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ABSTRACT. Complete ephemer i d e s of t h e moon and t h e four i n n e r p l a n e t s 
c o u l d be c r e a t e d s o l e l y from r a n g i n g d a t a a l o n e . Such ephemer i d e s 
would t h e n be independen t from any o u t s i d e a s t r o n o m i c a l r e f e r e n c e 
sys t em, and , t h e r e f o r e , would d e f i n e t h e i r own u n i q u e r e f e r e n c e frame. 
I n f a c t , t h i s i s n e a r l y t h e c a s e w i t h p r e s e n t - d a y ephemer ides ; t h e 
a c c u r a c y of t h e r a n g i n g d a t a t e n d s t o dominate most of t h e l e a s t 
s q u a r e s a d j u s t m e n t . 

T h i s pape r o u t l i n e s t h e p r o c e s s of c r e a t i n g t h e l u n a r and 
p l a n e t a r y ephemer ides a l o n g w i t h t h e o r i e n t a t i o n of t h e ephemer ides 
o n t o t h e dynamical equ inox . The r e s u l t i n g a c c u r a c i e s of t h e s e 
p r o c e s s e s a r e g i v e n arid a number of u s e s f o r t h e ephemer ides a r e 
h i g h l i g h t e d . 

1. INTRODUCTION 

H i s t o r i c a l l y , t h e o n l y o b s e r v a t i o n s of t h e moon and p l a n e t s were 
o p t i c a l p o s i t i o n s . E s s e n t i a l l y , t h e s e were d i f f e r e n t i a l measurements , 
be t h e y from t r a n s i t c i r c l e s , z e n i t h t u b e s , p h o t o g r a p h i c p l a t e s , 
a s t r o l a b e s , e t c . The o b j e c t ' s p o s i t i o n i s measured i n r e l a t i o n t o t h e 
p o s i t i o n s of t h e s t a r s i n t h e background, and hence i n r e l a t i o n t o t h e 
r e l e v a n t s t e l l a r c a t a l o g u e . Any s y s t e m a t i c e r r o r s i n t h e p o s i t i o n s 
a n d / o r p r o p e r mot ions of t h e s t e l l a r c a t a l o g u e s were t r a n s m i t t e d 
d i r e c t l y i n t o t h e ephemer ides . 

I t i s now known how b i g some of t h e s e e r r o r s have been i n t h e 
p a s t . The most r e c e n t s e t of r e v i s i o n s t o t h e IAU adop ted s e t of 
a s t r o n o m i c a l c o n s t a n t s c o n t a i n s c o r r e c t i o n s t o p o s i t i o n s and r a t e s of 
abou t IVO and lVO/c ty , r e s p e c t i v e l y . O p t i c a l l y - b a s e d ephemer ides 
u s i n g t h e former sys tem undoub ted ly s h a r e e r r o r s of comparable s i z e . 
Use of t h e more r e c e n t (1976) sys tem of a s t r o n o m i c a l c o n s t a n t s would 
p r o v i d e o n l y an o r d e r of magni tude improvement - s t i l l n o t 
s a t i s f a c t o r y by p r e s e n t - d a y s t a n d a r d s and r e q u i r e m e n t s . 
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I n comple te c o n t r a s t , modern ephemer i d e s of t h e four i n n e r 
p l a n e t s and t h e moon a r e de t e rmined a lmos t e n t i r e l y by t h e h i g h l y 
a c c u r a t e r a n g i n g o b s e r v a t i o n s : r a d a r echos from p l a n e t a r y s u r f a c e s , 
r a d i o r a n g i n g t o s p a c e c r a f t t r a n s p o n d e r s , l a s e r r a n g i n g t o t h e l u n a r 
r e f l e c t o r s . As a r e s u l t , t h e r e l a t i v e p o s i t i o n s , i n e r t i a l m o t i o n s , 
and even t h e o r i e n t a t i o n of t h e r e f e r e n c e frame a r e a l l e s s e n t i a l l y 
independen t of any o t h e r a s t r o n o m i c a l r e f e r e n c e frame. 

