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The anonymous account can bc used by all users without requirement. 

* Access to the files : 
***************************** 

ftp 145.238.2.21 (or mesiom.obspm.fr) 
with login : anonymous 
and password : name/organization/country 

The password is intended to help us for further statistics. 
After loggin on, the user should change to the appropriate diiectory with the 
command "cd /iers" and use the command "get" to transfer the wanted files. 
The "ls" command gives the list of files. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
= = = > » f Please note that the name of the E O P files haschanged ! 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

* Description of the files: 
********************************** 

Filename Contents 

bulletinb.NN 
bulletinc.NN 
bulletind.NN 

eopc01.dat 

eopc02.YY 
eopc03.YY 
eopc04.YY 

Earth orientation parameters (x,y,UT,dPsi,dEpsi) 
Announcement of the leap seconds in UTC. 
Announcement of the value of DUT1 to be 
transmitted with time Signals. 
N N is the number of the issue. 

Normal values of E O P at 0.05 year intervals. 

Normal values of E O P at 5-day intervals. 
Normal values of U T at 1-day intervals. 
Smoothed values of E O P at 1-day intervals. 
Y Y i s t h e y e a r - 1 9 0 0 . 

icrf93.rsc 
icrf93.car 

Radio Source Coordinates (1993 IERS Annual Report) 
Characteristics of radio Source (1993 IERS Annual Report) 

.guide Every file ".guide" contains information on file * . 

http://mesiom.obspm.fr
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E A R T H O R I E N T A T I O N P A R A M E T E R S F R O M IRIS-S VLBI M E A S U R E M E N T S 
G I U B 9 4 R Ol 

A . N o t h n a g e l , R. H a a s , J. C a m p b e l l , A . M u e s k e n s , G e o d e t i c I n s t i t u t e of t h e U n i v e r s i t y 
of B o n n , F e d e r a l R e p u b l i c of G e r m a n y 
G . D . N i c o l s o n , H a r t e b e e s t h o e k R a d i o A s t r o n o m y O b s e r v a t o r y , S o u t h Afr ica 

S i n c e 1990 t h e VLBI g r o u p a t t h e G e o d e t i c I n s t i t u t e of t h e U n i v e r s i t y of 
B o n n (GIUB) h a s r e g u l a r l y c o r r e l a t e d a n d a n a l y s e d VLBI e x p e r i m e n t s w h i c h a r e 
o b s e r v e d o n c e p e r m o n t h u n d e r t h e a c r o n y m I R I S - S ( I n t e r n a t i o n a l R a d i o 
I n t e r f e r o m e t r i c S u r v e y i n g - S o u t h ) . U n t i l n o w 71 e x p e r i m e n t s h a v e b e e n o b s e r v e d 
w i t h a n e t w o r k of s t a t i o n s w h i c h is g r o u p e d a r o u n d t h e W e t t z e i l ( G e r m a n y ) -
W e s t f o r d (US E a s t C o a s t ) - H a r t R A O ( H a r t e b e e s t h o e k R a d i o A s t r o n o m y O b s e r v a t o r y , 
S o u t h Af r i ca ) b a s e l i n e t r i a n g l e . S i n c e e a r l y 1986 w h e n H a r t R A O w a s f i rs t e q u i p p e d 
w i t h a h y d r o g e n m a s e r f r e q u e n c y S t a n d a r d a n d a M a r k III d a t a a c q u i s i t i o n t e r m i n a l t h e 
IRIS-S n e t w o r k h a s b e e n s c h e d u l e d to o b s e r v e for t w o m o n t h s e a c h y e a r i n t h e 
b e g i n n i n g a n d r e g u l a r l y i n m o n t h l y i n t e r v a l s f r o m l a t e 1989 . T h e n e t w o r k f i rs t 
c o n s i s t e d of t h e s t a t i o n s W e t t z e l l , H a r t R A O , W e s t f o r d a n d R i c h m o n d w i t h O n s a l a 
a n d F o r t D a v i s p a r t i c i p a t i n g i n a f e w e x p e r i m e n t s ( C a r t e r et ah, 1988) . I n t h e 
m e a n t i m e , s e v e r a l c h a n g e s w e r e n e c e s s a r y : M o j a v e r e p l a c e d F o r t D a v i s a n d w a s c l o s e d 
e v e n t u a l l y , S a n t i a g o (Ch i l e ) w a s e x c l u d e d a g a i n af ter 10 m o n t h s of p a r t i c i p a t i o n for 
f i n a n c i a l r e a s o n s a n d F o r t a l e z a (Braz i l ) s t a r t e d O p e r a t i o n i n J u l y 1 9 9 3 . T o d a y t h e 
n e t w o r k is f o r m e d b y t h e s t a t i o n s of W e t t z e l l , H a r t R A O , W e s t f o r d a n d F o r t a l e z a . 

I n r e c e n t m o n t h s t h e f ield of d a t a a n a l y s i s ac t iv i t i e s a t t h e G e o d e t i c I n s t i t u t e 
h a s b e e n e x t e n d e d t o t h e d a t a g a t h e r e d w i t h t h e n e w G e r m a n S ta t ion O ' H i g g i n s i n 
A n t a r c t i c a ( H a s e a n d N o t h n a g e l , 1993) . S o fa r t h e S t a t i o n of O ' H i g g i n g s h a s 
succes s fu l l y o b s e r v e d t w o b u r s t s of f ive e x p e r i m e n t s e a c h w i t h n e t w o r k s c o n s i s t i n g of 
t h e s t a t i o n s of S a n t i a g o (Ch i l e ) , H o b a r t ( T a s m a n i a , A u s t r a l i a ) , DSS45 ( N A S A C o m p l e x 
of T i d b i n b i l l a , A u s t r a l i a ) a n d H a r t R A O . T h e f i r s t b u r s t w a s o b s e r v e d i n 
J a n u a r y / F e b r u a r y 1993 w h i l e t h e s e c o n d b u r s t t o o k p l a c e i n S e p t e m b e r 1993 w i t h t h r e e 
e x p e r i m e n t s b e i n g a v a i l a b l e t o d a t e . T h e s e e x p e r i m e n t s c o n t r i b u t e a n u m b e r of p r e c i s e 
s o u r c e p o s i t i o n s i n t h e d e e p s o u t h . 

T h e IRIS-S a n d t h e O ' H i g g i n s s e s s i o n s a r e a n a l y s e d u s i n g t h e C A L C 
7 . 6 / S O L V E / G L O B L Sof twa re S y s t e m ( C a p r e t t e et al, 1990) w h i c h is b a s e d o n t h e IERS 
1989 S t a n d a r d s ( M c C a r t h y (ed.) et al, 1989) a n d w h i c h is c o n s i s t e n t w i t h t h e I A U (1976) 
R e s o l u t i o n o n A s t r o n o m i c a l C o n s t a n t s , T i m e Sca l e s a n d t h e F u n d a m e n t a l R e f e r e n c e 
F r a m e ( K a p l a n , 1981) . T h e t h e o r e t i c a l d e l a y s i n t h e a d j u s t m e n t a r e c a l c u l a t e d 
a c c o r d i n g t o t h e S h a p i r o m o d e l ( R y a n , 1989) a n d H e l l i n g s (1986) c o r r e c t i o n for 
r e l a t i v i s t i c b e n d i n g . H o r i z o n t a l a n d v e r t i c a l o c e a n l o a d i n g d i s p l a c e m e n t ef fec ts of 
S c h e r n e c k (1991) a r e a p p l i e d t o t h e d e l a y o b s e r v a b l e s . 

IERS(1994) Technical Note No 17. 
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T h e apr ior i E O P v a l u e s for e a c h Observat ion are c a l c u l a t e d b y l inear ly 
in terpo la t ing t h e U S N O R a p i d Serv ice Series a n d s u b s e q u e n t l y a p p l y i n g correct ions 
for d iurnal a n d s e m i d i u r n a l tidal var iat ions in polar m o t i o n a n d U T 1 . T h e correct ions 
are m o d e l l e d u s i n g t h e W ü n s c h a n d Busshof f (1992) a m p l i t u d e s for U T 1 a n d the 
Brosch e a n d W ü n s c h (1994) a m p l i t u d e s for po lar m o t i o n ( b o t h s c a l e d b y 1.13 to 
subtract the equatoria l m o m e n t of inertia of the core): 

U T 1 ti( 

l l 1 

0 0 
0 0 
0 0 
0 0 
0 0 
1 0 

dal 

F 

0 
2 
2 
2 
2 
2 

t erms 

D 

0 
-2 

0 
-2 

0 
0 

Om 

0 
2 
2 
2 
2 
2 

GST 

- 1 
- 1 
- 1 
-2 
-2 
-2 

T i d e 

Kl 
PI 
Ol 
S2 
M2 
N2 

AI 
A m p l i t u d e [ 

14 .64 
- 6 . 0 9 

- 1 2 . 9 0 
- 3 . 5 8 

- 2 3 . 3 4 
- 4 . 7 5 

lis] 
A2 

Ampl i t ude [ M-s] 

11 .48 
- 5 . 9 1 

- 3 2 . 1 0 
1 8 . 2 5 
27 .14 

5 .93 

P o l a r m o t i o n t i d a l t e r m s 

1 

0 
0 
0 
0 
0 
1 
0 
0 
•1 

l 1 F 

0 0 
0 - 2 
0 - 2 
0 2 
0 2 
0 2 
0 - 2 
0 - 2 
0 - 2 

D 

0 
2 
0 

-2 
0 
0 
2 
0 
0 

Om 

0 
- 2 
- 2 

2 
2 
2 

- 2 
- 2 
- 2 

GST 
+7C 

1 
1 
1 

-2 
-2 
-2 

2 
2 
2 

T ide 

Kl 
PI 
Ol 
S2 
M2 
N2 
S2 
M2 
N2 

P 
P 
P 
r 
r 
r 
P 
P 
P 

AI 
Ampl i t ude [ | ls] 

160 .18 
- 5 0 . 4 4 

- 1 7 7 . 8 9 
- 6 4 . 0 2 
164 .97 

15 .66 
- 1 1 . 6 5 

2 6 . 8 8 
12 .32 

A2 
Ampl i tude [ |Xs] 

- 6 5 . 3 7 
2 1 . 9 3 
38 .46 

2 2 7 . 6 5 
258 .94 

3 5 . 9 5 
- 2 9 . 4 5 

- 1 0 3 . 4 0 
- 1 8 . 2 6 

p = p r o g r a d e , r = r e t r o g r a d e 

T h e o b s e r v a t i o n s a r e i n d i v i d u a l l y c a l i b r a t e d for i o n o s p h e r i c r e f r a c t i o n 
ef fec ts a p p l y i n g d e l a y d i f f e r e n c e s of d u a l f r e q u e n c y o b s e r v a t i o n s . T h e h y d r o s t a t i c 
c o m p o n e n t o f a t m o s p h e r i c r e f r a c t i o n is c a l i b r a t e d u s i n g t h e M T T m o d e l ( H e r r i n g , 
1992) b a s e d o n s u r f a c e m e t e o r o l o g i c a l d a t a w h i l e t h e w e t c o m p o n e n t i s e s t i m a t e d w i t h 
a 3 - h o u r p i e c e w i s e - l i n e a r f u n c t i o n w h e r e s u r f a c e m e t e o r o l o g i c a l d a t a i s a v a i l a b l e . 
O n l y if S t a t i o n l o g s i n d i c a t e a r a p i d l y c h a n g i n g c l i m a t i c e n v i r o n m e n t o r s u r f a c e 
m e t e o r o l o g i c a l d a t a is n o t a v a i l a b l e s h o r t e r i n t e r v a l s a r e c h o s e n . T h e S ta t ion c locks a r e 
g e n e r a l l y m o d e l l e d w i t h s e c o n d o r d e r p o l y n o m i a l s a n d o n l y w h e r e t h e r e s i d u a l s s h o w 
a n a b n o r m a l b e h a v i o u r a s m a l l n u m b e r of a d d i t i o n a l c lock p a r a m e t e r s is i n t r o d u c e d . 
A s m a l l e r n u m b e r of c l o c k p a r a m e t e r s a s c o m p a r e d t o a s t o c h a s t i c t r e a t m e n t of t h e 
c l o c k s i s c h o s e n i n o r d e r n o t t o w e a k e n d i u r n a l a n d s u b - d i u r n a l S igna l s i n t h e E a r t h 
o r i e n t a t i o n p a r a m e t e r s . O n l y d e l a y o b s e r v a b l e s a r e u s e d a n d n o r e s t r i c t i o n s a r e a p p l i e d 
t o t h e d a t a i n t e r m s of e l e v a t i o n l imi t s w h i c h a r e s e t t o 7 d e g r e e s d u r i n g p r e p a r a t i o n of 
t h e o b s e r v i n g s c h e d u l e s . 
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In a c o m b i n e d So lut ion (GIUB 9 4 R Ol) al l IRIS-S m e a s u r e m e n t s s ince 
January 19, 1987, a n d e i g h t e x p e r i m e n t s of the O'Higg ins bursts h a v e b e e n adjusted in 
a S ingle l eas t Squares a d j u s t m e n t s o l v i n g for Station c o o r d i n a t e s a n d r a d i o s o u r c e 
p o s i t i o n s as g lobal parameters as w e l l as EOP a n d celest ial p o l e offsets . T h e or ig in of 
t h e terrestrial reference frame is f ixed t h r o u g h the Wet tze l l Station coord inates w h i c h 
are k e p t at the ITRF 1992 (Boucher et al, 1993) v a l u e s a p p l y i n g drift effect correct ions 
a c c o r d i n g t o t h e N N R - N U V E L - 1 m o d e l ( A r g u s a n d G o r d o n , 1991) . T h e Stat ion 
coord inates of all other s tat ions are es t imated . T h e e x p e r i m e n t o b s e r v e d o n D e c e m b e r 
2 1 , 1989 i s u s e d a s a r e f e r e n c e for t h e d e t e r m i n a t i o n o f t h e Earth o r i e n t a t i o n 
parameters , i.e. p o l e c o m p o n e n t s a n d UT1 are f ixed at the U S N O Rapid Service v a l u e s 
(IERS Bul le t in A ) a n d t h e n u t a t i o n a n g l e s are ca lcu la ted a c c o r d i n g to t h e I A U 1980 
n u t a t i o n t h e o r y (Wahr , 1981) . For e a c h o f all o ther e x p e r i m e n t s o n e se t o f Earth 
or ientat ion parameters cons i s t ing of t w o p o l e c o m p o n e n t s , U T 1 - U T C , a n d t w o offsets 
re lat ive to the I A U nuta t ion theory are e s t imated . The reference e p o c h s for U T 1 - U T C 
a n d po lar m o t i o n are t h e m i d n i g h t e p o c h s of e a c h m e a s u r e m e n t p e r i o d w h i l e the 
n u t a t i o n offsets are e s t imated at the b e g i n n i n g of each exper iment . The v a l u e s q u o t e d 
r e p r e s e n t E O P s s m o o t h e d o v e r 24 h o u r s a n d t h u s d o n o t i n c l u d e d i u r n a l a n d 
subdiurna l contr ibut ions for the specif ic e p o c h s . 

In r e s p e c t to the Continental drift h i s t o r y the p ar t i c ip a t in g s t a t i o n s are 
d i v i d e d i n t o three g r o u p s . O ' H i g g i n s , Sant iago , DSS45 , H o b a r t a n d Forta leza h a v e 
c o n t r i b u t e d d a t a t o t h e t w o projects w h i c h s p a n t o o shor t p e r i o d s t o de tec t a n y 
s ign i f i cant m o t i o n . W e t t z e l l , W e s t f o r d a n d R i c h m o n d h a v e s h o w n r e l a t i v e drifts 
w h i c h a g r e e w i t h the N N R - N U V E L - 1 m o d e l to w i t h i n 1 m m in the n o r t h a n d eas t 
c o m p o n e n t s w h i l e H a r t R A O a n d M o j a v e d i s a g r e e at a 6 to 8 m m / y e a r l eve l (Ryan et 
al, 1993) . T a k i n g t h e s e pecu l iar i t i e s i n t o a c c o u n t t h e m o t i o n s of t h e s ta t ions are 
p a r a m e t r i z e d as f o l l o w s : In the a b s e n c e of a truly g loba l d i s tr ibut ion of s tat ions the 
m o t i o n of the W e t t z e l l - W e s t f o r d - R i c h m o n d tr iangle i s m o d e l l e d a c c o r d i n g to 
N N R - N U V E L - 1 d e f i n i n g the l o n g term or ientat ion of the n e t w o r k . H o r i z o n t a l drift 
c o m p o n e n t s are e s t i m a t e d for H a r t R A O a n d Mojave . Vertical drifts for these s tat ions 
are c o n s t r a i n e d to z e r o s i n c e the n e t w o r k a n d the d u r a t i o n of the s er i e s are n o t 
c o n s i d e r e d suff icient for a reliable e s t imat ion of h e i g h t variat ions at these stat ions. A l l 
o ther s tat ions w i t h o n l y a short h is tory are a l so s u p p o s e d to m o v e according to N N R -
N U V E L - 1 . 

T h e o r i g i n of r ight a s c e n s i o n is f ixed b y the ICRF 1992 p o s i t i o n of OJ287 
(IERS, 1993). T h e o n e - s i g m a formal errors of the parameters are b a s e d o n Observation 
w e i g h t s w h i c h are adjus ted s o that t h e Ch i - square p e r d e g r e e of f r e e d o m rat io per 
base l ine is c lose to uni ty . 
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S u m m a r y d e s c r i p t i o n of So lu t ion G I U B 94 R Ol 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

4 - S o f t w a r e u s e d : 

5 - R e l a t i v i t y sca le : 

M a r k III VLBI, G r o u p d e l a y o b s e r v a b l e s 

G e o d e t i c I n s t i t u t e of t h e U n i v e r s i t y of 
B o n n , N u s s a l l e e 17, D-53115 B o n n , 
G e r m a n y 

G I U B 94 R Ol 

C A L C 7.6, S O L V E / G L O B L 

So la r S y s t e m B a r y c e n t e r 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Stat ion: N o t a p p l i e d 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty of l igh t : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

12 - De f in i t i on of o r i g i n : Te r re s t r i a l : 

Ce les t ia l : 

13 - D e f i n i t i o n of o r i e n t a t i o n : 

14 - E v o l u t i o n i n t i m e : 

N U V E L - 1 N N R 

2.99792458 10» m / s 

N o t a p p l i c a b l e 

1989 D e c . 21 for E a r t h o r i e n t a t i o n a n d 

n u t a t i o n 
1988 Jan . 01 for s i t e c o o r d i n a t e s 
J2000.0 for r a d i o s o u r c e p o s i t i o n s 

c lock p o l y n o m i a l s , w e t t r o p o s p h e r e 
p a r a m e t e r s , E O P , ce les t ia l p o l e offsets , 
S ta t ion c o o r d i n a t e s , h o r i z o n t a l ve loc i t i e s of 
H a r t R A O a n d M o j a v e , r a d i o s o u r c e 
p o s i t i o n s 

F i x i n g W e t t z e l l ITRF 1992 c o o r d i n a t e s 

F i x i n g OJ287 I C R F 1992 r i g h t a s c e n s i o n 

F ix ing U S N O c o n c r e t e E O P se r i e s a n d I A U 
1980 N u t a t i o n for 1989 D e c . 21 

Ve loc i t i e s e s t i m a t e d for M o j a v e a n d 
H a r t R A O , al l o t h e r s t a t i o n s m o v e 
a c c o r d i n g t o N U V E L - 1 N N R 
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90° 

24h 

-90° 

D i s t r i b u t i o n o v e r the s k y of the 83 extragalact ic r a d i o s o u r c e s of the celest ia l 
f rame RSC(GIUB) 94 R Ol. Fi l led circles ind icate rad io s o u r c e s w i t h uncerta int ies 

in right a s c e n s i o n (et cos 8) a n d dec l inat ion smal ler than 0.0003". 

S -

C/3 
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i I i i i i I t i i I I I i 1 •" 

— r 

— j 
t — i f f — i ZJL 

0 1 2 3 

UNCERTAINTIES IN ot cos 8 AND 8 (MAS) 

D i s t r i b u t i o n of t h e uncer ta in t i e s in r ight a s c e n s i o n (füll l ine) a n d d e c l i n a t i o n 
( d a s h e d l ine ) of t h e ce lest ia l f rame RSC(GIUB) 9 4 R 0 1 . 2 r a d i o s o u r c e s w i t h 
uncerta int ies larger than 0.003" are n o t s h o w n . 
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UNCERTAINTIES (cm) 

Distr ibut ion of the uncertaint ies (quadratic m e a n of a x , oy , o z ) for the 7 
s tat ions of the terrestrial frame SSC(GIUB) 94 R Ol. 
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EOP(GIUB) 9 4 R Ol From Jan 1987 to D e c 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

U n i t s : 0.001" for X,Y,byM 0.0001s for U T 1 . 

YEAR 

1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

8 
4 
6 
11 
12 
12 
20 

X 
Sigma 

0.47 
0.41 
0.45 
0.36 
0.34 
0.35 
0.40 

Nb 

8 
4 
6 

11 
12 
12 
20 

Y 
Sigma 

0.33 
0.30 
0.32 
0.26 
0.26 
0.27 
0.31 

Nb 

8 
4 
6 

11 
12 
12 
20 

UT1 
Sigma 

0.36 
0.47 
0.27 
0.19 
0.18 
0.19 
0.21 

5y 
Nb 

8 
4 
6 

11 
12 
12 
20 

Sigma 

0.52 
0.53 
0.61 
0.50 
0.47 
0.45 
0.49 

Nb 

8 
4 
6 

11 
12 
12 
20 

Se 
Sigma 

0.23 
0.25 
0.30 
0.24 
0.23 
0.21 
0.22 
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S I T E P O S I T I O N S A N D V E L O C I T I E S , S O U R C E P O S I T I O N S , A N D E A R T H 
O R I E N T A T I O N P A R A M E T E R S F R O M T H E N A S A S P A C E G E O D E S Y P R O G R A M -
G S F C : S O L U T I O N GLB932 

G S F C 94 R O I 

C . M a , C o d e 9 2 1 , G o d d a r d S p a c e F l igh t C e n t e r , G r e e n b e l t , M D 20771 , U S A 
J. M . G i p s o n , N V I , Inc . , 8150 L e e s b u r g P i k e , V i e n n a , V A 22182, U S A 
D. G o r d o n , H u g h e s STX, 4400 F o r b e s Blvd . , L a n h a m , M D 20706, U S A 
D . S. C a p r e t t e , H u g h e s STX, 4400 F o r b e s Blvd. , L a n h a m , M D 20706, U S A 

J. W . R y a n , C o d e 926 , G o d d a r d S p a c e F l igh t C e n t e r , G r e e n b e l t , M D 20771 , U S A 

M a r k III VLBI d e l a y a n d d e l a y r a t e d a t a a c q u i r e d s i n c e 1979 b y t h e N A S A C r u s t a l 
D y n a m i c s P r o j e c t , P O L A R I S / I R I S , t h e G e o g r a p h i c a l S u r v e y I n s t i t u t e ( J a p a n ) , t h e 
C o m m u n i c a t i o n s R e s e a r c h L a b o r a t o r y ( J a p a n ) , t h e N a v a l R e s e a r c h L a b o r a t o r y 
R e f e r e n c e F r a m e P r o g r a m , t h e U S N O N A V N E T / N A V E X , a n d t h e N A S A S p a c e 
G e o d e s y P r o g r a m - G S F C h a v e b e e n a n a l y z e d for t h e t e r r e s t r i a l a n d ce les t i a l r e f e r e n c e 
f r a m e s . T h e s e s s i o n s u s e d for G L B 9 3 2 i n c l u d e a l l g e o d e t i c a n d a s t r o m e t r i c VLBI 
s e s s i o n s a v a i l a b l e t o t h e N A S A S p a c e G e o d e s y P r o g r a m - G S F C e x c e p t for t h e d a t a 
a c q u i r e d b y t h e N A S A D e e p S p a c e N e t w o r k for spacec ra f t n a v i g a t i o n . 

T h e c o m b i n a t i o n of al l d a t a in a Single So lu t i on a n d t h e c o n s t r a i n t s for t h e 
o r i g i n , t r a n s l a t i o n , a n d r o t a t i o n of t h e t e r r e s t r i a l r e f e r e n c e f r a m e (TRF) a r e t h e m a j o r 
c h a n g e s f r o m o u r p r e v i o u s s u b m i s s i o n s . A 10-cm c o r r e c t i o n t o t h e ve r t i ca l eccen t r i c i t y 
m e a s u r e m e n t u s e d for G O R F 7 1 0 2 b e t w e e n 9 1 / 0 8 a n d 9 2 / 0 6 c h a n g e s t h e p o s i t i o n a n d 
v e l o c i t y f r o m t h e l a s t S u b m i s s i o n . 

T h e T R F o r i g i n is s e t c l o s e t o t h a t of I T R F 9 2 b y m i n i m i z i n g t h e S ta t ion 
p o s i t i o n a d j u s t m e n t s a t 1988.0 w i t h r e s p e c t t o ITRF92 for n i n e s t a t i o n s ( W E S T F O R D , 
R I C H M O N D , G I L C R E E K , K A U A I , H O B A R T 2 6 , DSS45 , H A R T R A O , W E T T Z E L L , a n d 
O N S A L A 6 0 ) . T h e t r a n s l a t i o n a l a n d r o t a t i o n a l d e f e c t s of t h e T R F a r e r e m o v e d b y 
m i n i m i z i n g t h e h o r i z o n t a l v e l o c i t y a d j u s t m e n t s of e i g h t s t a t i o n s w i t h r e s p e c t t o 
N U V E L - 1 N N R ( A r g u s a n d G o r d o n , 1991) a n d b y m i n i m i z i n g t h e i r v e r t i c a l r a t e 
a d j u s t m e n t . T h e s t a t i o n s ( W E S T F O R D , R I C H M O N D , G I L C R E E K , K A U A I , 
H O B A R T 2 6 , D S S 4 5 , W E T T Z E L L , a n d O N S A L A 6 0 ) a r e c h o s e n for t h e i r g l o b a l 
d i s t r i b u t i o n , s t r o n g d a t a , l o c a t i o n in r e l a t i v e l y s t a b l e p a r t s of t h e i r r e s p e c t i v e p l a t e s , 
a n d a b s e n c e of l a r g e d e v i a t i o n s f r o m t h e N U V E L - 1 m o d e l . W h i l e t h i s t y p e of 
c o n s t r a i n t r e m o v e s t h e s i n g u l a r i t y p r e s e n t i n t h e W E S T F O R D - R I C H M O N D - K A U A I 
c o n s t r a i n t u s e d i n p r e v i o u s G S F C s u b m i s s i o n s , i t d i s t r i b u t e s t h e d i s c r e p a n c i e s in 
r e l a t i v e m o t i o n f r o m N U V E L - 1 i n t o i n d i v i d u a l s i t e v e l o c i t i e s i n a m a n n e r t h a t m a y 
b e m o r e d i f f icu l t t o i n t e r p r e t . T h e o r i e n t a t i o n of t h e t e r r e s t r i a l a n d ce les t ia l r e f e r e n c e 
f r a m e s i s d e f i n e d b y E O P a n d n u t a t i o n offse t v a l u e s f r o m t h e o n e - d a y E O P ( I E R S ) 
90 C 0 4 s e r i e s m o d i f i e d t o m a t c h ITRF92 (M. Fe isse l , p e r s o n a l c o m m u n i c a t i o n ) a n d t h e 
S t a n d a r d J2000.0 p r e c e s s i o n a n d I A U 1980 n u t a t i o n m o d e i s for t h e E O P r e f e r e n c e d a t e 
1993 S e p . 30. T h e r i g h t a s c e n s i o n o r i g i n is d e f i n e d b y t h e ICRF92 v a l u e for 2145+067. 

IERS(1994) Technical Note No 17. 



R-10 

In general , the three -d imens iona l ve loc i t ies of s i tes w i t h suff icient data w e r e 
e s t imated . T h o s e s i tes w h o s e vertical rates h a d formal errors in e x c e s s of 3 m m / y r in 
an u n c o n s t r a i n e d Solut ion w e r e constra ined to h a v e z e r o vertical rate i n this Solution. 
T h e p o s i t i o n s o f s e v e n s i tes ( Y A K A T A G A , S O U R D O G H , W H T H O R S E , F O R T O R D S , 
PRESIDIO, M O J A V E 1 2 , a n d DSS15) e a c h h a d o n e d i s c o n t i n u o u s c h a n g e in p o s i t i o n 
re lated to s e i s m i c e v e n t s , a n d o n e site ( N R A 0 8 5 _ 3 ) h a d a d i s c o n t i n u o u s c h a n g e for 
u n k n o w n c a u s e s . T h e ve loc i t i e s of s o m e s i tes ( F O R T J 3 R D - F O R T O R D S , K A S H I M A -
K A S H I M 3 4 , DSS65-ROBLED32, K A U A I - H A L E A K A L - K O K E E - M K - V L B A , MOJAVE12-
MOJ_7288 , O V R O _ 1 3 0 - O V R _ 7 8 5 3 - O V - V L B A , S E S H A N 2 5 - S H A N G H A I , N R A O 140-
N R A 0 8 5 ^ 1 , H R A S 0 8 5 - F T D _ 7 9 0 0 - M C D _ 7 8 5 0 - F D - V L B A , O N S A L A 6 0 - M V 2 O N S L A , 
YELLOWKN-YLOW7296 , GORF7102-GGAO7108) w e r e constra ined to b e equa l in order 
to s t r e n g t h e n t h e p o s i t i o n or v e l o c i t y e s t i m a t e s or to p r o p a g a t e m o r e correct ly the 
pos i t i on of a s i te o c c u p i e d o n l y once . 

A b o u t 180 s o u r c e s u s e d in the g e o d e t i c p r o g r a m s f o r m the core of the 
ce les t ia l re ference frame. T h e s e h a v e - 1 0 0 to - 9 0 0 0 0 o b s e r v a t i o n s each . A b o u t 390 
s o u r c e s h a v e formal errors u n d e r 1 m a s . T h e r e m a i n i n g s o u r c e s i n c l u d e a n u m b e r 
w i t h w e a k data. Sources w i t h uncertaint ies >10 m a s are not reported. 

I n s t a n t a n e o u s E O P v a l u e s a n d UT1 rates w e r e e s t i m a t e d at t h e m i d d l e of e a c h 
o b s e r v i n g Sess ion . N o t ida l t e r m s in U T 1 h a v e b e e n r e m o v e d f r o m t h e t a b u l a t e d 
v a l u e s of U T 1 - U T C . T h e p o l e a n d U T 1 v a l u e s i n c l u d e m o d e l e d d i u r n a l a n d 
s e m i d i u r n a l t idal var ia t ions . 

Al l uncer ta in t i e s are 1 - s igma formal Standard errors f r o m the s e q u e n t i a l 
least -squares Solut ion GLB932 descr ibed b e l o w . 

T h e bas ic m o d e i s u s e d to calculate the VLBI d e l a y s are genera l ly cons i s tent 
w i t h t h e 1992 IERS Standards a n d are conta ined in the G o d d a r d C A L C 7.6 p r o g r a m . 
T h e s e i n c l u d e I A U 1980 n u t a t i o n w i t h d a i l y o f f se t s in l o n g i t u d e a n d o b l i q u i t y 
e s t i m a t e d , so l id earth t ides (h2 = 0 .60967,12 = 0.085) correct ing the K l term but not the 
z e r o f r e q u e n c y d i s p l a c e m e n t , p o l e t ide , vertical a n d hor izonta l o c e a n l o a d i n g , DE200 
solar S y s t e m e p h e m e r i s , a n d a m o d i f i e d H e l l i n g s (1986) VLBI t i m e d e l a y that agrees 
w i t h the IERS Standard m o d e l w i t h i n 5 p s rms . T h e p o l e pos i t i on for e a c h Observation 
w a s i n t e r p o l a t e d l i n e a r l y f r o m a o n e - d a y i n p u t s er i e s . T h e U T 1 v a l u e for e a c h 
Observation w a s d e r i v e d from the o n e - d a y ser ies b y first r e m o v i n g the IERS Standard 
U T 1 R t idal m o d e l , in terpo la t ing l inear ly to the e p o c h of Observat ion, t h e n res tor ing 
t h e S tandard t ida l m o d e l . In a d d i t i o n , d i u r n a l a n d s e m i d i u r n a l E O P v a r i a t i o n s 
( d e r i v e d f r o m a subse t of the Mark III g e o d e t i c data) w e r e a d d e d to the in terpo la ted 
p o l e a n d U T 1 v a l u e s . T h e d r y t r o p o s p h e r e e f fec t w a s m o d e l e d f r o m l o c a l 
m e t e o r o l o g i c a l d a t a u s i n g t h e S a a s t a m o i n e n z e n i t h d e l a y a n d t h e M T T d r y 
t r o p o s p h e r e m a p p i n g ( H e r r i n g , 1992) , w h i l e t h e r e s i d u a l w e t t r o p o s p h e r e w a s 
e s t i m a t e d u s i n g a c o n t i n u o u s , p i e c e w i s e - l i n e a r f u n c t i o n w i t h t h e M T T w e t m o d e l 
(Herr ing , 1992). T h e b e h a v i o r of the s i te c locks for e a c h d a y w a s s imi lar ly e s t i m a t e d 
u s i n g a quadrat i c p o l y n o m i a l a n d a c o n t i n u o u s , p i e c e w i s e - l i n e a r funct ion . For b o t h 
e s t i m a t e s t h e Variat ion i n the c o n t i n u o u s f u n c t i o n w a s c o n s t r a i n e d to p h y s i c a l l y 
r e a s o n a b l e v a l u e s e x c e p t in the rare ins tances w h e n the data d ic ta ted o t h e r w i s e . For 
e a c h Sess ion a Single r e w e i g h t i n g constant c o m p u t e d for the particular d a y w a s a d d e d 
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in quadrature to the data uncertaint ies d e r i v e d strictly f rom S N R to reflect the actual 
data scatter. 

T h e GLB932 Solut ion w a s constructed i n severa l Steps u s i n g an incremental 
Solut ion a n d arc-parameter e l imina t ion (Ma et al, 1990). First the s e s s i o n s c o m p r i s i n g 
large n e t w o r k s a n d s t rong data as w e l l as the Single b a s e l i n e POLARIS d a y s (1903 
s e s s i o n s , 1112475 d e l a y s , 40256 d e l a y rates) w e r e c o m b i n e d to form a pre l iminary TRF 
u s i n g the m o d i f i e d o n e - d a y EOP(IERS) 90 C 04 v a l u e s as a priori input . T h e adjusted 
parameters i n c l u d e d s i te p o s i t i o n s a n d ve loc i t i e s , source p o s i t i o n s , E O P v a l u e s , UT1 
rates , n u t a t i o n offsets , a n d clock a n d t r o p o s p h e r e parameters . W e a k EOP constraints 
(45 m a s a n d 3 m s for X / Y p o l e a n d U T 1 , respec t ive ly ) w e r e a p p l i e d s o that all three 
E O P c o m p o n e n t s c o u l d b e e s t i m a t e d for S ing le b a s e l i n e s e s s i o n s w i t h re l iab le 
i n d i c a t i o n of u n c e r t a i n t y a n d corre la t ion . T h e E O P v a l u e s , U T 1 rates , a n d their 
covar iances f rom e a c h d a y w e r e then i n p u t to a s i m p l e K a i m a n filter to g e n e r a t e a 
o n e - d a y VLBI EOP ser ies . T h e covar iances a n d in terpo la ted E O P v a l u e s f r o m this 
ser ies w e r e u s e d as a priori in format ion w h e n the Solut ion w a s i n c r e m e n t e d w i t h the 
r e m a i n i n g data (291 ses s ions , 106101 de lays , 2427 de lay rates), largely m o b i l e a n d smal l 
n e t w o r k se s s ions . Final ly the reported EOP a n d nutat ion offset v a l u e s w e r e generated 
from a back Solut ion, a g a i n u s i n g the m o d i f i e d EOP(IERS) 90 C 04 ser ies as a priori 
v a l u e s a n d w e a k E O P constraints . W h i l e EOP v a l u e s are g i v e n for all s e s s ions , a flag 
ind icates w h i c h v a l u e s are useful . 

In total 1218576 dua l - f requency Mark III d e l a y s a n d 42683 d e l a y rates from 
2194 s e s s ions w e r e inc luded . O n l y de lay rate data from astrometric a n d s u r v e y sess ions 
w e r e i n c l u d e d . The leas t - squares Solution h a d 1799 g lobal parameters a n d 434611 are 
parameters w i t h 974918.3 d e g r e e s of f reedom. The w e i g h t e d r m s post-f it d e l a y res idual 
of the Solut ion w a s 38.4 p s in de lay a n d 77.9 f s / s in de lay rate. The r e d u c e d chi-square 
w a s 1.029 i n c l u d i n g the constraints for the w e t t r o p o s p h e r e , c locks , a n d EOP in the 
c o m p u t a t i o n of the d e g r e e s of f reedom (Theil, 1963). 

T h e s i te c o o r d i n a t e s a n d v e l o c i t i e s at 1988.0 are d e s i g n a t e d SSC(GSFC) 
94 R 01 . Other resu l t s are the Earth or ientat ion t i m e ser ies d e s i g n a t e d EOP(GSFC) 
94 R 01 a n d source pos i t ions d e s i g n a t e d RSC(GSFC)94 R 01. 
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S u m m a r y d e s c r i p t i o n o f So lu t ion G S F C 94 R Ol 

1) Technique: Mark HI VLBI 

Proces sed w i t h the Mark-DI Ana lys i s S y s t e m - C A L C / G L O B L w i t h the fo l lowing: 

- G r o u p de lay observat ions u s e d for geod e t i c data, g r o u p d e l a y s a n d p h a s e 
d e l a y rates u s e d for astrometric data. 

- D iurna l a n d semid iurna l t idal var iat ions in po lar m o t i o n a n d U T 1 w e r e 
e s t i m a t e d u s i n g geode t i c VLBI data (10 tidal c o m p o n e n t s in UT1 a n d 12 in 
po lar m o t i o n ) that are cons is tent w i t h t h o s e of Herr ing , S o v e r s a n d 
Watkins . T h e m o d e l b e l o w w a s a p p l i e d in this Solution. 

