c o r r e l a t e d  events .  These 

requirements  s e e m  l i k e  a r a t h e r  r e s t r i c t i v e  set  of cond i t ions .  

i f  t h e  sum of t h e  l a s t  t w o  t e r m s  i n  ( 7 )  i s  
Y' 

S ince  Ht ,  H and -Vx a r e  p o s i t i v e ,  a necessary  condi- 
P 

Y OY 

Y 

Y 

OY 

Y 

The l a s t  cond i t ion ,  t h a t  t h e  magnitude of t h e  l a s t  
term i n  ( 7 )  be g r e a t e r  than  t h e  second, poses  no s e r i o u s  problem, 
if t h e  p o l o i d a l  response i s  g r e a t e r  t han  t h e  t o r o i d a l  response 
and if t h e  s p e c t r a l  r a t i o  term is  n o t  t o o  s m a l l .  For  H i n  t h e  

B* ) about  1 / 2 ,  va lues  f o r  range  from 1 t o  3 ,  and (B:x Boy/Boy 

V 

d i f f e r e n c e s  between AZ and A . 
t h e  t o r o i d a l  i n t e r a c t i o n  Cali be imide by the analysis of data 
c o l l e c t e d  a t  local noon, f o r  t hen  AZ should equal  A . 

P 
OY 

Ht i n  t h e  range from 1 / 2  t o  2 a r e  compatible  w i t h  t h e  observed Y 
A tes t  f o r  t h e  c o n t r i b u t i o n  from 

Y 

Y 
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' ?  

I 

z 

A l t e r n a t i v e l y ,  i f  t h e  t o r o i d a l  response i s  n e g l i g i b l e ,  
then t h e  d i f f e r e n c e  between t h e  h o r i z o n t a l  t r a n s f e r  func t ions  
could be a t t r i b u t e d  t o  a more complicated conduc t iv i ty  s t r u c t u r e  
inc lud ing  v a r i a t i o n s  i n  l a t i t u d e  and long i tude ,  o r  t o  o t h e r  
asymmetric a s p e c t s  of t h e  i n t e r a c t i o n  such as t h e  day-night 
asymmetry. 

Another p o s s i b i l i t y  i s  a c o n t r i b u t i o n  t o  t h e  l u n a r  
s u r f a c e  s p e c t r a  f r o m  a v a r i a b l e  compression of t h e  l o c a l  remanent 
(dc)  f i e l d .  The remanent f i e l d  should i n t e r a c t  w i t h  t h e  incoming 
solar  wind plasma i n  a fash ion  s i m i l a r  t o  t h a t  of t h e  induced 
f i e l d s  [Blank and S i l l ,  1 9 6 9 1 ;  The g i s t  of t h i s  i n t e r a c t i o n  i s  
t h a t  t h e  d e f l e c t i o n  of t h e  p a r t i c l e s  by t h e  magnet ic  f i e l d  g i v e s  
rise t o  a c u r r e n t  which excludes t h e  f i e l d  from t h e  bulk of t h e  
plasma and conf ines  it t o  a reg ion  nea r  t h e  luna r  su r face .  The 
th i ckness  of t h e  c u r r e n t  shea th  i s  of t h e  o r d e r  of c / w  o r  about  

5 t o  1 0  km. P e r t u r b a t i o n s  i n  t h e  s o l a r  wind plasma parameters  
should t h e n  cause  f l u c t u a t i o n s  i n  t h e  i n t e r a c t i o n  c u r r e n t  and 
the reby  g i v e  r ise t o  a f l u c t u a t i n g  magnet ic  f i e l d  which i s  
p r o p o r t i o n a l  t o  t h e  remanent f i e l d .  