T h i s p a p e r d i s c u s s e s t h e c r e a t i o n of modern l u n a r and p l a n e t a r y 
ephemer i d e s , d e s c r i b i n g how t h e y a r e d e r i v e d i n d e p e n d e n t l y from any 
o t h e r a s t r o n o m i c a l r e f e r e n c e frame and how t h e i r o r i e n t a t i o n i n s p a c e 
i s d e t e r m i n e d . The major u n c e r t a i n t i e s a s s o c i a t e d w i t h t h e 
ephemer ides a r e e s t i m a t e d , and some of t h e u s e s of t h e ephemer ides a r e 
ment ioned . 

2 . THE EPHHVERIS CREATION PROCESS 

Modern day ephemer i d e s f o r t h e moon and t h e i n n e r four p l a n e t s 
a r e de t e rmined a lmos t e n t i r e l y from j u s t t h e r a n g i n g d a t a t o which 
t h e y a r e f i t . While o p t i c a l o b s e r v a t i o n s of t h e p l a n e t s a r e a l s o 
i n c l u d e d i n t h e d a t a s e t , t h e i r e f f e c t i s s i g n i f i c a n t o n l y fo r t h e 
o u t e r f i v e p l a n e t s . Even fo r t h e s e p l a n e t s , o t h e r new d a t a t y p e s a r e 
now b e i n g used w i t h g r e a t e r a c c u r a c y t h a n t h a t which can be p r o v i d e d 
by t h e o p t i c a l d a t a . 

I t i s n o t d i f f i c u l t t o v i s u a l i z e how t h e i n t e r - b o d y r a n g i n g can 
be used t o d e t e r m i n e r e l a t i v e p o s i t i o n s and m o t i o n s . E s p e c i a l l y a f t e r 
a few y e a r s , d u r i n g which t h e b o d i e s have comple ted a number of 
o r b i t s , t h e whole sys tem can be de t e rmined w i t h a c c u r a c i e s comparable 
t o t h e o b s e r v a t i o n a l r a n g i n g d a t a . 

What i s n o t g e n e r a l l y r e a l i z e d , on t h e o t h e r hand, i s t h a t t h e 
p l a n e t a r y mot ions w i t h r e s p e c t t o i n e r t i a l s p a c e a r e a l s o d e t e r m i n e d 
from j u s t t h e r a n g i n g d a t a a l o n e ( s e e , e . g . , Newhall e t a l . , 1983, 
p . 162; S t a n d i s h , 1982, p . 185 ) . A g i v e n r ange measurement i s i n v a r i a n t 
under r o t a t i o n ; t h e dynamical sys t em, however, i s n o t . Motion which 
i s p o s s i b l e i n i n e r t i a l s p a c e i s n o t p o s s i b l e i n a r o t a t i n g frame. 

S i n c e t h e y a r e t a k e n from t h e s p i n n i n g e a r t h , t h e l u n a r l a s e r 
r a n g e s a r e s e n s i t i v e t o t h e d i r e c t i o n of t h e p o l e of t h e e a r t h ' s 
r o t a t i o n and , t h e r e f o r e , t o t h e o f - d a t e c e l e s t i a l e q u a t o r . Data ove r 
an ex tended p e r i o d of t i m e , t h e n , w i l l p r o v i d e d e t e r m i n a t i o n s of t h e 
e a r t h ' s o r i e n t a t i o n ( s e e , e . g . . Dickey e t a l . , 1985; Newhall e t a l . , 
1987) . Fu r the rmore , from t h e s o l a r p e r t u r b a t i o n s upon t h e l u n a r 
o r b i t , t h e r a n g e s a r e s e n s i t i v e t o t h e o f - d a t e e c l i p t i c . As a r e s u l t , 
f o r s u c c e s s f u l d a t a r e d u c t i o n , i t i s n e c e s s a r y t h a t b o t h t h e t r u e 
e q u a t o r and t h e t r u e e c l i p t i c be r e p r e s e n t e d a c c u r a t e l y i n t h e 
ephemer ides , a t l e a s t ove r t h e t ime s p a n of t h e l u n a r l a s e r r a n g i n g 
d a t a . 
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From r a n g i n g d a t a a l o n e , t h e n , one can i n f e r p l a n e t a r y and l u n a r 
p o s i t i o n s and v e l o c i t i e s , t h e l o c a t i o n s of t h e c e l e s t i a l e q u a t o r and 
e c l i p t i c , and , c o n s e q u e n t l y , t h e p o s i t i o n of t h e dynamical equ inox and 
t h e v a l u e of t h e t r u e o b l i q u i t y . 