ÜTl tidal terms (microseconds) 

1 

0 
0 
0 
1 
0 
1 
0 
0 
0 
1 

1« 

0 
0 
0 
0 
1 
0 
0 
0 
0 
0 

F 

0 
2 
2 
2 
0 
0 
0 
2 
2 
2 

D 

0 
-2 
0 
0 
0 
0 
0 

-2 
0 
0 

Om 

0 
2 
2 
2 
0 
0 
0 
2 
2 
2 

GST 

-l 
-1 
-1 
-l 
-l 
-1 
-2 
-2 
-2 
-2 

term 

Kl 
PI 
Ol 
Ql 
Sl 
Ml 
K2 
S2 
M2 
N2 

Cos 

7.486602 
-3.500205 

-15.575852 
-3.394904 

593333 
1.003345 
261715 

-1.182862 
-8.517385 
-4.378455 

Sin 

16.707637 
-5.392255 

-16.762598 
-3.902930 
1.932245 
1.299982 
3.896805 
8.706599 

12.338927 
1.168543 

Polar motion tidal terms (microarcseconds) 

1 

0 
0 
0 

-1 
0 
0 
0 
1 
0 
0 
0 

-1 

1' 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

F 

0 
-2 
-2 
-2 
0 
2 
2 
2 
0 

-2 
-2 
-2 

D 

0 
2 
0 
0 
0 

-2 
0 
0 
0 
2 
0 
0 

Om 

0 
-2 
-2 
-2 
0 
2 
2 
2 
0 

-2 
-2 
-2 

GST 
+rc 

1 
1 
1 
1 
-2 
-2 
-2 
-2 
2 
2 
2 
2 

1 
1 term 

IP 
IP 
IP 
IP 
IR 
IR 
IR 
IR 
IP 
IP 
IP 
IP 

Kl 
PI 
Ol 
Ql 
K2 
S2 
M2 
N2 
K2 
S2 
M2 
N2 

Cos 

125.285183 
-54.470359 
-136.319298 
-33.990240 
-15.899321 
-76.296961 
15.018756 

-24.572257 
22.589310 
-7.259654 
30.337902 

-11.643736 

Sin 

-38.476327 
26.152833 
63.668538 
18.096315 
15.676795 
105.813157 
285.140733 
58.610024 
-5.801947 
-11.309321 
-72.186765 
-30.168262 

P = Prograde, R = Retrograde 

- Ins tantaneous EOP a n d UT1 rate e s t imated at m i d p o i n t of o b s e r v i n g ses s ions . 
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- A priori cal ibrat ion of the 'dry1 a t m o s p h e r e v i a M T T d r y m a p p i n g w i t h 
either in s i tu m e a s u r e m e n t s of pres sure a n d temperature or s i t e - d e p e n d e n t 
static v a l u e s a n d the Saas tamoinen zen i th de lay . 

- N o a priori cal ibration of the 'wet' a tmosphere . 

- Res idua l w e t a t m o s p h e r e e s t imated w i t h the GSFC ' cont inuous p i e c e w i s e -
l i n e a r func t ion 1 t e c h n i q u e w i t h 60 m i n u t e i n t e r v a l s a n d 50 p s / h o u r 
constraint (except for a smal l subse t of s e s s ions u s i n g either shorter intervals 
or looser constraints) a n d the w e t M T T partial der ivat ive . 

- H y d r o g e n m a s e r c lock errors m o d e l e d w i t h t h e G S F C ' c o n t i n u o u s 
p i e c e w i s e - l i n e a r f u n c t i o n ' m e t h o d u s i n g u n c o n s t r a i n e d 2 n d o r d e r 
p o l y n o m i a l s for t h e g r o s s c lock P e r f o r m a n c e a n d c o n t i n u o u s 6 0 - m i n u t e 
interval s e g m e n t s w i t h a c lock rate constraint of 5.10"1 4 for the short term 
c lock errors ( e x c e p t for a sma l l s u b s e t of s e s s i o n s u s i n g e i ther shorter 
i n t e r v a l s or w e a k e r constra ints ) ; a s m a l l n u m b e r of actual c lock e p o c h 
breaks a n d b a s e l i n e - d e p e n d e n t constant clock errors a l so m o d e l e d . 

- O b s e r v a t i o n w e i g h t s adjus ted b y s e s s i o n - d e p e n d e n t cons tant s d e r i v e d s o 
that the ch i - square per d e g r e e of f r e e d o m w a s u n i t y in i n d i v i d u a l Sess ion 
S o l u t i o n s . 

- D a t a to S H A N G H A I (7226) , V L A (7619) , a n d U S S U R I S K (7247) lack 
i o n o s p h e r e cal ibrat ion. T h e USSURISK vert ical p o s i t i o n is n o t c o n s i d e r e d 
re l iab le s i n c e t h e a d j u s t m e n t of the ax i s of fset g i v e s a v a l u e of s evera l 
m e t e r s . 

- So lu t ion in several s teps to a p p l y VLBI EOP Information to s o m e sess ions . 

2) - A n a l y s i s Center: 
GSFC - the VLBI g r o u p of the N A S A Space G e o d e s y Program at the G o d d a r d 
Space Flight Center. 

3) - S o l u t i o n Identifier: 
GLB932 

4) - Sof tware u s e d : 
C A L C 7.6, S O L V E / G L O B L , and DE200 e p h e m e r i d e s . 

5) - Relat iv i ty Scale: 
Set b y the m o d i f i e d H e l l i n g s VLBI d e l a y m o d e l d e s c r i b e d i n the C A L C 7 
re l ease d o c u m e n t a t i o n . 

6) - P e r m a n e n t t idal correct ion o n Station: 
A so l id earth t ide m o d e l is u s e d but the correction to r e m o v e the p e r m a n e n t 
t ide (speci f ied the IERS Standards) is not appl ied . 
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7) - T e c t o n i c p la te m o d e l : 
N o - N e t - R o t a t i o n N U V E L - 1 i n al l S o l u t i o n s . 

8) - Ve loc i ty of l ight: 

2.99792458 l O S m / s 

9) - Geograv i ta t iona l constant: 
N o t appl icable . 

10) - Reference e p o c h : 
1993 S e p t e m b e r 30 for b o t h earth rotat ion a n d n u t a t i o n , 1988 J a n u a r y 1 for 
site p o s i t i o n s . Source coordinates are J2000.0. 

11) - A d j u s t e d p a r a m e t e r s : 
X / Y p o l e , U T 1 , d U T l / d t , d a i l y n u t a t i o n offsets , g l o b a l S ta t ion p o s i t i o n s a n d 
ve loc i t i e s , g l o b a l s o u r c e p o s i t i o n s e x c e p t t h e r i g h t a s c e n s i o n of 2145+067, a n d 
s e s s i o n - d e p e n d e n t c lock a n d a t m o s p h e r e p a r a m e t e r s . 

12) - D e f i n i t i o n of t h e o r i g i n : 

T h e o r i g i n of t h e t e r r e s t r i a l r e f e r e n c e f r a m e i s s e t b y m i n i m i z i n g t h e 
C a r t e s i a n a d j u s t m e n t s of n i n e s t a t i o n s ( W E S T F O R D , R I C H M O N D , 
G I L C R E E K , K A U A I , H O B A R T 2 6 , D S S 4 5 , H A R T R A O , W E T T Z E L L , 
O N S A L A 6 0 ) w i t h r e s p e c t t o ITRF92 a t 1988.0. 

13) - D e f i n i t i o n of t h e o r i e n t a t i o n : 
T h e o r i e n t a t i o n of t h e t e r r e s t r i a l r e f e r e n c e f r a m e is d e f i n e d b y t h e a p r i o r i 
E O P v a l u e s o n t h e r e f e r e n c e d a y (1993 S e p 30) f r o m t h e m o d i f i e d EOP( IERS) 
90 C 04 s e r i e s t h a t i s c o n s i s t e n t w i t h I T R F 9 2 ( M . F e i s s e l , p r i v a t e 
c o m m u n i c a t i o n ) . T h e ce le s t i a l r e f e r e n c e f r a m e i s d e f i n e d b y t h e C E P p o l e 
p o s i t i o n c o m p u t e d f r o m t h e I A U 1980 n u t a t i o n m o d e l a n d t h e J2000.0 
p r e c e s s i o n m o d e l for t h e s a m e r e f e r e n c e d a y c o r r e c t e d b y t h e n u t a t i o n offsets 
f r o m t h e m o d i f i e d E O P ( I E R S ) 90 C 04 s e r i e s a n d b y t h e I C R F 9 2 r i g h t 
a s c e n s i o n of 2145+067 . 

14) - E v o l u t i o n w i t h t i m e : 

T h e h o r i z o n t a l r a t e r e s i d u a l s of e i g h t s t a t i o n s ( W E S T F O R D , R I C H M O N D , 
G I L C R E E K , K A U A I , H O B A R T 2 6 , D S S 4 5 , W E T T Z E L L , O N S A L A 6 0 ) w i t h 
r e s p e c t t o N o - N e t - R o t a t i o n N U V E L - 1 a r e m i n i m i z e d . T h e a d j u s t e d ve r t i c a l 
r a t e s of t h e s a m e s t a t i o n s a r e a l s o m i n i m i z e d . T h e s t a t i o n s w i t h insuf f i c i en t 
d a t a o r t i m e i n t e r v a l a r e c o n s t r a i n e d t o m o v e w i t h N N R - N U V E L - 1 w i t h 
u n c e r t a i n t i e s i n v e r t i c a l , e a s t a n d n o r t h r a t e s of 0 , 3 , a n d 3 m m / y r , 
r e s p e c t i v e l y . T h e s e s t a t i o n s a r e : 
SEST OCOTILLO VICTORIA 
TITIJIMA MIYAZAKI MIZNAO10 
VLA MIZUSGSI SAGARA 
SINTOTU USUDA64 MILESMON 
BREST CARNUSTY METSHOVI 
KARLBURG TOULOUSE AZORES 

FORTLEZA 
CHLBOLTN 
AUSTINTX 
BLOOMIND 
HOHENFRG 
HOHNBERG 

OHIGGINS 
USSURISK 
CARROLGA 
LEONRDOK 
GRASSE 
KIRSBERG 

BR-VLBA 
HN-VLBA 
BERMUDA 
SC-VLBA 
HOFN 
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T h e vertical rates for s tat ions that h a d uncerta int ies in their vertical rates in 
e x c e s s of 3 m m / y r in an uncons tra ined Solut ion are a l so cons tra ined to z e r o 
w i t h the except ion of Y E L L O W K N / Y L O W 7 2 9 6 . These s tat ions are: 

M0N__PEAK 
PINFLATS 
NL-VLBA 
SANTIA12 
VERNAL 
BLKBUTTE 
WHTHORSE 

PLATTVIL 
PRESIDIO 
TROMSONO 
FLAGSTAF 
PBLOSSOM 
TRYSILNO 
DEADMANL 

QUINCY 
JPL_MV1 
YUMA 
MARCUS 
SNDPOINT 
SOURDOGH 
NOBEY 6M 

TSUKUBA 
NOME 
FORTORDS 
KODIAK 
SANPAULA 
YAKATAGA 

PT_REYES 
GORF7102 
FORTJDRD 
DSS15 
PVERDES 
SEATTLE1 

KWAJAL26 
GGAO7108 
ELY 
KP-VLBA 
PENTICTN 
MAMMOTHL 

E O P ( G S F C ) 9 4 R 0 1 From A u g 1979 to D e c 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

U n i t s : 0.001" for X,Y,8y, Se; 0.0001s for U T 1 . 

YEAR 

1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

2 
20 
34 
62 
85 
119 
130 
152 
184 
208 
247 
268 
244 
254 
185 

X 
Sigma 

1.17 
0.61 
12.75 
12.74 
12.67 
0.76 
0.47 
0.47 
0.47 
0.46 
0.35 
0.26 
0.21 
0.20 
0.16 

Nb 

2 
20 
34 
62 
85 

119 
130 
152 
184 
208 
247 
268 
244 
254 
185 

Y 
Sigma 

2.28 
0.62 
40.55 
40.55 
33.24 
0.69 
0.45 
0.42 
0.43 
0.45 
0.36 
0.27 
0.22 
0.20 
0.14 

Nb 

2 
20 
34 
62 
85 
119 
130 
152 
184 
208 
247 
268 
244 
254 
185 

UT1 
Sigma 

0.84 
0.30 
10.32 
10.32 
10.23 
0.37 
0.24 
0.24 
0.24 
0.26 
0.19 
0.14 
0.12 
0.09 
0.07 

Nb 

2 
20 
34 
62 
85 
119 
130 
152 
184 
208 
247 
266 
241 
253 
184 

6y 
Sigma 

1.87 
0.98 
3.21 
2.89 
2.27 
1.10 
0.73 
0.71 
0.71 
0.64 
0.55 
0.44 
0.37 
0.34 
0.26 

Nb 

2 
20 
34 
62 
85 
119 
130 
152 
184 
208 
247 
266 
243 
253 
184 

Se 
Sigma 

0.67 
0.43 
1.14 
1.11 
0.94 
0.43 
0.27 
0.25 
0.26 
0.25 
0.22 
0.18 
0.15 
0.15 
0.11 
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90° 

24h 

- 9 0 ° 

D i s t r ibut ion o v e r the s k y of the 469 extragalact ic r a d i o s o u r c e s of the celest ia l 

f rame RSC(GSFC) 94 R 01. Fi l led circles indicate rad io sources w i t h uncerta int ies 

in right a s c e n s i o n ( a cos 5) a n d dec l inat ion smal ler than 0.0003". 

CO 
8 

O 
CO 
c3 

0 1 2 3 

UNCERTAINTIES IN et cos 8 AND 5 (MAS) 

Dis tr ibut ion of t h e uncerta int ies in right a scens ion (füll l ine) a n d dec l inat ion 
( d a s h e d l ine) of the celestial frame RSC(GSFC) 94 R 01. 24 rad io sources w i t h 
uncer ta in t i e s larger than 0.003" are not s h o w n . 
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E A R T H R O T A T I O N PARAMETERS FROM D S N VLBI: 1994 

JPL 94 ROI 
J.A. S teppe , S.H. O l i v e a u , O.J. Sovers 
Jet P r o p u l s i o n Laboratory , Cal i fornia Inst i tute of T e c h n o l o g y P a s a d e n a , Cal i fornia 
91109 , U S A 

T h e m a i n c h a n g e s in t h i s year ' s r e p o r t f r o m las t y e a r ' s r e p o r t are 
e v o l u t i o n a r y , d u e to the acquis i t ion of another year's data. 

In this report Earth Rotat ion Parameter (ERP) e s t imates h a v e b e e n obta ined 
f r o m a n a n a l y s i s of D e e p S p a c e N e t w o r k ( D S N ) VLBI data that d i rec t ly a l igns its 
celest ial a n d terrestrial reference frames w i t h t h o s e of the International Earth Rotat ion 
Service (IERS). N A S A ' s D e e p Space N e t w o r k operates radio t e l e scopes for the pr imary 
p u r p o s e of c o m m u n i c a t i n g w i t h i n t e r p l a n e t a r y spacecraf t . T h e D S N h a s three 
c o m p l e x e s : in Cal i fornia ( s tat ions DSS 12,13,14,15) , in S p a i n (DSS 61 ,63 ,65) , a n d in 
Austral ia (DSS 42,43,45). T w o projects at JPL (cal led T E M P O a n d C A T M&E b e l o w ) u s e 
t h e s e t e l e s c o p e s to m a k e VLBI o b s e r v a t i o n s f rom w h i c h w e h a v e e s t i m a t e d earth 
ro ta t ion p a r a m e t e r s . M o s t o b s e r v i n g s e s s i o n s u s e a n t e n n a s in o n l y t w o c o m p l e x e s , 
a n d u s u a l l y e x a c t l y o n e a n t e n n a i n e a c h c o m p l e x . T h i s r e p o r t d e s c r i b e s a 
h o m o g e n e o u s r e d u c t i o n of current ly ava i lab le dua l f r equency (S a n d X b a n d ) VLBI 
data from b o t h projects. 

T h e T i m e a n d Earth M o t i o n Prec is ion Observa t ions (TEMPO) project m a k e s 
r a p i d t u r n a r o u n d VLBI m e a s u r e m e n t s of Station c lock s y n c h r o n i z a t i o n a n d earth 
o r i e n t a t i o n i n s u p p o r t of spacecraf t n a v i g a t i o n , w h i c h n e e d s e x t r e m e l y t i m e l y , 
m o d e r a t e accuracy earth rotat ion Informat ion. In T E M P O o b s e r v a t i o n s t h e r a w bit 
s t r e a m s r e c o r d e d at the t e l e s c o p e s are t e l e m e t e r e d to JPL for correlat ion, s o that n o 
phys i ca l transportat ion of m a g n e t i c tapes i s i n v o l v e d . T E M P O u s e s the JPL-deve loped 
Block I VLBI S y s t e m , w h i c h has a 500 ,000 b i t s / s e c o n d s a m p l i n g rate , w i t h t i m e -
d i v i s i o n m u l t i p l e x i n g of Channels. This s a m p l i n g rate permi t s the t e l emetry , a n d thus 
m a k e s rapid turnaround poss ib le . The r e d u c e d sens i t iv i ty c a u s e d b y the re lat ive ly l o w 
s a m p l i n g rate in c o m p a r i s o n to other present -day VLBI Systems is largely c o m p e n s a t e d 
b y the v e r y large a n t e n n a s a n d v e r y l o w System n o i s e l e v e l s of the D S N te l e scopes . 
T E M P O u s e s t w o 70 m e t e r D S N antennas (DSS 14, 4 3 , 63) w h e n e v e r p o s s i b l e a n d o n e 
34 m e t e r D S N a n t e n n a together w i t h o n e 70 m e t e r antenna w h e n it is n o t poss ib l e to 
ob ta in s i m u l t a n e o u s u s e of b o t h of the larger antennas . Current ly , T E M P O records 3 
Channels in S b a n d (2285 M H z ) a n d 3 Channels in X b a n d (8450 M H z ) . S ince June 12, 
1991 , T E M P O h a s u s e d a s p a n n e d b a n d w i d t h of 99 M H z at X b a n d a n d 39 M H z at S 
b a n d . Before that date , m o s t T E M P O ses s ions u s e d a s p a n n e d b a n d w i d t h of 40 M H z in 
e a c h b a n d . A t p r e s e n t the D S N n o m i n a l l y s c h e d u l e s t w o T E M P O o b s e r v i n g s e s s ions 
per w e e k , o n e o n t h e Spain-Cal i fornia (SC) base l ine , a n d the o ther o n the Austral ia-
Cal i fornia (AC) base l ine . Each Sess ion is genera l ly 3 h o u r s in dura t ion (occas iona l ly 
l e s s ) , a n d r e c o r d s a m a x i m u m of 20 s o u r c e s . T E M P O o b s e r v e s m o s t s o u r c e s for 3 
m i n u t e s a n d 18 s e c o n d s , a f e w for 6 m i n u t e s a n d 36 s e c o n d s . W e p lan to p r o d u c e an 
operat iona l ser ies of ERP e s t i m a t e s f rom T E M P O s e s s i o n s d u r i n g 1994 that w i l l b e a 
cont inuat ion of the ERP series reported here. 

IERS(1994) Technical Note No 17. 
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T h e Cata log M a i n t e n a n c e and E n h a n c e m e n t (CAT M&E) project d e t e r m i n e s 
celest ial coord ina te s of rad io sources , a n d base l ine vectors b e t w e e n D S N s tat ions , for 
u s e i n spacecraf t n a v i g a t i o n . In C A T M & E o b s e r v a t i o n s the r a w b i t s t r e a m s are 
r e c o r d e d o n m a g n e t i c tapes for transportat ion to the correlator. S ince June 1989 m o s t 
C A T M & E o b s e r v i n g s e s s i o n s h a v e u s e d the Mark i n VLBI System o n s tat ions D S S 15, 
45 , a n d 65 , w h i c h s u p p o r t a 400 M H z s p a n n e d b a n d w i d t h capabil i ty . F r o m late 1978 
t h r o u g h 1988, C A T M&E u s e d the Mark H VLBI System w i t h a s p a n n e d b a n d w i d t h of 
40 M H z i n each b a n d , a n d u s e d t w o 70 meter D S N antennas (DSS 1 4 , 4 3 , 63) w h e n e v e r 
p o s s i b l e . T h e D S N s c h e d u l e s C A T M & E o b s e r v i n g s e s s i o n s at irregulär in t erva l s , 
typ ica l ly severa l t i m e s per year , w i t h separate o b s e r v i n g s e s s i o n s o n the SC a n d A C 
base l ines . Each s e s s i o n i s n o m i n a l l y 24 h o u r s i n durat ion a n d typica l ly inc ludes 100 to 
330 observat ions o f 50 to 134 radio sources . 

D a t a f r o m b o t h t h e T E M P O a n d C A T M & E projec t s w e r e u s e d i n the 
Solution proces s for the ERP series reported here. In order that t h e T E M P O operat ional 
ser ies of ERP e s t i m a t e s d u r i n g 1994 can b e a n exac t c o n t i n u a t i o n of the ERP ser ies 
r e p o r t e d h e r e , t h e Solut ion p r o c e s s c o n s i s t e d of t w o major s t e p s . First , a "catalog 
Solution" d e s i g n a t e d JPL 1994-1 ( s ee b e l o w ) d e t e r m i n e d r a d i o s o u r c e c o o r d i n a t e s , 
Station c o o r d i n a t e s a n d s i te ve loc i t i e s , a parametr ic m o d e l for t h e celest ial m o t i o n of 
the Ce le s t ia l E p h e m e r i s P o l e , a n d a parametr i c m o d e l for t h e n e a r l y - d i u r n a l a n d 
n e a r l y - s e m i d i u r n a l t idal f r e q u e n c y var ia t ions of U T 1 a n d po lar m o t i o n . T h e n the 
s e c o n d Step, ca l led the "ERP Solution", u s e d these results from the cata log Solut ion to 
d e t e r m i n e t h e earth rotat ion parameters in a m a n n e r that can b e exact ly c o n t i n u e d in 
the operat iona l series . In the ERP Solution the data from each o b s e r v i n g s e s s i o n w e r e 
p r o c e s s e d i n d e p e n d e n t l y to p r o v i d e an e s t imate of the U T 0 a n d Variation of la t i tude 
(DPHI) of the base l ine VECTOR for that s e s s ion . Except for the U T 0 a n d Variation of 
la t i tude , t h e re lat ion b e t w e e n t h e earth-f ixed reference f rame a n d the rad io -quasar 
reference frame w a s spec i f ied ent irely b y a priori data ( w h i c h inc ludes the results from 
the cata log Solution). In add i t i on to U T 0 and D P H I , the o ther parameters e s t imated in 
the ERP Solut ion were : 

1 - A first d e g r e e p o l y n o m i a l clock m o d e l , i n c l u d i n g a term a l l o w i n g for a 
b ias in the phase-de lay-rate data, w i t h breaks as n e e d e d . 

2 - A d j u s t m e n t s t o the t roposphere z e n i t h d e l a y at each Station. In the C A T 
M & E s e s s i o n s , n e w t r o p o s p h e r e z e n i t h p a r a m e t e r s w e r e i n t r o d u c e d 
a p p r o x i m a t e l y e v e r y three h o u r s ( every t w o h o u r s for data after 1992.0). A 
priori e s t i m a t e s o f the t r o p o s p h e r e z e n i t h d e l a y s , d e r i v e d f r o m tables of 
m o n t h l y a v e r a g e z e n i t h d e l a y s for e a c h Stat ion, w e r e i n c l u d e d i n t h e 
S o l u t i o n w i t h a 6 c m Standard d e v i a t i o n . (For g o o d q u a l i t y o b s e r v i n g 
s e s s i o n s in recent y e a r s , the effect of t h e s e a prioris i s n e g l i g i b l e a n d the 
e s t i m a t e d t r o p o s p h e r e z e n i t h d e l a y s are e s sent ia l ly c o m p l e t e l y d e t e r m i n e d 
b y the VLBI observables . ) 

Other propert ies of the ERP Solution were: 

1 - T h e r e p o r t e d earth rotat ion parameters h a v e h a d n e a r l y - d i u r n a l a n d 
n e a r l y - s e m i d i u r n a l t idal f r e q u e n c y var ia t ions r e m o v e d a c c o r d i n g t o the 
p a r a m e t r i c m o d e l e s t i m a t e d i n the ca ta log Solut ion. (In o t h e r w o r d s , t h e 
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effects in the table b e l o w h e a d e d "Short Per iod Tidal ERP Variat ions" h a v e 
N O T b e e n a d d e d back in p r o d u c i n g EOP(JPL)94 R Ol.) 

2 - O c e a n l o a d i n g effects w e r e calculated f rom the m o d e l of Scherneck (1983; 
1991). 

3 - P o l e t idal effects w e r e i n c l u d e d (Sovers , 1991). 

4 - T h e Lany i (1984) func t ion w a s u s e d for m a p p i n g z e n i t h t r o p o s p h e r i c 
d e l a y s to o b s e r v e d e l evat ions . 

5 - The effects of charged particles in the i o n o s p h e r e a n d solar p l a s m a o n the 
s i n g l e - b a n d d e l a y a n d d e l a y rate o b s e r v a b l e s w e r e r e m o v e d b y u s i n g the 
appropr iate l inear combinat ion of the S-band and X-band data to form "dual 
frequency" d e l a y a n d de lay rate observables . 

6 - For r e c e n t y e a r s o n l y s e s s i o n s w i t h 6 or m o r e a c c e p t a b l e d e l a y 
observa t ions w e r e i n c l u d e d in the Solution reported here . 

7 - T h e effect o n p a t h l e n g t h s c a u s e d b y m o v i n g ("slewing") the antenna 
subref l ec tor , s o as to m a x i m i z e the a n t e n n a g a i n w h e n i ts focal l e n g t h 
c h a n g e s as the e l e v a t i o n a n g l e c h a n g e s , h a s b e e n m o d e l e d for the T E M P O 
data. N o s u c h m o d e l is n e e d e d for the C A T M&E data s ince C A T M&E d o e s 
n o t s l e w t h e subref lec tor . ( A p p a r e n t Station c o o r d i n a t e s e s t i m a t e d from 
VLBI data w i l l be corrupted if the subref lector is s l e w e d b u t the effect o n 
pa th l e n g t h is no t m o d e l e d in the d e l a y calculat ions . The Station coordinates 
e s t imated b y the JPL 1994-1 catalog Solution a n d u s e d in the ERP Solution are 
appropr ia te b o t h for the case w h e r e t h e subref lector is n o t s l e w e d a n d n o 
p a t h l e n g t h effect is m o d e l e d a n d a lso for the case w h e r e the subreflector is 
s l e w e d a n d t h e resu l t ing effect o n pa th l eng th is expl ic i t ly m o d e l e d in the 
ca lcu lat ions . ) 

T h e r a w o b s e r v a b l e u n c e r t a i n t i e s h a v e b e e n m o d i f i e d b y a d d i n g 
quadrat ica l ly a n uncerta inty c o m p o n e n t , for each of t h e t w o s tat ions , e q u a l to a smal l 
fract ion (0.002 or 0.003) of the total a priori t ropospher ic effect at that Station o n the 
observable . W e further quadrat ical ly a d d e d an "addit ive noise" constant w h e n n e e d e d 
s o as t o m a k e t h e Chi S q u a r e of t h e post f i t r e s i d u a l s a p p r o x i m a t e l y e q u a l to the 
n u m b e r of d e g r e e s of f r e e d o m i n the Solution. T h e de lay a n d de lay rate a d d i t i v e no i se 
c o n s t a n t s w e r e a d j u s t e d s epara te ly for e a c h C A T M & E o b s e r v i n g s e s s i o n . For the 
T E M P O data, the a d d i t i v e n o i s e s w e r e adjusted for each of severa l b locks of observ ing 
s e s s i o n s . 

E a c h Earth R o t a t i o n m e a s u r e m e n t h e r e is a U T 0 - D P H I pair , a n d h a s an 
as soc ia ted error e l l ip se in the U T 0 - D P H I p lane . Each s u c h error e l l ipse is c o m p l e t e l y 
spec i f i ed b y the repor ted Standard errors a n d correlat ion coeff icient b e t w e e n U T 0 a n d 
D P H I . For Single b a s e l i n e VLBI m e a s u r e m e n t s of ERP, s u c h as those repor ted here , 
this error e l l ipse is typica l ly qu i t e e l o n g a t e d , w i t h a ratio of major axis to m i n o r axis of 
a bou t 4:1. Therefore , for a proper Interpretation of t h e s e data , it i s C R U C I A L to m a k e 
füll u s e of t h e reported correlat ion coefficient. 
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For a s ing l e -base l ine VLBI e s t imate of earth rotat ion, t h e or ientat ion of the 
error e l l i p s e i n t h e UTO-DPHI p l a n e i s m o s t l y d e t e r m i n e d b y t h e g l o b a l Station 
g e o m e t r y . T h e d irec t ion of t h e m i n o r axis of the error e l l ip se i n the UTO-DPHI p l a n e 
as p r e d i c t e d b y the Station g e o m e t r y i s ca l l ed the t ransverse rotat ion d irec t ion , a n d 
c o r r e s p o n d s t o t h e m o t i o n of t h e base l ine in the local hor izonta l at e a c h Station or 
e q u i v a l e n t l y t o a ro ta t ion a b o u t a n ax i s t h r o u g h t h e center of the earth a n d the 
m i d p o i n t o f t h e b a s e l i n e . In a d d i t i o n t o b e i n g re la t i ve ly i n s e n s i t i v e to r a n d o m 
m e a s u r e m e n t errors , t h e t r a n s v e r s e ro ta t ion c o m p o n e n t i s a l s o r e l a t i v e l y free of 
errors i n t r o d u c e d b y t ropospher ic m o d e l i n g errors , a n t e n n a d e f o r m a t i o n s , a n d other 
s o u r c e s of s y s t e m a t i c local-vertical errors. The transverse rotat ion c o m p o n e n t s for the 
D S N base l ines are: 

Basel ine Transverse C o m p o n e n t 

Austral ia-California -1.000 D P H I + 0.00 (UT0-TAI) 
Spain-California +0.582 D P H I + 12.21 (UT0-TAI) 
Spain-Austral ia -0.972 D P H I + 2.77 (UT0-TAI) 

T h e s e coeff ic ients a s s u m e that U T 0 a n d D P H I are e x p r e s s e d in s e c o n d s of 
t i m e a n d i n a r c s e c o n d s , r e s p e c t i v e l y ; the u n i t s of the t r a n s v e r s e c o m p o n e n t s are 
a r c s e c o n d s . W e r e c o m m e n d that t h e s e l inear c o m b i n a t i o n s b e u s e d to take füll 
a d v a n t a g e of the inherent accuracy of these data. 

T h e ERP Solut ion p r o d u c e d earth or ienta t ion resu l t s for a total of 1042 
o b s e r v i n g s e s s ions b e t w e e n October 2 8 , 1 9 7 8 , and March 1 3 , 1 9 9 4 . 

D u r i n g ca l endar year 1993 , the T E M P O project p r o d u c e d earth rota t ion 
m e a s u r e m e n t s f rom 9 3 d u a l f r e q u e n c y o b s e r v i n g s e s s i o n s , w i t h a m e d i a n Standard 
error a l o n g the m i n o r axis of the error e l l ipse of 0.3 mi l l i arc seconds (mas) , a n d a l o n g 
the major ax i s of 1.4 m a s . D u r i n g 1993 the m e d i a n t u r n a r o u n d t i m e for T E M P O 
m e a s u r e m e n t s , f rom Observat ion to avai labi l i ty of earth or i en ta t ion p a r a m e t e r s , w a s 
49 hours . 

The JPL 1994-1 Catalog 

T h e JPL 1994-1 c a t a l o g w a s d e v e l o p e d s p e c i f i c a l l y for u s e in T E M P O 
operat iona l ERP Solut ions d u r i n g 1994. S ince short d u r a t i o n VLBI d e t e r m i n a t i o n s of 
the ERP are sens i t ive to errors in the celest ial p o s i t i o n of t h e Celest ia l E p h e m e r i s P o l e 
(CEP), a n d s ince the current I A U Standards for the CEP are k n o w n to b e in error b y 
a m o u n t s s igni f icant to T E M P O , it i s i m p o r t a n t that T E M P O u s e a CEP ser ies that is 
corrected f rom the I A U Standards a n d is cons i s tent w i t h t h e rad io s o u r c e coord inates 
(RSC) u s e d . Current practical i t ies of T E M P O Operations favor t h e u s e of a parametr ic 
m o d e l for t h e C E P tha t i n c l u d e s t h e l o n g p e r i o d m o t i o n s . T h e r e f o r e w e h a v e 
e s t imated s u c h a m o d e l a l o n g w i t h the RSC a n d set of Station coord inates (SSC) in the 
JPL 1994-1 cata log Solution. This year o u r CEP m o t i o n m o d e l cons i s t s of the Z M O A -
1990-2 nuta t ion m o d e l (Herr ing , 1991) p l u s a d j u s t m e n t s t o the coef f ic ients of certain 
t e r m s of t h e Z M O A - 1 9 9 0 - 2 m o d e l , a l o n g w i t h t h e I A U p r e c e s s i o n m o d e l a n d 
a d j u s t m e n t s to i ts coeff ic ients . O u r CEP m o t i o n m o d e l i s i n t e n d e d o n l y t o p e r m i t 
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p r o c e s s i n g of T E M P O data for the ERP d u r i n g the p e r i o d repor ted here a n d d u r i n g 
1994, a n d w i l l p r e s u m a b l y n e e d rev i s ion in 1995. In particular, it m a y n o t i n c l u d e all 
s igni f icant c o m p o n e n t s , n o t all its ad jus tments m a y b e g e n u i n e l y s ignif icant , a n d its 
p a r a m e t e r s m a y n o t al l b e w e l l s e p a r a t e d , b u t w e b e l i e v e it i s a d e q u a t e for our 
p u r p o s e s . A s part of the JPL 1994-1 cata log So lut ion w e e s t i m a t e d coef f ic ients of a 
m o d e l of ERP var ia t ions at near ly -d iurna l a n d n e a r l y - s e m i d i u r n a l t idal f requenc ies . 
N e a r l y - d i u r n a l po lar m o t i o n var iat ions w e r e cons tra ined to h a v e n o re trograde part, 
t h u s a l l o w i n g s i m u l t a n e o u s e s t imat ion of nutat ions . 

The JPL 1994-1 cata log Solution h a d the f o l l o w i n g propert ies: 

1 - E x c e p t w h e r e o t h e r w i s e n o t e d , t h e c a t a l o g So lu t ion w a s e s s e n t i a l l y 
ident ical t o the ERP Solution descr ibed above . 

2 - Al l the avai lable C A T M&E data through D e c e m b e r 19, 1993, a n d m o s t of 
the T E M P O data through D e c e m b e r 2 9 , 1 9 9 3 , w e r e inc luded . 

3 - I n f o r m a t i o n f r o m i n t r a - c o m p l e x r a d i o i n t e r f e r o m e t r y w a s u s e d to 
constra in the coord inate dif ferences b e t w e e n s ta t ions w i t h i n e a c h c o m p l e x . 
T h e uncerta int ies u s e d for these in tracomplex t ies v a r y from Station pair to 
S ta t ion p a i r a n d f r o m c o m p o n e n t to c o m p o n e n t ( t h e l o c a l v e r t i c a l 
u n c e r t a i n t y i s t y p i c a l l y t h r e e t i m e s t h e h o r i z o n t a l u n c e r t a i n t y ) . T h e s e 
uncer ta in t i e s are our bes t e s t i m a t e s of the real ist ic o n e - s t a n d a r d - d e v i a t i o n 
uncerta int ies of these t ies a n d ränge from 5 m m to 18 m m . 

4 . For e a c h pair of o b s e r v i n g s e s s i o n s that u s e d di f ferent pa i r s of D S N 
c o m p l e x e s (that i s , Cal i fornia- to-Spain a n d Cal i fornia- to-Austra l ia ) w i t h a 
t i m e Separation b e t w e e n the m i d p o i n t s of the s e s s i o n s of l ess than 15 hours , 
the adjus tment ( d X , d Y , d U T l ) to the initial v a l u e s of earth or ientat ion is the 
s a m e for b o t h m e m b e r s of the pair. (The in i t i a l -va lue ERP ser ies w a s a 
v e r s i o n of the SPACE93 series (Gross , 1994) m o d i f i e d to no t u s e D S N VLBI 
data; it i s a s m o o t h e d , c o m b i n a t i o n - o f - t e c h n i q u e s ERP ser ies o b t a i n e d b y 
K a i m a n fi l tering). This treatment of c lose - in - t ime pairs s e r v e s to d e t e r m i n e 
t h e a n g l e b e t w e e n t h e C a l i f o r n i a - t o - S p a i n a n d C a l i f o r n i a - t o - A u s t r a l i a 
b a s e l i n e vec tors (and thus a l so the l e n g t h of the Austra l ia - to -Spain vector) . 
T h e r e w e r e 66 s u c h pa irs of T E M P O s e s s i o n s ; there w e r e 7 s u c h pairs 
i n v o l v i n g o n e T E M P O s e s s i o n a n d o n e C A T M & E ses s ion; a n d there w e r e 
n o s u c h pairs i n v o l v i n g t w o C A T M&E o b s e r v i n g s e s s i o n s . Thi s year there 
i s o n e C A T M&E s e s s i o n ( D e c e m b e r 19, 1993) in w h i c h o n e Station in each 
c o m p l e x part i c ipated (DSS 15,45,65), w i t h s m a l l g r o u p s of o b s e r v a t i o n s o n 
t h e Ca l i forn ia - to -Spa in a n d Cal i forn ia - to -Aus tra l ia b a s e l i n e s i n t e r l e a v e d . 
A l t h o u g h the durat ion of this s e s s i o n w a s o n l y 8 h o u r s , it h a s s ignif icant ly 
i m p r o v e d o u r k n o w l e d g e of t h e rate of c h a n g e of the l e n g t h of the 
Aus tra l ia - to -Spa in vector . ( A spec ia l thank y o u to Chris Jacobs for l e a d i n g 
the effort to acquire this data, a n d for ge t t ing the results to u s in t ime for this 
ana lys i s ) . 

5 - T h e terres tr ia l f r a m e of t h e JPL 1994-1 S y s t e m w a s t i e d t o the 
In ternat iona l Earth Rota t ion Serv ice Terrestrial Re ference F r a m e ITRF-92 



R-24 

(IERS, 1993, Table T-3) in the f o l l o w i n g w a y . T h e coordinates of all the D S N 
s t a t i o n s , i n c l u d i n g all t h o s e i n Cal i fornia , w e r e e s t i m a t e d i n t h e c a t a l o g 
Solut ion subject to s ix constraints ap p l i ed to the n i n e coord ina te s of D S S 15, 
D S S 4 5 , a n d D S S 65 . T h e s e constraints are s u c h that if a s e v e n parameter 
trans format ion (3 trans lat ions , 3 rotat ions , 1 scale) b e t w e e n the JPL 1994-1 
a n d ITRF-92 Sys tems w e r e e s t imated b y u n w e i g h t e d least Squares a p p l i e d to 
the coord ina te s of DSS 15, 45 , a n d 65 , then the resu l t ing 3 translat ion a n d 3 
rotat ion parts of the transformation w o u l d b e z e r o w h i l e the sca le c o u l d b e 
n o n z e r o a n d u n k n o w n i n a d v a n c e of C o m p u t i n g t h e c a t a l o g . ( W h e n 
e x p r e s s e d as the d o t p r o d u c t of a n i n e d i m e n s i o n a l un i t vec tor w i t h the 
n i n e Station c o o r d i n a t e s , e a c h constra int i s a s s i g n e d a n a priori Standard 
d e v i a t i o n of 5 m m ; this d o e s n o t affect t h e re su l t ing c o o r d i n a t e s b u t d o e s 
affect the ca lculated formal errors, g i v i n g t h e m a m o r e spherical d is tr ibut ion 
than w o u l d resu l t if e i ther v e r y l a r g e or v e r y s m a l l a pr ior i S tandard 
d e v i a t i o n s w e r e u s e d ) . T h e s e c o n s t r a i n t s s e r v e to d e t e r m i n e b o t h the 
translat ion a n d the rotat ion of the terrestrial c o o r d i n a t e System. The Station 
coord ina te s re su l t ing f rom the Solut ion a p p l y at a reference t i m e of 1988.0, 
in a g r e e m e n t w i t h that of ITRF-92. 