P 

Dyal and Pa rk in  E19711 observed f l u c t u a t i o n s  i n  t h e  
3 hour  averages  of t h e  f i e l d  components t h a t  are p r o p o r t i o n a l  
t o  t h e  remanent f i e l d  and t h e  energy d e n s i t y  of t h e  s o l a r  wind. 
They sugges t  t h a t  t h e s e  are due t o  t h e  compression of t h e  
remanent f i e l d  by t h e  s o l a r  wind. Assuming a mechanism of 
t h i s  t ype  and n e g l e c t i n g  t h e  t o r o i d a l  i n t e r a c t i o n ,  t h e  f i e l d  
a t  t h e  luna r  s u r f a c e  would be 

B = H B + K B(dc) 
Y P OY Y 

- + K B(dc IZ  
BZ - Hp 

where K i s  t h e  spectrum of t h e  compression f a c t o r ,  which i s  a 
f u n c t i o n  of t h e  solar  wind parameters ,  and B(dc )y  = 13y, 
B ( d c )  = 2 5 . 6 ~  are t h e  h o r i z o n t a l  components of t h e  remanent 
f i e l d  a t  t h e  Apollo 1 2  s i te .  S ince  t h e  remanent z component 
i s  abou t  t w i c e  as l a r g e  a s  t h e  y component, t h i s  mechanism 
w i l l  c o n t r i b u t e  p r o p o r t i o n a t e l y  more power t o  t h e  z s p e c t r a ,  
t h e r e b y  pr,oviding an explana t ion  f o r  t h e  obse rva t ion  t h a t  AZ 

is greater &?-* Ir? ercler for the remanent f i e l d  f l u c t u a -  

t i o n s  t o  be e f f e c t i v e ,  t h e i r  ampli tude should be of t h e  same 
o r d e r  a s  t h e  i n d u c t i v e  f l u c t u a t i o n s  o r  about  s e v e r a l  gammas. 

a l A  AY' 
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. 

F l u c t u a t i o n s  o f  t h i s  o r d e r  a r e  observed i n  t h e  t h r e e  hour 
averages of t h e  d i f f e r e n c e  between t h e  l u n a r  s u r f a c e  f i e l d  
and t h e  i n t e r p l a n e t a r y  magnetic f i e l d  [Dyal and Park in ,  19711 .  
For t h e  case where t h e  conf in ing  c u r r e n t  l a y e r  t h i c k n e s s ,  
remanent f i e l d  scale s i z e  and d i s t a n c e  from t h e  source  are 
a l l  of t h e  same order ( 1 0  km), a t e n  p e r c e n t  f l u c t u a t i o n  i n  
t h e  solar  wind plasma d e n s i t y  w i l l  g i v e  rise t o  a f l u c t u a t i o n  
of s i m i l a r  magnitude i n  t h e  conf ined  remanent f i e l d  or a 
f l u c t u a t i o n  of s e v e r a l  gammas. Therefore ,  such a mechanism 
would appear  q u i t e  p l a u s i b l e .  

I n s p e c t i o n  of t h e  i n d i v i d u a l  s p e c t r a ,  as measured 
i n  t h e  s o l a r  wind and on t h e  l u n a r  s u r f a c e ,  [Sone t t  e t  a l . ,  
1 9 7 1  b] i n d i c a t e s  t h a t  f o r  t h e  s u r f a c e  f i e l d s  lBzl 2 > [ B y /  2 

over  t h e  whole frequency range, wh i l e  i n  t h e  so la r  wind 
2 IBoz/ < f o r  f < Hz and /BoZI2 % IB l 2  f o r  

f > Hz. Therefore ,  t h e  r e l a t i v e  c o n t r i b u t i o n  from 
OY 

f l u c t u a t i n g  compression i s  greater  a t  t h e  l o w e r  f r equenc ie s .  
I n  any case ,  A i s  less contaminated by t h e s e  e f f e c t s  simply 

because t h e  y component of t h e  remanent f i e l d  i s  less than  
t h e  z component. 