3 . ORIENTATION OF THE EPHEMERES FRAME 

Most of t h e e a r l i e r JPL ephemer ides have been o r i e n t e d o n t o t h e 
e q u a t o r and equ inox of t h e (B1950.0) FK4 o p t i c a l r e f e r e n c e sys t em. 
The ephemer i s f i t s have i n c l u d e d o p t i c a l d a t a which have s e r v e d ma in ly 
t o o r i e n t t h e ephemer ides , i . e . , d e t e r m i n e t h e z e r o - p o i n t of r i g h t 
a s c e n s i o n . However, some of t h e ephemer ides have been o r i e n t e d o n t o 
t h e dynamical e q u a t o r and equ inox , s i n c e t h e l o c a t i o n s of t h e e q u a t o r 
and t h e e c l i p t i c a r e known from t h e o b s e r v a t i o n a l d a t a t o which t h e 
ephemer ides a r e f i t . 

JPL Ephemerides DE102, DE119 and DE121 have been o r i e n t e d o n t o 
t h e dynamical equ inox of B1950.0; DE200 i s o r i e n t e d o n t o t h e equ inox 
of J2000 . The p r o c e s s of t h i s o r i e n t a t i o n i s d e s c r i b e d by S t a n d i s h 
(1982) and i s conf i rmed, u s i n g a d i f f e r e n t method, by Chapront-Touze 
and Chapront (1983) . F u t u r e ephemer ides w i t h DE#'s g r e a t e r t h e n 200 
( imply ing J2000 .0 ) w i l l be o r i e n t e d s i m i l a r l y . 

4 . EPHEMERIS UNCERTAINTIES 

The u n c e r t a i n t i e s i n t h e masses of t h e a s t e r o i d s , t h e p o s s i b i l i t y 
of d e t e r m i n i n g them from p l a n e t a r y r a n g i n g , and t h e i r c o n t r i b u t i o n s t o 
t h e u n c e r t a i n t i e s of t h e p l a n e t a r y mot ions a r e d i s c u s s e d by Wi l l i ams 
(1984 ) . From t h e p r e s e n t s e t of p l a n e t a r y d a t a , i t i s p o s s i b l e t o 
improve t h e mass d e t e r m i n a t i o n s of o n l y t h e a s t e r o i d s , C e r e s , P a l l a s 
and V e s t a . The r ema in ing u n c e r t a i n t i e s of t h e s e and of a l l of t h e 
o t h e r a s t e r o i d masses l e a d t o a n u n c e r t a i n t y i n t h e mean mot ions of 
t h e i n n e r p l a n e t s of abou t 0'«i03/century. 

The d e t e r m i n a t i o n of t h e dynamical e q u a t o r and equ inox a t t h e 
mean epoch of t h e l u n a r l a s e r r a n g i n g d a t a (now abou t 1977) h a s an 
a c c u r a c y below 0V01. However, t h e p r o c e s s of t r a n s f o r m i n g t h e equ inox 
t o J2000 ( v i a p r e c e s s i o n ) i n t r o d u c e s a f u r t h e r e r r o r due t o t h e 
u n c e r t a i n t y i n t h e v a l u e of p r e c e s s i o n , now abou t OVl /c ty . C e r t a i n l y , 
w i t h i n a v e r y few y e a r s , t h i s v a l u e w i l l d e c r e a s e w i t h b e t t e r 
d e t e r m i n a t i o n s of p r e c e s s i o n coming from Lunar Lase r Ranging (LLR) and 
Very Long B a s e l i n e I n t e r f e r o m e t r y (VLBI). 

S i m i l a r l y , t h e l o n g i t u d e of t h e moon a t epochs removed from t h e 
p r e s e n t i s a f f e c t e d by t h e u n c e r t a i n t y i n t h e v a l u e of t h e l u n a r t i d a l 
d e c e l e r a t i o n . F u t u r e LLR d a t a w i l l s e r v e t o improve t h i s v a l u e . 
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The u n c e r t a i n t i e s a s s o c i a t e d w i t h t h e p r e c e d i n g d i s c u s s i o n s a r e 
l i s t e d i n Tab le I . I n c o n t r a s t t o formal e r r o r s , t h e v a l u e s g i v e n a r e 
i n t e n d e d t o be r e a l i s t i c a s s e s s m e n t s . 