6 - T h r e e - d i m e n s i o n a l s i te ve loc i t i e s w e r e e s t i m a t e d for e a c h of the three 
D S N c o m p l e x e s . Al l s ta t ions in e a c h D S N c o m p l e x w e r e a s s u m e d to h a v e 
the s a m e s i te ve loc i ty . The ve loc i t i e s w e r e cons tra ined s o as to p r o d u c e n o 
ne t trans lat ion rate a n d n o ne t rotat ion rate, for the n e t w o r k c o m p o s e d of 
the three D S N c o m p l e x e s , re la t ive to the ne t m o t i o n of this n e t w o r k of 
three s i tes as e x p r e s s e d in the ITRF-92 ve loc i ty f ie ld (IERS, 1993, Table T-5). 
T h u s o n l y three ve loc i ty parameters are actual ly b e i n g separate ly e s t imated; 
o n e w a y to descr ibe t h e s e is as the rates of c h a n g e of (1) the Cal i fornia-to-
A u s t r a l i a l e n g t h , (2) t h e C a l i f o r n i a - t o - S p a i n l e n g t h , a n d (3) t h e a n g l e 
b e t w e e n the Cal i fornia-to-Austral ia a n d Cal i fornia-to-Spain vectors . ( W h e n 
e x p r e s s e d as the d o t p r o d u c t of a n i n e d i m e n s i o n a l un i t vec tor w i t h the 
n i n e s i t e v e l o c i t y c o m p o n e n t s , e a c h cons tra in t i s a s s i g n e d an a pr ior i 
Standard d e v i a t i o n of 1.0 m m / y r ; this d o e s not affect the resu l t ing ve loc i ty 
c o m p o n e n t s b u t d o e s affect the calculated formal errors, g i v i n g t h e m a m o r e 
spherica l d i s tr ibut ion than w o u l d result if e i ther v e r y large or v e r y sma l l a 
priori Standard d e v i a t i o n s w e r e used . ) 

7 - T h e celest ial frame of the JPL 1994-1 System w a s t ied to the International 
Earth Rotat ion Service Celest ial Reference Frame in the f o l l o w i n g w a y . T h e 
Right A s c e n s i o n a n d Decl inat ion of OJ 287 (0851+202) a n d the Dec l ina t ion of 
C T D 20 (0234+285) , w h i c h are a m o n g the bes t o b s e r v e d s o u r c e s in the D S N 
cata log a n d are pr imary sources in the 1993 real izat ion of the IERS Celest ia l 
Reference Frame, w e r e he ld f ixed at their v a l u e s in that frame as spec i f i ed in 
t h e se t of radio source coordinates RSC(IERS)93 C 01 (IERS, 1993, Table C-4). 
T h e formal errors of these three source coordinates are proper ly zero , b u t in 
order t o c o n v e y the qual i ty of de terminat ion of t h e s e t w o s o u r c e s w e h a v e 
rep laced t h e s e three z e r o s in our source list RSC(JPL)94 R 01 b y the formal 
errors for t h e s e three c o o r d i n a t e s f rom a s imi lar So lut ion that h a d three 
c o o r d i n a t e s of t w o di f ferent w e l l - o b s e r v e d s o u r c e s h e l d f ixed; w e h a v e 
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s imi lar ly rep laced the t w o correlat ion coeff ic ients b e t w e e n Right A s c e n s i o n 
a n d Dec l inat ion for these t w o sources . 

8 - T h e reference e p o c h of the JPL 1994-1 celestial Sys tem w a s J2000, a n d the 
d e f i n i t i o n of s i d e r e a l t i m e w a s a f u n c t i o n o f t h e e s t i m a t e d p r e c e s s i o n 
constant (Sovers , 1991, sect ions 2.6.1 a n d 2.9.3.3). 

T h i s y e a r w e h a v e u s e d t h e M O D E S T Opt ion t o p e r f o r m t h e g e n e r a l 
re lat iv i ty ca lcu la t ions accord ing to the "TDT spatial coordinates" Convent ion (Sovers , 
1991) . T h i s c h o i c e h a s a s m a l l e f fect o n t h e l e n g t h s c a l e of the Se t of S ta t ion 
C o o r d i n a t e s . T h e re la t iv i ty m o d e l u s e d i s e s s e n t i a l l y e q u i v a l e n t t o t h e "consensus 
m o d e l " d e s c r i b e d b y E u b a n k s (1991) . A s a re su l t , t h e e s t i m a t e d Se t of S ta t ion 
C o o r d i n a t e s h a s t h e s c a l e of a g e o c e n t r i c c o o r d i n a t e S y s t e m u s i n g a t i m e sca le 
cons i s t en t w i t h Internat ional A t o m i c Time . 

T h e parametr ic m o d e l for the near ly -d iurnal a n d n e a r l y - s e m i d i u r n a l t idal 
frequency variat ions of UT1 a n d polar m o t i o n obta ined as part of the JPL 1994-1 catalog 
Solut ion is p r e s e n t e d b e l o w . T h e a r g u m e n t Conventions u s e d here are t h o s e of Sovers 
et al ( 1 9 9 3 ) . T h e f o r m a l errors of t h e s e p a r a m e t e r s r ä n g e f r o m 13 to 53 
microarcseconds b u t realistic uncertaint ies are probably about 75 microarcseconds (one 
Standard dev ia t ion ) . 

Short Per iod Tidal ERP Variat ions 

Period UT1 (microseconds) 

Term (hours) Cosine Sine 

Polar Motion 
Amplitude Phase 

(microarcseconds) (degrees) 
prograde retrograde prograde retrograde 

K2 
S2 
M2 
N2 
Kl 
PI 
01 
Ql 

11.96724 
12.00000 
12.42060 
12.65835 
23.93447 
24.06589 
25.81934 
26.86836 

3.0 
1.3 

- 8.4 
0.1 
13.1 

- 4.5 
-13.3 

3.6 

4.0 
9.9 

18.0 
2.8 
26.2 
- 4.3 
-13.5 
- 1.8 

43 
40 
64 
20 
191 
59 
145 
38 

54 
143 
242 
32 
0 
0 
0 
0 

59 
58 
119 
106 
163 
342 
314 
323 

246 
314 
274 
188 
* 
* 
• 
* 

T h e m o d e l of the ce lest ia l m o t i o n of the CEP o b t a i n e d as part of the JPL 
1994-1 ca ta log Solut ion is p r e s e n t e d b e l o w as adjus tments to the I A U p r e c e s s i o n a n d 
Z M O A - 1 9 9 0 - 2 n u t a t i o n coeff ic ients a l o n g w i t h t w o offset parameters w h i c h represent 
the e s t i m a t e d pos i t i on of the (mean) CEP at e p o c h J2000 as e x p r e s s e d in the coordinate 
Sys tem of the rad io sources . A p o s i t i v e X-offset represents a d i s p l a c e m e n t of the CEP 
t o w a r d 18 h o u r s Right A s c e n s i o n , a n d a pos i t i ve Y-offset represents a d i s p l a c e m e n t of 
the C E P t o w a r d 0 h o u r s R ight A s c e n s i o n . T h e C E P - m o t i o n m o d e l i n c l u d e s a term 
r e p r e s e n t i n g a secu lar rate i n ob l iqu i ty . A l s o i n c l u d e d i s an empir i ca l term w i t h a 
p e r i o d of -429.8 d a y s (for the or ig in of this particular v a l u e of per iod , s e e (Herring et 
al, 1991; Herr ing , 1991)) . O n l y t h o s e nuta t ion t erms l i s ted b e l o w w e r e adjusted in the 
cata log Solution. T w o sets of Standard errors are presented; the "formal" errors are just 
the formal errors f r o m the c a t a l o g So lut ion , a n d the "general ized" errors are t h e 
formal errors f rom a s imi lar So lut ion w h i c h a l s o e s t i m a t e d a d d i t i o n a l c o m p o n e n t s 
w i t h p e r i o d s of 121.75, 27 .55 ,13 .63 , a n d 9.13 d a y s as w e l l as bo th out -o f -phase nutat ions 
for all t e n p e r i o d s . 
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Celes t ia l E p h e m e r i s P o l e M o t i o n M o d e l (nutat ions relat ive to ZMOA-1990-2 ) 

IAU-Index Period 

days 

precession 
obliquity rate 

Y-offset 
X-offset 

1 -6798.38 

2 -3399.19 

10 365.26 

9 182.62 

31 13.66 

-429.8 

Phase Component 

In 

Out 

In 
Out 

In 

Out 

In 

Out 

In 

Out 

In 

Out 

Longitude 
Obliquity 

L sin eps 
Obliquity 

Longitude 
Obliquity 
Longitude 
Obliquity 

Obliquity 
Longitude 
Obliquity 

Longitude 
Obliquity 
Longitude 
Obliquity 

Longitude 
Obliquity 
Longitude 
Obliquity 

Longitude 
Obliquity 
Longitude 
Obliquity 

Longitude 
Obliquity 
Longitude 
Obliquity 

Adjustment 

+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 

mas 

-3.21/yr 
-0.28/yr 

L8.70 
5.94 

0.98 
0.01 
1.13 
0.15 

0.23 
0.70 
0.17 

0.50 
0.03 
0.64 
0.00 

0.06 
0.04 
0.18 
0.01 

0.20 
0.11 
0.47 
0.10 

0.04 
0.02 
0.61 
0.12 

Formal 
Error 
mas 

0.06/yr 
0.05/yr 

0.34 
0.76 

0.31 
0.16 
0.21 
0.29 

0.08 
0.17 
0.12 

0.08 
0.03 
0.08 
0.03 

0.06 
0.02 
0.06 
0.02 

0.05 
0.03 
0.07 
0.02 

0.08 
0.04 
0.09 
0.03 

Generalized 
Error 
mas 

0.14/yr 
0.06/yr 

0.74 
0.77 

0.73 
0.17 
0.41 
0.29 

0.08 
0.20 
0.13 

0.10 
0.03 
0.09 
0.04 

0.07 
0.03 
0.07 
0.03 

0.14 
0.05 
0.13 
0.06 

0.09 
0.04 
0.10 
0.03 

F o r t h e 1994-1 c a t a l o g Solu t ion , t h e d a t a se t u s e d h a s N O T b e e n r e s t r i c t e d t o 
h a v e o n l y e l e v a t i o n a n g l e s a b o v e s o m e a r b i t r a r y m i n i m u m v a l u e . N o t e h o w e v e r t h a t 
l o w e l e v a t i o n o b s e r v a t i o n s a r e e f f e c t i v e l y d o w n - w e i g h t e d b y t h e o b s e r v a b l e 
u n c e r t a i n t y a d j u s t m e n t p r o c e d u r e d e s c r i b e d a b o v e . B e c a u s e t h e m o s t f r e q u e n t l y u s e d 
s t a t i o n s i n t h i s d a t a s e t (DSS 14,15,43,45,63,65) h a v e a n t e n n a l i m i t s a t 6.0 t o 6.35 d e g r e e s 
e l e v a t i o n , a l m o s t a l l t h e d a t a i n t h i s d a t a s e t h a s e l e v a t i o n a n g l e s a b o v e 6 d e g r e e s . 
B e c a u s e of t h e v e r y l o n g l e n g t h s of t h e D S N b a s e l i n e s , t h e D S N VLBI o b s e r v i n g 
s c h e d u l e s h a v e i n c l u d e d l o w e l e v a t i o n o b s e r v a t i o n s s i n c e t h e i r i n c e p t i o n . S i n c e a t 
l e a s t 1 9 8 3 , t h e T E M P O s e s s i o n s h a v e b e e n d e s i g n e d t o i m p r o v e t h e d e t e r m i n a t i o n of 
t h e t r o p o s p h e r e z e n i t h p a r a m e t e r s a n d t he i r S e p a r a t i o n f r o m t h e g e o d e t i c p a r a m e t e r s 
b y d e l i b e r a t e l y i n c l u d i n g a f e w o b s e r v a t i o n s for t h i s p u r p o s e , w h i c h h a v e l o w 
e l e v a t i o n a n g l e s a n d a r e n o t n e a r t h e c u s p s of t h e v i s i b i l i t y s e c t o r . I n t h e s e t of 
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e l e v a t i o n a n g l e s a s s o c i a t e d w i t h t h e o b s e r v a t i o n s i n c l u d e d i n t h e 1994-1 c a t a l o g 
So lu t ion , t h e p o r t i o n t h a t fall i n e a c h 10 d e g r e e i n c r e m e n t i s a s f o l l o w s ( in p e r c e n t ) : 
0 - 1 0 - 2 0 - 3 0 - 4 0 - 5 0 - 6 0 - 7 0 - 8 0 - 9 0 degrees 

8.8 23.8 21.5 17.5 13.9 9.0 3.0 1.9 0.7 percent 

T h e a v e r a g e e l e v a t i o n a n g l e is 30.70 d e g r e e s . 

F o r a c c u r a t e I n t e r p r e t a t i o n of t h e U T 0 a n d D P H I v a l u e s r e p o r t e d h e r e , o n e 
s h o u l d u s e a c c u r a t e v a l u e s of t h e l a t i t u d e a n d l o n g i t u d e of t h e b a s e l i n e v e c t o r ; t h e s e 
c a n b e c a l c u l a t e d for e a c h Sta t ion p a i r f r o m t h e SSC e s t i m a t e d i n t h e JPL 1994-1 c a t a l o g 
So lu t i on a n d r e p o r t e d h e r e . A p p r o x i m a t e v a l u e s a r e : 

Baseline Latitude (degrees) Longitude (degrees) 

Australia-California - 43.97 +106.05 
Spain-California -l- 2.99 +30.73 
Spain-Australia +38.50 - 18.10 

A c k n o w l e d g e m e n t s . W e w o u l d l ike t o t h a n k e a c h a n d e v e r y o n e of t h e m a n y p e o p l e 
w h o c o n t r i b u t e d t o t h e a c q u i s i t i o n a n d a n a l y s i s of t h e D S N VLBI d a t a . T h e w o r k 
d e s c r i b e d i n t h i s p a p e r w a s c a r r i e d o u t b y t h e Jet P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a 
I n s t i t u t e of T e c h n o l o g y , u n d e r c o n t r a c t w i t h t h e N a t i o n a l A e r o n a u t i c s a n d S p a c e 
A d m i n i s t r a t i o n . 
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S u m m a r y d e s c r i p t i o n o f the terrestrial Sys tem at tached to the se t o f Station coord ina te s 
S S C ( J P L ) 9 4 R 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f ie r : 

4 - S o f t w a r e u s e d : 

5 - Re l a t i v i t y sca le : 

V L B I 

JPL 

1994-1 

M O D E S T ( n e e Mas t e r f i t ) 

LE ( T D T = g e o c e n t r i c w i t h I A T ) 

6 - P e r m a n e n t t i d a l co r r ec t ion : N o 

7 - Tec ton i c p l a t e m o d e l : ITRF-92 p l u s a d j u s t m e n t s 

8 - Ve loc i ty of l ight : 299 792 458 m / s 

9 - G e o g r a v i t a t i o n a l c o n s t a n t : 3.9860 0448 1 0 1 4 m 3 s ' 2 

10 - Re fe r ence e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

1 J a n 1988 

X 0 , Y 0 , Z 0 , X , Y , Z 

12 - 1 3 - De f in i t i on of t h e o r i g in a n d o r i e n t a t i o n : 
S i x c o n s t r a i n t s w e r e a p p l i e d ( w i t h 5 m m 
u n c e r t a i n t y ) t o t h e n i n e c o o r d i n a t e s ( a t e p o c h 
1988.0) of DSS 15, DSS 4 5 , a n d D S S 65 , s u c h t h a t if a 
s e v e n p a r a m e t e r t r a n s f o r m a t i o n (3 t r a n s l a t i o n s , 3 
r o t a t i o n s , 1 sca le) b e t w e e n t h e JPL 1994-1 a n d ITRF-
9 2 S y s t e m s w e r e e s t i m a t e d b y u n w e i g h t e d l e a s t 
S q u a r e s a p p l i e d t o t h e c o o r d i n a t e s of D S S 1 5 , 4 5 , 
a n d 6 5 , t h e n t h e r e s u l t i n g 3 t r a n s l a t i o n a n d 3 
r o t a t i o n p a r t s of t h e t r a n s f o r m a t i o n w o u l d b e z e r o 
w h i l e t h e s ca l e c o u l d b e n o n z e r o a n d u n k n o w n in 
a d v a n c e of C o m p u t i n g t h e c a t a l o g . S e e t e x t for 
d e t a i l s . 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : 
S ix c o n s t r a i n t s w e r e a p p l i e d ( w i t h 1.0 m m / y r 
u n c e r t a i n t y ) t o t h e n i n e s i t e -ve loc i ty p a r a m e t e r s of 
t h e D S N n e t w o r k s o a s t o y i e l d n o - n e t - t r a n s l a t i o n -
r a t e a n d n o - n e t - r o t a t i o n - r a t e w i t h r e s p e c t t o t h e 
n e t m o t i o n of t h e t h r e e s i t e s M a d r i d , G o l d s t o n e , 
a n d C a n b e r r a a s spec i f i ed b y t h e ITRF-92 v e l o c i t y 
f ield. See text for de t a i l s . 
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Dis tr ibut ion o v e r the s k y of the 285 extragalact ic rad io sources of the celest ial 

frame RSC(JPL) 94 R Ol. Fi l led circles indicate radio sources w i t h uncertaint ies 

i n right ascens ion (et cos 8) a n d dec l inat ion smal ler than 0.0003". 
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UNCERTAINTIES IN a cos 8 AND 5 (MAS) 

Di s tr ibut ion of the uncerta int ies in r ight a s c e n s i o n (füll l ine) a n d d e c l i n a t i o n 
( d a s h e d l ine) of t h e celest ia l frame RSC(JPL) 9 4 R Ol. 2 r a d i o s o u r c e s w i t h 
uncerta int ies larger than 0.003" are not s h o w n . 
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s tat ions of the terrestrial frame SSC(JPL) 94 R Ol. 
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EOPQPL) 9 4 R Ol From Oct 1978 to M a y 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

Un i t s : 0.001" for <p; 0.0001s for U T 0 

YEAR 

1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

<P 
Nb 

3 
6 

21 
17 
43 
74 
71 
19 
71 
77 
93 
93 

108 
111 
114 
101 
38 

Sigma 

0.43 
1.82 
4.04 
2.69 
3.57 
3.23 
3.43 
2.19 
2.55 
2.07 
1.54 
0.62 
0.90 
0.44 
0.40 
0.62 
0.95 

UTO 
Nb 

3 
6 

21 
17 
43 
74 
71 
19 
71 
77 
93 
93 

108 
111 
114 
101 
38 

Sigma 

1.15 
1.88 
5.78 
5.62 
4.44 
4.75 
5.35 
3.93 
3.38 
3.35 
2.22 
1.71 
1.81 
1.02 
0.69 
0.95 
0.90 



R-33 

A N A L Y S I S O F VLBI OBSERVATIONS, 1984-1993 
N A O M Z 94 R Ol, 02 

Seiji M a n a b e , Koich i Y o k o y a m a 
M i z u s a w a A s t r o g e o d y n a m i c s Observatory , N a t i o n a l As tronomica l Observatory , Japan 

The report conta ins the results of the ana lys i s of the VLBI observat ions from 
1984-1993 c o n d u c t e d u n d e r IRIS a n d C D P . T h e a n a l y s e d material conta ins m o s t of the 
IRIS-A a n d -P a n d part of the IRIS-S a n d C D P observat ions . 

The bas ic Sys tem of the as tronomical a n d g e o p h y s i c a l cons tants are the IERS 
S t a n d a r d s . H o w e v e r , t h e r e are s o m e p o i n t s d i f f e r i n g f r o m t h e m . T h e ver t i ca l 
d i s p l a c e m e n t s of the Station d u e to the a tmospher ic l o a d i n g are corrected b y a d o p t i n g 
the m e t h o d b y M a n a b e (1991). A n o t h e r di f ference is in the o c e a n l o a d i n g effect o n 
Station p o s i t i o n s . T h e d i s p l a c e m e n t s are c o m p u t e d w i t h GOTIC b y Sato a n d H a n a d a 
(1984) o n the bas i s of Schwidersk i ' s t idal m a p w i t h the m o d i f i c a t i o n to c o n s e r v e the 
m a s s of the o c e a n s . N i e l F s (1993) N H M F 2 is u s e d as the m a p p i n g func t ion of the 
a t m o s p h e r i c de lay . T h e p r o g r a m s u s e d in the ana lys i s are the M i z u s a w a v e r s i o n of 
C A L C , M S L V 3 a n d GLK. MSLV3 and GLK correspond to SOLVE a n d GLOBL of Mark 
i n . 

S u m m a r y of t h e S o l u t i o n s N A O M Z 94 R 01 a n d R 02 

1 - Technique: 
2 - A n a l y s i s Center: 

3 - So lu t ion identifier: 
4 - Software used: 

5 - Relat iv i ty Scale: 
6 - P e r m a n e n t tidal correction o n Station: 
7 - Tectonic p la te m o d e l : 
8 - Ve loc i ty of l ight: 
9 - Gravi tat ional constant: 
10 - Reference epoch: 
11 - A d j u s t e d parameters: 

12 - Def in i t ion of Origin: 

13 - Def in i t ion of Orientat ion: 

14 - Constra int for t ime evo lu t ion: 

VLBI 
M i z u s a w a A s t r o g e o d y n a m i c s Observa tory , 
N a t i o n a l A s t r o n o m i c a l Observatory , Japan 
SG000084 
C A L C 3 , M S L V 3 a n d GLK d e v e l o p e d at 
M i z u s a w a 

yes 
N U V E L - N N R 

1988.0 
E O P , Stat ion c o o r d i n a t e s a n d v e l o c i t i e s , 
radio source p o s i t i o n s 
W e s t f o r d ' s c o o r d i n a t e s ( m ) ( 1 4 9 2 2 0 6 . 7 5 5 , 
-4458130.499,4296015.503) 
M e a n o r i e n t a t i o n o f G I L C R E E K , 
O N S A L A 6 0 , N R A 0 8 5 3 , W E T T Z E L L , 
R I C H M O N D , W E S T F O R D , K A U A I a n d 
m e a n of K A S H I M A a n d K A S H I M 3 4 are 
adjusted to that of ITRF92. 
l inear in t i m e 

IERS(1994) Technical Note No 17. 
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Dis tr ibut ion o v e r the s k y of the 206 extragalact ic rad io sources of the celest ial 
f r a m e R S C ( N A O M Z ) 94 R 01 . F i l l ed c irc les i n d i c a t e r a d i o s o u r c e s w i t h 

uncertaint ies in right ascens ion ( a cos 8) a n d dec l inat ion smal ler than 0.0003". 
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UNCERTAINTIES IN et cos 8 AND 6 (MAS) 

Dis tr ibut ion of the uncerta int ies in r ight a s c e n s i o n (füll l ine) a n d d e c l i n a t i o n 
( d a s h e d l ine) of the celest ial frame R S C ( N A O M Z ) 94 R 01 . 10 r a d i o s o u r c e s 
w i t h uncerta int ies larger than 0.003" are not s h o w n . 
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UNCERTAINTIES (cm) 

10 

Distr ibut ion of the uncertaint ies (quadratic m e a n of a X / oy , a z ) for the 55 

s tat ions of the terrestrial frame S S C ( N A O M Z ) 94 R Ol. 



R-36 

E O P ( N A O M Z ) 9 4 R 02 F r o m Jan 1984 t o Feb 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

Un i t s : 0.001" for X,Y,8\|/,5e; 0.0001s for UT1 

YEAR 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

X 
Nb 

76 
77 
92 

101 
106 
165 
174 
143 
148 
72 
5 

Sigma 

0.63 
0.60 
0.62 
0.61 
0.55 
0.50 
0.33 
0.24 
0.27 
0.20 
0.12 

Y 
Nb 

76 
77 
92 

102 
106 
165 
173 
143 
148 
72 
5 

Sigma 

0.56 
0.54 
0.54 
0.56 
0.50 
0.48 
0.38 
0.26 
0.27 
0.17 
0.11 

UT1 
Nb 

76 
77 
92 

102 
106 
165 
174 
143 
148 
72 
5 

Sigma 

0.30 
0.28 
0.29 
0.30 
0.28 
0.25 
0.18 
0.12 
0.11 
0.07 
0.05 

5y 
Nb 

76 
77 
92 

102 
106 
165 
174 
143 
148 
72 
5 

Sigma 

0.72 
0.65 
0.68 
0.71 
0.61 
0.61 
0.44 
0.36 
0.41 
0.32 
0.21 

Se 
Nb 

76 
77 
92 

102 
106 
165 
174 
143 
148 
2 
5 

Sigma 

0.26 
0.24 
0.26 
0.26 
0.25 
0.24 
0.19 
0.14 
0.17 
0.13 
0.09 
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N O A A E A R T H O R I E N T A T I O N A N D R E F E R E N C E F R A M E R E S U L T S D E R I V E D F R O M 

V L B I O B S E R V A T I O N S : 1994 A N A L Y S I S P R O C E D U R E S 
N O A A 94 R Ol, 02 

J.R. R a y , M . D . A b e l l , W . E . C a r t e r , W . H . D i l l i nge r , M.L . M o r r i s o n , a n d D.S . R o b e r t s o n , 
G e o s c i e n c e s L a b o r a t o r y , N O A A N / O E S 1 3 , S S M C 4 , 1305 E a s t - W e s t H i g h w a y , S i l ve r 
S p r i n g , M a r y l a n d 20910-3281 , U S A . [e -mai l : v j imr ' , ^ m i k e a ' , N bcar te r ' , vbilld*, ^ m i k e m ' , 
a n d v d o u g ' , @ i n t e r n e t n o d e N r a y . g r d l . n o a a . g o v ' ] 

1. In troduc t ion 

E s t i m a t e d v a l u e s for t e r r e s t r i a l s i t e c o o r d i n a t e s a n d ve loc i t i e s , r a d i o s o u r c e 
c o o r d i n a t e s , a n d a t i m e se r i e s of E a r t h o r i e n t a t i o n p a r a m e t e r ( E O P ) v a l u e s h a v e b e e n 
d e t e r m i n e d f r o m a c o m p o s i t e s e t of M a r k III V e r y L o n g B a s e l i n e I n t e r f e r o m e t r y 
(VLBI) d a t a . T h e d a t a s e t s i n c l u d e d w e r e co l l e c t ed u n d e r t h e s p o n s o r s h i p of s e v e r a l 
n a t i o n a l a n d i n t e r n a t i o n a l a g e n c i e s a n d p r o g r a m s w i t h a w i d e v a r i e t y of ob jec t ives . A 
t o t a l of 1,009,298 b a n d w i d t h - s y n t h e s i s g r o u p d e l a y o b s e r v a b l e s a m a s s e d d u r i n g 1609 
o n e - d a y o b s e r v i n g s e s s i o n s b e t w e e n 1980 S e p t e m b e r a n d 1994 M a r c h w e r e c o m b i n e d 
i n a S ingle l e a s t - s q u a r e s a d j u s t m e n t t o o b t a i n a n E O P t i m e s e r i e s ( E O P ( N O A A ) 94 R 
01), c o o r d i n a t e s for 176 r a d i o s o u r c e s ( R S C ( N O A A ) 94 R 01) , a n d g e o c e n t r i c c o o r d i n a t e s 
a n d v e l o c i t i e s for 106 VLBI r e f e r e n c e p o i n t s ( S S C ( N O A A ) 94 R O D . U n l i k e p a s t y e a r s , 
o u r E O P t i m e s e r i e s is n o t p a r t i t i o n e d i n t o t w o d i s t i n c t files s o a s t o e m p h a s i z e t h e 
u n i t a r y n a t u r e of t h e VLBI a n a l y s i s . 

I n a d d i t i o n , a s e p a r a t e se r i e s of q u a s i - d a i l y U T 1 v a l u e s for t h e p e r i o d 1984 
A p r i l - J u n e a n d 1985 A p r i l t o 1994 M a r c h h a s b e e n p r o d u c e d ; E O P ( N O A A ) 94 R 02 
c o n t a i n s r e s u l t s f r o m 2224 s e s s i o n s . T h e s e U T 1 v a l u e s w e r e d e t e r m i n e d f r o m a s p e c i a l 
s e r i e s of I n t e n s i v e ' o b s e r v i n g s e s s i o n s u s i n g o n l y a Single e a s t - w e s t b a s e l i n e for a b o u t 
o n e h o u r e a c h d a y [ R o b e r t s o n et al, 1985] , suff ic ient t o d e t e r m i n e o n l y U T 1 . U s u a l l y , 
t h e W E S T F O R D - W E T T Z E L L b a s e l i n e w a s u s e d for I n t e n s i v e o b s e r v a t i o n s , a l t h o u g h a 
s m a l l n u m b e r of s e s s i o n s h a v e u s e d e i t h e r N R A 0 8 5 - 3 o r M A T E R A . T h e E O P ( N O A A ) 
94 R 02 I n t e n s i v e U T 1 t i m e s e r i e s i s p r o d u c e d s e p a r a t e l y b u t i s o t h e r w i s e fu l l y 
c o n s i s t e n t w i t h t h e U T 1 v a l u e s i n t h e E O P ( N O A A ) 9 4 R 01 s e r i e s f r o m t h e 2 4 - h o u r 
o b s e r v i n g s e s s i o n s . 

T h e m o s t s i g n i f i c a n t c h a n g e s s i n c e o u r S u b m i s s i o n l a s t y e a r [ C a r t e r et al, 

1993] a r e s u m m a r i z e d b e l o w . D e t a i l e d d i s c u s s i o n s of t h e s e i t e m s a r e p r e s e n t e d i n t h e 
f o l l o w i n g s e c t i o n s . 

IERS(1994) Technical Note No 17. 

http://ray.grdl.noaa.gov'
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• T h e t o t a l n u m b e r of VLBI o b s e r v a t i o n s a n a l y z e d h a s i n c r e a s e d a l m o s t 
4 5 % , i n c l u d i n g d a t a f r o m 51 m o r e s i t e s a n d 6 9 n e w r a d i o s o u r c e s . A p a r t f r o m 
i n c l u d i n g n e w o b s e r v a t i o n a l d a t a co l l ec ted d u r i n g 1993 , t h e s ign i f i can t a d d i t i o n a l d a t a 
s o u r c e w a s t h e a s s i m i l a t i o n of 234 s e s s i o n s i n v o l v i n g 37 m o b i l e VLBI s i t e s t h r o u g h o u t 
N . A m e r i c a . I n a d d i t i o n , f i rs t d a t a f r o m t h e f o l l o w i n g n e w faci l i t ies w e r e i n c l u d e d : s ix 
of t h e 2 5 - m V L B A a n t e n n a s ; t h e 14 .2-m a n t e n n a a t F o r t a l e z a (Brazi l ) ; t h e 2 0 - m K o k e e 
a n t e n n a o n K a u a i ( H a w a i i , U S A ) ; t h e 9 -m a n t e n n a a t t h e O ' H i g g i n s B a s e ( A n t a r c t i c a ) ; 
a n d t h e 1 0 - m d i s h a t M i z u s a w a ( Japan) . 

• T h e m o d e l l i n g of t h e e l e v a t i o n a n g l e d e p e n d e n c e of t h e t r o p o s p h e r i c 
p a t h d e l a y h a s b e e n c h a n g e d f r o m t h e CfA-2.2 m o d e l [Dav i s et al, 1985] for t h e " d r y " 
d e l a y p l u s t h e C h a o [1972] m o d e l for t h e "we t" d e l a y t o t h e n e w N M F "d ry" a n d "we t" 
m o d e i s [Nie l l , 1993 a n d i n p r e p a r a t i o n ] . T h e m a i n c o n s e q u e n c e of t h i s c h a n g e is a 
r e d u c t i o n i n t h e s ca l e of t h e N O A A t e r r e s t r i a l r e f e r e n c e f r a m e b y n e a r l y 3 p a r t s p e r 
b i l l ion ( p p b ) . 

• T h e n o - n e t - r o t a t i o n ( N N R ) v e r s i o n of t h e N U V E L - 1 A g l o b a l p l a t e 
m o t i o n m o d e l [ D e M e t s et al, 1994] h a s b e e n u s e d i n s t e a d of t h e p r e v i o u s N N R -
N U V E L - 1 m o d e l . T h e n e w m o d e l y i e l d s r a t e s t h a t a r e s c a l e d b y t h e f a c t o r 0 .9562 
c o m p a r e d w i t h N U V E L - 1 d u e t o r e c e n t r e c a l i b r a t i o n of t h e g e o m a g n e t i c t i m e sca l e . 
T h i s c h a n g e affects t h e n e t r o t a t i o n a l a n d t r a n s l a t i o n a l v e l o c i t y c o n s t r a i n t s a p p l i e d t o 
t h e VLBI S y s t e m a n d t h e p r o j e c t e d g e o c e n t r i c c o o r d i n a t e s f o r t h o s e s i t e s w i t h 
i n s u f f i c i e n t m e a s u r e m e n t h i s t o r i e s t o p e r m i t d i r e c t v e l o c i t y d e t e r m i n a t i o n s . T h e 
n u m b e r of s i t e s u s e d to spec i fy t h e n e t v e l o c i t y c o n s t r a i n t s h a s b e e n i n c r e a s e d f r o m 9 
t o l O . 

• S e v e n p a i r s o r t r i p l e t s of a d j a c e n t s i t es h a v e b e e n c o n s t r a i n e d t o h a v e t h e 
s a m e v e l o c i t y e s t i m a t e s . I n s t a n c e s of n e a r b y s i t e s w i t h i n d e p e n d e n t l y r o b u s t v e l o c i t y 
d e t e r m i n a t i o n s h a v e n o t b e e n l i n k e d i n th i s w a y . 

• N e w f ixed E O P v a l u e s for t h e r e f e r e n c e e p o c h 1991 A u g u s t 12 19:49:50 (see 

b e l o w ) h a v e b e e n c o m p u t e d b a s e d o n t h e s e r i e s E O P ( I E R S ) 90 C 04 w i t h a p p r o p r i a t e 

c o n s i s t e n c y c o r r e c t i o n s a p p l i e d for t h e l a t e s t r e a l i z a t i o n of t h e I T R F a n d I C R F . T h e 

c h a n g e s i n o u r E O P r e f e r e n c e v a l u e s a r e -0 .1058 m a s , + 0 . 2 7 2 9 m a s , + 0 . 0 7 5 m s , 

- 0 .4155mas , a n d +0.3053 m a s for x , y , U T 1 , y, a n d e, r e s p e c t i v e l y . T h e c o m b i n e d effect 

of all c h a n g e s i n o u r n e w a n a l y s i s p r o c e d u r e s p r o d u c e s to ta l shif ts in o u r c u r r e n t E O P 

s e r i e s of -0 .2068 m a s , +0 .2741 m a s , +0 .076 m s , -0 .3826 m a s , a n d + 0 . 2 6 4 4 m a s , 

r e s p e c t i v e l y . 

• T h e c o n s t r a i n t d e f i n i n g t h e g e o c e n t r i c c o o r d i n a t e o r i g i n of t h e N O A A 
t e r r e s t r i a l r e f e r e n c e f r a m e h a s b e e n u p d a t e d t o u s e ITRF-92 c o o r d i n a t e s r a t h e r t h a n 
ITRF-91 v a l u e s ; s e e D i l l i nge r et al [1993] for a d e s c r i p t i o n of t h e c o n s t r a i n t a l g o r i t h m . 
T h e s e t of c o n s t r a i n i n g s i t e s h a s b e e n i n c r e a s e d f r o m 16 to 2 0 . C o m p a r e d t o t h e 
p r e v i o u s r e a l i z a t i o n , t h e o r i g i n of ITRF-92 is sh i f t ed b y - 1 . 1 , -1.4, a n d 0.6 c m in X, Y, 
a n d Z , r e s p e c t i v e l y , a n d t h e scale is s m a l l e r b y 1.4 p p b [Bouche r et al, 1993] . 

• T h e c o n s t r a i n t d e f i n i n g t h e r i g h t a s c e n s i o n ( R A ) o r i g i n of t h e N O A A 

ce l e s t i a l r e f e r e n c e f r a m e h a s b e e n u p d a t e d t o u s e I C R F - 9 2 c o o r d i n a t e s r a t h e r t h a n 
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ICRF-91 v a l u e s . I n a d d i t i o n , t h e c o n s t r a i n t a l g o r i t h m [D i l l i nge r et al, 1993] h a s b e e n 
m o d i f i e d s o t h a t i n f o r m i n g t h e s u m of a d j u s t e d R A v a l u e s e a c h c o n t r i b u t o r i s 
w e i g h t e d b y t h e c o s i n e of i t s d e c l i n a t i o n i n o r d e r t o d e - e m p h a s i z e s o u r c e s n e a r t h e 
ce les t i a l p o l e s . T h e se t of c o n s t r a i n i n g r a d i o s o u r c e s h a s b e e n c h a n g e d t o i n c l u d e a l l 
c o m m o n s o u r c e s d e s i g n a t e d a s " p r i m a r y " i n t h e ICRF-92 c a t a l o g t h e r e b y i n c r e a s i n g t h e 
n u m b e r of c o n s t r a i n i n g s o u r c e s f r o m 36 l a s t y e a r t o 7 1 . 