Y 

F i n a l l y ,  some exp lana t ion  must be o f f e r e d  f o r  t h e  
appa ren t  peaks i n  t h e  observed t r a n s f e r  f u n c t i o n s  as they  are 
n o t  c o n s i s t e n t  w i th  t h e  proposed t h e o r e t i c a l  model. One 
p o s s i b l e  exp lana t ion  i s  t h a t  t h e y  are t h e  r e s u l t  of t h e  
e x c i t a t i o n  of h i g h e r  o rde r  modes by t h e  s h o r t e r  wavelengths 
Of t h e  h igh  f r equenc ie s .  A s  w a s  p o i n t e d  o u t  p rev ious ly ,  t h e  
approximation of a uniform source  f i e l d  l i m i t s  t h e  a p p l i c a t i o n  
of t h e  t h e o r e t i c a l  model t o  f r equenc ie s  much less than  0 . 1  Hz. 
For t h e  convec t ion  of s p a t i a l  f l u c t u a t i o n s  i n  t h e  i n t e r p l a n e t a r y  
f i e l d ,  t h e  phase d i f f e r e n c e  a c r o s s  t h e  moon i s  as l ea s t  15' 
a t  Hz and it i n c r e a s e s  t o  a t  l eas t  45O a t  3 x Hz. 
C e r t a i n l y  t h e  approximation of a uniform source  f i e l d  i s  no t  
a p p l i c a b l e  a t  t h e s e  high f r equenc ie s .  On t h e  o t h e r  hand, 
t h e r e  i s  no evidence t h a t  t h e  e x c i t a t i o n  of h i g h e r  o r d e r  
modes w i l l  l e a d  t o  a peaked response.  Cons idera t ion  of a 
" r e s o n a n t "  c a v i t y  e f f e c t  l eads  t o  improbably l a r g e  l e n g t h  
scales o r  extremely low e l ec t romagne t i c  wave v e l o c i t i e s .  

With r e s p e c t  t o  t h e s e  peaks i n  t h e  observed t r a n s f e r  
f u n c t i o n ,  it is  impor tan t  t o  n o t e  t h a t  t h e  i n d i v i d u a l  s p e c t r a ,  
in the s o l a r  w i n d  as w e l l  as on t h e  l u n a r  s u r f a c e ,  e x h i b i t  

peaks  n e a r  and above Hz [ S o n e t t  e t  a l . ,  1 9 7 1  b] and t h a t  
t h e r e  i s  even a sugges t ion  t h a t  t h e  peaks are harmonical ly  
r e l a t e d .  Peaks i n  t h e  s p e c t r a  of t h e  i n t e r p l a n e t a r y  magnet ic  
f i e l d  a t  t h e s e  f r equenc ie s  have a l so  been observed by e a r t h  
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o r b i t i n g  s p a c e c r a f t  [ F a i r f i e l c ,  1 9 6 9 ;  Scar f  e t  a l . ,  19701 
The f l u c t u a t i o n s  r e s p o n s i b l e  f o r  t h e s e  peaks are observed 
upstream from t h e  e a r t h ' s  bowshock when t h e  f i e l d  l i n e  from 
t h e  s p a c e c r a f t  i n t e r s e c t s  t h e  shock. It  has  been proposed 
t h a t  t h e s e  f l u c t u a t i o n s  are waves gene ra t ed  through a plasma 
i n s t a b i l i t y  by h igh  v e l o c i t y  p ro tons  t r a v e l i n g  upstream from 
t h e  shock. C o r r e l a t i o n s  between t h e  magnet ic  f i e l d  f l u c t u a t i o n s  
and supra thermal  p ro tons  a s  w e l l  as o t h e r  so l a r  wind parameters  
have been observed [Scar f  e t  a l . ,  19701. 

Such f l u c t u a t i o n s  i n  t h e  so la r  wind parameters  could  
l e a d  t o  peaks i n  t h e  l u n a r  s u r f a c e  spectrum, through a v a r i a b l e  
compression of t h e  remanent f i e l d ,  i f  t h e  spectrum of  t h e  com-  
p r e s s i o n  f a c t o r  i n  ( 8 )  and ( 9 )  i s  peaked. Peaks i n  t h e  spectrum 
of t h e  so la r  wind v e l o c i t y  a t  f r e q u e n c i e s  n e a r  l o - *  Hz have 
been r e p o r t e d  [Coleman, 1 9 6 6 1 .  A s  no ted  p r e v i o u s l y ,  modest 
changes i n  t h e  solar  wind parameters  ( % l o % )  cou ld  l e a d  t o  com-  
p r e s s i o n a l  f l u c t u a t i o n s  of a few gammas. 