Tab le I . The u n c e r t a i n t i e s a s s o c i a t e d w i t h t h e main f e a t u r e s of 
t h e ephemer ides . 

Q u a n t i t y U n c e r t a i n t y Major Cause 

i n e r t i a l mot ions 
( p l a n e t a r y ) 

o r i g i n a t Ε & Ε 

l u n a r l o n g i t u d e 

0V03/cty 

0V02 

0V5/cty**2 

a s t e r o i d masses 

p r e c e s s i o n t o J2000 

t i d a l d e c e l e r a t i o n 

5 . EPHEMERIS USES 

5 . 1 . N a v i g a t i o n 

The p r imary f u n c t i o n of t h e JPL P l a n e t a r y Ephemeris Development 
Program i s t h e s u p p o r t of s p a c e c r a f t n a v i g a t i o n . I t was r e a l i z e d i n 
t h e 1 9 6 0 ' s t h a t t h e t h e n - e x i s t i n g p l a n e t a r y and l u n a r ephemer ides were 
n o t a d e q u a t e f o r t h i s p u r p o s e . The program a t JPL i s s t i l l c o n t i n u i n g 
a s t h e a c c u r a c y demanded by n a v i g a t i o n c o n t i n u e s t o i n c r e a s e . 

5 . 2 . Lunar Lase r Ranging 

As imp l i ed by t h e e a r l i e r d i s c u s s i o n s , t h e l u n a r and p l a n e t a r y 
mot ions a r e t i g h t l y coup led . A c c u r a t e ephemer ides of e ach a r e 
n e c e s s a r y f o r t h e computa t ion of t h e o t h e r . A l s o , t h e o r i e n t a t i o n of 
t h e p l a n e t a r y sys tem, a s d e s c r i b e d above , i s v i t a l l y dependent on t h e 
l u n a r o b s e r v a t i o n s . I n f a c t , f o r t h e p a s t d e c a d e , i t h a s been 
n e c e s s a r y t o h a n d l e t h e moon and p l a n e t s s i m u l t a n e o u s l y w i t h r e s p e c t 
b o t h t o t h e l e a s t - s q u a r e s a d j u s t m e n t s and t o t h e numer i ca l 
i n t e g r a t i o n s . 

5 . 3 . As t ronomica l Reduc t ions 

There a r e a number of a s t r o n o m i c a l o b s e r v a t i o n s which a r e 
s t r o n g l y a f f e c t e d by t h e mot ion of t h e e a r t h . I n o r d e r t o e x t r a c t 
d a t a p e r t i n e n t t o t h e obse rved o b j e c t , i t i s n e c e s s a r y t o remove t h e 
s i g n a t u r e of t h e e a r t h ' s mot ion from t h e o b s e r v a t i o n , o f t e n t o a h i g h 
d e g r e e of a c c u r a c y . For example, t h e obse rved t i m i n g s of a 
m i l l i s e c o n d p u l s a r y i e l d i n f o r m a t i o n abou t t h e p e r i o d , change of 
p e r i o d , p u l s a r p o s i t i o n and p r o p e r mot ion - o n l y a f t e r t h e a c c u r a t e 
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removal of t h e e a r t h ' s mot ion . A l so , c i r c u m s t a n c e s s u r r o u n d i n g 
a n c i e n t e c l i p s e o b s e r v a t i o n s r e l y h e a v i l y upon t h e e a r t h ' s o r i e n t a t i o n 
(UT) and upon t h e moon's l o n g i t u d e (and hence , i t s t i d a l 
d e c e l e r a t i o n ) . 

5 . 4 . R e l a t i o n s Between Refe rence Frames 

The ephemer i s a l s o e n t e r s i n t o a number of t h e e f f o r t s t o r e l a t e 
t h e d i f f e r e n t a s t r o n o m i c a l r e f e r e n c e frames ( f o r a d i s c u s s i o n , s e e 
Dickey e t a l . , 1987) . 
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