2. S u m m a r y of A n a l y s i s Procedures 

T h e V L B I o b s e r v a t i o n s w e r e a n a l y z e d a t N O A A i n g e n e r a l c o n f o r m a n c e 
w i t h t h e l a t e s t IERS S t a n d a r d s [ M c C a r t h y , 1992] . Be low, t h e specif ic a p p r o a c h e s u s e d i n 
t h e N O A A S o l u t i o n t o i m p l e m e n t t h e s e S t a n d a r d s a r e d e s c r i b e d w i t h e m p h a s i s o n 
a r e a s of d e p a r t u r e a n d o n c h a n g e s f r o m o u r p r e v i o u s S u b m i s s i o n : 

• T h e r i g h t a s c e n s i o n (RA) o r i g i n of t h e N O A A ce les t ia l r e f e r e n c e f r a m e a t 
e p o c h J2000.0 is s p e c i f i e d b y c o n s t r a i n i n g t h e s u m of t h e a d j u s t e d R A v a l u e s for 71 
r a d i o s o u r c e s , e a c h w e i g h t e d b y t h e c o s i n e of i t s d e c l i n a t i o n , t o b e e q u a l t o t h e 
c o r r e s p o n d i n g v a l u e o b t a i n e d f r o m t h e IERS C e l e s t i a l R e f e r e n c e F r a m e ICRF-92 . T h e 
c o n s t r a i n t a l g o r i t h m di f fers f r o m t h a t u s e d l a s t y e a r a n d d e s c r i b e d b y D i l l i n g e r et al 
[1993] b y t h e i n c l u s i o n of t h e c o s i n e ( d e c l i n a t i o n ) w e i g h t i n g . T h e se t of 71 c o n s t r a i n i n g 
s o u r c e s i n c l u d e al l t h o s e d e s i g n a t e d a s v p r i m a r y ' i n t h e I C R F - 9 2 c a t a l o g w h i c h a r e 
c o m m o n t o t h e t w o f r a m e s . P r e v i o u s l y , 36 s o u r c e s , p r e f e r e n t i a l l y b u t n o t n e c e s s a r i l y 
p r i m a r y , w e r e u s e d for t h e R A c o n s t r a i n t . 

• T h e g e o c e n t r i c o r i g i n of t h e N O A A t e r r e s t r i a l r e f e r e n c e f r a m e is spec i f i ed 
for t h e e p o c h 1988 .0 b y r e q u i r i n g t h a t t h e v e c t o r s u m of t h e a d j u s t e d S t a t i o n 
c o o r d i n a t e s b e e q u a l t o t h e c o r r e s p o n d i n g s u m for t h e I E R S T e r r e s t r i a l R e f e r e n c e 
F r a m e ITRF-92 for t h e s e t of 20 VLBI s i tes l i s t ed b e l o w : 

W e s t f o r d , M A , U S A * 
R i c h m o n d , FL, U S A * 
A l g o n q u i n P a r k , O n t , C a n a d a * 
G i l m o r e C r e e k , F a i r b a n k s , A K , U S A * 
N R A 0 8 5 - 3 , G r e e n B a n k , W V , U S A * 

P l a t t e v i l l e , C O , U S A * 

M o j a v e , C A , U S A 
O w e n s Va l l ey , C A , U S A 
V a n d e n b e r g , C A , U S A 
O n s a l a , S w e d e n * 
Effelsberg, G e r m a n y * 
W e t t z e l l , G e r m a n y * 
K a s h i m a , J a p a n 
S h a n g h a i , C h i n a 
DSS-65 , M a d r i d , S p a i n 
K a u a i , H I , U S A * 
K w a j a l e i n A t o l l , M a r s h a l l I s l a n d s 
H o b a r t , T a s m a n i a , A u s t r a l i a 

DSS-45 , T i d b i n b i l l a , A u s t r a l i a 
H a r t e b e e s t h o e k , S o u t h Afr ica 
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T h e P i e T o w n ( N M , U S A ) V L B A Station w a s d r o p p e d f r o m t h e l i s t of 
c o n s t r a i n t s i t e s u s e d l a s t y e a r w h i l e EFLSBERG, M O J A V E 1 2 , O V R O _ 1 3 0 , 
V N D N B E R G , a n d K A S H I M A w e r e a d d e d . W e n o t e that t h e o r i g i n o f ITRF-92 is 
sh i f ted b y - 1 . 1 , -1 .4 , a n d 0.6 c m in X, Y, a n d Z relat ive to ITRF-91, w h i c h w a s u s e d for 
o u r or ig in constraint last year , a n d the scale of ITRF-92 is smal ler b y 1.4 p p b [Boucher 
et al, 1993] . 

Because the three -d imens iona l l inear ve loc i ty of each VLBI s i te i s e s t i m a t e d 
i n t h e d a t a a n a l y s i s w h i l e t h e s e c u l a r m o t i o n s of t h e VLBI f r a m e i t se l f are 
i n d e t e r m i n a n t , i t i s n e c e s s a r y to i m p o s e a d d i t i o n a l c o n s t r a i n t s t o d e f i n e t h e 
trans lat ional a n d rotat ional m o t i o n s of the ent ire terrestrial frame. This i s d o n e b y 
requ ir ing t h e vec tor s u m of the translational ve loc i t i e s e s t i m a t e d for a se t of 10 VLBI 
s i tes b e equa l to the c o r r e s p o n d i n g vector s u m obta ined a s s u m i n g Station ve loc i t i e s as 
p r e d i c t e d b y t h e N N R - N U V E L - 1 A g loba l p la te m o t i o n m o d e l [ D e M e t s et al, 1990; 
A r g u s a n d G o r d o n , 1991; D e M e t s et al, 1994] . T h e angular v e l o c i t y of the f rame is 
cons tra ined b y requir ing the vec tor s u m of the rotat ional ve loc i t i e s f o r m e d from the 
cross p r o d u c t s of e a c h s i t e v e l o c i t y w i t h its Earth r a d i u s v e c t o r b e e q u a l to the 
c o r r e s p o n d i n g v e c t o r s u m o b t a i n e d from the N N R - N U V E L - 1 A m o d e l for the s a m e 
set of 10 s i tes . See Di l l inger et al [1993] for detai l s of the constraint e q u a t i o n s . T h e 10 
s i tes u s e d for the v e l o c i t y constra ints are i n d i c a t e d in the l ist a b o v e w i t h asterisks; 
w i t h t h e a d d i t i o n of EFLSBERG, the l ist i s o t h e r w i s e the s a m e as las t year . Th i s 
particular subse t w a s c h o s e n to obtain as large a geographica l ex tent as p o s s i b l e w h i l e 
r e t a i n i n g t h e d o s e s t p o s s i b l e m a t c h to r ig id p l a t e m o d e l m o t i o n s a n d a v o i d i n g 
p e c u l i a r loca l s i te m o t i o n s or r e g i o n s of l a r g e - s c a l e t e c t o n i c d e f o r m a t i o n . N N R -
N U V E L - 1 A is the no -ne t - ro ta t ion v e r s i o n of the N U V E L - 1 A p la t e m o t i o n m o d e l , a 
reca l ibra t ion of t h e p r e v i o u s N U V E L - 1 m o d e l to a c c o u n t for r e v i s i o n s t o the 
g e o m a g n e t i c t i m e sca le ; all a n g u l a r v e l o c i t i e s are 4 .38% s m a l l e r in N U V E L - 1 A 
[DeMets etal, 1994]. 

The v e l o c i t y v a l u e s u s e d to project Station c o o r d i n a t e v a l u e s to arbitrary 
e p o c h s for t h o s e s i tes w i t h brief data s p a n s , u s u a l l y l e s s t h a n ab ou t t w o years , are 
a d o p t e d f r o m t h e N N R - N U V E L - 1 A m o d e l . ( H o w e v e r , v e l o c i t y p a r a m e t e r s are 
adjusted in the data analys i s for all s i tes , i n c l u d i n g t h o s e w i t h brief data spans . ) There 
are 3 4 s i t e s i n S S C ( N O A A ) 94 R 01 w i t h c o o r d i n a t e pro jec t ion d o n e u s i n g m o d e l 
ve loc i t i e s . T h e y are d e n o t e d b y h a v i n g ve loc i ty formal errors e q u a l to zero . In several 
cases , m o r e than o n e reference po int h a s b e e n m e a s u r e d at a g i v e n s i te b u t o n l y o n e 
p o i n t h a s an a d e q u a t e history to permit a robust v e l o c i t y de terminat ion . T h e s e i n c l u d e 
s i tes w i t h c o l l o c a t e d m o b i l e o c c u p a t i o n s adjacent to p e r m a n e n t f ixed VLBI a n t e n n a 
loca t ions , shi f ts in VLBI Operations from o n e p e r m a n e n t a n t e n n a to a n o t h e r nearby , 
a n d d i s c o n t i n u i t i e s d u e to e p i s o d i c ear thquake m o t i o n s . W e h a v e d i s t i n g u i s h e d p o s t -
e a r t h q u a k e s i t e s b y m o d i f y i n g their VLBI Stat ion n a m e s to c h a n g e t h e las t t w o 
characters to *pq'. In all s u c h instances , the VLBI reference p o i n t s are a s s u m e d to h a v e 
ident ica l l o n g - t e r m ve loc i t i e s a n d constraints to th is effect h a v e b e e n a p p l i e d i n the 
ana lys i s . For s i tes affected b y ear thquake m o t i o n s , this a s s u m p t i o n is cons i s t en t w i t h 
the ana lys i s of A r g u s a n d L y z e n g a [1994]. Sites w h o s e v e l o c i t y parameters h a v e b e e n 
l inked in th is m a n n e r are: 
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MOJAVE12 • 
O V R O _ 1 3 0 
K A U A I 
GORF7102 
F O R T O R D 
Y A K A T A G A 
Y E L L O W K N 

MOJ_7288 - MOJAVEpq 
- OVR_7853 
- K O K E E 
- G G A O 7 1 0 8 
- F O R T O R D S - FORTORpq 
- Y A K A T A p q 
- YLOW7296 

Other case s of adjacent VLBI s i tes h a v i n g i n d e p e n d e n t l y robust h i s tor ies for v e l o c i t y 
d e t e r m i n a t i o n s , s u c h as W E S T F O R D a n d H A Y S T A C K , h a v e n o t b e e n s p e c i a l l y 
cons tra ined . 

• In the t rans format ion b e t w e e n the ce lest ia l a n d terrestrial Sys tems , the 
c o n v e n t i o n a l formula t ion has b e e n u s e d except that the true ob l iqu i ty of da te is u s e d 
in the e q u a t i o n of t h e e q u i n o x rather than t h e m e a n o b l i q u i t y of d a t e . G e o d e s i c 
n u t a t i o n i s n o t t a k e n i n t o a c c o u n t . W h i l e t h e e s t i m a t e d n u t a t i o n o f f se t v a l u e s 
r e p o r t e d h e r e are w i t h r e s p e c t to the I A U 1980 m o d e l , the t i m e Variat ion of the 
n u t a t i o n of f se t s b e t w e e n tabular p o i n t s in the EOP a priori f i le u s e d i n o u r data 
a n a l y s i s i s a s s u m e d t o f o l l o w t h e Z M O A - 1 9 9 0 - 2 m o d e l of H e r r i n g [1991] . T h e 
p r o c e d u r e u s e d for the interpolat ion of a priori nuta t ion offset v a l u e s is a n a l o g o u s to 
t h e p r o c e d u r e d e s c r i b e d b e l o w for t ida l v a r i a t i o n s in t h e Earth's ro ta t ion . T h e 
or ientat ion of t h e Sys tems is spec i f i ed b y f ix ing the v a l u e s for the EOP a n d nuta t ion 
offsets to a g r e e w i t h t h o s e in terpo la ted f rom the EOP(IERS) 90 C 04 ser ies for the 
re ference e p o c h 1991 A u g u s t 12 19:49:50. This part icular E O P reference e p o c h w a s 
c h o s e n b e c a u s e t w o large , i n d e p e n d e n t VLBI n e t w o r k s ran s i m u l t a n e o u s l y that day: 
IRIS-A701 u s e d M o j a v e ( G o l d s t o n e , C A , U S A ) , R i c h m o n d (FL, U S A ) , W e s t f o r d ( M A , 
U S A ) , a n d W e t t z e l l ( G e r m a n y ) w h i l e P o l a r - N 2 u s e d Gi lcreek (Fairbanks, AK, U S A ) , 
DSS-13 ( G o l d s t o n e , C A , U S A ) , H a y s t a c k (West ford, M A , U S A ) , K a s h i m a (Japan), a n d 
O n s a l a ( S w e d e n ) a n d toge ther the t w o s e s s i o n s p r o d u c e d 2062 u s a b l e o b s e r v a t i o n s . 
T h e E O P v a l u e s for t h e r e f e r e n c e e p o c h w e r e c o m p u t e d i n a t w o - s t e p p r o c e s s 
s o m e w h a t c h a n g e d f rom last year: first, l inear in terpo la t ion w a s p e r f o r m e d b e t w e e n 
tabu la ted v a l u e s in t h e ser ies EOP(IERS) 90 C 04 for 1991 A u g u s t 12 a n d 13 (after 
correct ing for the offsets a n d drift rates reported b y the IERS to g i v e cons i s t ency w i t h 
the ITRF-92 a n d ICRF-92 frames [IERS, 1993]); then , contr ibut ions d u e to d iurnal a n d 
semi -d iurna l var iat ions of polar m o t i o n x, y , a n d UT1 w e r e a d d e d b a s e d o n the m o d e l 
of H e r r i n g [ 1 9 9 3 ] . T h e v a l u e s s o d e t e r m i n e d for t h e r e f e r e n c e e p o c h (MJD 
48480.8262731479) are g i v e n in Table 1. A l s o s h o w n in Table 1 are the EOP reference 
v a l u e s u s e d in o u r a n a l y s i s last year a n d the c h a n g e for e a c h c o m p o n e n t . T h e s e are 
c o m p a r e d w i t h the c h a n g e s i n the IERS System itself d u e to different rea l izat ions of 
the terrestrial a n d ce les t ia l re ference f rames i n 1991 a n d 1992; s e e t h e r i g h t m o s t 
c o l u m n . 
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Table 1. F ixed EOP v a l u e s for reference e p o c h 1991 A u g u s t 12 19:49:50 

EOP 

x = 

= 

y -

= 

UTl = 

_ 

psi = 

eps = 

value 
this year 

136.4637 [IERS] 
-.0616 [d/sd] 

136.4021 mas 

554.4026 [IERS] 
-.4195 [d/sd] 

553.9831 mas 

171.218 [IERS] 
+.021 [d/sd] 

171.239 ms 

-17.1806 mas 

-4.4022 mas 

value 
last year 

136.5079 mas 

553.7102 mas 

171.164 ms 

-16.7651 mas 

-4.7075 mas 

-0 

+0, 

+0. 

-0, 

+0, 

change 

.1058 mas 

.2729 mas 

.075 ms 

.4155 mas 

.3053 mas 

IERS change 

-0.3252 mas 

+0.2000 mas 

+0.0534 ms 

-0.4000 mas 

+0.3000 mas 

N o t e : [IERS] refers to v a l u e s i n t e r p o l a t e d l inear ly f r o m EOP(IERS) 90 C 04 after 
correct ing for a n n u a l of f se ts a n d drift rates n e e d e d to a c h i e v e c o n s i s t e n c y w i t h the 
ITRF-92 a n d ICRF-92 frames; [ d / s d ] refers to the diurnal a n d semi -d iurna l correct ions 
from the m o d e l of Herr ing [1993]. 

• So l id Earth t ide d i s p l a c e m e n t s are a c c o u n t e d for u s i n g the r e c o m m e n d e d 
correc t ion t o t h e K l t e r m w i t h o u t a n y correc t ion to r e m o v e t h e z e r o - f r e q u e n c y 
"permanent tide" d i sp lacement . Va lues for the L o v e n u m b e r h 2 a n d Sh ida n u m b e r 12 
are 0 .60967 a n d 0.0850, respec t ive ly , rather than the IERS S tandards (1992) v a l u e s of 
0 .6090 a n d 0.0852. Rotat iona l d e f o r m a t i o n d u e to po lar m o t i o n , "pole tide", i s a l s o 
i n c l u d e d . 

• Radial a n d tangent ia l d i s p l a c e m e n t s d u e to o c e a n l o a d i n g are i n c l u d e d but 
a t m o s p h e r i c l o a d i n g e f fects are not . N o a d j u s t m e n t s w e r e m a d e to a c c o u n t for 
internal d e f o r m a t i o n s of the VLBI a n t e n n a s tructures . Cal ibrat ion da ta c o l l e c t e d at 
each o b s e r v i n g s i te h a v e b e e n a p p l i e d to correct for var iat ions in the electrical l e n g t h 
of the cables b e t w e e n the radio receivers a n d the data acquis i t ion Systems. 

• Tidal var ia t ions i n the Earth's rotat ion are taken in to a c c o u n t in f o r m i n g 
a priori v a l u e s for the EOPs in the VLBI data ana lys i s . S ince an offset a d j u s t m e n t to 
e a c h E O P is m a d e for e a c h 24-hour o b s e r v i n g se s s ion , the results are m o s t s ens i t i ve to 
t h o s e t idal variat ions w i t h per iods shorter than about o n e day . The p r o c e d u r e u s e d to 
form a priori EOP v a l u e s at each VLBI Observation e p o c h is u n c h a n g e d f rom last year 
a n d cons i s t s of the f o l l o w i n g Steps: 1) tabulated EOP v a l u e s are taken from a p r e v i o u s 
N O A A Solut ion for the set of all IRIS-A, N A V N E T , a n d N E O S - A o b s e r v i n g s e s s i o n s ; 
2) k n o w n t idal contr ibut ions b a s e d o n m o d e i s descr ibed b e l o w are r e m o v e d ; 3) a cubic 
s p l i n e i n t e r p o l a t i o n i s p e r f o r m e d o n the t ida l ly corrected E O P v a l u e s f r o m the f ive 
nearest tabular e p o c h s ; 4) m o d e l t idal contr ibut ions are restored. The m o d e i s u s e d for 
the t idal contr ibut ions are: 1) U T 1 S tidal terms, i n c l u d i n g p e r i o d s b e t w e e n 5.64 d a y s 
a n d 18.6 y e a r s w i t h correct ions d u e to o c e a n i c t ides ( see IERS Standards , McCarthy , 
1992); 2) d iurnal a n d semi -d iurna l variat ions of x,y, a n d U T l d e r i v e d b y Herr ing [1993] 
b a s e d o n a n a l y s i s of 8.5 years of VLBI data. To m i n i m i z e the effects of u n m o d e l l e d 
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Earth or i en ta t ion var ia t ions , the VLBI a d j u s t m e n t s of E O P v a l u e s are m a d e at the 
w e i g h t e d m i d - p o i n t e p o c h of each o b s e r v i n g ses s ion . 

• T r o p o s p h e r i c refraction in the local z e n i t h d irec t ion c a u s e d b y the "dry" 
(hydrostat ic) a n d "wet" (water vapor) c o m p o n e n t s of the neutral a t m o s p h e r e h a s b e e n 
m o d e l l e d a priori accord ing to Saas tamoinen [1972] u s i n g surface m e t e o r o l o g i c a l data 
(pressure , t empera ture , h u m i d i t y ) taken at each VLBI Station d u r i n g e a c h o b s e r v i n g 
se s s ion . T h e z e n i t h d e l a y s are m a p p e d to l ine-of -s ight e l e v a t i o n s w i t h the N M F dry 
a n d w e t m o d e i s [ N i e l l , 1993 a n d i n p r e p a r a t i o n ] . R e s i d u a l a t m o s p h e r i c d e l a y , 
p r e s u m a b l y d u e to the w e t t roposphere , is treated b y adjusted parameters ( see b e l o w ) 
u s i n g the N M F w e t e l e v a t i o n m a p p i n g funct ion . The n e w N M F m a p p i n g funct ions 
per form c o m p a r a b l y to the M T T m a p p i n g funct ions of Herr ing [1992] . H o w e v e r , the 
b ias in t h e hydros ta t i c m a p p i n g is s ignif icantly smal ler [Niel l , pr ivate c o m m u n i c a t i o n ] 
w h i c h s h o u l d m i n i m i z e potent ia l scale errors in the terrestrial a n d celest ial reference 
Sys tems . In a d d i t i o n , b e c a u s e the N M F funct ions d o not re ly o n surface m e t data , 
t h o s e VLBI s e s s i o n s w h i c h lack m e t data can be c o m b i n e d w i t h other s e s s i o n s w i t h 
less risk of b iases d u e to i n h o m o g e n e t i e s . This year's c h a n g e in tropospher ic m a p p i n g 
func t ions , b y itself, c a u s e s a r e d u c t i o n in the N O A A terrestrial re ference frame of 
a b o u t 2.7 p p b . T h e d i s p e r s i v e p o r t i o n of the a t m o s p h e r i c refract ion d u e to t h e 
i o n o s p h e r e is e l i m i n a t e d b y the u s e of s i m u l t a n e o u s dua l - f requency (X- a n d S-band) 
o b s e r v a t i o n s . 

• S h a p i r o ' s f o r m u l a t i o n for t h e g e n e r a l r e l a t i v i s t i c e f f ec t s of s i g n a l 
p r o p a g a t i o n is u s e d ( see the p r e v i o u s ed i t i on of the IERS Standards , McCarthy , 1989) 
rather than the n e w e r m o d e l r e c o m m e n d e d in the 1992 ed i t ion . W e e x p e c t Shapiro's 
a lgor i thm to agree w i t h i n a f e w p i c o s e c o n d s (about 1 m m or better) w i t h the n e w e r 
a l g o r i t h m . 

The füll set of g r o u p d e l a y observat ions w a s p r o c e s s e d at the N O A A VLBI 
A n a l y s i s C e n t e r in Si lver Spr ing ( M D , U S A ) u s i n g the C A L C - 7 . 6 p r o g r a m (see the 
a p p e n d i x in Capret te et al, 1990) to c o m p u t e the theoret ical d e l a y s a n d their partial 
der iva t ive s , a n d u s i n g the SOLVE-3 p r o g r a m [Di l l inger a n d Rober t son , 1986] for the 
l eas t - squares p a r a m e t e r adjus tment . A Single l eas t - squares Solut ion w a s p e r f o r m e d 
u s i n g s p a r s e - m a t r i x h a n d l i n g t e c h n i q u e s [ D i l l i n g e r a n d R o b e r t s o n , 1 9 8 6 ] a n d 
cons tra int a l g o r i t h m s [Fal lon a n d Di l l inger , 1992; D i l l inger et al, 1993] . D e l a y rate 
o b s e r v a t i o n s are no t i n c l u d e d , nor a n y o b s e r v a t i o n s w i t h an e l e v a t i o n a n g l e l o w e r 
than 5 d e g r e e s . The Solut ion w a s d o n e w i t h a forward p a s s to r e d u c e a n d c o m b i n e all 
the data to d e t e r m i n e v a l u e s for the "global" parameters ( those v a l u e s are affected b y 
all o b s e r v i n g s e s s i o n s ) f o l l o w e d b y a separate s t ep to d e t e r m i n e the "are" parameters 
( those a f fec ted o n l y b y data f rom an i n d i v i d u a l o b s e r v i n g s e s s i o n ) . T h e geocentr ic 
c o o r d i n a t e s a n d t h r e e - d i m e n s i o n a l l inear ve loc i t i e s of t h e s ta t ions a n d the J2000.0 
celestial coord inates of the radio sources are d e t e r m i n e d g lobal ly . The o n l y constraints 
app l i ed in the e s t imat ion of the g lobal parameters are those descr ibed a b o v e to r e m o v e 
inherent s ingular i t ies a s soc ia ted w i t h the right a s c e n s i o n or ig in of the celest ial frame, 
the g e o c e n t r i c c o o r d i n a t e o r i g i n of the terrestrial f rame, a n d the trans lat ional a n d 
ro ta t iona l v e l o c i t i e s of t h e terrestrial f rame. T h e s i t e c o o r d i n a t e p a r a m e t e r s are 
adjus ted at the w e i g h t e d m e a n Observat ion e p o c h for e a c h s i te , rather t h a n at an 
arbitrary e p o c h , in order to r e m o v e s ingular i t ies that can arise w h e n s i m u l t a n e o u s l y 
a d j u s t i n g c o o r d i n a t e s a n d v e l o c i t i e s for t h o s e s i t e s w i t h brief d a t a s p a n s . S i t e 
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c o o r d i n a t e v a l u e s are p r o d u c e d for arbitrary c o m m o n e p o c h s b y projec t ion of the 
m e a n - e p o c h c o o r d i n a t e s u s i n g t h e e s t i m a t e d v e l o c i t y v a l u e s . E p o c h projec t ion of 
Stat ion c o o r d i n a t e s for t h o s e w i t h brief data s p a n s is d o n e w i t h N N R - N U V E L - 1 A 
ve loc i t i e s rather than w i t h the e s t imated ve loc i ty va lues . The s i te coord ina te s refer to 
t h e intersect ion of the p o i n t i n g axes of the f ixed antennas ( d e s i g n a t e d b y a four-dig i t 
n u m b e r a n d c a t a l o g e d b y the N A S A Space G e o d e s y Program) or to reference g r o u n d 
m o n u m e n t s i n the case of s i tes o c c u p i e d b y m o b i l e VLBI Systems. 

A r e p a r a m e t e r s are u s e d t o m o d e l b o t h n u i s a n c e e f fec t s ( c lock a n d 
a t m o s p h e r i c d e l a y s ) a n d the impor tant EOP var iat ions (x a n d y p o l e p o s i t i o n , U T l , 
o f f se ts i n n u t a t i o n o b l i q u i t y a n d l o n g i t u d e ) . T i m e var ia t ions i n t h e Stat ion c lock 
di f ferences are treated b y e s t imat ing coeff ic ients of p o l y n o m i a l s , u s u a l l y o n e or t w o 
s e c o n d - o r d e r p o l y n o m i a l Segments per d a y per Station. Res idua l ("wet") a t m o s p h e r i c 
d e l a y s are treated b y es t imat ing the v a l u e s of a p i e c e - w i s e l inear, c o n t i n u o u s funct ion 
at break-po int s se t e v e r y h o u r for e a c h Station of e a c h o b s e r v i n g s e s s i o n . A w e a k 
constraint i s a p p l i e d to t h e Variation of the a t m o s p h e r e p a r a m e t e r s b e t w e e n break-
po in t s ; s e e D i l l inger et al. [1993] . O n e offset parameter is a d j u s t e d for e a c h Earth 
or ientat ion c o m p o n e n t per o b s e r v i n g se s s ion . The E O P adjus tment s are c o m p u t e d at 
t h e w e i g h t e d m e a n Observat ion e p o c h of e a c h o b s e r v i n g s e s s i o n to m i n i m i z e 
u n m o d e l l e d e f fects in t h e a pr ior i E O P v a r i a t i o n s . S o m e o b s e r v i n g s e s s i o n s are 
geometr ica l ly l imi ted to s u c h an ex tent that the e s t i m a t i o n of all EOP c o m p o n e n t s is 
Singular or nearly so . These s e s s ions inc lude s ing le -base l ine data sets (Hartebeesthoek-
Hobart) and re lat ive ly smal l n e t w o r k s , u s u a l l y i n v o l v i n g a m o b i l e VLBI S y s t e m in a 
regional o b s e r v i n g p r o g r a m . For t h e s e cases ( total l ing 183 s e s s i o n s of w h i c h 143 are 
from the n e w l y a d d e d N . A m e r i c a m o b i l e VLBI c a m p a i g n s ) , w e a k a priori constraints 
are a p p l i e d ( see Di l l inger et al, 1993). T h e constra ints u s e EOP v a l u e s i n t e r p o l a t e d 
from the tabulated a priori EOP ser ies w i t h w e i g h t s e q u a l to 50 t i m e s the a priori 
w e i g h t b a s e d o n l inear interpolat ion of the formal uncerta int ies of the tabulated EOP 
va lues . The effect of this constraint is that the formal uncerta int ies of e s t i m a t e d EOP 
v a l u e s are n e v e r larger than about 3 m a s s ince about 1985 w h e n regulär , h igh-qua l i ty 
VLBI determinat ions of EOP v a l u e s b e c a m e rout ine . 

The füll So lut ion i n c l u d e d 1,009,298 g r o u p d e l a y o b s e r v a t i o n s a n d 166,225 
constraint equat ions to adjust a total of 221,488 parameters . 

The Standard errors q u o t e d here are strictly the formal v a l u e s ob ta ined from 
t h e parameter a d j u s t m e n t s b y the p r o p a g a t i o n of the formal o b s e r v a t i o n a l n o i s e 
toge ther w i t h an a d d e d contr ibut ion ca lcu la ted for e a c h b a s e l i n e of e a c h o b s e r v i n g 
s e s s i o n to g i v e a normal i zed postfit res idual of uni ty . These Standard errors s h o u l d b e 
u n d e r s t o o d as l o w e r l imits o n the actual uncerta inty of the d e t e r m i n a t i o n s , the l imit 
that w o u l d b e attained in the absence of u n m o d e l l e d sys temat i c errors. C o m p a r i s o n of 
VLBI Stat ion c o o r d i n a t e s w i t h i n d e p e n d e n t d e t e r m i n a t i o n s u s i n g s a t e l l i t e laser 
r a n g i n g (SLR) indicates that the formal Standard errors are p r o b a b l y o p t i m i s t i c b y a 
factor of about t w o [Ray et al, 1991]. 

T h e I n t e n s i v e U T l observa t ions u s e a Single e a s t - w e s t b a s e l i n e , g e n e r a l l y 
f r o m W e t t z e l l ( G e r m a n y ) t o W e s t f o r d ( M A , U S A ) . T h r o u g h l a t e 1 9 9 1 , e i g h t 
o b s e r v a t i o n s w e r e m a d e of four different s o u r c e s w i t h i n e a c h o n e - h o u r o b s e r v i n g 
s e s s i o n c o n d u e t e d s ix d a y s per w e e k . S ince that t i m e , the o b s e r v i n g m o d e h a s b e e n 
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u p g r a d e d to p e r m i t t w i c e a s m a n y o b s e r v a t i o n s i n e a c h o n e - h o u r s e s s i o n . F o r br ief 
p e r i o d s , t h e Matera (Italy) S t a t ion h a s s u b s t i t u t e d for W e t t z e l l a n d t h e N R A 0 8 5 - 3 
a n t e n n a (at G r e e n Bank, W V , U S A ) for W e s t f o r d . B e g i n n i n g 1994 F e b r u a r y 24 , 
I n t e n s i v e s Operat ions w e r e m o v e d f r o m W e s t f o r d t o N R A 0 8 5 - 3 p e r m a n e n t l y . The 
o b s e r v a t i o n s are a n a l y z e d i n a S o l u t i o n u s i n g t h e t e r r e s t r i a l a n d ce l e s t i a l r e f e r e n c e 
f r a m e s a n d E O P v a l u e s e s t a b l i s h e d b y t h e 2 4 - h o u r s e s s i o n s d e s c r i b e d a b o v e . O n l y a 
U T l offse t , a c lock offset , a n d a c lock r a t e p a r a m e t e r a r e a d j u s t e d for e a c h I n t e n s i v e 
s e s s i o n . 

3. D i s c u s s i o n of R e s u l t s 

3.1 Ce l e s t i a l R e f e r e n c e F r a m e : 

T h e c u r r e n t N O A A celes t ia l r e f e rence f r a m e c o n s i s t s of 176 r a d i o s o u r c e s , a n 
i n c r e a s e of 69 s o u r c e s o v e r l a s t y e a r . Of t h e s e s o u r c e s , 71 a r e d e s i g n a t e d " p r i m a r y " i n 
t h e IERS Ce le s t i a l R e f e r e n c e F r a m e ICRF-92 . T h e r i g h t a s c e n s i o n o r i g i n of t h e N O A A 
f r a m e is d e f i n e d b y a c o n s t r a i n t t o m a t c h ICRF-92 for t h e s u b s e t of 71 p r i m a r y s o u r c e s 
( see d i s c u s s i o n a b o v e ) . By d i s t r i b u t i n g t h e o r i g i n c o n s t r a i n t o v e r a s m a n y d i f f e r en t 
s o u r c e s a s p o s s i b l e , i t i s e x p e c t e d t h a t s y s t e m a t i c e r r o r s a s s o c i a t e d w i t h i n d i v i d u a l 
ob j ec t s , s u c h a s t i m e - v a r y i n g b r i g h t n e s s s t r u c t u r e s a n d v a r i a t i o n s i n t h e h i s t o r y of 
VLBI o b s e r v i n g , w i l l b e s ign i f i can t ly r e d u c e d a f fo rd ing e n h a n c e d l o n g - t e r m s tab i l i ty of 
t h e S y s t e m . I t i s e x p e c t e d t h a t a n y n o n - r o t a t i o n a l d e f o r m a t i o n s in o u r f r a m e [IERS, 
1993] , t o t h e e x t e n t t h a t t h e y m a y b e c a u s e d b y b i a s e s i n t h e m o d e l l i n g of t r o p o s p h e r i c 
r e f r ac t i on , w i l l b e r e d u c e d in t h i s y e a r ' s S u b m i s s i o n d u e t o t h e i m p l e m e n t a t i o n of t h e 
N M F m a p p i n g f u n c t i o n (see p r e v i o u s d i s c u s s i o n ) . 

T h e m e a n (or w e i g h t e d m e a n ) a n d r o o t - m e a n - s q u a r e d ( r m s o r w e i g h t e d 
r m s ) d i f f e r ences b e t w e e n o u r R S C ( N O A A ) 94 R Ol ce les t ia l f r a m e a n d t h e I C R F - 9 2 a r e 
s h o w n in T a b l e 2 for t h e se t of 71 p r i m a r y s o u r c e s i n c o m m o n , for a l l s o u r c e s i n 
c o m m o n , a n d for a l l s o u r c e s i n c o m m o n e x c e p t t h r e e . F o r t h e l a t t e r t w o s e t s , t h e 
r e p o r t e d f o r m a l u n c e r t a i n t i e s for b o t h c a t a l o g s h a v e b e e n u s e d t o c o m p u t e w e i g h t e d 
m e a n a n d w e i g h t e d r m s ( a b o u t t h e m e a n ) v a l u e s . I n all c a se s t h e m e a n d i f f e r ences a r e 
q u i t e s m a l l . T h e s c a t t e r s a r e a l s o s m a l l a n d c o n s i s t e n t w i t h t h e q u o t e d f o r m a l 
u n c e r t a i n t i e s e x c e p t for t h e R A sca t t e r of t h e füll s o u r c e se t . T h i s d i s c r e p a n c y is c a u s e d 
b y a v e r y p o o r R A v a l u e for 0733-174, w h i c h w a s r e c e n t l y c o r r e c t e d b y n e a r l y 800 m a s 
[ E u b a n k s , p r i v a t e c o m m u n i c a t i o n ] . E x c l u d i n g t h i s s o u r c e , 0 3 1 6 + 4 1 3 ( 3 C 8 4 ) , a n d 
1947+079 f r o m t h e s t a t i s t i c s g i v e s s ca t t e r r e s u l t s r o u g h l y c o n s i s t e n t w i t h t h e r e p o r t e d 
f o r m a l u n c e r t a i n t i e s ; r e d u c e d c h i - s q u a r e d v a l u e s a r e 1.15 a n d 1.37 for t h e R A a n d 
d e c l i n a t i o n d i f f e r ences , r e s p e c t i v e l y . 

T h e r e a r e 11 s o u r c e s b e i n g s u b m i t t e d i n R S C ( N O A A ) 9 4 R 0 1 w h i c h a r e n o t 

c o n t a i n e d i n t h e I C R F - 9 2 c a t a l o g : 0010+405 , 0108+388 , 1053+704 , 1128-047, 1 3 0 7 + 1 2 1 , 

1 4 0 9 + 2 1 8 , 1 4 1 7 + 2 7 3 , 1 4 2 0 + 3 2 6 , 1 4 2 4 + 2 4 0 , 1432+200, a n d 1433+304. D a t a for a l l t h e s e a r e 

s p a r s e , i n o n e c a s e r e l y i n g o n o n l y f o u r o b s e r v a t i o n s . 
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Table 2. Di f ferences b e t w e e n R S C ( N O A A ) 94 R Ol a n d ICRF-92 

RA 
(mas) 

71 "primary" sources in common: 
mean -0.018 
rms 0.351 

all 165 sources in common: 

weighted rms 2.538 

162 sources in common: * 
weighted mean -0.023 
weighted rms 0.205 

RA * cos(dec) 
(mas) 

- 0.000 
0.241 

2.038 

-0.026 
0.163 

dec 
(mas) 

-0.007 
0.299 

0.341 

-0.010 
0.229 

* E x c l u d i n g 0316+413 (3C84), 0733-174, and 1947+079; see text. The m e a n difference in 
RA*cos(dec) i s constra ined to be zero for the 71 primary sources . 

3 .2 Terrestrial Reference Frame: 

T h e m o t i v a t i o n a n d p r o c e d u r e for de f in ing t h e c o o r d i n a t e o r i g i n of the 
N O A A terrestrial reference frame w e r e d i scussed in last year's report b y Carter et al. 
[1993] . T h e N O A A site p o s i t i o n s are adjusted s o that the or ig in m a t c h e s the IERS 
Terrestrial Reference Frame, ITRF-92, for a subset of 20 o u t of the füll set of 106 VLBI 
s i tes . C o n n e c t i o n of each VLBI station's pos i t ion to the or ig in constraint is i m p r o v e d 
b y d i s tr ibut ing the constraint o v e r as large a n e t w o r k as poss ib l e . U n l i k e the celest ial 
R A constraint , h o w e v e r , the real izat ion of the terrestrial or ig in constraint i s s e v e r e l y 
l i m i t e d b y the ava i lab le g e o g r a p h i c d is tr ibut ion of VLBI s i tes . A r o u g h l y u n i f o r m , 
g loba l d i s tr ibut ion of constraint s i tes w o u l d be preferred but the actual d i s tr ibut ion , 
e s p e c i a l l y for s i tes w i t h l e n g t h y o b s e r v i n g his tor ies , is h i g h l y restr icted. W i t h t h e s e 
c o n s i d e r a t i o n s in m i n d w e h a v e a d d e d five s i tes to the or ig in constra int this year: 
EFLSBERG, M O J A V E 1 2 , O V R O _ 1 3 0 , V N D N B E R G , a n d K A S H I M A . E v e n t h o u g h 
EFLSBERG i s i n c l u d e d i n o n l y s ix observ ing s e s s i o n s , its h i s tory s p a n s m o r e than 13 
y e a r s w h i c h y i e l d s v e r y prec i se pos i t ion and ve loc i ty de terminat ions . The other n e w 
o r i g i n c o n s t r a i n t s i t e s l i e in d e f o r m a t i o n z o n e s near p l a t e b o u n d a r i e s a n d w e r e 
e x c l u d e d for th is r e a s o n last year . H o w e v e r , b e c a u s e ITRF-92 c o m b i n e s p o s i t i o n 
d e t e r m i n a t i o n s w h e r e i n n o n - p l a t e m o t i o n s are accounted for, this restrict ion d o e s no t 
a p p e a r n e c e s s a r y . M e a n w h i l e , the PIETOWN VLBA site has b e e n d r o p p e d from our 
or ig in constra int b e c a u s e its a n o m a l o u s m e a s u r e d m o t i o n last year (-22.4 m m per year 
i n the local vert ical d irect ion) cast d o u b t o n the rel iabil ity of c o o r d i n a t e project ion to 
e p o c h 1988.0. 