A p r i o r i ,  it i s  also p o s s i b l e  t h a t  t h e  t o r o i d a l  
i n t e r a c t i o n ,  which i s  dependent on t h e  convolu t ion  of  Bo(u) 
and V s w ( w ) ,  could c o n t r i b u t e  t o  t h e  peaks i n  t h e  s p e c t r a .  
this case t h e  convo lu t ion  of t h e  s p e c t r a  would g i v e  rise t o  
peaks a t  t h e  sum and d i f f e r e n c e  f r e q u e n c i e s  f o r  f l u c t u a t i o n s  
i n  Bo and Vsw which are c o r r e l a t e d .  Thus, t h i s  mechanism i s  
capab le  of i n t r o d u c i n g  a d d i t i o n a l  power i n t o  d i f f e r e n t  p o r t i o n s  
of t h e  s u r f a c e  s p e c t r a  and t h i s  c h a r a c t e r i s t i c  could  be  used 
as a d i a g n o s t i c  f e a t u r e  of t h i s  i n t e r a c t i o n .  Measurements 
of t h e  so l a r  wind spectrum [Coleman, 19681 show t h a t  t y p i c a l  

f l u c t u a t i o n s  i n  t h e  frequency range from t o  are of  
t h e  o r d e r  of 1 0  km/sec. S i n c e  t h e  t o r o i d a l  c o n t r i b u t i o n  from 
t h e  s t e a d y  (dc)  component of t h e  wind i s  a t  l eas t  an o r d e r  of 
magnitude g r e a t e r  t han  t h e  f l u c t u a t i o n s  a t  t h e s e  f r equenc ie s ,  
it s e e m s  less l i k e l y  t h a t  t h e  above mechanism could produce 
an impor t an t  e f f e c t .  

I n  

Conduc t iv i tv  Models 

With t h e  above d i s c u s s i o n  of t h e  d a t a  and t h e  
t h e o r e t i c a l  model i n  mind, l e t  us  examine several conduc- 
t i v i t y  models which p u r p o r t  t o  f i t  t h e  observed t r a n s f e r  
f u n c t i o n .  F igu re  3 shows a comparison of t h r e e  p o l o i d a l  
resDonse models t o  t h e  observed RMS t r a n s f e r  func t ion ,  L -  

2 i j 2  
<A> = [ . 5 ( A  + A',)] . The s imple c o r e - c r u s t  model ( 2 ;  

1 ~ 

p r o v i d e s  an adequate  f i t  t o  t h e  d a t a  e x c e p t  a t  t h e  h i g h e s t  
f r e q u e n c i e s  where t h e  response i s  s t i l l  i n c r e a s i n g  wi th  
f requency ,  wh i l e  t h e  observed response  has  f l a t t e n e d  o u t .  
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A s  has  been mentioned s e v e r a l  t i m e s  p rev ious ly ,  t h i s  h igh  
frequency r eg ion  i s  where t h e  assumption of a uniform source  
f i e l d  breaks  down and perhaps because of t h i s  (and t h e  p e a k s ) ,  
w e  should use  c a u t i o n  i n  c o n s t r a i n i n g  t h e  models t o  f i t  the 
d a t a  i n  t h i s  reg ion ,  a t  l eas t  u n t i l  w e  have a b e t t e r  under- 
s t a n d i n g  of t h e  n a t u r e  of t h e  i n t e r a c t i o n  i n  t h i s  f requency 
range. S o n e t t  e t  a l . ,  [1971 bl a t tempted  t o  f i t  a c o r e - c r u s t  
model (core r a d i u s  = 1560 km, c o r e  c o n d u c t i v i t y  = 7.4 x 10 mho/m) 
t o  t h e  d a t a ,  b u t  t h e  c a l c u l a t e d  response  d i d  n o t  show ve ry  good 
agreement. Apparent ly ,  some of t h e  problem i s  a t t r i b u t a b l e  t o  
a computation t echn ique  which l e a d s  t o  an overestimate of t h e  
high frequency response.  This  e f f e c t  can a l so  be seen  by 
comparing models 3 and S o n e t t ' s  best  f i t  model (1) i n  F igu re  3 .  
H e r e  w e  n o t e  t h a t  t h e  response  of model 3,  even wi th  i t s  
s l i g h t l y  h i g h e r  c o n d u c t i v i t y  e x t e r i o r  t o  t h e  peak, i s  l o w e r  
and f l a t t e r  t han  S o n e t t ' s  model a t  t h e  h i g h e r  f r equenc ie s .  