T a b l e 3 p r e s e n t s the c o o r d i n a t e transformat ion p a r a m e t e r v a l u e s re lat ing 
t h e N O A A terrestrial re ference f rame to ITRF-92 for the 20 s i tes u s e d in t h e or ig in 
constraint . T h e larges t v a l u e is the rotat ion about the X-axis w h i c h c o r r e s p o n d s to a 
shift o f a b o u t 17.7 m m at the Earth's surface. T h e larges t c o n t r i b u t i o n t o the r m s 
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res idual c o m e s from Hobart w i t h differences of - 2 9 . 1 , 1 3 . 9 , a n d -2.6 m m in X, Y, a n d Z, 
r e s p e c t i v e l y . T h e n e x t l a r g e s t r e s i d u a l s are d u e t o D S S 6 5 ( M a d r i d ) a n d DSS45 
(Tidbinbilla) at l e s s than half that level . It appears l ikely that the Hobart d i screpancy is 
c a u s e d b y a s ign i f i cant c h a n g e in i ts m e a s u r e d v e l o c i t y s i n c e last year ( s e e b e l o w ) 
c o u p l e d w i t h a re lat ive ly large t i m e offset of 4.1 years b e t w e e n the 1988.0 coord inate 
reference e p o c h a n d the m e a n e p o c h of Hobart data. 

Table 3 . C o o r d i n a t e transformat ion from ITRF-92 to S S C ( N O A A ) 9 4 R 0 1 * 

Transformation parameter value error 

Rot. about X 
Rot. about Y 
Rot. about Z 
X translation 
Y translation 
Z translation 
scale difference 

3-D rms residual 

0.573 
0.054 
0.078 
-1.0 
8.3 
2.1 
0.3 

10.6 

mas 
mas 
mas 
mm 
mm 
mm 
ppb 

mm 

0 
0 
0 

.069 

.068 

.064 
1.7 
1.8 
1.7 
0.3 

mas 
mas 
mas 
mm 
mm 
mm 
ppb 

For the 20 VLBI sites def in ing the or ig in of the coordinate System, equa l ly w e i g h t e d . 

T h e overa l l translat ional a n d rotat ional ve loc i t i e s of the N O A A terrestrial 
reference frame are spec i f ied t h r o u g h a set of constraints s imilar to the specif icat ion of 
the coord inate or ig in except that o n l y 10 VLBI s i tes are u s e d in the ve loc i ty constraints 
a n d the de f in ing m o t i o n s are a d o p t e d from the N N R - N U V E L - 1 A g lobal p la te m o t i o n 
m o d e l . T h e r e are t w o i m p o r t a n t d i s t inc t ions in the app l i ca t ion of t h e s e constra ints 
c o m p a r e d w i t h t h e ce les t ia l a n d terrestrial c o o r d i n a t e o r i g i n cons tra in t s : 1) The 
e s t i m a t e d s i te v e l o c i t y v a l u e s are u n a v o i d a b l y c o u p l e d to t h e secular drifts i n the 
Earth o r i e n t a t i o n p a r a m e t e r s (EOPs) w h i c h p r o d u c e s a smal l , b u t s ign i f i cant n o n ­
linear d e p e n d e n c e o n the a priori EOP series u s e d in the data analys i s . If the a priori 
EOP t i m e ser ies i s n o t a l ready cons i s tent w i t h the reference f rames , i terat ion of the 
Solution is required to p r o d u c e a ful ly self-consistent , s table Solution. 2) T h e external a 
priori In format ion u s e d i n the f rame v e l o c i t y cons tra in t s — the N N R - N U V E L - 1 A 
m o d e l for r ig id p late m o t i o n s [DeMets et al, 1990; A r g u s a n d G o r d o n , 1991; D e M e t s et 
al, 1994] - is an i d e a l i z e d representat ion of re lat ive terrestrial m o t i o n s that is total ly 
i n d e p e n d e n t of VLBI resul ts . O n the other h a n d , the ICRF-92 a n d ITRF-92 coordinate 
v a l u e s u s e d in the or ig in constraints are c o m b i n a t i o n s w h i c h i n c l u d e p r e v i o u s VLBI 
results . T h u s , the m a t c h of the observat ional results to the constraint is u n l i k e l y to be 
as c lose for ve loc i t ies . 

T h e s e d i s t i n c t i o n s m a k e the a n a l y s i s resu l t s s o m e w h a t m o r e s e n s i t i v e to 
the se l ec t ion of VLBI s i tes u s e d for the ve loc i ty constraints than is true for the or ig in 
constraints . In genera l , o n e set of ve loc i ty constraint s i tes w i l l p r o d u c e a f rame w i t h 
s igni f icant ly different translat ional a n d rotational rates c o m p a r e d w i t h a di f ferent set 
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of constraint s i tes . The resul t ing secular rates for the EOPs wi l l a l so differ ( typical ly , b y 
0.100-0.200 m a s / y r ) . W h i l e the specification of these rates is arbitrary, s o m e choices are 
preferred for practical reasons . For o n e , the N O A A frames are i n t e n d e d to m a t c h the 
IERS frames a s d o s e l y as poss ib le , partly to better ma in ta in l o n g - t e r m stabil i ty . A l s o , 
s i n c e t h e coord ina te s for s i tes w i t h brief VLBI occupat ions are projected in t i m e u s i n g 
N N R - N U V E L - 1 A m o d e l ve loc i t i es , w e prefer to m a t c h the p la te m o t i o n s m o s t c lo se ly 
o v e r t h o s e por t ions of the Earth's surface w h e r e these s i tes are concentrated , pr imari ly 
N . A m e r i c a a n d Europe . ( H o w e v e r , for the s a m e reason , c o o r d i n a t e v a l u e s for s i tes 
projec ted to a n e p o c h far from the Observation e p o c h s h o u l d b e r e g a r d e d w i t h s o m e 
c a u t i o n , par t i cu lar ly s i n c e the project ion is d o n e a s s u m i n g n o u n c e r t a i n t y i n the 
v e l o c i t y va lues . ) Empirical ly w e h a v e f o u n d that these object ives are reasonab ly w e l l 
sa t i s f ied b y o u r c h o i c e of 10 ve loc i ty constraint s i tes w i t h s ix in N . A m e r i c a , three in 
Europe , a n d o n e in H a w a i i . EFLSBERG w a s a d d e d to the set of n ine ve loc i ty constraint 
s i t e s u s e d last year . The r m s ve loc i ty res iduals for the 10 constraint s i tes re lat ive to 
N N R - N U V E L - 1 A m o t i o n s are 1.7 m m / y r in the hor izonta l p l a n e a n d 2.1 m m / y r in 
t h e vert ical d irect ion. 

Table 4 s h o w s the m e a s u r e d topocentric ve loc i t i e s for 40 VLBI s i tes h a v i n g 
suf f ic ient ly l o n g data s p a n s , relative to the ve loc i t ies p r e d i c t e d b y the N N R - N U V E L -
1 A p la te m o t i o n m o d e l . (For those sites w i t h l i n k e d ve loc i ty e s t i m a t e s , o n l y o n e s ite 
n a m e i s l i s t e d in Table 4.) There are, in a d d i t i o n , 23 m o b i l e s i t e s in w e s t e r n N . 
A m e r i c a w h o s e m o t i o n s are no t s h o w n in Table 4. Resu l t s for t h e s e s i tes , w h i c h l ie 
m o s t l y in t e c t o n i c a l l y d e f o r m i n g r e g i o n s a n d w h i c h are g e n e r a l l y n o t a s w e l l 
d e t e r m i n e d , e s p e c i a l l y in the vertical , h a v e recent ly b e e n r e v i e w e d b y G o r d o n et al. 
[1993]. A l s o ind ica ted in Table 4 are the sites u s e d for the coord inate or ig in constraint 
a n d for the frame ve loc i ty constraints. 

In the f ive cases in Table 4 of t w o or m o r e i n d e p e n d e n t s i tes located w i t h i n a 
f e w k i l o m e t e r s of o n e another , indenta t ion of the s i te n a m e s i s u s e d to d e n o t e the 
g r o u p i n g s . These results can b e u s e d as a g a u g e of the leve l of sys temat ic ve loc i ty error 
that m a y be present . The m o s t robust pair is H A Y S T A C K / W E S T F O R D , e a c h of w h i c h 
h a s o b s e r v e d l o n g e r than a d e c a d e a l t h o u g h WESTFORD h a s a c c u m u l a t e d a b o u t 18 
t i m e s a s m u c h data. Their ve loc i t i e s differ b y -0 .3 , 0.3, a n d 0.9 m m / y r in N , E, U , 
r e s p e c t i v e l y , o n l y about o n e Standard dev iat ion or l ess in all three c o m p o n e n t s . The 
G r e e n Bank ( N R A O J 4 0 a n d N R A 0 8 5 _ 3 ) , Ft. D a v i s ( H R A S _ 0 8 5 a n d F D - V L B A ) , 
G o l d s t o n e ( M O J A V E 1 2 , G O L D V E N U , a n d DSS15) , a n d K a s h i m a ( K A S H I M A a n d 
K A S H I M 3 4 ) g r o u p i n g s s h o w poorer agreement w i t h ve loc i ty dif ferences u p to 6 s i g m a 
i n E at G r e e n Bank a n d Ft. D a v i s a n d in U at Kash ima. T h e 16.4 m m / y r d o w n w a r d 
m o t i o n of K A S H I M 3 4 s e e m s poss ib ly spur ious . 

A n o t h e r m e a s u r e of sys temat ic error is the c h a n g e in o u r v e l o c i t y e s t imates 
th i s year c o m p a r e d to last year. Focuss ing o n the vertical ve loc i ty (Vu) c h a n g e s , 17 o u t 
of the 35 s i tes ava i lab le for c o m p a r i s o n s h o w changes of o n e s i g m a or l e s s . T h e e i g h t 
s i tes w h i c h c h a n g e b y m o r e than 3 s i g m a are l isted in Table 5. 
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Table 4. Dif ferences b e t w e e n N O A A site ve loc i t ies a n d N N R - N U V E L - 1 A (all un i t s 
m m / y r ) 

VLBI Site 
Name 

Eurasia: 
TR0MS0N0 
ONSALA60 
TRYSILNO 
EFLSBERG 
WETTZELL 
DSS65 
MEDICINA 
MATERA 
SESHAN25 

Africa: 
NOTO 

N. America, 
HAYSTACK 
WESTFORD 

ALGOPARK 
MARPOINT 
GORF7102 
NRAO_JL40 
NRA085_3 

RICHMOND 
HRAS__085 
FD-VLBA 

PIETOWN 
LA-VLBA 
PLATTVIL 
YLOW7296 
GILCREEK 

N. America, 
MOJAVE12 
GOLDVENU 
DSS15 

OVRO__130 
HATCREEK 

S. America: 
SANTIA12 

Pacific: 
VNDNBERG 
KAUAI 
MARCUS 
KWAJAL26 

Australia: 
DSS45 
HOBART26 

Vn 

-1.5 
0.1 
0.7 
0.9 
0.5 
0.2 
2.4 
5.0 

-3.7 

-0.8 
-6.1 

stable: 
-0.4 
-0.1 
-0.9 
1.0 
2.7 
-0.1 
0.3 
0.6 
0.8 
2.6 
-1.0 
1.5 

-1.5 
-1.6 
-1.3 

California 
7.6 
6.2 
6.4 
8.2 
4.6 

17.4 

-1.4 
1.7 
1.8 

-2.4 

0.6 
2.0 

Japan (N. America): 
KASHIMA 
KASHIM34 

2.7 
2.0 

Ve 

11.2 
-0.8 
-4.7 
1.4 
0.4 
0.9 
2.6 
3.5 
9.3 

2.1 
-6.1 

1.2 
0.9 
0.9 

-1.4 
4.1 
0.7 

-0.7 
1.3 
0.6 

-2.1 
-0.6 
0.5 
0.4 
3.0 
0.5 

: 

-3.4 
-2.7 
-5.1 
-5.2 
-6.1 

16.7 

-0.6 
-3.5 
-0.7 
-2.1 

1.3 
1.4 

-10.1 
-8.9 

Vu 

-3.2 
2.2 
19.9 
-1.7 
-3.1 
4.3 

-4.3 
-6.6 
-6.0 

-5.6 
-1.8 

1.8 
0.9 
1.9 
2.3 

-10.5 
0.2 
1.7 
2.2 
1.9 
-1.7 
-4.5 
-2.9 
-3.9 
19.1 
-0.8 

-1.7 
-5.8 
-4.1 
-0.6 
-1.1 

-5.1 

4.6 
0.2 

-1.6 
-4.7 

8.8 
4.5 

-4.5 
-16.4 

Vn 
err 

1.0 
0.1 
1.2 
0.2 
0.1 
0.3 
0.2 
0.3 
0.8 

0.3 
1.1 

0.2 
0.1 
0.2 
0.9 
1.0 
0.2 
0.3 
0.3 
0.3 
0.5 
0.3 
0.3 
0.6 
0.7 
0.1 

0.2 
0.5 
0.7 
0.3 
0.3 

2.4 

0.3 
0.3 
2.3 
1.7 

1.1 
1.2 

0.4 
0.7 

Ve 
err 

1.0 
0.2 
1.1 
0.2 
0.2 
0.3 
0.3 
0.4 
1.0 

0.4 
1.0 

0.2 
0.2 
0.2 
0.6 
0.8 
0.2 
0.2 
0.2 
0.2 
0.4 
0.2 
0.3 
0.4 
0.7 
0.2 

0.2 
0.4 
0.5 
0.2 
0.3 

2.1 

0.2 
0.5 
2.0 
1.4 

1.5 
1.6 

0.6 
0.9 

Vu 
err 

5.7 
0.3 
9.9 
0.7 
0.3 
1.1 
0.7 
1.3 
2.6 

1.4 
1.3 

0.6 
0.5 
0.7 
4.5 
5.6 
0.8 
0.8 
0.6 
0.9 
1.5 
0.9 
1.0 
3.5 
2.9 
0.4 

0.7 
2.1 
2.1 
1.1 
1.2 

6.3 

1.1 
0.6 
8.1 
6.0 

1.6 
1.7 

0.7 
2.0 

Constraint 
• 

cv 

cv 
cv 
c 

c 

c 

cv 
cv 

cv 
cv 

cv 

cv 

c 

c 

c 
cv 

c 

c 
c 

c 
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* C i n d i c a t e s s i t e u s e d i n c o o r d i n a t e or ig in constraint; V V i n d i c a t e s i n c l u s i o n in 
f rame v e l o c i t y constraint . Adjacent s i tes are indicated b y i n d e n t a t i o n of s e c o n d a n d 
third s i te n a m e s of e a c h group . 

Table 5. N O A A V u c h a n g e s > 3 s igma 

VLBI Site 
Name 

PIETOWN 
LA-VLBA 
HATCREEK 
VNDNBERG 
MATERA 
DSS45 
KASHIMA 
MOJAVE12 

Vu change 
(mm/yr) 

+17.9 
+11.6 
+9.5 
+7.1 
+7.8 
-8.6 
-3.3 
+3.1 

(1994-1993) 
(sigmas) 

12.8 
5.5 
4.5 
3.6 
3.5 
3.4 
3.3 
3.1 

Vu change due to NMF 
(mm/yr) 

+7.1 
+2.8 
+0.8 
+1.0 
+2.1 
-0.1 
-1.6 
+0.8 

S o m e of t h e s e c h a n g e s can p r o b a b l y b e a t t r i b u t e d t o t h e a d d i t i o n of 
s ign i f i cant n e w data sets . HATCREEK, V N D N B E R G , a n d M O J A V E 1 2 w e r e i n v o l v e d 
i n m a n y of the 234 w e s t e r n U.S. mobi le sess ions w h i c h w e r e a d d e d to o u r Solut ion for 
t h e first t i m e this year. The increase in n u m b e r of observat ions for t h e s e three s tat ions 
w a s 303%, 246%, a n d 39%, respectively. Whi le the v o l u m e of n e w data for MOJAVE12 
i s n o t as great , m o s t of the n e w se s s ions occurred d u r i n g the ear ly h i s tory of the 
Station. M A T E R A a n d LA-VLBA also have substant ia l ly m o r e data than last year, b y 
122% a n d 88%, respect ive ly . Significantly, m a n y of the n e w s e s s i o n s i n v o l v i n g these 
s ta t ions , a n d K A S H I M A as w e l l , u s e d very large n e t w o r k s e s p e c i a l l y w e l l s u i t e d for 
d e t e r m i n i n g t h r e e - d i m e n s i o n a l ve loc i ty c o m p o n e n t s . S o m e of t h e c h a n g e i n t h e 
v e r t i c a l v e l o c i t y e s t i m a t e s c a n be at tr ibuted t o t h e u s e th i s y e a r of t h e N M F 
t r o p o s p h e r i c refract ion m o d e l , w h i c h d o e s not re ly o n rea l - t ime surface m e t data 
c o l l e c t e d at the s i tes . T h e effect of th is c h a n g e i s l i s t ed in t h e r i g h t m o s t c o l u m n of 
Table 5. It is m o s t s ignif icant for PIETOWN, for w h i c h s o m e ear ly s e s s i o n s d o n o t 
h a v e m e t data. The N M F m o d e l a lso accounts for part of the V u c h a n g e s at LA-VLBA, 
M A T E R A , a n d K A S H I M A . 

Based o n these cons iderat ions , w e expec t the v e l o c i t y v a l u e s repor ted here 
t o b e r e a s o n a b l y accurate m e a s u r e s of the actual l o n g - t e r m m o t i o n s of m o s t of the 
VLBI s i tes re lat ive to o n e another. The uncertainty in t h e net sy s t emat i c m o t i o n of the 
terrestrial f rame itself i s probab ly m u c h larger, a s m u c h as 2-4 m m / y r . T h e formal 
v e l o c i t y uncerta int i e s reported here d o not i n c l u d e a c o m p o n e n t to a c c o u n t for s u c h 
s y s t e m a t i c effects . T h e uncerta int ies are l ike ly to be s o m e w h a t o p t i m i s t i c a l t h o u g h 
p r o b a b l y b y a factor l e s s than t w o i n m o s t cases , b a s e d o n the d i s t r i b u t i o n of V u 
c h a n g e s f r o m last year to this year. Recent ly , Watkins et al [1994] s h o w e d that VLBI 
a n d SLR h o r i z o n t a l ve loc i t i e s for a se t of 10 s i tes a g r e e w i t h i n 2-3 m m / y r w i t h a 
r e d u c e d c h i - s q u a r e d of 1.7. O n the other h a n d , H e r r i n g and D o n g [1991] a n d o thers 
h a v e n o t e d a p p a r e n t l y non- l inear l ength c h a n g e s for severa l base l ines . In a n y e v e n t , 
there are a f e w s i tes l i s ted in Table 4 w h o s e es t imated m o t i o n s d o n o t appear rel iable 
e v e n a l l o w i n g for o v e r l y opt imis t i c formal errors. T r o m s o , N o r w a y ( T R O M S O N O ) is 
the m o s t o b v i o u s e x a m p l e w i t h a eas tward m o t i o n 11 m m / y r greater than pred ic ted b y 
N N R - N U V E L - 1 A . H o w e v e r , th i s v e l o c i t y result is b a s e d ent i re ly u p o n t w o m o b i l e 
VLBI o c c u p a t i o n s of the s i te s e p a r a t e d in t ime b y three years w i t h four s e s s i o n s p e r 
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o c c u p a t i o n . U n f o r t u n a t e l y , o n l y o n e of the four s e s s i o n s i n the first o c c u p a t i o n ( in 
s u m m e r 1989) u s e d a g e o m e t r i c a l l y robus t n e t w o r k , w h i l e t h e r e m a i n i n g three 
s e s s i o n s i n v o l v e d o n l y t w o other s i tes . There i s , therefore, e f fec t ive ly n o r e d u n d a n c y 
in the T R O M S O N O ve loc i ty de terminat ion . A n y sys t emat i c error a s soc ia t ed w i t h the 
Single s t rong s e s s i o n of the first occupat ion , s u c h as an error in the eccentric i ty vector 
m e a s u r e m e n t , w i l l b e a b s o r b e d ent ire ly a n d u n d e t e c t a b l y i n t o the v e l o c i t y e s t imate . 
O n the o t h e r h a n d , a large d i s p l a c e m e n t of t h e local s i t e or m o n u m e n t c a n n o t b e 
e x c l u d e d . T h e poss ib i l i t i e s cannot b e d i s t i n g u i s h e d w i t h o u t a d d i t i o n a l observat iona l 
data . T h e i n f e r r e d h o r i z o n t a l m o t i o n s for G O R F 7 1 0 2 ( G S F C , M D , U S A ) a n d 
YLOW7296 (Ye l lowkni fe , N W T , Canada) of a f e w m m / y r l eve l are a l so suspect . Both 
of t h e s e s i t es re ly o n the c o m b i n a t i o n of data from t w o different m o n u m e n t s w i t h 
n o n - o v e r l a p p i n g o b s e r v i n g h i s tor ies . T h e GSFC s i te h a s data f r o m 1989.4-1992.5 at 
m o n u m e n t 7102 a n d 1993 .3-present at 7108; Y e l l o w k n i f e w a s o b s e r v e d from 1984.7-
1985.7 at m o n u m e n t 7285 b e f o r e Operat ions w e r e s h i f t e d to a n e w i n s t a l l a t i o n 
( m o n u m e n t 7296) i n 1991.5. In a d d i t i o n , the F D - V L B A s i te at Ft. D a v i s (TX, U S A ) 
s h o w s m o t i o n s greater than 2 m m / y r in b o t h hor izonta l c o m p o n e n t s , s igni f icant at 
the 5 - s i g m a l eve l . Th i s m a y s i m p l y b e an in s tance of an i m m a t u r e d e t e r m i n a t i o n : 
w h i l e there is a substant ia l a m o u n t of data for F D - V L B A (40 s e s s i o n s , m o s t of w h i c h 
i n v o l v e geometr i ca l ly robust n e t w o r k s ) its h is tory b e g a n in 1992.5 p r o v i d i n g a s p a n of 
only about 1.5 years . 

Apar t from t h e specif ic e x c e p t i o n s d i s c u s s e d a b o v e , the resul ts p r e s e n t e d in 
Table 4 are g e n e r a l l y in exce l l ent a g r e e m e n t w i t h the N N R - N U V E L - 1 A g loba l p late 
m o t i o n m o d e l or ind ica te tec tonic d e f o r m a t i o n s . In E u r o p e , the h o r i z o n t a l m o t i o n s 
a m o n g O N S A L A , EFLSBERG, WETTZELL, a n d DSS65 s u g g e s t the r ig id i ty o v e r that 
part of the Euras ian p la t e to b e better than 2 m m / y r . S E S H A N 2 5 (Shanghai , China) , 
near the far eastern e g d e of the plate, appears to b e m o v i n g w i t h respect to the p late b y 
about 10.0 m m / y r at a z i m u t h 112 d e g r e e s . W h i l e this m a g n i t u d e agrees w i t h that of 
R o b a u d o a n d H a r r i s o n [1993] , w h o interpret S h a n g h a i m o t i o n t o b e an effect o f 
Phi l ipp ine p la te s u b d u c t i o n , the direct ion of our ve loc i ty res idual is near ly o p p o s i t e to 
theirs ( a z i m u t h 314 degrees ) . Their analys i s i n c l u d e d b o t h VLBI a n d SLR data b u t w e 
can offer n o e x p l a n a t i o n for this large d i screpancy . Both Ital ian p e n i s u l a s i tes s h o w 
s igni f icant n o n - p l a t e m o t i o n s , e s p e c i a l l y M A T E R A w h i c h is o b s e r v e d to m o v e at a 
rate of 6.1 m m / y r at a z i m u t h 55 degrees relative to the m o d e l . De format ion is e x p e c t e d 
in th i s r e g i o n d u e to c o l l i s i o n of Africa w i t h Euras ia . T h e S ic i l ian s i t e of N O T O , 
a s s i g n e d t o the Afr ican p la te , is c o n s i s t e n t w i t h the m o d e l e x c e p t for a m o d e r a t e 
res idua l m o t i o n of 2.1 m m / y r e a s t w a r d . O n t h e o ther h a n d , H A R T R A O i n S o u t h 
Africa d i s p l a y s a SW res idual of 8.6 m m / y r . This s i te d o e s l ie w i t h i n a broad reg ion of 
s u s p e c t e d de format ion . 

There are 10 s i tes in N . A m e r i c a o u t s i d e the w e s t e r n de format ion z o n e w i t h 
hor izonta l m o t i o n d e t e r m i n a t i o n s h a v i n g formal uncerta int i e s of 0.3 m m / y r or less . 
A m o n g t h e s e , t h e v e l o c i t y r e s i d u a l s fall w i t h i n -1.3 to +1 .5 m m / y r i n the nor th 
d irect ion ( w e i g h t e d r m s is 0.9 m m / y r ) a n d w i t h i n -0 .7 to +1.3 m m / y r in t h e eas t 
( w e i g h t e d r m s is 0.8 m m / y r ) , s u g g e s t i n g a p late r ig id i ty of about 3 m m / y r or better 
o v e r d i s t a n c e s e x c e e d i n g 6 0 0 0 k m . In teres t ing ly , the m o t i o n of H R A S _ 0 8 5 (at Ft. 
Dav i s , TX, U S A ) is a m o n g the d o s e s t of all the VLBI s i tes in agree ing w i t h t h e p late 
m o d e l . ( N o t e tha t it n o t b e u s e d in a n y of t h e f r a m e c o n s t r a i n t s . ) N u m e r o u s 
i n v e s t i g a t o r s h a v e r e m a r k e d o n t h e a p p a r e n t n o n - l i n e a r m o t i o n of t h i s s i t e [e .g . , 
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H e r r i n g a n d D o n g , 1 9 9 1 ] . A s is a lready w e l l e s tabl i shed , the s i tes in Cal i fornia eas t of 
t h e p l a t e b o u n d a r y all m o v e n o r t h w e s t w a r d l y d u e to interact ion w i t h t h e adjacent 
Pacif ic p la te . T h e resul ts for S A N T I A 1 2 (Santiago, Chi le ) , w i t h just o v e r t w o years of 
d a t a n o w ava i lab le , s t r o n g l y ind ica te de format ion , p r e s u m a b l y a s s o c i a t e d w i t h the 
o f f s h o r e s u b d u c t i o n of the N a z c a p la te b e n e a t h S. A m e r i c a . T h e m a g n i t u d e of this 
n o r t h e a s t w a r d m o t i o n , a b o u t 24.1 m m / y r , c o m p a r e s w i t h a r e s i d u a l v e l o c i t y of 
1 9 m m / y r at a z i m u t h 77 d e g r e e s for A r e q u i p a (Peru) r e p o r t e d b y R o b a u d o a n d 
Harr i son [1993]. 

T w o of t h e Pacific s i tes h a v e robust v e l o c i t y d e t e r m i n a t i o n s , V N D N B E R G 
o n t h e Cal i fornia coast a n d K A U A I i n the H a w a i i a n I s lands . T h e m a g n i t u d e of the 
n o n - p l a t e m o t i o n at K A U A I - 3.9 m m / y r at a z i m u t h 296 d e g r e e s - a p p r o a c h e s a l eve l 
of concern b e c a u s e this s i te is u s e d in our constraint for the m o t i o n of the terrestrial 
f rame a n d its i so la ted locat ion g ives it cons iderable l e v e r a g e in the constraint . Closer 
s t u d y o f th is resu l t is warranted . The ve loc i t i e s for the t w o A u s t r a l i a n s i tes are in 
m u c h better a g r e e m e n t w i t h the plate m o d e l this year than i n o u r p r e v i o u s report . 
W e attribute this primari ly to the a d o p t i o n of the recal ibrated N N R - N U V E L - 1 A plate 
m o d e l as o u r reference ve loc i ty frame. N o n e t h e l e s s , the e s t i m a t e d vert ica l m o t i o n s , 
e s p e c i a l l y for DSS45, remain large e n o u g h to b e a concern. To s o m e extent , this c o u l d 
b e c a u s e d b y ne t translational m o t i o n of the reference frame, re lat ive to the Earth's 
center of m a s s , contr ibuted b y the set of ve loc i ty constraint s i tes , w h i c h are r o u g h l y 
a n t i p o d a l t o Austra l ia . The w e s t w a r d m o t i o n s of the t w o J a p a n e s e s i t e s l i s t ed in 
T a b l e 4 s h o w the effect of Pacif ic p la te s u b d u c t i o n , as m a n y i n v e s t i g a t o r s h a v e 
d i s c u s s e d . 

A s w e n o t e d in our report last year [Ray et al, 1993] , the VLBI vertical rates 
of m o t i o n for very w e l l de termined sites in N . Amer ica a n d E u r o p e differ s ignif icant ly 
f rom the rates expec ted d u e to post-glacial rebound. E x a m p l e s are s h o w n in Table 6. In 
g e n e r a l , the o b s e r v e d differential rates in N . A m e r i c a are s m a l l e r t h a n the rates 
p r e d i c t e d b y the ICE-3G m o d e l of T u s h i n g h a m and Peltier [1991] w h e r e a s the o b s e r v e d 
di f ference b e t w e e n O N S A L A a n d WETTZELL is m u c h larger than pred ic ted . T h e best 
a g r e e m e n t is for s i tes a l o n g the east coast of the U.S. , w h e r e b o t h the m e a s u r e d a n d 
p r e d i c t e d differential m o t i o n s are small . To s o m e extent , the d i screpanc ies c o u l d aga in 
b e d u e to the inherent a m b i g u i t y in the net m o t i o n of the terrestrial f rame b u t that is 
u n l i k e l y to a c c o u n t ful ly for the differences. Mitrovica et al. [1993] c o n s i d e r e d a l so the 
h o r i z o n t a l m o t i o n s e x p e c t e d d u e to p o s t - g l a c i a l r e b o u n d a n d f o u n d s i g n i f i c a n t 
d i f ferences c o m p a r e d w i t h VLBI m e a s u r e m e n t s . 
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Table 6. O b s e r v e d v e r s u s predicted differential uplift rates d u e to post-glacial r eb ou n d 
(all un i t s m m / y r ) 

VLBI S i t e s VLBI u p l i f t d i f f e r e n c e ICE-3G u p l i f t d i f f e r e n c e * 
Name v a l u e sigma v a l u e 

+1 .0 

+4 .4 
+4 .4 
+4 .4 
+4 .4 
+3 .1 
+4 .0 

0 .0 
- 1 . 3 
- 0 . 4 
+ 0 .9 

* Post -g lac ia l r e b o u n d rates are f rom the ICE-3G m o d e l b y T u s h i n g h a m a n d Pelt ier 
[1991]. N o t e that the o b s e r v e d VLBI uplift rates are inherent ly a m b i g u o u s d u e to the 
net m o t i o n of the terrestrial frame. 

3.3 Earth Orientat ion Results: 

W e rei terate the i m p o r t a n t c h a n g e m a d e i n o u r a n a l y s i s p r o c e d u r e s last 
year, w h i c h c o n t i n u e s to a p p l y this year: Herring's [1993] m o d e l for d iurnal a n d s e m i ­
d iurna l v a r i a t i o n s in t h e po lar x a n d y c o o r d i n a t e s a n d in U T l is u s e d in o u r 
in terpo la t ion of a priori EOP v a l u e s ( see descr ip t ion of p r o c e d u r e s i n s e c t i o n 2). In 
that s e n s e , t h e N O A A EOP v a l u e s report total quant i t i e s ( e x c e p t for t h e n u t a t i o n 
offsets w h i c h are re lat ive to the I A U 1980 m o d e l for nutat ion) . H a v i n g a c c o u n t e d for 
the d iurna l a n d semi -d iurna l EOP variat ions , together w i t h adjust ing the EOP offsets 
at the w e i g h t e d m e a n Observation e p o c h of each se s s ion , o u r t ime series s h o u l d fu l ly 
preserve t idal ly coherent c o m p o n e n t s w i t h per iods d o w n to about 12 h o u r s . 

Table 7 g i v e s the m e a n EOP offset v a l u e s for our series E O P ( N O A A ) 94 R 01 
c o m p a r e d w i t h a Solut ion u s i n g last year's analys i s p r o c e d u r e s a n d the ident ica l set o f 
1374 VLBI o b s e r v i n g s e s s i o n s (the 1609 s e s s i o n s b e i n g s u b m i t t e d l e s s t h e 234 n e w l y 
a d d e d m o b i l e VLBI s e s s s i o n s l e s s the re ference e p o c h s e s s i o n ) . T h e w e i g h t e d r m s 
scatters a b o u t the m e a n di f ferences are a l so s h o w n in Table 7 as are t h e EOP offset 
v a l u e s d u e s o l e l y to n e w v a l u e s for the reference e p o c h ( from Table 1). It can b e s e e n 
that t h e overa l l of fset c h a n g e s are near ly ent ire ly d u e to the n e w reference e p o c h 
v a l u e s , w h i c h in turn are p r e d o m i n a n t l y c a u s e d b y r e a l i g n m e n t of the IERS Sys tem 
itself as a resu l t of t h e n e w e s t rea l i za t ions of the terrestrial a n d celest ia l re ference 
frames. T h e total po lar m o t i o n offset in the x coordinate , h o w e v e r , is a b o u t t w i c e the 
s i ze of the offset in x for the reference e p o c h (and is about two- th irds the m a g n i t u d e o f 
the IERS Sys tem c h a n g e in x; s e e Table 1). T h e s e var i ed x offset v a l u e s are p r o b a b l y 
related to the c o m p a r a t i v e l y large rotat ional di f ference a b o u t the X-axis b e t w e e n t h e 
N O A A terrestrial frame a n d ITRF-92 (see Table 3). 
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Table 7. Offset c h a n g e s in N O A A EOP va lues (1994 - 1 9 9 3 ) 

x y UTl V £ 
(mas) (mas) (ms) (mas) (mas) 

Offsets due to new reference values (from Table 1): 
-0.1058 +0.2729 +0.075 

Total offsets due to all changes: 
wtd. mean -0.2068 +0.2741 +0.0762 
wtd. rms 0.1071 0.1154 0.0055 

3.4 I n t e n s i v e U T l Results: 

W e h a v e p r e v i o u s l y s h o w n that the accuracy of U T l d e t e r m i n a t i o n s f rom 
t h e 1 - h o u r s i n g l e - b a s e l i n e IRIS I n t e n s i v e s e s s i o n s is a b o u t 0 .055 m s b a s e d o n 
c o m p a r i s o n w i t h resu l t s from 24-hour VLBI s e s s i o n s [Ray et al, 1993] . T h e larges t 
contr ibutor is l ike ly to b e error in the a priori cal ibrat ion of the t r o p o s p h e r i c d e l a y , 
i n c l u d i n g p r o b l e m s in the co l lect ion of m e t e o r o l o g i c a l da ta f r o m the s ta t ions . T h e 
character of this error source s h o u l d b e r a n d o m if c h a n g e s in local w e a t h e r d o m i n a t e 
t h e Variat ion a n d sys temat ic if there are d i scre te b i a s e s in the m e t data or in the 
t r o p o s p h e r i c refract ion m o d e i s . The IERS Centra l B u r e a u [IERS,1993] h a s r e p o r t e d 
a p p l y i n g s y s t e m a t i c corrections to the Intensive U T l to r e m o v e effects assoc ia ted w i t h 
quarter ly c h a n g e s in the observ ing program. (The In tens ive s c h e d u l e is h e l d f ixed in 
loca l s i d e r e a l t i m e for three -month per iods . ) T h e correc t ions r ä n g e f r o m -0 .120 to 
+0 .080 m s . O u r o w n analys is confirms the ex i s tence of s u c h quarterly b iases , h o w e v e r , 
the m a g n i t u d e s are general ly m u c h smaller — typica l ly + / - 0.020 m s or smal ler w i t h a 
f e w e x c u r s i o n s u p to about 0.040 ms; the third quarter of 1987 w a s except iona l w i t h a 
b ias of a b o u t -0.090 m s . T h e s e biases are probably c a u s e d b y n o n - p o i n t l i k e br ightness 
s t r u c t u r e s i n m a n y of t h e r a d i o s o u r c e s that h a v e b e e n u s e d for t h e I n t e n s i v e 
o b s e r v a t i o n s . For e x a m p l e , 3C273B w a s u s e d unt i l la te 1987. E v e n s ince the shift to 
l e s s c o m p l e x s o u r c e s b e g i n n i n g in 1988, the m a g n i t u d e of k n o w n s o u r c e s tructure 
e f fects c o u l d e a s i l y account for U T l b iases at t h e l eve l of 0.020 m s . O t h e r p o s s i b l e 
s o u r c e s of b ias , s u c h as offsets in the Station m e t data, are m o r e diff icult t o e s t imate 
w i t h o u t a s s e s s m e n t s of reasonable m a g n i t u d e s for s u c h offsets . 

4 . Electronic A c c e s s 

O n behal f of the International Rad io Interferometric S u r v e y i n g (IRIS) Joint 
s u b c o m m i s s i o n o f the International Assoc ia t ion of G e o d e s y (IAG) a n d the C o m m i t t e e 
o n S p a c e R e s e a r c h (COSPAR), N O A A distr ibutes the m o n t h l y IRIS Bul let in A , "Earth 
O r i e n t a t i o n Bulletin", a n d mainta ins electronic f i les c o n t a i n i n g the s a m e data o n the 
N O A A Computers w h i c h can b e accessed b y o u t s i d e users . T h e d a t a f i les d e s c r i b e d 
here , a s w e l l as t h e operat ional EOP data files u p d a t e d w e e k l y a n d others , are avai lable 
t h r o u g h Internet u s i n g the 'ftp1 file transfer protoco l s . T h e Internet n o d e w h e r e the 
f i les c a n b e re tr i eved i s v ray .grd l .noaa .gov ' at IP a d d r e s s N 140.90.159.197' . T h e u s e r 
s h o u l d l o g i n as x a n o n y m o u s ' a n d rep ly w i t h the user ' s n a m e w h e n a s k e d for a 
p a s s w o r d . After l o g g i n g in to the System, the u s e r s h o u l d c h a n g e to t h e appropr ia te 
s u b d i r e c t o r y b y i s s u i n g the c o m m a n d %cd d is t /v lb i* a n d u s e the ftp Nget' c o m m a n d to 
transfer t h e appropr ia te files. A R E A D M E file in that d irectory p r o v i d e s e x p l a n a t o r y 
I n f o r m a t i o n . 

http://ray.grdl.noaa.gov'
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c o d e t o i m p l e m e n t t h e N M F t r o p o s p h e r e m a p p i n g funct ion. 
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S u m m a r y descr ip t ion of t h e So lu t ions N O A A 94 R Ol a n d 94 R 02 

1 - T e c h n i q u e : 
B a n d w i d t h - s y n t h e s i s M a r k HI VLBI 

2 - A n a l y s i s C e n t e r : 
N O A A VLBI A n a l y s i s C e n t e r , G e o s c i e n c e s L a b o r a t o r y , N / O E S 1 3 , S S M C 4 , 
1305 E a s t - W e s t H i g h w a y , S ü v e r S p r i n g , M D , U S A 20910-3281 

3 - S o l u t i o n I D : 
So lu t ion r u n d a t e = 9 / 3 / 9 4 20:39:59 

4 - S o f t w a r e U s e d : 
C O R E L a n d F R N G E for t h e M a r k III d a t a c o r r e l a t i o n ; D E 2 0 0 e p h e m e r i d e s , 
C A L C - 7 . 6 , a n d S O L V E - 3 for d a t a a n a l y s i s 

5 - R e l a t i v i t y Sca le : 
R a d i o s o u r c e c o o r d i n a t e s a r e i n s o l a r S y s t e m b a r y c e n t r i c Sys t em; 
T e r r e s t r i a l s i t e c o o r d i n a t e s a r e g e o c e n t r i c ( i g n o r i n g t h e loca l g r a v i t a t i o n a l 
p o t e n t i a l of t h e E a r t h ) 

6 - P e r m a n e n t T i d a l C o r r e c t i o n o n S t a t i on : 

N o c o r r e c t i o n is a p p l i e d t o r e m o v e t h e z e r o - f r e q u e n c y d i s p l a c e m e n t 
i n t r o d u c e d b y t h e so l i d E a r t h t i d e m o d e l . 

7 - T e c t o n i c P l a t e M o d e l : 
N N R - N U V E L - 1 A i s u s e d t o s p e c i f y t h e l a r g e - s c a l e m o t i o n of t h e e n t i r e 
t e r r e s t r i a l r e f e r e n c e f r a m e i n b o t h t r a n s l a t i o n a l a n d r o t a t i o n a l s e n s e s for 10 
VLBI s i t e s (see t ex t for de t a i l s ) ; t h e s a m e m o d e l is a l s o u s e d t o p r o p a g a t e t h e 
r e l a t i v e p o s i t i o n s of s i t e s w i t h d a t a s p a n s t o o b r i e f t o p e r m i t r e l i a b l e 
d e t e r m i n a t i o n s of VLBI ve loc i t i e s . 

8 - V e l o c i t y of L igh t : 
299 792 458 . m / s 

9 - G e o g r a v i t a t i o n a l C o n s t a n t : 
n o t a p p l i c a b l e 

10 - R e f e r e n c e E p o c h s : 
S t a t i o n c o o r d i n a t e s — 1988 J a n u a r y 01 

S o u r c e c o o r d i n a t e s — J2000.0 
E O P f ixed e p o c h - 1991 A u g u s t 12 19:49:50 U T 

11 - A d j u s t e d P a r a m e t e r s : 

X Y Z g e o c e n t r i c S t a t i o n c o o r d i n a t e s a n d l i n e a r S t a t i on v e l o c i t i e s a d j u s t e d 

g l o b a l l y for a l l s i t e s a t t h e i r m e a n O b s e r v a t i o n e p o c h s ; r a d i o s o u r c e 

c o o r d i n a t e s a d j u s t e d g l o b a l l y for a l l s o u r c e s ; p o l e x a n d y c o o r d i n a t e s , U T l , 

n u t a t i o n l o n g i t u d e a n d o b l i q u i t y offse ts a d j u s t e d for e a c h 2 4 - h o u r o b s e r v i n g 
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s e s s i o n ; U T l is the o n l y EOP adjusted for 1-hour I n t e n s i v e s e s s ions ; clock 
p o l y n o m i a l coeff ic ients adjus ted for all b u t o n e Station in e a c h o b s e r v i n g 
se s s ion; a t m o s p h e r e offset parameters for e a c h h o u r interval for each Station 
for e a c h 24-hour o b s e r v i n g s e s s i o n (no a t m o s p h e r e parameters are i n c l u d e d 
i n the ana lys i s of the 1-hour Intens ive s e s s ion s ) 

12 - Def in i t ion of the Origin: 
T h e coordinate or ig in of the terrestrial reference frame is spec i f i ed b y sett ing 
t h e vec tor s u m of the adjus ted c o o r d i n a t e s for 20 VLBI s i tes e q u a l to the 
c o r r e s p o n d i n g vec tor s u m for ITRF-92 ( see text); the r ight a s c e n s i o n or ig in 
of the celestial reference frame is speci f ied b y set t ing the s u m of the adjusted 
r ight a s c e n s i o n s for 71 rad io sources , e a c h w e i g h t e d b y the c o s i n e of i ts 
dec l inat ion, equal to the corresponding s u m for ICRF-92 (see text) 

13 - Def in i t ion of the Orientat ion: 
T h e re la t ive or ientat ion of the terrestrial a n d celest ia l re ference frames is 
s p e c i f i e d b y f i x i n g t h e E O P v a l u e s t o t h o s e i n t e r p o l a t e d f r o m t h e 
EOP(IERS)90C04 series (corrected for the offsets a n d drift rates reported b y 
the IERS to g i v e cons i s t ency w i t h the ITRF-92 a n d ICRF-92 frames) p l u s the 
d iurna l a n d s e m i - d i u r n a l contr ibut ion for x, y , a n d U T l c o m p u t e d b y the 
m o d e l of Herr ing [1993] for the reference e p o c h 1991 A u g u s t 12 19:49:50. 

14 - Constra int for T i m e Evolut ion: 
T h e secular translational ve loc i ty a n d rotational ve loc i ty of the terrestrial 
reference frame are speci f ied through constraints; s e e i t em 7 a b o v e a n d text. 
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Dis tr ibut ion o v e r t h e sky of the 176 extragalact ic r a d i o s o u r c e s of t h e celest ial 
f r a m e R S C ( N O A A ) 9 4 R Ol. F i l l ed c i r c l e s i n d i c a t e r a d i o s o u r c e s w i t h 

uncerta int ies i n r ight a scens ion (et cos 8) a n d dec l inat ion smal ler than 0.0003". 

1 2 3 

UNCERTAINTIES IN a cos 8 AND 8 (MAS) 

D i s t r i b u t i o n of t h e uncer ta in t i e s in r ight a s c e n s i o n (füll l ine) a n d d e c l i n a t i o n 
( d a s h e d l ine) of t h e celest ia l f rame R S Q N O A A ) 9 4 R Ol. 10 r a d i o s o u r c e s w i t h 
uncerta int ies larger than 0.003" are no t s h o w n . 
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Distr ibut ion of the uncertaint ies (quadratic m e a n of a x , cy, o z ) for the 106 
s tat ions of the terrestrial frame S S C ( N O A A ) 93 R Ol. 
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E O P ( N O A A ) 9 4 R 0 1 From S e p 1980 to M a y 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 

U n i t s : 0 .001" for X,Y, 8\|f, Se; 0.0001s for U T l 

YEAR 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

X 
Nb Sigma 

16 
6 

10 
17 
82 

108 
120 
141 
158 
186 
194 
173 

165 
21 

0.63 
1.00 
1.10 
0.96 
0.66 
0.43 
0.41 
0.43 
0.39 
0.33 
0.24 
0.20 
0.21 
0.16 
0.14 

Nb 

16 
6 

10 
17 
82 
108 
120 
141 
158 
186 
194 
173 

165 
21 

Y 
Sigma 

0.67 
1.14 
0.98 
1.74 
0.70 
0.44 
0.39 
0.42 
0.39 
0.32 
0.24 
0.21 

0.15 
0.13 

UTl 
Nb 

16 
6 

10 
17 
82 
108 
120 
141 
158 
186 
194 
173 

165 
21 

Sigma 

0.31 
0.57 
0.45 
0.72 
0.36 
0.22 
0.20 
0.20 
0.20 
0.16 
0.12 
0.09 
0.09 
0.07 
0.05 

5y 
Nb 

16 
6 
10 
17 
82 
108 
120 
141 
158 
186 
194 
173 

165 
21 

Sigma 

0.98 
1.33 
1.76 
1.58 
0.99 
0.62 
0.59 
0.61 
0.53 
0.46 
0.37 
0.33 
0.35 
0.28 
0.25 

& 
Nb 

16 
6 

10 
17 
82 
108 
120 
141 
158 
186 
194 
173 

165 
21 

Sigma 

0.33 
0.46 
0.51 
0.49 
0.35 
0.23 
0.22 
0.23 
0.21 
0.19 
0.15 
0.13 
0.14 
0.12 
0.10 

E O P ( N O A A ) 94 R 02 F r o m A p r 1984 t o M a y 1994 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0.0001s fo r U T l 

YEAR 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

64 
159 
237 
245 
255 
234 
261 
247 
223 
260 
82 

UTl 
Sigma 

0.74 
0.42 
0.43 
0.42 
0.42 
0.43 
0.43 
0.41 
0.30 
0.29 
0.30 
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A N A L Y S I S O F T H E IRIS VLBI I N T E N S I V E S E S S I O N S E O P ( O P A ) 93 R 02 

A . - M . G o n t i e r , E. E i s o p , M . Feissel 

O b s e r v a t o i r e d e P a r i s - 61 A v e n u e d e T O b s e r v a t o i r e 
75014 P a r i s , F r a n c e 

T h e s e r i e s i s b a s e d o n t h e a n a l y s i s of VLBI o b s e r v a t i o n s o b t a i n e d o n t h e 
W e t t z e i l - W e s t f o r d b a s e l i n e i n t h e f r a m e w o r k of t h e IRIS p r o g r a m . T h e a n a l y s i s is 
s i m i l a r t o t h a t d e s c r i b e d b y G o n t i e r et al. (1993). 

T h e d a t a a n a l y s i s i n c l u d e s t h e a d o p t i o n of f ixed v a l u e s for t h e c o o r d i n a t e s of 
s t a t i o n s a n d s o u r c e s , for t h e p o l e c o o r d i n a t e s (x, y) a n d t h e celes t ia l p o l e offsets ( d y , de) . 
Al l v a l u e s w e r e a d o p t e d f r o m h o m o g e n e o u s IERS r e s u l t s : SSC(IERS) 9 3 C 0 3 a n d t h e 
N N R - N U V E L 1 m o d e l for t h e t e r r e s t r i a l f r a m e , RSC(IERS) 9 3 C 01 for t h e ce l e s t i a l 
f r a m e , a n d E O P ( I E R S ) 90 C 04 for t h e t e r r e s t r i a l a n d ce les t ia l c o o r d i n a t e s of t h e p o l e 
( co r r ec t ed for t h e b i a s r e c o m m e n d e d in t h e 1992 IERS A n n u a l R e p o r t , p . 11-17). 

M o d e l l i n g of o b s e r v a t i o n s is m a d e w i t h t h e F r e n c h - d e v e l o p p e d So f twa re 
G L O R I A ( G l o b a l R a d i o - I n t e r f e r o m e t r y A n a l y s i s , s e e G o n t i e r 1992) , w h i c h f o l l o w s 
g e n e r a l l y t h e IERS S t a n d a r d s ( M c C a r t h y , 1992), w i t h t h e f o l l o w i n g p e c u l i a r i t i e s : 

- t h e t r a n s f o r m a t i o n b e t w e e n t h e t e r r e s t r i a l f r a m e a n d t h e ce l e s t i a l f r a m e 
m a k e s u s e of G u i n o t ' s (1979) n o n - r o t a t i n g o r i g i n (o r d e p a r t u r e p o i n t ) 
c o n c e p t ( G o n t i e r 1991 , C a p i t a i n e a n d G o n t i e r 1993), 

- t h e t r o p o s p h e r i c c o r r e c t i o n i s b a s e d o n S a a s t a m o i n e n (1972) z e n i t h 
d e l a y u s i n g t h e C F A 2.2 m a p p i n g f u n c t i o n ( D a v i s et al, 1985) for t h e d r y 
c o m p o n e n t a n d t h e C h a o (1974) m a p p i n g f u n c t i o n for t h e w e t c o m p o n e n t 
( see t h e r e f e r e n c e s i n t h e IERS S t a n d a r d s , M c C a r t h y , 1992). 

- t h e B D L 2 0 0 0 e p h e m e r i s ( C h a p r o n t - T o u z £ a n d C h a p r o n t 1 9 8 3 , B r e t a g n o n 

1982). 

E d i t i n g of o b s e r v a t i o n s is p e r f o r m e d b y u s i n g a n L i n o r m a n a l y s i s of e a c h 
s e s s i o n t o d e t e c t o u t l i e r s . T h i s e s t i m a t i o n t e c h n i q u e ( m i n i m i z i n g t h e s u m of a b s o l u t e 
v a l u e s of r e s i d u a l s ) is k n o w n t o b e less s e n s i t i v e t o o u t l i e r s t h a n t h e l e a s t - s q u a r e s (L2 
n o r m ) t e c h n i q u e w h e n t h e d e g r e e of f r e e d o m of a n e s t i m a t i o n is l o w ( B o u g e a r d 1992). 

A c k n o w l e d g e m e n t s . W e a r e t h a n k f u l t o J. M o r r i s o n ( N O A A ) for p r o v i d i n g t h e p a s t 

a n d c u r r e n t O b s e r v a t i o n d a t a s e t s , a n d t o J. S o u c h a y ( P a r i s O b s e r v a t o r y ) fo r t h e L i 

n o r m e s t i m a t i o n So f tware . 

IERS(1994) Technical Note No 17. 
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U n i t s : 0.0001s for U T l 
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Nb Sigma 
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1993 259 0.16 
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E A R T H O R I E N T A T I O N RESULTS F R O M U.S. N A V A L O B S E R V A T O R Y 
VLBI P R O G R A M 

U S N O 94 R 03 

T.M. Eubanks , B.A. Archinal , M.S. Carter, F.J. Josties, D . N . Matsak i s , D . D . McCarthy , 
U.S. N a v a l Observatory , W a s h i n g t o n , D.C. , 20392-5100 

Abs trac t . A s part of i ts part ic ipat ion in the Nat iona l Earth Orientat ion Serv ice (NEOS) 
the U .S . N a v a l O b s e r v a t o r y ( U S N O ) o p e r a t e s a p r o g r a m in V e r y L o n g B a s e l i n e 
I n t e r f e r o m e t r y (VLBI) d a t a a c q u i s i t i o n a n d a n a l y s i s t o m o n i t o r c h a n g e s i n t h e 
o r i e n t a t i o n of t h e Earth o n a regulär bas i s . Start ing w i t h th i s a n n u a l repor t t h e 
o p e r a t i o n a l U S N O VLBI Solut ion w i l l i n c l u d e all a v a i l a b l e m u l t i p l e b a s e l i n e d u a l 
f requency VLBI data. The c h a n g e s in the U S N O VLBI data analys i s System required to 
u s e the e x p a n d e d data set w i l l b e descr ibed in this report , a l o n g w i t h the resu l t ing 
N a v y 1994-3 reference frame a n d U S N O / N E O S VLBI o b s e r v i n g p r o g r a m d u r i n g the 
past year. 

1. I n t r o d u c t i o n 

T h e N a v y VLBI N e t w o r k ( N A V N E T ) m e a s u r e s the or ientat ion of the Earth 
in s p a c e f rom Mark III VLBI o b s e r v a t i o n s . In the p a s t t h e opera t iona l U S N O VLBI 
reference frame a n d data reduct ion w e r e b a s e d o n l y o n data acquired b y the N A V N E T 
and N E O S programs . In 1993, a large fraction of the w o r l d - w i d e co l lect ion of VLBI data 
from other o b s e r v i n g p r o g r a m s w a s i m p o r t e d in to the U S N O VLBI a n a l y s i s System 
from the G o d d a r d S p a c e Fl ight Center a n d , b e g i n n i n g in M a y 1994, t h e operat iona l 
Solut ion i n c l u d e s data f rom all sources . This large data set , w i t h data back to 1979, 
requires c o n s i d e r a b l e c h a n g e s in the w a y operat iona l VLBI Solutions are p e r f o r m e d 
and , in part icular , the a d o p t i o n of an empir ica l ly d e t e r m i n e d Station v e l o c i t y m o d e l , 
replacing the p r e v i o u s l y u s e d N U V E L m o d e l b a s e d o n geo log ica l Information. 

T h e s e d a t a are u s e d to e s t i m a t e U T l , po lar m o t i o n a n d n u t a t i o n for 
inc lus ion i n the Internat ional Earth Rotat ion Serv ice (IERS) c o m b i n e d Solut ions . A l l 
of t h e current ly avai lable m u l t i p l e base l ine VLBI data are p r o v i d e d in this report in a 
uni form r e d u c t i o n u s i n g the N a v y 1994-3 reference frame. 

S e c t i o n 2 of th is report descr ibes the U S N O VLBI o b s e r v i n g p r o g r a m for 
Earth or ientat ion. Sect ion 3 p r o v i d e s Information ab ou t the U S N O VLBI data analys i s 
p r o c e d u r e s a n d the N a v y 1994-3 reference frame u s e d in the opera t iona l VLBI data 
reduct ion p r o c e s s , w h i l e sec t ion 4 descr ibes the VLBI data p r o d u c t s avai lable from the 
U S N O Earth or ientat ion program. 

IERS(1994) Technical Note No 17. 
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2 . D a t a A c q u i s i t i o n b y the U S N O VLBI Earth Or ienta t ion Program 

T h e N E O S is a Joint c o o p e r a t i v e effort of t h e U S N O a n d t h e N a t i o n a l 
O c e a n i c a n d A t m o s p h e r i c A d m i n i s t r a t i o n ( N O A A ) , a n d the N A V N E T VLBI p r o g r a m 
w a s ini t iated to c o m p l e m e n t the observat ions coord inated b y the N O A A as part of the 
In ternat iona l R a d i o In ter ferometr ic S u r v e y i n g (IRIS) s u b c o m m i s s i o n . T h e U S N O 
VLBI p r o g r a m b e g a n o b s e r v a t i o n s i n June , 1987 , w i t h a s e r i e s of 8 - h o u r G N U T 
( G o d d a r d - N a v y U T ) e x p e r i m e n t s . R o u t i n e N A V N E T o b s e r v a t i o n s b e g a n o n January 
5, 1989, o n a w e e k l y bas i s u s i n g antennas in M a r y l a n d , A l a s k a , H a w a i i a n d Florida. 
O n e 24 -hour G N U T w a s o b s e r v e d in S e p t e m b e r , 1988; m o n t h l y 24 - h ou r N A V N E T s 
c o m m e n c e d i n Apri l , 1989, a n d all of the w e e k l y N A V N E T s w e r e n o m i n a l l y 24 h o u r s 
i n d u r a t i o n s tar t ing June 27 , 1989. After t h e s u c c e s s f u l e s t a b l i s h m e n t of r o u t i n e 
N A V N E T Operat ions , N A V N E T a n d IRIS-A Operations w e r e c o o r d i n a t e d start ing in 
M a y , 1 9 9 1 , w i t h there b e i n g o n e IRIS-A s e s s i o n o n M o n d a y / T u e s d a y , a n d o n e 
N A V N E T s e s s i o n o n T h u r s d a y / F r i d a y , of e v e r y w e e k . W i t h the l o s s of the R i c h m o n d 
Station in H u r r i c a n e A n d r e w o n A u g u s t 24 , 1992, the N A V N E T w a s r e d u c e d to o n l y 
three s tat ions (Alaska, H a w a i i a n d Green Bank), a n d it w a s d e c i d e d to c o m b i n e IRIS-A 
a n d N A V N E T Operat ions in to a w e e k l y N E O S - A o b s e r v i n g s e s s i o n , w i t h t h e last 
N A V N E T b e i n g N A V N E T - 2 2 6 o n Apri l 2 9 / 3 0 t h , 1993. T h e a d d i t i o n of the E u r o p e a n 
IRIS-A Station to t h e N E O S - A n e t w o r k p r o v i d e d the r e d u n d a n c y m i s s i n g f rom the 
N A V N E T s ince the loss of R i c h m o n d , together w i t h an i m p r o v e m e n t in Performance 
o v e r p r e v i o u s N A V N E T observat ions . In order to c o n t i n u e the "just in t ime" Sys tem 
of s c h e d u l i n g a n d p r o c e s s i n g o b s e r v i n g s e s s i o n s as q u i c k l y as p o s s i b l e to m e e t the 
w e e k l y T h u r s d a y m o r n i n g d e a d l i n e for Earth or ientat ion data, the Start of the w e e k l y 
runs w e r e m o v e d from 1800 U T C o n T h u r s d a y to 1800 U T C o n T u e s d a y . This c h a n g e 
i n start t i m e s m a k e s it p o s s i b l e for the VLBI tapes f rom G e r m a n y a n d Brazil t o b e at 
the W a s h i n g t o n Correlator o n M o n d a y m o r n i n g at the latest , a n d t h u s for correlat ion 
a n d p r o c e s s i n g to b e c o m p l e t e d b y W e d n e s d a y e v e n i n g in t i m e for t h e T h u r s d a y 
d e a d l i n e . 

Current N E O S Operations, starting M a y 5th, 1993, cons i s t of o n e w e e k l y 24-
h o u r d u r a t i o n N E O S - A o b s e r v i n g s e s s i o n p e r w e e k for Earth o r i e n t a t i o n . T h e 
operat iona l N E O S - A n e t w o r k current ly i n c l u d e s the VLBI s tat ions at G i l m o r e Creek, 
A l a s k a , K o k e e Park, H a w a i i , Wet t ze l l , G e r m a n y , Forta leza , Brazi l , a n d G r e e n Bank, 
W e s t Virg in ia . In a d d i t i o n , a m o n t h l y N E O S - B s e s s i o n is p e r f o r m e d to i m p r o v e the 
terrestrial re ference frame, a n d spec ia l N A V N E T EXper imenta l (or N A V E X ) s e s s i o n s 
c o n t i n u e t o b e o b s e r v e d o n an irregulär bas is . T h e c o m p l e t e list of s ta t ions that h a v e 
p a r t i c i p a t e d i n t h e o p e r a t i o n a l a n d e x p e r i m e n t a l U S N O Earth o r i e n t a t i o n VLBI 
p r o g r a m are g i v e n in Table 1. 

T h e N E O S - A n e t w o r k w a s e x t e n d e d in the s u m m e r of 1993 to i n c l u d e 2 n e w VLBI 
s ta t ions , in H a w a i i a n d Brazil . T h e n e w 20 meter VLBI antenna (s ite n a m e KOKEE) 
constructed b y the U S N O at the Kokee Park Geophys ica l Observatory (KPGO), s a w first 
l ight o n M a y 28th , 1993, a n d c o n d u c t e d its first VLBI observa t ions (three sources for a 
fr inge test) o n June 3rd, 1993. S treng fringes w e r e de tec ted i m m e d i a t e l y u p o n receipt of 
t h e t a p e s at t h e W a s h i n g t o n Corre lator at the U S N O o n June 4 th , 1993 . T h e first 
g e o d e t i c observa t ions c o n d u c t e d b y this antenna w e r e d u r i n g the N E O S - A - 6 o b s e r v i n g 
s e s s i o n (June 8 / 9 ) , a n d the KOKEE a n t e n n a b e g a n rout ine VLBI o b s e r v a t i o n s as the 
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pr imary K P G O a n t e n n a w i t h N E O S - A - 9 (June 2 9 / 3 0 ) . In genera l , g o o d resul t s h a v e 
b e e n obta ined from the n e w KOKEE antenna, w i t h the n e w System b e i n g about a factor 
of 2.4 t i m e s as sens i t ive as the o l d , s o that S ignal to N o i s e Rat ios (SNRs) for a s imilar 
l ength scan are larger b y about that factor (or the s a m e S N R c a n b e ob ta ined w i t h about 
l / 5 t h t h e Integrat ion t ime) , a n d this i m p r o v e m e n t in sens i t iv i ty is ref lected in l o w e r 
postf i t r e s idua l scatters for the n e w System c o m p a r e d to t h e o l d . C o n t i n u e d System 
tests a n d spec ia l exper iment s w e r e c o n d u c t e d u s i n g the KOKEE antenna ( together w i t h 
the o l d e r 9 m e t e r K A U A I a n t e n n a at the site) t h r o u g h t h e s u m m e r of 1993 , after 
w h i c h t h e K A U A I Sys tem w a s p laced o n reserve Status. The 9 m e t e r K A U A I antenna 
w a s r e a c t i v a t e d for t h e C O N T ' 9 4 p e r i o d , a n d w a s u s e d for a n o t h e r s e t o f Joint 
observat ions w i t h the KOKEE antenna b e t w e e n 12 January a n d 14 March, 1994. 

A n o t h e r a d d i t i o n to the N E O S - A n e t w o r k c a m e w i t h the d e v e l o p m e n t of a 
n e w VLBI s i te in Fortaleza, Brazil (site n a m e FORTLEZA). This 14.2 meter antenna , 
o r ig in a l l y part of the c o n n e c t e d e l e m e n t interferometer o p e r a t e d b y t h e U S N O at 
G r e e n Bank, W e s t Virg in ia , w a s m o v e d to a s i te o u t s i d e E u s e b i o , a s u b u r b near 
Fortaleza, Brazil , t h r o u g h the c o m b i n e d efforts of IN P E (the Brazil ian Space A g e n c y ) 
a n d N O A A , a n d is o p e r a t e d b y INPE. The first u s e of this a n t e n n a in the N E O S - A 
n e t w o r k w a s in N E O S - A - 1 0 (July 6 and 7th, 1993), and it cont inues to part ic ipate o n a 
w e e k l y basis . 

Table 1 : Stations Participating in the U.S. N a v y VLBI Program to date 

Station Location Station I D C o d e 

GILCREEK 
K A U A I 
KOKEE 
R I C H M O N D 
N R A 0 8 5 3 
M A R P O I N T 
MOJAVE12 
WESTFORD 
A L G O P A R K 
M E D I C I N A 
N O T O 
M A T E R A 
H A R T R A O 
WETTZELL 
S A N T I A 1 2 
K A S H I M 3 4 
K A S H I M A 
H O B A R T 2 6 
O N S A L A 6 0 
FORTLEZA 
M I Z N A O 1 0 

Fairbanks, Alaska A L 
Kokee Park, Kauai, H a w a i i (9 meter) K U 
Kokee Park, Kauai , H a w a i i (20 meter) KK 

R i c h m o n d , Florida RI 
Green Bank, W e s t Virginia GB 
Mary land Point , Maryland M D 
Mojave , California M O 
Westford, Massachusse t t s W F 
A l g o n q u i n Park, Canada A P 
M e d i a n a , Italy M E 
N o t o , Italy N O 
Matera, Italy M A 
Hartebees thoek R.A.O., South Africa H T 
Wettzel l , Germany W Z 
Santiago, Chi le S T 
Kashima, Japan (34 meter) KB 
Kashima, Japan (26 meter) K A 
Hobart , Tasmania H O 
Onsala , S w e d e n 0 6 
Fortaleza, Brazel FT 
M i z u s a w a , Japan M N 
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In Cooperat ion w i t h the A g e n z i a S p a z i a l e I ta l i zana , C e n t r o d i G e o d e s i a 
S p a z i a l e , t h e N A V N E T p r o g r a m in i t ia ted , in O c t o b e r , 1991 , a s e r i e s of m o n t h l y 
N A V N E T e x p e r i m e n t a l ( N A V E X ) o b s e r v i n g s e s s i o n s u s i n g the n e w g e o d e t i c antenna 
in Matera , Italy, a l o n g w i t h the A laska , H a w a i i a n d W e s t Virginia N A V N E T stat ions . 
R a d i o t e l e s c o p e s i n W e t t z e l l , G e r m a n y , N o t o , I ta ly , A l g o n q u i n Park, C a n a d a , 
Hartebees thoek , South Africa, Sant iago , Chi le , Hobart , Tasman ia , a n d K a s h i m a , Japan, 
h a v e a l s o part ic ipated in N A V E X observa t ions . T h e major g o a l s of t h e s e e x p e r i m e n t s 
are to s t u d y sources of s y s t e m a t i c error in VLBI Earth or ientat ion m e a s u r e m e n t s a n d 
t o i n v e s t i g a t e h i g h - f r e q u e n c y ( s u b - d i u r n a l ) v a r i a t i o n s i n o r i e n t a t i o n . T o faci l i tate 
t h e s e g o a l s these e x p e r i m e n t s are p e r f o r m e d s i m u l t a n e o u s l y w i t h IRIS-A or IRIS-P 
e x p e r i m e n t s c o n d u c t e d b y the U.S . N a t i o n a l G e o d e t i c Survey . D u r i n g the EPOCH'92 
c a m p a i g n (July 2 7 t h - A u g u s t l l t h , 1992) t h e U S N O c o m p l e m e n t e d the n e a r l y 
c o n t i n u o u s E x t e n d e d R e s e a r c h a n d D e v e l o p m e n t s e s s i o n s c o n d u c t e d b y t h e 
N A S A / G S F C VLBI g r o u p b y organ iz ing a set of 4 N A V E X - G l o b a l s e s s ions u s i n g Green 
Bank, Matera , A l g o n q u i n Park, H a r t e b e e s t h o e k , S a n t i a g o a n d K a s h i m a . N A V E X 
observat ions u s i n g this ne twork , w i t h o u t Sant iago , but p l u s the Gi lmore Creek, Kok ee 
a n d H o b a r t a n t e n n a s , c o n t i n u e d o n a o n c e e v e r y o ther m o n t h bas i s in 1993. T h e s e 
l a r g e (8 t o 10 Stat ion) g l o b a l N A V E X e x p e r i m e n t s , w h i c h are i n g e n e r a l n o t 
s i m u l t a n e o u s w i t h o ther VLBI s e s s i o n s , are i n t e n d e d to s t u d y the benef i t s o b t a i n e d 
f rom t h e Operation of large g lobal n e t w o r k s , in a d d i t i o n to c o n t i n u i n g the s t u d y of 
s y s t e m a t i c errors a n d s u b - d i u r n a l v a r i a t i o n s i n t h e VLBI da ta . T w o n o r t h e r n 
h e m i s p h e r e N A V E X s e s s i o n s w e r e c o n d u c t e d d u r i n g 1993 s i m u l t a n e o u s l y w i t h 
i n d e p e n d e n t N O A A VLBI o b s e r v i n g s e s s i o n s to c o n t i n u e the s i m u l t a n e o u s o b s e r v i n g 
p r o g r a m at a r e d u c e d level . 

T h e N A V N E T VLBI data are acquired u s i n g Mark III VLBI data acquis i t ion 
t e r m i n a l s w i t h a n o m i n a l 8 X b a n d a n d 6 S b a n d Channels , e a c h w i t h a 2 M H z 
b a n d w i d t h , m e a s u r i n g g r o u p d e l a y a n d p h a s e d e l a y rate. T h e accuracy of the g r o u p 
d e l a y e s t i m a t e s is great ly i m p r o v e d b y u s i n g the t e c h n i q u e of b a n d w i d t h synthes i s . 
Unt i l the b e g i n n i n g of 1992 normal Operation u s e d Channels spread across 85 M H z at S 
b a n d a n d 350 M H z at X b a n d , u s i n g the "NARROW" Channel f requenc ies s h o w n in 
Table 2. In 1991 the potent ia l s p a n n e d b a n d w i d t h w a s near ly d o u b l e d a n d operat ional 
u s e of the "WIDE" s p a n n e d b a n d w i d t h s h o w n in Table 2 b e g a n o n February 1, 1992. 
N o t all a n t e n n a f e e d Sys tems can a d e q u a t e l y h a n d l e the c o m p l e t e W I D E b a n d w i d t h 
s h o w n in Table 2 , a n d the "NEOS WIDE" Channel frequenc ies s h o w n in Table 2 w e r e 
d e v e l o p e d to u s e the w i d e r b a n d w i d t h subject to these f eed l imitat ions . A t present , the 
o p e r a t i o n a l N E O S - A o b s e r v i n g s e s s i o n s n o m i n a l l y u s e the N E O S W I D E b a n d w i d t h 
s e t u p , a n d t h e N A V E X s e s s i o n s , t h e N A R R O W b a n d w i d t h s e t u p . In o r d e r to 
i n v e s t i g a t e p o s s i b l e s y s t e m a t i c d i f ferences b e t w e e n the n a r r o w a n d w i d e f r e q u e n c y 
a s s i g n m e n t s , the N E O S - A s c h e d u l e s started a l ternat ing b e t w e e n three s e s s i o n s w i t h 
N A R R O W Channel a s s i g n m e n t s , a n d three w i t h N E O S W I D E Channel a s s i g n m e n t s , 
s tart ing w i t h N E O S - A - 3 1 (30th N o v e m b e r , 1993), w h i c h w a s a N E O S W I D E s c h e d u l e . 
This a l ternat ion of s c h e d u l e s i s i n t e n d e d to cont inue for o n e year . 

A ser ies of Mark l ü M o d e - A d o u b l e s p e e d e x p e r i m e n t s o n June 2 n d , A u g u s t 
25th a n d S e p t e m b e r 16th of 1993 w e r e u s e d to o b s e r v e t h e S u p e r n o v a SN1993J a n d 
o ther w e a k r a d i o s o u r c e s that n e e d the increased sens i t iv i ty ava i lab le w i t h M o d e - A 
o b s e r v a t i o n s . It is e x p e c t e d that M o d e - A d o u b l e s p e e d e x p e r i m e n t s ( w h i c h u s e b o t h 
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the u p p e r a n d l o w e r s i d e b a n d s of each VLBI Channel for a total Channel b a n d w i d t h of 
8 M e g a H z ) wi l l cont inue o n a n occas ional bas is in 1994. 

Table 2 : N E O S Channe l Frequencies 

Channel 
Number 

1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
7 
8 

Band 

s 
S 
s 
s 
s 
s 
X 
X 
X 
X 
X 
X 
X 
X 

NARROW Band 
Frequency 
Setup, MHz 

2217.99 
2222.99 
2237.99 
2267.99 
2292.99 
2302.99 
8210.99 
8220.99 
8250.99 
8310.99 
8420.99 
8500.99 
8550.99 
8570.99 

WIDE Band 
Frequency 
Setup, MHz 

2220.99 
2230.99 
2250.99 
2305.99 
2340.99 
2345.99 
8212.99 
8252.99 
8352.99 
8512.99 
8732.99 
8852.99 
8912.99 
8932.99 

New NEOS WIDE 
Frequency 
Setup, MHz 

2212.99 
2222.99 
2257.99 
2297.99 
2317.99 
2322.99 
8182.99 
8222.99 
8422.99 
8562.99 
8682.99 
8782.99 
8842.99 
8862.99 

T h e N A V N E T VLBI d a t a a r e c o r r e l a t e d a t t h e W a s h i n g t o n C o r r e l a t o r , 
w h i c h is l o c a t e d a t t h e N a v a l O b s e r v a t o r y a n d r u n b y a c o n s o r t i u m a m o n g t h e U S N O , 
N O A A , N R L , a n d N A S A . T h e c o r r e l a t o r p r o v i d e s e s t i m a t e s of t h e b a n d - w i d t h -
s y n t h e s i s g r o u p d e l a y a n d t h e p h a s e d e l a y r a t e f r o m t h e r a d i o n o i s e r e c o r d e d a t t h e 
s t a t i o n s , t o g e t h e r w i t h e s t i m a t e s of t h e r a n d o m ( t h e r m a l ) n o i s e a s s o c i a t e d w i t h e a c h 
m e a s u r e m e n t a n d a q u a l i t y fac tor d e s c r i b i n g t h e r e l i ab i l i t y of t h e m e a s u r e m e n t O n l y 
o b s e r v a t i o n s w i t h q u a l i t y fac tors of 5 o r h i g h e r a r e u s e d in t h e U S N O r e d u c t i o n of t h e 
N A V N E T d a t a . O b s e r v a t i o n s w i t h l e t t e r q u a l i t y fac tors of A t h r o u g h F, w h i c h i n d i c a t e 
s e r i o u s p r o b l e m s w i t h t h e c o r r e l a t e d d a t a , a r e a l so n o t u s e d i n t h e U S N O r e d u c t i o n . 

3. Data A n a l y s i s b y the U S N O VLBI Earth Or ienta t ion Program 

A f t e r c o r r e l a t i o n , f r i n g e f i t t i n g , a n d t h e r e m o v a l of a n y r e m a i n i n g 
b a n d w i d t h s y n t h e s i s d e l a y a m b i g u i t i e s , d a t a f rom all a v a i l a b l e m u t i p l e b a s e l i n e VLBI 
s e s s i o n s w i t h d u r a t i o n s of 16 h o u r s o r l o n g e r a r e u s e d in a s e r i e s of w e i g h t e d l eas t -
s q u a r e s S o l u t i o n s t o d e f i n e a U S N O VLBI r e f e r e n c e f r a m e a n d to e s t i m a t e t h e E a r t h 
o r i e n t a t i o n w i t h i n t h a t r e f e r e n c e f r a m e . T h i s is a c o n s i d e r a b l e c h a n g e f r o m p r e v i o u s 
y e a r s , w h e n o n l y U S N O a c q u i r e d VLBI d a t a w e r e u s e d in t h e U S N O VLBI A n n u a l 
R e p o r t , a n d a e m p i r i c a l S t a t i o n v e l o c i t y m o d e l h a d t o b e a d o p t e d i n o r d e r t o 
a d e q u a t e l y m o d e l t h e t e c t o n i c m o t i o n of t h e s t a t i o n s o v e r t h e 14 y e a r s of a v a i l a b l e 
da ta . 