-4 

I n  F i g u r e  4 ,  models 4 and 5 show some of t h e  e f f e c t s  
of changing t h e  c o n d u c t i v i t y  p r o f i l e  n e a r  t h e  peak. Model 4 
has  a broader  and less conduct ive  s h e l l  n e a r  1500 km as compared 
t o  model 3. The response  of model 4 ,  compared t o  3, i s  s l i g h t l y  

-2 greater a t  f r equenc ie s  above 1 0  Hz, which i s  p a r t l y  a t t r i b -  
u t a b l e  t o  t h e  h i g h e r  c o n d u c t i v i t y  i n  t h e  r eg ion  between 1525 km 
and 1550 km. This  i s  p a r t l y  i n  c o n t r a d i c t i o n  of t h e  s t a t e m e n t  
i n  S o n e t t  e t  a l . ,  [1971 b ] ,  t h a t  a b e t t e r  f i t  of t h e  model a t  
t h e  h i g h e r  f r e q u e n c i e s  w i l l  probably l e a d  t o  both  a h i g h e r  v a l u e  
of t h e  maximum c o n d u c t i v i t y  and a s t e e p e r  s l o p e  of t h e  conduc- 
t i v i t y  p r o f i l e  a t  t h e  o u t e r  edge. Model 5 shows t h a t  t h e  
t r a n s f e r  f u n c t i o n  i s  n o t  ve ry  s e n s i t i v e  t o  t h e  s t r u c t u r e  j u s t  
below t h e  peak; h e r e  t h e  i n c r e a s e  i n  t h e  c o n d u c t i v i t y  between 
1 2 0 0  km and 1450 km i s  compensated by a s l i g h t  t h i n n i n g  o f  t h e  
h i g h l y  conduct ing s h e l l .  F i g u r e  5 pursues  t h i s  e f f e c t .  I n  
t h e s e  models t h e  t h i n n i n g  of t h e  s h e l l  i s  compensated by an 
i n c r e a s e  i n  t h e  s h e l l  and core  c o n d u c t i v i t y .  

These models i l l u s t r a t e  something of t h e  p e r m i s s i b l e  
range  of  models t h a t  w i l l  f i t  t h e  d a t a .  I f  w e  r e q u i r e  t h e  
r e sponse  t o  be f l a t  a t  t h e  h ighe r  f r equenc ie s ,  a l l  t h e  models 
e x h i b i t  a peak i n  t h e  c o n d u c t i v i t y  nea r  1500 km. However, 
t h e r e  i s  some sp read  i n  t h e  models and t h e  c o n d u c t i v i t y  p r o f i l e  
j u s t  below t h e  peak i s  n o t  s t r o n g l y  l i m i t e d .  I f  w e  r e l a x  t h e  
c o n s t r a i n t  on t h e  f l a t n e s s  of t h e  h igh  frequency response ,  a 
s imple  c o r e - c r u s t  model w i l l  f i t  t h e  l o w  frequency d a t a .  

So f a r  t h e  models have been f i t  t o  t h e  observed 
RMS t r a n s f e r  f u n c t i o n ,  b u t  i n  t h e  prev ious  d i s c u s s i o n  of why 
AZ > A , t w o  of t h e  mechanisms ( t o r o i d a l  i n t e r a c t i o n  and com- 
p r e s s i o n  of B ( d c ) )  w e r e  based on e f f e c t s  which would channel  

Y 
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more ex t raneous  power i n t o  t h e  z component s p e c t r a  a t  t h e  
l u n a r  s u r f a c e .  I n  both  t h e s e  cases t h e  A t r a n s f e r  f u n c t i o n  
should be closer t o  t h e  pure  p o l o i d a l  t r a n s f e r  func t ion .  
F igu re  6 i s  a f i t  of a model t o  A 

t h e  average d i f f e r e n c e  between AZ and A . Model 6 i s  s imi l a r  
t o  models 3 and 5 w i t h  a s l i g h t l y  t h i n n e r  and less conduct ive  
s h e l l  and a less conduct ive  core.  The c o r e - c r u s t  model 7 i s  
s l i g h t l y  less conduct ive  than t h a t  i n  F igu re  3 .  

Y 

and AZ - . 4  where . 4  i s  
Y 

Y 

I f  t h e  d i f f e r e n c e  between AZ and A i s  due t o  
Y 

contaminat ion of t h e  s p e c t r a  from e i t h e r  a weak t o r o i d a l  
i n t e r a c t i o n  or  a v a r i a b l e  compression of  t h e  remanent f i e l d ,  
t hen  t h e  a p p r o p r i a t e  models w i l l  be much l i k e  t h o s e  i n  
F igu res  3 - 6  wi th  s l i g h t l y  g r e a t e r  depths  of  t h e  l a y e r s  and 
s l i g h t l y  reduced c o n d u c t i v i t i e s .  However, t h e  p i c t u r e  could  
be a l te red  s i g n i f i c a n t l y  i f  t h e  proposed contaminat ion mechanisms 
are s t r o n g l y  frequency dependent,  as seems more l i k e l y  f o r  
t h e  compression of t h e  remanent f i e l d .  Some of t h e s e  q u e s t i o n s  
abou t  t h e  mechanism could be answered by a c a r e f u l  examination 
of  t h e  d a t a ,  e s p e c i a l l y  a t  low f r equenc ie s ,  and a l s o  by measure- 
ments t h a t  w i l l  be made a t  f u t u r e  Apollo l and ing  s i tes .  

The a n a l y s i s  of t h e  n i g h t t i m e  d a t a ,  when t h e  
magnetometer i s  exposed t o  t h e  plasma void  behind t h e  moon, 
has  proceeded by matching t h e  observed t i m e  domain response  
t o  models of t h e  moon r ep resen ted  by a sphe re  i n  a vacuum 
[Dyal e t  a l . ,  1 9 7 0 ,  Dyal and Pa rk in ,  19711. The response  
of a sphe re  i n  a vacuum t o  a s t e p  f u n c t i o n  change i n  t h e  
s o u r c e  f i e l d  i s  c h a r a c t e r i z e d  by a decay from t h e  i n i t i a l  
t o  t h e  f i n a l  v a l u e  f o r  t h e  r a d i a l  component and by an over- 
s h o o t  and then  a decay t o  t h e  f i n a l  va lue  f o r  t h e  t a n g e n t i a l  
components. Q u a l i t a t i v e l y  such a response is  observed i n  t h e  
n i g h t t i m e  data;  however, d e v i a t i o n s  from t h e  t h e o r e t i c a l  
response  of a sphe re  i n  a vacuum are observed. Some of t h e s e  
e f f e c t s  are i l l u s t r a t e d  i n  F igure  7 [Dyal e t  a l . ,  1 9 7 0 1 .  
N o t e  t h a t  t h e  s t e p  change i n  t h e  t a n g e n t i a l  f i e l d  as observed 
a t  Explorer  3 5  r e s u l t s  i n  an overshoot  a t  t h e  l u n a r  s u r f a c e  
which i s  more than  t w i c e  t h e  magnitude of t h e  source  f i e l d  
change. Also, t h e  r ad ia l  component ( x )  a t  Explorer  35 shows 
no pronounced l o w  frequency change a t  t h e  t i m e  of t h e  s t e p  
change i n  t h e  t a n g e n t i a l  components, b u t  a t  t h e  l u n a r  s u r f a c e  
t h e r e  i s  a l a r g e  t r a n s i e n t  i n  t h e  r a d i a l  component. 

A m d e l  consisting of a sphere  wi th  conf in ing  
c u r r e n t s  d i s t r i b u t e d  along a t a n g e n t i a l  c y l i n d e r ,  r e p r e s e n t i n g  
t h e  boundary of t h e  plasma void,  would probably be  a more 
a p p r o p r i a t e  model f o r  t h e  n igh t t ime  response.  
would account  f o r  t h e  a m p l i f i c a t i o n  g r e a t e r  than  1 .5  and t h e  
c r o s s t a l k  between components by t h e  compression and d i s t o r t i o n  
Of t h e  induced d i p o l e - l i k e  f i e l d .  