T h e U S N O E a r t h o r i e n t a t i o n p r o g r a m d a t a r e d u c t i o n d e p e n d s o n a 

r e f e r e n c e f r a m e , w h i c h i s d e r i v e d f r o m VLBI d a t a a n d is i n t e n d e d t o a l i g n t h e 

r e s u l t i n g E a r t h o r i e n t a t i o n d e t e r m i n a t i o n s a s c l o s e l y a s p o s s i b l e w i t h b o t h t h e 

t e r r e s t r i a l a n d c e l e s t i a l r e f e r e n c e f r a m e s m a i n t a i n e d b y t h e IERS. D u e t o S o f t w a r e 

l i m i t a t i o n s , t h e U S N O VLBI ce le s t i a l r e f e r ence f r a m e i s o b t a i n e d f r o m t h e a v a i l a b l e 

VLBI d a t a i n a t w o S o l u t i o n p r o c e s s . In t h e f i rs t S o l u t i o n , t h e I E R S R a p i d S e r v i c e 

( B u l l e t i n A ) e s t i m a t e s of t h e U T l a n d p o l a r m o t i o n a r e t r e a t e d a s a p r i o r i 
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m e a s u r e m e n t s a n d the nutat ion in l o n g i t u d e a n d ob l iqu i ty is f ixed at the IERS Rapid 
S e r v i c e v a l u e s . T h e m e a n of the Right A s c e n s i o n s of the 79 r a d i o s o u r c e s g i v e n in 
Table 3 i s h e l d f ixed at the v a l u e g i v e n in the IERS c o m b i n e d celest ial reference frame 
f r o m t h e 1992 A n n u a l Report (RSC(IERS) 9 3 C Ol), a n d all o ther s o u r c e c o o r d i n a t e 
parameters are adjusted i n this Solut ion. T h e p u r p o s e of this first Solut ion is to a l ign 
the celest ial reference frame w i t h the celest ial p o l e i m p l i e d b y the IERS R a p i d Service 
nuta t ion series . T h e dec l inat ions of t w o sources , 0229+131 a n d OJ287, are then f ixed in 
a s e c o n d Solut ion t o the v a l u e s o b t a i n e d in t h e first Solut ion. Th i s s e c o n d Solut ion 
g l o b a l l y adjusts all o ther s o u r c e c o o r d i n a t e s (subject t o the s a m e Right A s c e n s i o n 
constraint as before) . T h e IERS R a p i d Service e s t imates of the U T l a n d po lar m o t i o n 
are treated a s a priori m e a s u r e m e n t s i n th is So lut ion , a n d t h e n u t a t i o n of fsets are 
adjus ted freely. S e v e n r a d i o sources (3C273B 3C345 3C454.3 3C84 1117+146 1031+567 
1947+079) w e r e j u d g e d t o h a v e t o o m u c h s o u r c e s tructure to b e u s a b l e for g e o d e t i c 
w o r k to h a v e repeatab le p o s i t i o n s . T h e c o o r d i n a t e s of t h e s e "removed" s o u r c e s are 
t rea ted as "are" p a r a m e t e r s i n the 1994-3 So lut ion , a n d in the o p e r a t i o n a l Earth 
or i en ta t ion So lu t ions , i n that a s eparate p o s i t i o n is e s t i m a t e d for e a c h o b s e r v i n g 
s e s s i o n in w h i c h t h e y appear . Six o ther sources (CL4 0 2 1 8 + 3 5 A 0218+35B 1830-21A 
1830-21B 0218+357) w e r e j u d g e d to h a v e s u c h structure that they c o u l d n o t b e u s e d at 
all; t h e s e sources w e r e d e l e t e d ent ire ly from all reference frame a n d operat ional Earth 
o r i e n t a t i o n So lut ions . 

Table 3 : S o u r c e s u s e d to constra in Right A s c e n s i o n in the N a v y 94-3 reference 
f r a m e : 

0016+731 
0202+319 
0420-014 
0637-752 
0804+499 
0955+476 
1144+402 
1354-152 
1633+38 
1954+513 
2144+092 
2255-282 

0048-097 
0212+735 
0420+417 
0642+449 
0820+560 
0954+658 
1156+295 
OQ208 
1656+053 
2007+777 
2145+067 
2355-106 

0119+041 
0229+131 
0434-188 
0657+172 
0823+033 
1039+811 
1252+119 
1502+106 
1738+476 
2021+614 
2201+315 

0133+476 
0234+285 
0454-234 
0727-115 
0J287 
1044+719 
1308+326 
1510-089 
1739+522 
2021+317 
2216-038 

0149+218 
0300+470 
0458-020 
0735+178 
0859+470 
1055+018 
1334-127 
1606+106 
1741-038 
2121+053 
CTA102 

0201+113 
0308-611 
0528+134 
0742+103 
4C39.25 
1123+264 
1342+663 
1611+343 
1749+096 
2128-123 
2234+282 

0202+149 
NRAO140 
0552+398 
0745+241 
OK2 90 
1124-186 
1354+195 
1614+051 
1823+568 
2136+141 
2243-123 

A n e m p i r i c a l Station v e l o c i t y m o d e l w a s a d o p t e d for t h e N a v y 1994-3 
terrestr ia l r e f e r e n c e f rame . T h e t rans la t ion d e g e n e r a e y in Stat ion p o s i t i o n s w a s 
r e m o v e d b y f ix ing the m e a n v a l u e for the p o s i t i o n s of 15 s ta t ions (Table 4) t o the 
v a l u e s p r o v i d e d b y the ITRF-92. T h e translat ion d e g e n e r a e y in Station ve loc i t i e s w a s 
r e m o v e d b y f ix ing the m e a n v a l u e for the ve loc i t i e s of the s a m e 15 s tat ions to those 
p r e d i c t e d b y the N u v e l tectonic m o t i o n m o d e l . 

A n u m b e r of s ta t ions d i d no t h a v e e n o u g h data to m e a n i n g f u l l y e s t i m a t e 
tectonic m o t i o n rates , b u t w e r e c lose to another VLBI Station w h i c h d i d h a v e sufficient 
data. The v e l o c i t y e s t imate s for these s tat ions w e r e constra ined to b e the same; the list 
of cons tra ined s tat ions i s g i v e n in Table 5. Other sets of nearby s tat ions w i t h sufficient 
data to p r o v i d e i n d e p e n d e n t Station m o t i o n e s t i m a t e s w e r e n o t c o n s t r a i n e d i n this 
fash ion . A f e w o ther s t a t i o n s w e r e a l l o w e d to h a v e e p i s o d i c m o t i o n d u e to n e a r b y 
e a r t h q u a k e s c a u s i n g s e i s m i c m o t i o n s . T h e s e "episodic" s ta t ions h a v e t w o p o s i t i o n 
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e s t i m a t e s , o n e f rom before a n d o n e after the ear thquake , a n d are g i v e n i n Table 6, 
t oge ther w i t h t h e d a t e of the ear thquake . T h e s e i s m i c m o t i o n w a s a s s u m e d t o be 
ins tantaneous , a n d the s a m e tectonic rate w a s a s s u m e d to a p p l y be fore a n d after the 
s tep funct ion c h a n g e at the t ime of the earthquake. 

Table 4 : Stat ions u s e d to constrain the Station p o s i t i o n a n d v e l o c i t y or ig in in the 
1994-3 reference frame. 

ALGOPARK DSS65 GILCREEK HARTRAO H0BART26 KAUAI 
KWAJAL26 MEDICINA NOTO ONSALA60 PIETOWN RICHMOND 
VNDNBERG WESTFORD WETTZELL 

Table 5 : Stat ions w i t h ve loc i ty t ies in the 1994-3 reference frame. Stat ions w i t h i n 
each pair of parenthes is w e r e constrained to share the s a m e Station ve loc i ty 
adjustments in the 1994-3 Solution. 

( MOJAVE12 GOLDVENU DSS15 ) 
( KASHIMA KASHIM34 ) 
( NRA085__1 NRA085_3 ) 
( KOKEE KAUAI ) 
( DSS65 ROBLED32 ) 
( OV_VLBA OVROJL30 ) 
( GGAO7108 GORF7102 ) 
( YELLOWKN YLOW7296 ) 

Table 6 : Stat ions w i t h e p i s o d i c m o t i o n s (step funct ion changes at a speci f ied t ime) in 
the 1994-3 reference frame. 

Station Name 

YAKATAGA 
SOURDOGH 
K0DIAK 
WHTH0RSE 
FORTORDS 
PRESIDIO 
DSS15 
GOLDVENU 
MOJAVE12 

Date of Motion 

871201 
871201 
871201 
871201 
891001 
891001 
920627 
920627 
920627 

The data u s e d in the report are processed w i t h IERS Standard m o d e i s to the 
m a x i m u m extent p o s s i b l e (see s u m m a r y descr ipt ion at the e n d of this report) , w i t h the 
GSFC C A L C 7.6 Software b e i n g u s e d t h r o u g h o u t in the data r e d u c t i o n process . T h e 
C F A 2.2 t r o p o s p h e r i c m a p p i n g funct ion is u s e d to re late l ine of s i g h t t r o p o s p h e r i c 
p r o p a g a t i o n d e l a y s to the t ropospher i c z e n i t h d e l a y , a n d a n e l e v a t i o n a n g l e l o w e r 
l imit of 7 d e g r e e s is u s e d in all Solutions. The IERS Standard m o d e l for b o t h hor izonta l 
a n d vert ica l d e f o r m a t i o n s d u e to o c e a n t idal l o a d i n g i s a p p l i e d , a l t h o u g h g r o u n d 
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d e f o r m a t i o n s d u e to a t m o s p h e r i c l o a d i n g are current ly n o t m o d e l e d . T h e reference 
t ime a d o p t e d w a s January 1 ,1988. 

U n m o d e l e d v a r i a t i o n s in t h e t r o p o s p h e r i c p r o p a g a t i o n d e l a y s a n d the 
r e l a t i v e t i m e of fset b e t w e e n the Station c locks are a s ign i f i cant s o u r c e of error in 
g e o d e t i c VLBI. T h e surface pressure , t emperature a n d re lat ive h u m i d i t y are recorded 
at e a c h Stat ion a n d u s e d t o e s t i m a t e t h e v a r i a t i o n s i n t h e h y d r o s t a t i c z e n i t h 
t ropospher ic p r o p a g a t i o n de lay . Further var iat ions in these quant i t i e s are treated b y 
the e s t i m a t i o n of p i e c e w i s e l inear m o d e i s d irect ly in the l eas t Squares Solut ions . A 
n e w p i e c e w i s e l i n e a r f u n c t i o n i s i n t r o d u c e d e v e r y 60 m i n u t e s for t h e z e n i t h 
tropospheric p r o p a g a t i o n a n d e v e r y 90 m i n u t e s for the relat ive Station c locks. 

T h e n e w U S N O N a v y reference frame, N a v y 1994-3 , w a s p r e p a r e d u s i n g 
991,841 d e l a y a n d d e l a y rate Observation pairs from 1578 o b s e r v i n g s e s s i o n s ( comple te 
t h r o u g h March 15, 1994), w i t h a w e i g h t e d rms res idual scatter of 36.6 p i c o s e c o n d s for 
the d e l a y observa t ions a n d 90.0 f e m t o s e c o n d s per s e c o n d for the d e l a y rate data. The 
N A V N E T Stat ion c o o r d i n a t e s (at e p o c h 1988 January 1) a n d v e l o c i t i e s f rom the 
reference f rame Solut ion h a v e b e e n s u b m i t t e d to the IERS Central Bureau as w e l l as 
the c o r r e s p o n d i n g s o u r c e p o s i t i o n s . S o m e s ta t ions d i d n o t h a v e e n o u g h d a t a to 
m e a n i n g f u l l y e s t imate Station ve loc i t ies . For these s tat ions the N u v e l m o d e l w a s u s e d 
w i t h o u t adjus tment ; the v e l o c i t y error entries in the Station v e l o c i t y table are b lank 
for these s tat ions . 

T h e N a v y 1994-3 reference frame is the operat iona l reference frame u s e d in 
the opera t iona l U S N O Earth or ientat ion Solut ions . The i n t e n t i o n i s to p r o v i d e a n a 
priori reference frame g o o d at the l eve l of 0.25 mi l l i s econd of are. In order to d o this , 
s o u r c e s w i t h p o s i t i o n uncerta int ies in the 1994-3 frame l e s s than 0.25 mi l l i arcseconds 
(mas) , a n d s tat ions w i t h pos i t i on formal errors of 5 mi l l imeters or l e s s are f ixed to the 
1994-3 v a l u e s w i t h o u t adjustment . T h e s e stat ions a n d sources are p r o v i d e d in Tables 7 
and 8, respect ive ly . The pos i t i ons of the other sources , a n d the pos i t i ons a n d ve loc i t ies 
of a n y other s tat ions , are e s t imated in the operat ional Solut ions. 

Table 7 : Stat ions u s e d w i t h o u t adjus tment in the Operat iona l Earth or ientat ion 
S o l u t i o n s 

ALGOPARK DSS45 DSS65 EFLSBERG FD-VLBA GILCREEK 
HARTRAO HATCREEK HAYSTACK HOBART2 6 HRAS_085 KASHIM34 
KASHIMA KAUAI KOKEE LA-VLBA MARPOINT MATERA 
MEDICINA NOTO NRAOJL40 NRA085_3 NRA085_JL ONSALA60 
OVRO_JL30 PIETOWN PLATTVIL RICHMOND SESHAN25 TRYSILNO 
VNDNBERG WESTFORD WETTZELL 
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Table 8 : Sources u s e d w i t h o u t adjus tment in the Operat iona l Earth or ientat ion 
Solut ions 

0014+813 
0119+041 
4C67.05 
0308-611 
0434-188 
0537-441 
0727-115 
0805+410 
0919-260 
1034-293 
1055+018 
1144+402 
1251-713 
1354-152 
1502+106 
1611+343 
NRA0512 
1741-038 
1831-771 
2007+777 
2136+141 
2216-038 
2355-106 

0016+731 
0133+476 
0229+131 
NRAO140 
0438-436 
0552+398 
0735+178 
0814+425 
0917+624 
1038+52A 
1057-797 
1145-071 
3C279 
1357+769 
1510-089 
1614+051 
1642+690 
1745+624 
1921-293 
3C418 
2144+092 
CTA102 

0048-097 
0201+113 
0234+285 
CTA26 
0454-810 
0637-752 
0738+313 
0820+560 
4C39.25 
1039+811 
1104-445 
1150+812 
1308+326 
1402+044 
1519-273 
1610-771 
1705+018 
1749+096 
1923+210 
2113+293 
2145+067 
2234+282 

0059+581 
0202+149 
0235+164 
NRAO150 
0454-234 
0642+449 
0742+103 
0823+033 
OK290 
1044+719 
1123+264 
1156+295 
1334-127 
OQ208 
1548+056 
1622-253 
1726+455 
1803+784 
1928+738 
2121+053 
2155-152 
2243-123 

0104-408 
0208-512 
0256+075 
0402-362 
0458-020 
0657+172 
0745+241 
OJ287 
0955+476 
1053+704 
1124-186 
1219+044 
1351-018 
1418+546 
1549-790 
1633+38 
NRAO530 
1815-553 
1954+513 
2128-123 
VR422201 
2255-282 

0106+013 
0212+735 
0300+470 
0420-014 
0528+134 
0716+714 
0804+499 
0859+470 
0954+658 
1053+815 
1128+385 
1244-255 
1354+195 
1424-418 
1606+106 
1637+574 
1739+522 
1823+568 
1958-179 
2134+00 
2201+315 
2345-167 

T h e N A V N E T / N E O S Earth o r i e n t a t i o n r e s u l t s s u b m i t t e d to the IERS 
Central Bureau are obta ined from the 24-hour exper iment s in a mult i -parameter least 
Squares adjus tment for U T l , po lar m o t i o n a n d bo th c o m p o n e n t s of nutat ion , together 
w i t h t h e p i e c e w i s e l inear c l o c k a n d t r o p o s p h e r e m o d e i s . A d d i t i o n a l b a s e l i n e 
d e p e n d e n t c lock of fsets are a d d e d w h e n e v e r the n o n - c l o s u r e of the c lock e s t i m a t e s 
a r o u n d Station tr iangles i s j u d g e d to b e significant. W e h a v e d i s c o v e r e d that errors in 
the a priori U T l rate d u r i n g a n o b s e r v i n g s e s s ion can b e s ignif icant , e spec ia l l y g i v e n 
the typ ica l r a p i d turn a r o u n d of the N E O S data , as e x p e r i m e n t s are f r e q u e n t l y 
p r o c e s s e d u s i n g U T l pred ic t ions . T h e operat ional U S N O Solut ions n o w e s t i m a t e the 
rate of c h a n g e of the U T l a v e r a g e d o v e r the ent ire o b s e r v i n g s e s s i o n ; the U T l rate 
e s t i m a t e s f r o m that So lut ion are c o n v e r t e d in to e s t i m a t e s of t h e Variat ion i n the 
Length of D a y (LOD). T h e report ing e p o c h for each o b s e r v i n g s e s s i o n is the m i d - p o i n t 
of the s e s s i o n , de f ined as the m e a n of the t ime of the first a n d the last observat ions in 
the s e s s i o n . T h e Station coordinates a n d source pos i t i ons for the s tat ions a n d sources 
in Tables 7 a n d 8 are f ixed at the a priori v a l u e s g i v e n b y the N a v y 1994-3 reference 
frame; the p o s i t i o n s of the o ther s o u r c e s a n d s ta t ions are e s t i m a t e d in t h e Earth 
orientat ion Solut ion. The tie to t h e 1994-3 reference frame is thus obta ined b y the f ixed 
Station coord inates a n d source pos i t ions ; this m e t h o d a v o i d s w e e k to w e e k var iat ions 
in the re ference f rame u s e d i n the r e d u c t i o n of the N A V N E T data . A l t h o u g h the 
Earth or ientat ion parameter formal errors thus d o not ful ly reflect errors i n t r o d u c e d 
b y uncerta int ies in the Station coordinates a n d source p os i t i on s , Solut ions p e r f o r m e d 
w i t h o u t t h e s e c o n s t r a i n t s i n d i c a t e that i n c l u s i o n of t h e s e errors w o u l d n o t 
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s i g n i f i c a n t l y i n c r e a s e t h e r e s u l t i n g E a r t h o r i e n t a t i o n p a r a m e t e r f o r m a l e r r o r s . T h e 
S o l u t i o n p r o v i d e d t o t h e IERS C e n t r a l B u r e a u u s e d a t o t a l of 1,028,262 O b s e r v a t i o n 
p a i r s ( d e l a y a n d d e l a y r a t e ) f r o m 1606 s e s s i o n s a n d p r o d u c e d w e i g h t e d r m s r e s i d u a l 
s c a t t e r s of 36 .4 p i c o s e c o n d s for t h e d e l a y o b s e r v a t i o n s a n d 90 .3 f e m t o s e c o n d s p e r 
s e c o n d for t h e d e l a y r a t e d a t a . (Th i s S o l u t i o n i n c l u d e d e x p e r i m e n t s f r o m 1994 w h i c h 
w e r e n o t u s e d i n t h e r e f e r e n c e f r a m e Solu t ion . ) 

T h e U S N O h a s c o n d u c t e d a s e r i e s of 2 a n d 3 h o u r d u r a t i o n o b s e r v i n g 
s e s s i o n s , k n o w n a s N A V N E T I N T e n s i v e s , o r N A V I N T s , t o i n v e s t i g a t e t h e 
d e t e r m i n a t i o n of U T l a n d P o l a r M o t i o n f r o m s h o r t d u r a t i o n e x p e r i m e n t s . T h e s e 
o b s e r v i n g s e s s i o n s n o m i n a l l y i n v o l v e 3 s t a t i o n s , G I L C R E E K a n d K A U A I (or K O K E E ) 
t o g e t h e r w i t h e i t h e r R I C H M O N D o r N R A 0 8 5 J 3 , a l t h o u g h a f e w 4 S t a t i on s e s s i o n s 
h a v e b e e n o b s e r v e d . T h e U T l a n d P o l a r M o t i o n e s t i m a t e s f r o m t h e m u l t i p l e b a s e l i n e 
N A V I N T s w e r e a l s o p r o v i d e d t o t h e IERS C e n t r a l B u r e a u . A to t a l of 4161 O b s e r v a t i o n 
p a i r s ( d e l a y a n d d e l a y r a t e ) f r o m 120 o b s e r v i n g s e s s i o n s w e r e u s e d i n t h i s S o l u t i o n , 
w i t h t h e t o t a l w e i g h t e d r m s r e s i d u a l sca t t e r b e i n g ± 33.5 p i c o s e c o n d s for t h e d e l a y d a t a 
a n d 70.6 f e m t o s e c o n d s p e r s e c o n d for t h e r a t e d a t a . O n e d i f f e r e n c e b e t w e e n t h e 
N A V I N T S o l u t i o n s a n d t h e 2 4 - h o u r e x p e r i m e n t S o l u t i o n s l i e s i n t h e t r e a t m e n t of 
n u t a t i o n . T h e n u t a t i o n is n o t e s t i m a t e d i n t h e N A V I N T S o l u t i o n s , b u t i s i n s t e a d h e l d 
f ixed t o t h e v a l u e s g i v e n i n t h e IERS Bu l l e t i n A , l i n e a r l y i n t e r p o l a t e d t o t h e e p o c h of 
t h e e x p e r i m e n t . A s i n t h e l o n g d u r a t i o n S o l u t i o n s , t h e S ta t ion c o o r d i n a t e s a n d s o u r c e 
p o s i t i o n s a r e f ixed a t t h e a p r i o r i v a l u e s g i v e n b y t h e N a v y 1994-3 r e f e r e n c e f r a m e , a n d 
t h e r e p o r t i n g e p o c h for e a c h o b s e r v i n g s e s s i o n is t h e m i d - p o i n t of t h e s e s s i o n . 

T h e c u r r e n t a c c u r a c y of VLBI E a r t h o r i e n t a t i o n r e s u l t s is suf f ic ient t o c l ea r ly 
d e t e c t t i d a l l y c o h e r e n t d i u r n a l a n d s e m i - d i u r n a l v a r i a t i o n s i n U T l a n d p o l a r m o t i o n , 
m o s t l y d u e t o t h e n o n - l i n e a r r e s p o n s e of t h e o c e a n s t o t h e l u n i - s o l a r g r a v i t a t i o n a l 
t i d e s . T h e s e t i d a l l y fo rced v a r i a t i o n s c a n b e a s ign i f i can t s o u r c e of s y s t e m a t i c e r r o r , a n d 
s o h a v e b e e n r e m o v e d f r o m t h e 1 9 9 4 - 3 r e f e r e n c e f r a m e S o l u t i o n s a n d E a r t h 
o r i e n t a t i o n S o l u t i o n s u s i n g t h e e m p i r i c a l m o d e l of T .A . H e r r i n g [Proceedings of the 

COSPAR World Space Congress, Adv. Space Res., 1 3 , 281-290, 1993] . T h e m o d e l v a l u e s 
w e r e n o t a d d e d b a c k i n t o t h e U T l a n d p o l a r m o t i o n e s t i m a t e s , so t h a t t h e o r i e n t a t i o n 
r e s u l t s p r o v i d e d i n t h e l o n g - d u r a t i o n S o l u t i o n s ( a n d i n t h e o p e r a t i o n a l E a r t h 
o r i e n t a t i o n So lu t ions ) a r e c lo se t o t h e 2 4 - h o u r a v e r a g e v a l u e s for t h e E a r t h o r i e n t a t i o n 
c e n t e r e d o n t h e e p o c h of O b s e r v a t i o n . T h e m o d e l v a l u e s a r e a l s o n o t a d d e d b a c k i n t o 
t h e N A V I N T r e s u l t s ; t h e s e s h o r t d u r a t i o n e s t i m a t e s t h u s d o n o t r e f l ec t t h e t r u e 
o r i e n t a t i o n a t t h e r e p o r t i n g e p o c h , b u t a r e i n s t e a d c lose r t o t h e 2 4 - h o u r a v e r a g e for t h e 
r e p o r t i n g e p o c h . 

4. D a t a A v a i l a b l e f r o m the U S N O VLBI Earth Or ienta t ion P r o g r a m 

E a r t h o r i e n t a t i o n r e s u l t s f r o m t h e U S N O VLBI S o l u t i o n s a r e d i s t r i b u t e d i n 
t h e f o r m of t h r e e t a b l e s . T h e f i r s t t a b l e c o n t a i n s t h e E a r t h o r i e n t a t i o n d a t a i n t h e 
f o r m a t r e q u e s t e d b y t h e I E R S C e n t r a l B u r e a u , a n d i n c l u d e s t h e E a r t h o r i e n t a t i o n 
p a r a m e t e r v a l u e s a n d t h e i r f o r m a l e r r o r s t o g e t h e r w i t h t h e w e i g h t e d r o o t m e a n 
s q u a r e d e l a y e r r o r , t h e e x p e r i m e n t d u r a t i o n , t h e n u m b e r of d e l a y o b s e r v a t i o n s , a n d a 
s u b s e t of t h e E a r t h o r i e n t a t i o n p a r a m e t e r c o r r e l a t i o n m a t r i x . 
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T h e errors p r e s e n t e d in th is report are formal errors o b t a i n e d f rom the 
c o v a r i a n c e matr ix of t h e l eas t Squares adjus tment . T h e p o s t fit r e s idua l scatter is 
a l w a y s larger than w o u l d b e e x p e c t e d g i v e n the formal error e s t i m a t e s for the de lay 
and d e l a y rate observables p r o v i d e d b y the correlator. The total res idual scatter is m a d e 
to a g r e e w i t h that e x p e c t e d g i v e n the observab le error e s t i m a t e s t h r o u g h a d d i t i o n of 
e m p i r i c a l l y d e t e r m i n e d "noise" a d d i t i v e v a r i a n c e s to t h e Square of t h e correlator 
formal error e s t i m a t e s . T h e s e add i t i ve var iances are d e t e r m i n e d separate ly for each 
exper iment ; different cons tants are u s e d for the de lay a n d d e l a y rate data f rom each 
base l ine u s e d i n a n exper iment . The s e c o n d table present s the füll covar iance matr ix 
for e a c h 24 -hour e x p e r i m e n t in the form of parameter s i g m a s a n d all t en correlat ion 
coeff ic ients b e t w e e n the f ive Earth or ientat ion parameters . N o t e that the p a r a m e t e r 
formal errors h a v e all b e e n sca led to mi l l i s econds of are o n the g r o u n d or in the sky , 
s o that t h e re lat ive abi l i ty to de termine these parameters can be ascerta ined eas i ly . A 
list of the s tat ions part ie ipating in the exper iments is a l so i n c l u d e d in that table. 

T h e operat ional N A V N E T Solutions n o w e s t i m a t e the rate of c h a n g e of the 
U T l d u r i n g e a c h exper iment . These U T l rate e s t imates are comparab le in aecuraey to 
t h o s e o b t a i n a b l e t h r o u g h d i f ferenc ing of s u c c e s s i v e U T l offset e s t i m a t e s , a n d t h u s 
m a k e an in teres t ing data p r o d u c t in t h e m s e l v e s . T h e third EOP table conta ins these 
U T l rate e s t imates , conver ted to es t imates of the Length of the D a y (LOD) dur ing the 
o b s e r v i n g s e s s i o n (the L O D is m i n u s the U T l rate in m i l l i s e c o n d s / d a y ) . 

U S N O VLBI data are avai lable b y a n o n y m o u s ftp from casa .usno .navy .mi l , 
or b y m o s a i c f r o m http: / / m a i a . u s n o . n a v y . m i l . T h e o p e r a t i o n a l Earth or ienta t ion 
Solut ions are u p d a t e d w e e k l y ; p l e a s e contact the U S N O to b e p l a c e d o n the l ist for 
automat ic not i f icat ion of future Updates . 

Q u e s t i o n s , c o m m e n t s or requests to b e p laced o n the N A V N E T distr ibution 
l ist s h o u l d b e d i r e c t e d to T.M. E u b a n k s , C o d e TSEO, U.S . N a v a l O b s e r v a t o r y , 
W a s h i n g t o n D .C . 20392-5100, b y p h o n e at (202) 653-1501, o n S P A N at USNO01::TME, 
a n d o n Internet at t m e @ u s n o 0 1 . u s n o . n a v y . m i l or tme@casa .usno .navy .mi l . 

http://casa.usno.navy.mil
http://vy.mil
mailto:tme@usno01.usno.navy.mil
mailto:tme@casa.usno.navy.mil
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S u m m a r y d e s c r i p t i o n of So lut ion U S N O 94 R 03 ( U S N O 1994-3) 

1 - T e c h n i q u e 

2 - A n a l y s i s C e n t e r 

3 - S o l u t i o n iden t i f i e r 

4 - S o f t w a r e u s e d 

5 - Re l a t i v i t y sca le 

6 - P e r m a n e n t t i d a l co r r ec t i on 

V L B I 

U S N O 

1994-3 

C a l c 7 . 6 

G e o c e n t r i c 

N o 

7 - T e c t o n i c p l a t e m o d e l 

8 - Ve loc i ty of l i gh t 

10 - R e f e r e n c e e p o c h 

11 - A d j u s t e d p a r a m e t e r s 

12 - Def in i t i on of t h e o r i g i n 

1994-3 e m p i r i c a l m o d e l 

299 7 9 2 4 5 8 m / s 

1 J a n u a r y 1988 

s e e t ex t 

M e a n of 15 S ta t ion p o s i t i o n s i n ITRF-92 

13 - Def in i t i on of t h e o r i e n t a t i o n M e a n 79 s o u r c e s i n R i g h t A s c e n s i o n , M e a n IERS 
Bull . A v a l u e s for U T l , P o l a r M o t i o n a n d 
( i n d i r e c t l y ) N u t a t i o n 

14 - C o n s t r a i n t for t i m e e v o l u t i o n M e a n of 15 Sta t ion ve loc i t i e s w i t h t h e N u v e l 

m o d e l a s a p r i o r i 
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90° 

24h 

-90° 

Di s tr ibut ion o v e r the sky of the 411 extragalact ic rad io sources of the celest ial 

frame R S C ( U S N O ) 94 R 03. Fil led circles indicate radio sources w i t h uncertainties 

in right a scens ion (oc cos 8) a n d dec l inat ion smal ler than 0.0003". 
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UNCERTAINTIES IN <x cos 5 AND 5 (MAS) 

D i s t r i b u t i o n o f the uncer ta in t i e s in r ight a s c e n s i o n (füll l ine) a n d d e c l i n a t i o n 
( d a s h e d l ine) of the celest ial f rame R S C ( U S N O ) 9 4 R Ol. 13 rad io s o u r c e s w i t h 
uncerta int ies larger than 0.003" are n o t s h o w n . 
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D i s t r i b u t i o n of the u n c e r t a i n t i e s (quadrat i c m e a n o f a X / a y , a z ) for the 76 
s tat ions of the terrestrial f rame S S C ( U S N O ) 9 4 R 03. 1 Station w i t h uncerta inty 
larger than 10 c m is n o t s h o w n . 
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E O P ( U S N O ) 9 4 R 0 3 From A u g 1979 to M a y 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

U n i t s : 0.001" for X,Y,8\|/,8e; 0.0001s for U T l 

YEAR 

1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

2 
19 
7 
16 
17 
87 
92 

107 
136 
134 
166 
203 
200 
224 
152 
41 

X 
Sigma 

1.04 
0.51 
0.73 
0.75 
1.05 
0.53 
0.34 
0.34 
0.33 
0.26 
0.22 
0.20 
0.17 
0.15 
0.12 
0.10 

Nb 

2 
19 
7 
16 
17 
87 
92 

107 
136 
134 
166 
203 
200 
224 
152 
41 

Y 
Sigma 

1.82 
0.52 
1.23 
0.74 
1.95 
0.54 
0.34 
0.31 
0.30 
0.26 
0.21 
0.20 
0.16 
0.16 
0.11 
0.08 

Nb 

2 
19 
7 
16 
17 
87 
92 

107 
136 
134 
166 
203 
200 
224 
152 
41 

UTl 
Sigma 

0.69 
0.25 
0.50 
0.34 
0.72 
0.29 
0.19 
0.18 
0.17 
0.14 
0.11 
0.10 
0.08 
0.07 
0.05 
0.04 

Nb 

2 
19 
7 
16 
17 
87 
92 
107 
136 
134 
166 
203 
200 
224 
152 
41 

8y 
Sigma 

1.63 
0.84 
0.95 
1.34 
1.99 
0.88 
0.57 
0.53 
0.49 
0.42 
0.38 
0.34 
0.31 
0.27 
0.22 
0.18 

Nb 

2 
19 
7 
16 
17 
87 
92 

107 
136 
134 
166 
203 
200 
224 
152 
41 

Se 
Sigma 

0.72 
0.41 
0.52 
0.55 
0.71 
0.38 
0.25 
0.23 
0.22 
0.17 
0.15 
0.14 
0.12 
0.12 
0.09 
0.07 
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E A R T H R O T A T I O N (UTO-UTC A N D V A R I A T I O N O F LATITUDE) BY A N A L Y Z I N G 
L U N A R LASER R A N G I N G 

FSG 94 M Ol 

J.Mueller, M.Schne ider , U.Schre iber 
F o r s c h u n g s e i n r i c h t u n g Sa te l l i t engeodaes i e (FSG), Technical U n i v e r s i t y M u n i c h 
80290 M u n i c h , G e r m a n y 

M.Soffel , H . R u d e r 
Theoret ical A s t r o p h y s i c s , U n i v e r s i t y T u e b i n g e n 
Auf der M o r g e n s t e l l e 10, 72076 T u e b i n g e n , G e r m a n y 

W e h a v e a n a l y z e d Lunar Laser R a n g i n g (LLR) data acquired b e t w e e n 1970 
a n d ear ly 1994. T h e observat ions are taken from the usua l f ive sites: M c D o n a l d (three 
loca t ions ) , G r a s s e a n d Haleaka la ; s o m e n o r m a l p o i n t s a n d qu ick- look returns from 
Wettze l l are a d d e d to test their qual i ty . Al l in all m o r e than 8500 LLR m e a s u r e m e n t s 
are u s e d . 

In a first s t ep out l i ers h a v e b e e n e l i m i n a t e d . T h e n w e p e r f o r m e d a least-
squares fit t o w e i g h t e d o b s e r v a t i o n s a n d d e t e r m i n e d the p a r a m e t e r s of the Earth-
M o o n System. 

T h e e p h e m e r i s of the M o o n a n d the p l a n e t s are c o m p u t e d w i t h o u r o w n 
e p h e m e r i s p r o g r a m ; the lunar l ibrat ions w e r e in tegrated s i m u l t a n e o u s l y . The initial 
v a l u e s for t h e Integration are taken from the e p h e m e r i s DE200. A deta i led descr ipt ion 
of our analys i s m o d e l is g i v e n e.g. in Muel ler et al. (1991) or Muel ler et al. (1992). 

T h e c o n s t a n t s a d o p t e d for t h e c o m p u t a t i o n s are t h o s e o f t h e I A U 
r e c o m m e n d a t i o n s resp . the IERS Standards (1992); h o w e v e r s o m e nuta t ion coeff icients 
had b e e n c h a n g e d b y in troduc ing better v a l u e s (e.g. for the 9-year, the annual , the half-
year a n d the ha l f -month coefficients) . 

T h e Stat ion c o o r d i n a t e s h a v e b e e n correc ted for p l a t e m o t i o n ( N U V E L 
N N R - 1 m o d e l ) ; the b a s e e p o c h for p late m o t i o n is D e c e m b e r 1 0 , 1 9 9 1 (MJD 48600) . For 
s o m e s tat ions clock b iases h a v e b e e n es t imated . 

T h e Earth or ienta t ion parameters are taken from a Solut ion g e n e r a t e d b y 
R. Gross ca l led SPACE93; they are in troduced as a priori v a l u e s in our LLR m o d e l a n d 
wi l l b e i m p r o v e d in a s e c o n d step. 

IERS(1994) Technical Note No 17. 
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T h e p a r a m e t e r s d e t e r m i n e d a r e S ta t ion c o o r d i n a t e s ( r e l a t i v i s t i c g e o c e n t r i c 
f r a m e ) , r e f l ec to r c o o r d i n a t e s ( re la t iv i s t i c s e l e n o c e n t r i c f r a m e ) , p o s i t i o n a n d v e l o c i t y of 
t h e E a r t h - M o o n b a r y c e n t e r for o n e e p o c h , p o s i t i o n a n d v e l o c i t y of t h e l u n a r b a r y c e n t e r 
for a n in i t i a l e p o c h , p h y s i c a l l i b r a t i o n a n g l e s a n d a n g u l a r ve loc i t i e s for t h i s e p o c h , t h e 
l o w e s t m a s s m u l t i p o l e m o m e n t s of t h e M o o n , t h e m a s s of t h e E a r t h - M o o n S y s t e m , 
t h e l u n a r L o v e n u m b e r a n d o n e d i s s i p a t i o n p a r a m e t e r , t h e l a g a n g l e ( l u n a r t i d a l 
a c c e l e r a t i o n ) , a c o r r e c t i o n t o t h e l u n i - s o l a r p r e c e s s i o n c o n s t a n t a n d t h e f o u r ( t w o i n -
p h a s e a n d t w o o u t - o f - p h a s e ) coef f ic ien ts of t h e 18.6 y e a r n u t a t i o n p e r i o d ; for t h e m 
c o n s t r a i n t s i n d i c a t e d i n W i l l i a m s et al. (1991) h a v e b e e n u s e d . B e s i d e s t h e s e 
p a r a m e t e r s r a t e s for U T l a n d p o l a r m o t i o n h a v e b e e n e s t i m a t e d . 

T h e p o s t - f i t r e s i d u a l s a r e a n a l y z e d b y t h e d a i l y - d e c o m p o s i t i o n m e t h o d 
( D i c k e y et al, 1985) t o o b t a i n i m p r o v e d v a l u e s for UTO-UTC a n d V a r i a t i o n of l a t i t u d e 
( V O L ) fo r e a c h r e f l e c t o r S t a t i on p a i r o n e v e r y n i g h t for w h i c h su f f i c i en t d a t a a r e 
a v a i l a b l e (at l e a s t t w o n o r m a l p o i n t s p e r n i g h t a r e n e e d e d ) ; t h e t i m e s p a n b e t w e e n t h e 
first a n d t h e l a s t n o r m a l p o i n t h a s t o b e 1.5 h o u r s ( in s o m e c a s e s a c o v e r a g e of o n l y 
1 h o u r w a s a c c e p t e d ) . 1507 p a i r s w e r e f o u n d . I n a f u r t h e r s t e p t h e b a d o n e s h a v e b e e n 
e l i m i n a t e d a n d t h e o t h e r s h a v e b e e n s m o o t h e d u s i n g a s p l i n e f i l ter . T h e s e r i e s of 
E a r t h r o t a t i o n p a r a m e t e r s (UTO-UTC a n d V O L ) h a v e b e e n p r o v i d e d t o t h e I E R S 
C e n t r a l b u r e a u , d e s i g n a t e d EOP(FSG) 94 M 0 1 . 

T h e s e i m p r o v e d v a l u e s for t h e E a r t h r o t a t i o n h a v e b e e n u s e d in a f u r t h e r 
i t e r a t i o n of t h e g l o b a l a d j u s t m e n t of t h e L L R d a t a . T h e f ina l r e s u l t s for t h e S ta t ion 
c o o r d i n a t e s h a v e b e e n p r o v i d e d t o t h e I E R S C e n t r a l B u r e a u . I t s d e s i g n a t i o n is 
S S C ( F S G ) 9 4 M 0 1 . 

B e s i d e s t h e p a r a m e t e r s s e n t t o t h e I E R S a l o t of o t h e r s h a v e b e e n 
d e t e r m i n e d a n d a r e a v a i l a b l e o n r e q u e s t . T o t h e s e p a r a m e t e r s b e l o n g t h e m a i n 
p a r a m e t e r of t h e E a r t h - M o o n S y s t e m m e n t i o n e d a b o v e a n d r e l a t i v i s t i c q u a n t i t i e s l i k e 
t h e m e t r i c p a r a m e t e r s g a m m a a n d b e t a , t h e N o r d t v e d t p a r a m e t e r e t a ( s t r o n g 
e q u i v a l e n c e p r i n c i p l e ) , t h e g e o d e t i c p r e c e s s i o n of t h e l u n a r o rb i t , t h e t i m e Var ia t ion of 
t h e g r a v i t a t i o n a l c o n s t a n t , o n e p a r a m e t e r for t e s t i n g N e w t o n ' s i n v e r s e S q u a r e l a w a n d 
o n e p a r a m e t e r i n d i c a t i n g a v i o l a t i o n of spec i a l r e l a t i v i t y . 