Such a model 
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The absence of t h e  diamagnetic s o l a r  wind plasma on 
t h e  n i g h t  s i d e  could  a l s o  c o n t r i b u t e  t o  an observed a m p l i f i c a t i o n  
g r e a t e r  t han  1 .5 .  In  t h i s  ca se ,  suppose t h a t  t h e  source  f i e l d  
i n  t h e  void i s  about 30% g r e a t e r  t han  i n  t h e  s o l a r  wind because 
of t h e  plasma diamagnetism, t h e  i n i t i a l  overshoot  could  be n e a r l y  
t w i c e  a s  g r e a t  a s  t h e  magnitude of t h e  s t e p  as observed i n  t h e  
s o l a r  wind. Another e f f e c t  would be t h a t  t h e  decay would 
a sympto t i ca l ly  appFoach a va lue  some 30% g r e a t e r  t han  t h a t  seen 
i n  t h e  s o l a r  wind. S ince  t h e  f i e l d  i s  r a r e l y  s t e a d y  f o r  long 
enough pe r iods ,  it i s  d i f f i c u l t  t o  t es t  t h i s  e f f e c t .  I n  any 
case t h e  c r o s s t a l k  between components and t h e  sugges t ion  t h a t  
t h e  a m p l i f i c a t i o n  may be even l a r g e r  t han  2 a t  t h e  h i g h e r  f r e -  
quencies  f a v o r s  p a r t i a l  compression and d i s t o r t i o n  as a dominant 
mechanism. 

F igure  8 shows t h e  c a l c u l a t e d  t i m e  response  of l aye red  
sphe re  models i n  a vacuum t o  a s imula t ion  of an observed t r a n s i e n t  
[Dyal e t  a l . ,  1 9 7 0 1  i n  t h e  r a d i a l  component and F igure  9 shows 
t h e  frequency domain response.  I n  t h e  t i m e  domain, t h e  c a l c u l a t e d  
response  of t h e  c o r e - c r u s t  model sugges ted  by Dyal and Pa rk in  
[1971] i s  l a r g e r  than  t h e  observed response f o r  a l l  t i m e s  shown. 
The 3- layer  model of Dyal and Pa rk in  [ 1 9 7 1 ]  has  a h i g h l y  conduc- 
t i v e  c o r e  and i t s  response i s  l a r g e r  t han  t h e  observed one f o r  
t h e  f i r s t  200  sec, b u t  a t  longer  t i m e  it matches t h e  observed 
s u r f a c e  response.  Model 3 ,  a f t e r  S o n e t t ' s  conduct ive  s h e l l  
model, f i t s  t h e  f i r s t  2 0 0  sec of t h e  observed response  r a t h e r  
w e l l ,  b u t  it i s  l a r g e r  t han  t h e  observed f o r  l a te r  t i m e s .  A 
model (3c )  composed of model 3 w i th  a h igh ly  conduct ive  core as 
i n  t h e  3- layer  model of Dyal and Park in  seems t o  g i v e  a very  
good f i t  t o  t h e  s u r f a c e  response over  t h e  complete t i m e  span 
shown, as does model 2 c  w h i c h  i s  l i k e  t h e  model 2 w i th  t h e  addi-  
t i o n  of  a conduct ive  core .  The f a c t  t h a t  t h e  c a l c u l a t e d  response  
i s  b e l o w  t h e  i n p u t  response  a t  300 sec i n d i c a t e s  t h a t  induced 
c u r r e n t s  are s t i l l  f lowing i n  t h e  conduct ive  i n t e r i o r  and 
F i g u r e  9 shows t h a t  these m o d e l s  have t h e  l a r g e s t  response  a t  
t h e  l o w  f r equenc ie s .  

For comparison Figure  1 0  shows t h e  observed and 
c a l c u l a t e d  t r a n s i e n t s  i n  t h e  z component which occurred  a t  
t h e  same t i m e  as t h e  x component t r a n s i e n t  shown i n  F igu re  8.  
H e r e ,  none of t h e  models provides  an adequate  f i t  t o  t h e  obser-  
v a t i o n .  The obvious d iscrepancy  i s  t h a t  t h e  magnitude of t h e  
observed  s u r f a c e  response i s  much g r e a t e r  t han  t h e  c a l c u l a t e d  
response .  The i n i t i a l  va lue  of t h e  observed overshoot  ( ~ 1 4 ~ )  
is abou t  t w i c e  as l a r g e  a s  the s t e p  change l i i  t h e  solar wind 
f i e l d  ( ~ 7 y ) ,  wh i l e  t h e  c a l c u l a t e d  overshoot  i s  about  what would 
be expec ted  from F i g u r e s  9 and 1 0 ,  ( i . e .  1 . 3  x 7 y  2, 9 y ) .  This  
d i sc repancy  i s  probably due t o  p a r t i a l  confinement e f f e c t s .  



- 10 - 

J 

As a final example Figure 11 shows another observed 
transient in the radial component and the response of the same 
five models. During the first 300 sec all the models give a 
response that is greater than the observed one. The models 
with the least conductive interiors (core-crust and 3) have as 
expected the largest response at 300 sec, however, the decay 
of the conductive shell model ( 3 )  after 300 sec is much slower 
than the core-crust model. The 3-layer model has a very rapid 
decay after 300 sec when compared to the core-crust model 
because the currents induced in the innermost core during the 
first 300 sec very nearly cancel the current induced by the 
drop in the field at 300 sec. Here, again, the conductive 
shell model with a highly conductive core (3c) and model 2c 
provide a better, but not wholely adequate, fit to the observed 
response. 

Summary 

For a completely dominant poloidal interaction, a 
simple core-crust model provides an adequate fit to the observed 
dayside RMS transfer function except at the highest frequencies. 
The requirement that the calculated poloidal response match the 
relatively flat observed response in the high frequency region 
leads to models which have a peak in the conductivity profile 
near 1500 km. However, examination of several models indicates 
that the conductivity structure below this depth is not strongly 
limited by the present dayside data. Extension of the frequency 
domain analysis to lower frequencies will be required to determine 
the deeper conductivity structure and will aid in the clarification 
of other questions such as the importance of the toroidal interaction. 

It seems plausible that the difference between the 
> A ) is due observed horizontal transfer functions (i.e., AZ 

to a time variable compression of the remanent field driven 
by fluctuations of the solar wind plasma. In such a case the 
amplitude of the fluctuation is proportional to the strength 
of the remanent field and, therefore, the observed transfer 
function A is closer to the true inductive transfer function 
simply because the magnitude of the y component of the remanent 
field is smaller than the z component. The models that are fit 
to the y transfer function are slightly less conductive than 
those that are fit to the RMS transfer function. Provided that 
the spectrum of the compressive fluctuations is not a strong 
function of frequency, we a n t i c i p a t e  that the complete removal 
of the compressive effects will lead to models slightly less 
conductive than those that have been previously presented. If 
the compressive fluctuations of the remanent field are strongly 
frequency dependent, then the resulting models could be signif- 
icantly different. (Preliminary results from the Apollo 15 
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magnetometer indicate a very small remanent field, < 5 y  [Dyal, 
1971, personal communication]. Contamination of the induction 
field spectra by compression of the remanent field should be 
minimum at this location.) 

During the lunar night the data is less likely to be 
contaminated by compression of the remanent field because of the 
absence of the solar wind plasma at the lunar surface. However, 
the partial confinement of the induction field within the plasma 
void limits the utility of the sphere-in-a-vacuum model for the 
nightside response. Within the limitation of this model, it is 
found that either Sonett's conductive shell model with the addi- 
tion of a highly conductive core (model 13c) or a monotonic 
conductivity model (2c) provide the best (but not completely 
adequate) fit to the nightside radial component transient data. 
Inclusion of the conductive core in either of these models does 
not appreciably alter the dayside transfer function above 10 Hz, 
so that these models are compatible with the present dayside data 
as well. 
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