A c k n o w l e d g e m e n t s . W e w i s h t o a c k n o w l e d g e a n d t h a n k t h e staffs of C e r g a , H a l e a k a l a , 
a n d M c D o n a l d O b s e r v a t o r y for p r o v i d i n g t h e n o r m a l p o i n t s . W e w i s h t o t h a n k R. 
G r o s s f r o m JPL for p r o v i d i n g h i s s e r i e s of E a r t h r o t a t i o n p a r a m e t e r s . S u p p o r t f r o m t h e 
D e u t s c h e F o r s c h u n g s g e m e i n s c h a f t is g r a t e fu l l y a c k n o w l e d g e d . 

R e f e r e n c e s 

D i c k e y , J .O. , N e w h a l l , XX, W i l l i a m s , J .G., 1985: E a r t h O r i e n t a t i o n f r o m L u n a r L a s e r 
R a n g i n g a n d a n E r r o r A n a l y s i s of P o l a r M o t i o n S e r v i c e s , / . Geophys. Res, 9 0 , N o . B l l , 
9353-9362. 

M c C a r t h y , D . D . (ed . ) , 1992: IERS S t a n d a r d s (1992), IERS Tech. Note 13, O b s e r v a t o i r e d e 
P a r i s , P a r i s . 
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M u e l l e r , J., S c h n e i d e r , M . , Soffel , M . , R u d e r , H . , 1 9 9 1 : T e s t i n g E i n s t e i n ' s t h e o r y of 
g r a v i t y b y a n a l y z i n g L u n a r L a s e r R a n g i n g d a t a , Astrophys ]., 382, L101-L103. 

M u e l l e r , J., S c h n e i d e r , M . , Soffel , M. , R u d e r , H . , 1992: N e w r e s u l t s for r e l a t i v i s t i c 
p a r a m e t e r s f r o m t h e a n a l y s i s of L L R m e a s u r e m e n t s , In : Relativistic Gravity Research -
With Emphasis on Experiments and Observations, E d s . : J . E h l e r s a n d G . S c h a e f e r , 
Berl in: L e c t u r e N o t e s i n P h y s i c s 410 , S p r i n g e r , p . 87-99. 

W i l l i a m s , J .G., N e w h a l l , XX, D i c k e y , J .O. , 1991: L u n i - S o l a r P r e c e s s i o n : D e t e r m i n a t i o n 
f r o m L u n a r L a s e r R a n g e s , Astron. Astrophys., 2 4 1 , L9-L12 

S u m m a r y d e s c r i p t i o n o f t h e t e r r e s t r i a l S y s t e m a t t a c h e d to t h e s e t of S t a t ion c o o r d i n a t e s 
S S C ( F S G ) 9 4 M 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n Ident i f ie r : 

4 - S o f t w a r e u s e d : 

5 - Re l a t i v i t y sca le : 

6 - P e r m a n e n t t i d a l c o r r e c t i o n on Sta t ion 

7 - T e c t o n i c p l a t e m o d e l : 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M o ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d P a r a m e t e r s : 

12 - De f in i t i on of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : 

L L R 

F S G / T e c h n . U n i v . M u n i c h 

SSC(FSG) 94 M 01 

FSG LLR Sof tware 

G e o c e n t r i c 

N o 

N U V E L N N R - 1 

299792.458 k m / s e c 

ad jus t ed : 398600.448 k m ^ / s e c 2 

(geocen t r i c ) 

D e c e m b e r 1 0 , 1 9 9 1 ( M J D 48600) 

c a r t e s i a n c o o r d i n a t e s of s t a t i o n s x , y , z 
( ra tes f ixed) 

G e o c e n t e r (cen te r of m a s s ) 

E O P f rom 1970 to 1994 t a k e n f r o m 
S P A C E 9 3 ( a l i gned w i t h IERS S y s t e m ) 

C o n s t r a i n e d t o N U V E L N N R - 1 ; 
e s t i m a t i o n of U T l a n d p o l a r m o t i o n 
r a t e s d u r i n g t h e g l o b a l So lu t i on 
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Distr ibut ion of the 3 sites of the terrestrial frame SSC(FSG) 94 M Ol. 

4 6 

UNCERTAINTIES (cm) 

10 

Distr ibut ion of the uncertaint ies (quadratic m e a n of o x , a y , a z ) for the 5 
s tat ions of the terrestrial frame SSC(FSG) 93 M Ol. 
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EOP(FSG) 9 4 M 0 1 From Oct 1970 t o Jan 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

U n i t s : 0.001" for (p; 0.0001s for UT0. 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

7 
21 
62 

105 
68 
82 
77 
70 
58 
62 
68 
29 
3 
6 

78 
175 
42 
39 
49 
51 
98 
63 
81 

102 

<P 
Sigma 

15.00 
15.00 
10.40 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
6.84 

15.00 
7.85 
7.80 
4.00 
3.68 
1.46 
1.34 
1.47 
1.58 
1.76 
1.61 

ÜTO 
Nb 

7 
21 
62 

105 
68 
82 
77 
70 
58 
62 
67 
29 
3 
6 

78 
175 
42 
39 
49 
51 
98 
63 
81 

102 

Sigma 

10.00 
10.00 
3.92 

10.00 
10.00 
10.00 
7.02 

10.00 
10.00 
10.00 
10.00 
10.00 
3.39 

10.00 
4.96 
3.61 
1.75 
1.26 
0.94 
0.79 
0.84 
0.85 
1.30 
0.82 
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E A R T H R O T A T I O N (UTO-UTC A N D V A R I A T I O N O F L A T I T U D E ) F R O M L U N A R 
L A S E R R A N G I N G 

J P L 9 4 M 0 1 
XX N e w h a l l , J.G. W i l l i a m s , J .O. D i c k e y 
Jet P r o p u l s i o n L a b o r a t o r y , Ca l i fo rn i a I n s t i t u t e of T e c h n o l o g y , 
P a s a d e n a , C a l i f o r n i a 91109-8099, U S A 
( C o n t a c t : L O G O S : : J G W o r J G W @ L O G O S . J P L . N A S A . G O V ) 

L u n a r L a s e r R a n g i n g (LLR) d a t a h a v e b e e n a c q u i r e d a n d a n a l y z e d b e t w e e n 
A p r i l , 1970 a n d M a r c h , 1994. T h e s e d a t a a r e u s e d t o e s t i m a t e S ta t ion l o c a t i o n s , ref lec tor 
l o c a t i o n s , a n d l u n a r g r a v i t y a n d o r b i t p a r a m e t e r s . B e g i n n i n g i n 1970, d a t a a c q u i s i t i o n 
w a s suf f ic ien t ly d e n s e t o p e r m i t d e t e r m i n a t i o n s of E a r t h r o t a t i o n UTO a n d Var ia t ion of 
l a t i t u d e ( V O L ) . V a l u e s of U T O - U T C a n d V O L t h r o u g h 1992 h a v e b e e n s u b m i t t e d 
p r e v i o u s l y ; 83 s u c h v a l u e s w e r e d e r i v e d f r o m d a t a a c q u i r e d in 1993 , a n d 20 v a l u e s 
w e r e o b t a i n e d f r o m e a r l y 1994 d a t a . 

T h e füll r ä n g e d a t a se t c o m p r i s e s 8582 n o r m a l p o i n t s t a k e n f r o m f ive s i t es : 
t h e M c D o n a l d O b s e r v a t o r y 2 . 7 - m e t e r t e l e s c o p e ; t h e M c D o n a l d L a s e r R a n g i n g S t a t i o n 
( M L R S , s i t u a t e d i n s e p a r a t e l o c a t i o n s b e f o r e a n d a f te r a m o v e i n e a r l y 1988) ; t h e 
H a l e a k a l a O b s e r v a t o r y o n M a u i , H a w a i i ; a n d t h e C E R G A S y s t e m in G r a s s e , F r a n c e . 
T h e s e n o r m a l p o i n t s a r e u s e d t o e s t i m a t e t h e s e t of l u n a r a n d E a r t h - r e l a t e d 
p a r a m e t e r s . T h e pos t - f i t r e s i d u a l s a r e a n a l y z e d b y t h e d a i l y - d e c o m p o s i t i o n m e t h o d 
( D i c k e y et al, 1985) t o o b t a i n e s t i m a t e s of UTO-UTC a n d Var i a t ion of l a t i t u d e for e a c h 
s t a t i o n - r e f l e c t o r p a i r o n e v e r y d a y for w h i c h suf f ic ien t d a t a a r e a v a i l a b l e . T h i s s e t of 
v a l u e s is d e s i g n a t e d EOP(JPL) 94 M Ol. 

T h e I A U e x p r e s s i o n h a s b e e n u s e d for G r e e n w i c h m e a n s i d e r e a l t i m e ( A o k i 
et al, 1982). T h e p l a n e t a r y a n d l u n a r e p h e m e r i s u s e d i n t h e fit w a s D E 2 4 7 / L E 2 4 7 . T h e 
l u n a r l i b r a t i o n s w e r e i n t e g r a t e d s i m u l t a n e o u s l y w i t h t h e e p h e m e r i s . 

P l a t e m o t i o n h a s b e e n a p p l i e d to t h e S ta t ion c o o r d i n a t e s u s i n g t h e N N R -
N U V E L 1 m o d e l of A r g u s a n d G o r d o n (1991). T h e b a s e e p o c h for p l a t e m o t i o n is 
J a n u a r y 1 ,1991 (Ju l ian d a y n u m b e r 2448257.5). 

T h e t i d a l l y d r i v e n d i u r n a l a n d s e m i d i u r n a l U T l v a r i a t i o n s ( M 2 , S2 , N 2 , K l , 
O l , a n d P I ) , f r o m t h e m e a s u r e d r e s u l t s in H e r r i n g (1993), h a v e b e e n a d d e d to t h e i n p u t 
U T l file w h e n f i t t i ng t h e r a n g e s . C o n s e q u e n t l y , t h e O u t p u t t a b l e of UTO h a s t h e s e fast 
v a r i a t i o n s r e m o v e d a c c o r d i n g t o t h a t m o d e l . 

A c o r r e c t i o n t o t h e I A U l u n i - s o l a r p r e c e s s i o n c o n s t a n t (L i e ske et al, 1977; 
L i e s k e , 1979) h a s b e e n t a k e n a s -3.3 m a s / y r ( W i l l i a m s et al, 1993). T h e c o r r e c t i o n h a s 
b e e n m a d e s o a s n o t t o c a u s e a r a t e c h a n g e in U T (Wi l l i ams a n d M e l b o u r n e , 1982; Z h u 
a n d M u e l l e r , 1983) . A t h e o r e t i c a l o b l i q u i t y - r a t e c o r r e c t i o n of -0.24 m a s / y r ( W i l l i a m s , 
1994) h a s b e e n a p p l i e d . 
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T o t h e I A U n u t a t i o n s ( S e i d e l m a n n , 1982) w e h a v e a d d e d t h e Z M O A 
c o r r e c t i o n s (Herr ing et al, 1991a; 1991b) for t h e i n - p h a s e 9 yr, 1 y r , a n d h a l f - m o n t h 
t e r m s a n d fo r t h e i n - p h a s e a n d o u t - o f - p h a s e c o r r e c t i o n s for t h e h a l f - y e a r t e r m s . 
C o r r e c t i o n s to t h e 18.6 yr nutat ion coefficients w e r e e s t imated , y i e l d i n g 

Ae = 1.9 cos Q + 0.9 s in ß m a s 

s i n e A \|f = - 1 . 7 s in ß + 0.7 cos Q m a s 

The c o n s t r a i n t of t h e t w o i n - p h a s e t e r m s (Wi l l i ams et al, 1991) i n c l u d e s a 
c o r r e c t i o n for t h e p r e c e s s i o n c h a n g e a n d a c o n n e c t i o n b e t w e e n t h e c h a n g e s of t h e t w o 
c o m p o n e n t s . T h e t w o o u t - o f - p h a s e c o m p o n e n t s a r e c o n s t r a i n e d t o b e i n t h e r a t i o of 
0.78. Sub jec t t o t h e c o n s t r a i n t , t h e u n c e r t a i n t y i n t h e n u t a t i o n coef f ic ien ts is a b o u t 1.2 
m a s , a n d t h e p r e c e s s i o n u n c e r t a i n t y is 0.4 m a s / y r . W i t h o u t t h e c o n s t r a i n t t h e s e 
u n c e r t a i n t i e s w o u l d b e l a rge r . 

W i t h t h e p r o d u c t i o n of t h e 1993 v a l u e s of U T O - U T C a n d V O L a s e t of 
g e o c e n t r i c S t a t i o n l o c a t i o n s h a s b e e n e s t a b l i s h e d . T h e I E R S d e s i g n a t i o n is SSC(JPL) 
9 4 M 0 1 . 

T h e S e p a r a t i o n b e t w e e n t h e H a l e a k a l a t r a n s m i t t e r a n d r e c e i v e r c o n f o r m s t o 
a s u r v e y . A r ä n g e b i a s is e s t i m a t e d for H a l e a k a l a b e g i n n i n g i n J a n u a r y , 1990. T h e 
s e p a r a t i o n s b e t w e e n t h e M c D o n a l d s i tes w e r e c o n s t r a i n e d t o s u r v e y v a l u e s . 

T h e a p p r o x i m a t e u n c e r t a i n t i t i e s in e a c h of t h e s p h e r i c a l c o o r d i n a t e s for al l 
s t a t i o n s a r e : g e o c e n t r i c r a d i u s , 3 c m ; l o n g i t u d e , 1 m a s (3 c m ) ; a n d l a t i t u d e , 1.4 m a s 
(4 c m ) . E a c h of t h e t h r e e s p h e r i c a l c o o r d i n a t e s of t h e t h r e e e s t i m a t e d s i t e s h a s 
s i g n i f i c a n t c o r r e l a t i o n w i t h t h e c o r r e s p o n d i n g c o o r d i n a t e of t h e r e m a i n i n g t w o s i t e s ; 
t h e s e c o r r e l a t i o n s a r e p o s i t i v e , i m p l y i n g t h a t t h e c o o r d i n a t e s sh i f t t o g e t h e r in t h e 
e s t i m a t i o n p r o c e s s . 

I t s h o u l d b e n o t e d t h a t t h e M c D o n a l d 2.7 m t e l e s c o p e c e a s e d L L R ac t iv i ty i n 
J u n e , 1985. 

T h e S ta t ion l o c a t i o n s w e r e d e r i v e d u s i n g t h e f o r m u l a t i o n of t h e r e l a t i v i s t i c 
s o l a r - s y s t e m b a r y c e n t r i c f r a m e of r e f e r e n c e . T h e t r a n s f o r m a t i o n t o t h e r e l a t i v i s t i c 
g e o c e n t r i c f o r m u l a t i o n r e q u i r e s t h e a p p l i c a t i o n of a sca le factor . 

A c k n o w l e d g m e n t s . W e w i s h t o a c k n o w l e d g e a n d t h a n k t h e s ta f f s of C E R G A , 
H a l e a k a l a , t h e U n i v e r s i t y o f T e x a s M c D o n a l d O b s e r v a t o r y , a n d t h e L u n a r L a s e r 
R a n g i n g a s s o c i a t e s . N o r m a l p o i n t s w e r e c o n s t r u c t e d f r o m i n d i v i d u a l p h o t o n r e t u r n s 
b y R. R ick le f s , P . S h e l u s , A . W h i p p l e , a n d J. R ies a t t h e U n i v e r s i t y of T e x a s for t h e 
M L R S a n d fo r H a l e a k a l a d a t a . D . O ' G a r a p r o d u c e d H a l e a k a l a n o r m a l p o i n t s 
i n d e p e n d e n t l y . C . Ve i l l e t p r o v i d e d n o r m a l p o i n t s for t h e C E R G A d a t a . T h e p l a n e t a r y 
e p h e m e r i s w a s p r o d u c e d b y E .M. S t a n d i s h . T h i s p a p e r p r e s e n t s t h e r e s u l t s of o n e 
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p h a s e of r e s e a r c h c a r r i e d o u t a t t h e Jet P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of 
T e c h n o l o g y , u n d e r c o n t r a c t w i t h t h e N a t i o n a l A e r o n a u t i c s a n d S p a c e A d m i n i s t r a t i o n . 
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P.K. , 1982: T h e N e w D e f i n i t i o n of U n i v e r s a l T i m e , Astron. Astrophys., 1 0 5 , 1 . 

A r g u s , D . F . , a n d G o r d o n , R . G . , 1 9 9 1 : N o - N e t - R o t a t i o n M o d e l of C u r r e n t P l a t e 
Ve loc i t i e s I n c o r p o r a t i n g P l a t e M o t i o n M o d e l N U V E L - 1 , Geophys. Res. Lett., 18 , 2039. 

D i c k e y , J .O. , N e w h a l l , XX, a n d W i l l i a m s , J. G. , 1985: E a r t h O r i e n t a t i o n f r o m L u n a r 
L a s e r R a n g i n g a n d a n E r r o r A n a l y s i s of P o l a r M o t i o n S e r v i c e s , / . Geophys. Res. , 9 0 , 
B l l , 9353 . 

H e r r i n g , T. A . , 1991a : T h e Z M O A - 1 9 9 0 N u t a t i o n S e r i e s , i n Proceedings of the 127th 
Colloquium of the International Astronomical Union, Reference Systems, J. A . 
H u g h e s , C . A . S m i t h , a n d G. H . K a p l a n , e d s . , U . S. N a v a l O b s . , W a s h i n g t o n , p . 157. 

H e r r i n g , T. A. , Büffet , B. A . , M a t h e w s , P . M. , a n d S h a p i r o , I. I., 1991b: F o r c e d M o t i o n s 
of t h e E a r t h : I n f l u e n c e of I n n e r C o r e D y n a m i c s : 3 . V e r y L o n g B a s e l i n e I n t e r f e r o m e t r y 
D a t a A n a l y s i s , / . Geophys. Res., 96 , 8259. 

H e r r i n g , T. A . , 1993 : D i u r n a l a n d S e m i d i u r n a l V a r i a t i o n s i n E a r t h R o t a t i o n , i n 
Advances in Space Research, v o l . 1 3 , N o . 1 1 , M . F e i s s e l , e d . , P e r g a m m o n , G r e a t 
Br i t a in , 147. 

L i e s k e , J. H . , L e d e r l e , T. , F r i c k e , W . , a n d M o r a n d o , B., 1977: E x p r e s s i o n s for t h e 

P r e c e s s i o n Q u a n t i t i e s B a s e d u p o n t h e I A U (1976) S y s t e m of A s t r o n o m i c a l C o n s t a n t s , 

Astron. Astrophys., 5 8 , 1. 

L i e s k e , J. H . , 1979: P r e c e s s i o n M a t r i x B a s e d o n I A U (1976) S y s t e m of A s t r o n o m i c a l 

C o n s t a n t s , Astron. Astrophys., 7 3 , 282. 

S e i d e l m a n n , P . K., 1982: 1980 I A U T h e o r y of N u t a t i o n : T h e F ina l R e p o r t of t h e I A U 

W o r k i n g G r o u p o n N u t a t i o n , Celest. Mech., 2 7 , 79. 

W i l l i a m s , J. G. , 1994: C o n t r i b u t i o n s t o t h e E a r t h f s O b l i q u i t y R a t e , P r e c e s s i o n , a n d 

N u t a t i o n , Astron. J. ( in p r e s s ) . 

W i l l i a m s , J. G . a n d M e l b o u r n e , W . G. , 1982: C o m m e n t s o n t h e Effects of A d o p t i n g 
N e w P r e c e s s i o n a n d E q u i n o x C o r r e c t i o n s , i n Proceedings, High-Precision Earth 

Rotation and Earth-Moon Dynamics: Lunar Distances and Related Observations, O . 
C a l a m e , e d . , D . R e i d e l , H i n g h a m , M A , p . 293 . 

W i l l i a m s , J .G . , N e w h a l l , XX, a n d D i c k e y , J . O . , 1 9 9 1 : L u n i - s o l a r P r e c e s s i o n : 
D e t e r m i n a t i o n f r o m L u n a r L a s e r R a n g e s , Astron. Astrophys., 2 4 1 , L9 . 
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Wi l l i ams , J.G., N e w h a l l , X X, and Dickey , J. O., 1993: Lunar Laser Rang ing: Geophys i ca l 
R e s u l t s a n d R e f e r e n c e Frames , i n Contributions of Space Geodesy to Geodynamics: 
Earth Dynamics, G e o d y n a m i c s Series 24, D . E. S m i t h a n d D . L. Turcotte, e d s . , A m e r i c a n 
G e o p h y s i c a l U n i o n , W a s h i n g t o n , D . C , 83 . 

Z h u , S. Y., and Muel l er , LI., 1983: Effects of A d o p t i n g N e w Precess ion , N u t a t i o n , a n d 
E q u i n o x Correct ions o n the Terrestrial Reference Frame, Bull. Geod., 57, 29. 

S u m m a r y s h e e t for t h e d e s c r i p t i o n of t h e terrestr ial S y s t e m a t t a c h e d to t h e se t of 
Station coord inates S S C (JPL) 94 M Ol 

1 - Technique: 
2 - A n a l y s i s center: 
3 - S o l u t i o n identifier: 
4 - Software used: 
5 - Relat ivity scale: 
6 - Permanent t idal correct ion o n stations: 
7 - Tectonic p late m o d e l : 
8 - Ve loc i ty of l ight (c): 

9 - Geogravi ta t ional constant (GMo): 

10 - Reference epoch: 
11 - Adjus ted parameters: 

12 - Def in i t ion of the origin: 
13 - Def in i t ion of the orientat ion: 

14 - Constra int for t i m e evo lu t ion: 

LLR 
JPL 
SSC(JPL) 94 M 01 
JPL LLR Software 
S S B 
N o separate correction. 
N N R - N U V E L 1 
299792458 m / s e c 

From e p h e m e r i s Solut ion 3986004428 1 0 1 3 

(SI). G M d o e s n o t i n f l u e n c e t h e LLR 
Station radii. 
January 1 ,1991 (JD 2448257.5) 
S p h e r i c a l c o o r d i n a t e s of s t a t i o n s (rates 
f i x e d ) f r o m fül l d a t a s p a n . D i f f e r e n c e s 
b e t w e e n t h r e e M c D o n a l d s i t e s a r e 
constra ined to s u r v e y s . 
Geocenter (center of m a s s ) 
Input Earth rotat ion v a l u e s f rom 1970 to 
early 1994 taken from a file from R. Gross 
(a v e r s i o n of C O M B - 9 3 g e n e r a t e d w i t h o u t 
LLR d a t a ) a l i g n e d w i t h IERS S y s t e m . 
Restr icted b y t h e uncerta int ies o n the file, 
s m o o t h e d Variation o f l a t i t u d e a n d UTO 
c o r r e c t i o n s w e r e m a d e f r o m LLR d a t a 
d u r i n g t h e g l o b a l S o l u t i o n for s t a t i o n s , 
o r b i t , 18 .6 y r n u t a t i o n s , e t c . D a i l y 
correct ions for U T 0 / V O L d o n e after g lobal 
fit. 
It w a s n e c e s s a r y t o s o l v e for o v e r a l l 
correct ions to t h e U T l a n d po lar m o t i o n 
rates in the i n p u t U T l / p o l a r m o t i o n file. 
Plate m o t i o n w a s not adjusted . 
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Distr ibut ion of the 3 sites of the terrestrial frame SSC(JPL) 94 M Ol. 
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UNCERTAINTIES (cm) 

10 

Distr ibut ion of the uncertaint ies (quadratic m e a n of o X / a y , a 2 ) for the 5 
s tat ions of the terrestrial frame SSCflPL) 94 M Ol. 
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EOP(JPL) 94 M Ol From A p r 1970 to Mar 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

Un i t s : 0.001" for q>; 0.0001s for UTO. 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

15 
34 
72 
102 
69 
87 
64 
68 
49 
65 
68 
45 
6 
0 

26 
111 
28 
19 
71 
42 
89 
56 
53 
83 
20 

<P 
Sigma 

14.95 
13.49 
8.80 

14.99 
12.04 
11.07 
9.04 
7.03 
7.77 
6.29 
5.57 
7.75 
7.83 

5.06 
6.40 
4.77 
3.62 
2.06 
1.67 
1.60 
1.29 
0.95 
1.20 
0.76 

UTO 
Nb 

15 
34 
72 

102 
69 
87 
64 
68 
49 
65 
68 
45 
6 
0 

26 
111 
28 
19 
71 
42 
89 
56 
53 
83 
20 

Sigma 

10.54 
7.92 
5.41 
8.06 
6.88 
7.37 
5.47 
4.29 
5.44 
4.46 
3.85 
4.03 
4.70 

2.66 
2.57 
1.76 
1.10 
1.05 
0.91 
0.99 
0.77 
0.68 
1.00 
0.42 
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D E T E R M I N A T I O N O F U N I V E R S A L T I M E BY L U N A R L A S E R R A N G I N G 
S H A 94 M Ol 

J in W e n j i n g , X u H u a g u a n , H u a n g C h e n g l i , S h a n g h a i O b s e r v a t o r y , C h i n a 

L u n a r L a s e r R a n g i n g (LLR) d a t a h a v e b e e n a n a l y z e d d u r i n g J D 2447187.0 - JD 
2449345 .0 . T h e s e d a t a s e t of M c D o n a l d (71111 , 71112) , G r a s s e (1910) a n d H a l e a k a l a 
(56610) c o n t a i n 3030 n o r m a l p o i n t s r e f l ec ted f r o m f o u r re f lec to rs . 

T h e o r e t i c a l m o d e i s a n d a s t r o n o m i c a l c o n s t a n t s ( so l id e a r t h t i d e a n d o c e a n 
t i d e e tc ) w e r e a d o p t e d f r o m IERS S t a n d a r d s (1992). T h e i n f l u e n c e of p l a t e m o t i o n is 
t a k e n i n t o a c c o u n t w i t h t h e N U V E L m o d e l . T h e b a s e e p o c h for p l a t e m o t i o n is 
J a n u a r y 1 , 1 9 8 8 . T h e re la t iv i s t i c effects ( p r o p a g a t i o n c o r r e c t i o n , sca le fac tor a n d L o r e n t z 
effect) a r e c o n s i d e r e d . T h e p l a n e t a r y e p h e m e r i s D E 3 1 0 / L E 3 1 0 a n d t h e l u n a r l i b r a t i o n s 
i n t e g r a t e d s i m u l t a n e o u s l y w i t h t h e e p h e m e r i s w e r e u s e d for c a l c u l a t i n g t h e 
t h e o r e t i c a l d i s t a n c e s f r o m t h e o b s e r v i n g s t a t i o n s t o t h e r e f l ec to r s o n t h e M o o n . In t h i s 
g l o b a l S o l u t i o n m o r e t h a n 50 p a r a m e t e r s l i k e S ta t ion a n d r e t r o - r e f l e c t o r c o o r d i n a t e s , 
l u n a r p o t e n t i a l , a n d o r b i t p a r a m e t e r s of t h e E a r t h - M o o n S y s t e m w e r e e s t i m a t e d . 

T h e pos t - f i t r e s i d u a l s a r e a n a l y s e d t o o b t a i n 365 v a l u e s of UTO-UTC d u r i n g 
t h i s p e r i o d . D u e t o t h e n e e d of s o l v i n g t h e n o r m a l e q u a t i o n , t h e s p a n b e t w e e n t h e first 
a n d l as t n o r m a l p o i n t s s h o u l d b e g r e a t e r t h a n 1.5 h o u r a n d m o r e t h a n t w o p o i n t s p e r 
d a y a r e n e e d e d . T h e c y l i n d r i c a l S ta t ion c o o r d i n a t e s p r o d u c e d a r e d e s i g n a t e d S S C ( S H A ) 
94 M 0 1 . 

T h e m a t h e m a t i c a l m o d e l is d e s c r i b e d i n J in et al (1985 ). UTO is c a l c u l a t e d in 
o n e d a y i n t e r v a l . T h e p r e c i s i o n of t h e n o r m a l p o i n t is t a k e n a s t h e w e i g h t of t h e 
o b s e r v a t i o n a l e q u a t i o n . 

A c k n o w l e d g m e n t s . W e w i s h t o t h a n k D r . V e i l l e t a n d D i c k e y w h o s u p p l i e d t h e 
p l a n e t a r y e p h e m e r i s D E 3 1 0 / L E 3 1 0 a n d t h e g loba l d a t a of l u n a r l ase r r a n g i n g . 
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J in W e n j i n g , W a n g Q i a n g g u o , 1985: D e t e r m i n a t i o n of E R P w i t h l u n a r l a s e r r a n g i n g 

a n d d i s c u s s i o n of t h e i n f l u e n c e of t h e a d o p t e d p a r e m e t e r s , Proceedings of the 

international Conference on earth rotation and the terrestrial reference frame, p . 2 8 7 -

285. 

IERS(1994) Technical Note No 17. 



M-14 

S u m m a r y descr ip t ion of the terrestrial System at tached to the se t of Station c o o r d i n a t e s 
S S C ( S H A ) 9 4 M 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

4 - S o f t w a r e u s e d : 

5 - R e l a t i v i t y sca le : 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty of l igh t : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

12 - Def in i t i on of t h e o r i g i n : 

13 - De f in i t i on of o r i e n t a t i o n : 

LLR 

S H A 

S S C ( S H A ) 94 M 01 

S H A LLR Sof tware 

S S B 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Sta t ion: N o 

N U V E L 

299792458 

3.986004418 l O 1 * 

1988.0 

C y l i n d r i c a l c o o r d i n a t e s of s t a t i o n s ( r a t e s 
f ixed) 

G e o c e n t e r ( cen t e r of m a s s ) 

E O P f r o m 1988 t o 1993 t a k e n f r o m IERS 
c i r c u l a r B 

14 - C o n t r a i n t for t i m e e v o l u t i o n : C o n t r a i n e d t o N U V E L 
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Distr ibut ion of the 3 s i tes of the terrestrial frame SSC(SHA) 94 M Ol. 

E O P ( S H A ) 94 M Ol From Jan 1988 to Dec 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 
U n i t s : 0.0001s for UTO 

YEAR UTO 
Nb Sigma 

1988 54 1.45 
1989 47 1.50 
1990 81 1.40 
1991 53 1.20 
1992 45 0.90 
1993 74 1.65 
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UTO A N D V A R I A T I O N O F L A T I T U D E D E T E R M I N A T I O N F R O M L U N A R LASER 
R A N G I N G O B S E R V A T I O N S FOR 1969-1993 

U T X M O 9 4 M Ol 

A . L. W h i p p l e , J. G y o r g y e y Ries , R. L. Ricklefs, P. J. She lus , J. R. W i a n t 
M c D o n a l d Observatory / D e p a r t m e n t of A s t r o n o m y 
T h e U n i v e r s i t y of Texas at A u s t i n , A u s t i n , Texas 78712 (USA) 

W e h a v e a n a l y z e d the total set of lunar laser rang ing data avai lable to u s to 
d e t e r m i n e UTO-UTC. These data w e r e acquired b e t w e e n S e p t e m b e r , 1969 a n d March , 
1994. A total of 8962 normal po in t s , from the M c D o n a l d Observatory 2 .7m t e l e s c o p e 
( w h i c h c e a s e d Operation in 1985), the M c D o n a l d Laser R a n g i n g Station ( sadd le s i te a n d 
Mt. F o w l k e s s i te) near Fort D a v i s , Texas , the Haleaka la Observatory o n M a u i , H a w a i i 
( w h i c h c e a s e d Operation in 1990) a n d the C E R G A Station in Grasse , France w e r e u s e d 
in this Solut ion. The data w e r e e d i t e d a n d w e i g h t e d u s i n g a n a u t o m a t e d a n d object ive 
s c h e m e w h i c h ident i f i e s s u s p e c t e d out l iers a n d adjusts Station a s s i g n e d w e i g h t s to 
y i e l d c o n s i s t e n t d i s t r ibut ions of t h e w e i g h t e d r e s i d u a l s for all s ta t ions . There w e r e 
suff ic ient data for 955 s ta t ion /re f l ec tor pair e s t imat ions of UTO-UTC i n c l u d i n g 89 UTO 
e s t i m a t e s , o n 6 5 n i g h t s , in 1993. This is an increase of a p p r o x i m a t e l y 14% o v e r last 
year. 

Our m e t h o d of analys i s w a s s imilar to that descr ibed b y Lang ley et al. (1981). 
W e first u s e d t h e MIT Planetary E p h e m e r i s Program (PEP) to e s t imate correct ions to 
t h e g loba l parameters . T h e IERS Standards w e r e u s e d w i t h correct ions m a d e to the 
m a s s of the E a r t h - M o o n Sys tem, the cons tant of preces s ion , ob l iqu i ty of the ec l ipt ic , 
a n d the 18.6 y e a r , annua l , s e m i - a n n u a l , a n d fortn ight ly nuta t ion terms. A d j u s t m e n t s 
to t h e M I T ITR-78 So lut ion w e r e m a d e for the Ear th -Moon barycenter orbit , lunar 
orbit, a n d lunar l ibration. T h e n o d e of the Earth-Moon barycenter orbit w a s f ixed to tie 
the l o n g i t u d e o f the ce les t ia l reference frame. The AMO-2 p la t e m o t i o n m o d e l w a s 
u s e d w i t h o u t a d j u s t m e n t . O u r a pr ior i Earth o r i e n t a t i o n s e r i e s w a s t h e M I T 
U T 1 C O M 4 2 / W O B C O M 2 9 unti l 2 Apri l 1988 (MJD 47253.0) f o l l o w e d b y the U n i v e r s i t y 
of T e x a s C e n t e r for S p a c e Research (CSR) EOP(CSR) 93 L 02. W e h a v e b i a s e d the 
U T 1 C O M 4 2 / W O B C O M 2 9 series to the EOP(CSR) 93 L 02 ser ies to r e d u c e the arbitrary 
b ias b e t w e e n o u r UTO series a n d the IRIS VLBI 5 -day a n d CSR SLR 3 -day series . W e 
e s t i m a t e d a p i e c e w i s e l inear s p l i n e for the po lar m o t i o n c o m p o n e n t s a n d U T l to 
m o d e l l o n g p e r i o d def ic iencies in the series . T h e or ientat ion of the terrestrial reference 
frame w a s t ied b y f ix ing the z e r o p o i n t of the a priori ERP adjus tments at 11 January 
1985 (MJD 46076.0) . T h e Station coord inates , i n c l u d i n g a füll correlat ion matrix , h a v e 
b e e n p r o v i d e d t o the IERS Terrestrial Frame Sect ion. W e a lso e s t imated a third d e g r e e 
a n d order lunar potent ia l , lunar l o v e n u m b e r , a n d lunar d i s s ipa t ion parameter a l o n g 
w i t h t h e s e l e n o c e n t r i c retroref lector c o o r d i n a t e s . Last ly , w e e s t i m a t e d t i m e d e l a y 
b iases , re lat ive to MLRS, for the M c D o n a l d 2.7m, Maui and CERGA data. 

IERS(1994) Technical Note No 17. 
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F o l l o w i n g t h e g l o b a l So lu t ion , w e a n a l y z e d t h e pos t - f i t r e s i d u a l s i n t h e u s u a l 
f a s h i o n (e .g. , S to lz et al, 1976) t o d e t e r m i n e n i g h t l y c o r r e c t i o n s t o UTO a n d Var i a t ion of 
l a t i t u d e . T h e n i g h t l y c o r r e c t i o n s w e r e t h e n a d d e d t o t h e E R P c o r r e c t i o n s c o n t a i n e d i n 
t h e s p l i n e s , a n d t h e a p r i o r i E R P s e r i e s t o o b t a i n t h e f ina l v a l u e s of U T O - U T C a n d 
V a r i a t i o n of l a t i t u d e . A m i n i m u m of t h r e e n o r m a l p o i n t s for e a c h s t a t i o n / r e f l e c t o r 
p a i r a n d a t l e a s t a 1.5 h o u r s p a n of c o v e r a g e w e r e t h e c r i t e r i a w e a d o p t e d for t h e 
n i g h t l y UTO e s t i m a t i o n s . T h e w e i g h t e d r o o t m e a n S q u a r e of t h e f ina l p o s t f i t r ä n g e 
r e s i d u a l s , for t h e e n t i r e s p a n of d a t a , w a s 5.1 c m . T h e w e i g h t e d r m s of t h e p o s t f i t 
r e s i d u a l s for t h e 712 n o r m a l p o i n t s o b t a i n e d b y t h e t w o a c t i v e s t a t i o n s d u r i n g 1993 w a s 
2.9 c m . 

W e h a v e c o m p a r e d o u r UTO a n d Var ia t ion of l a t i t u d e s e r i e s w i t h t h e N E O S 
VLBI se r i e s . W e c a l c u l a t e d t h e b i a s , s l o p e a n d w e i g h t e d r m s a b o u t t h e l i n e a r fit of t h e 
d i f f e r e n c e s b e t w e e n o u r UTOR a n d V a r i a t i o n of l a t i t u d e e s t i m a t e s a n d t h o s e i m p l i e d 
b y t h e N E O S U T l a n d p o l a r m o t i o n v a l u e s . I n t e r p o l a t i o n of t h e N E O S s e r i e s w a s 
p e r f o r m e d u s i n g a f o u r p o i n t N e w t o n i n t e r p o l a t i o n s c h e m e . T a b l e 1 g i v e s t h e r e s u l t s 
of t h i s c o m p a r i s o n for t h e p e r i o d w h e r e all s t a t i o n s o p e r a t e d w i t h s h o r t p u l s e l a s e r s 
(1986.5 t o 1994.2). 

T a b l e 1. C o m p a r i s o n b e t w e e n U n i v e r s i t y of T e x a s M c D o n a l d O b s e r v a t o r y L L R UTOR 
a n d V a r i a t i o n of l a t i t u d e ( D P h i ) a n d N E O S VLBI 5 - d a y v a l u e s . T h e p e r i o d of 
c o m p a r i s o n is 1986.5 t o 1994.2. T h e e p o c h of t h e l i nea r fit is 1990.5. 

Station 

CERGA 

MLRS 

Maui 

DUTOR: 
DPHI: 

DUTOR: 
DPHI: 

DUTOR: 
DPHI: 

Bias (mas) 

1.22 +/- 0.11 
-10.90 +/- 0.11 

5.07 + /- 0.50 
5.45 + /- 0.54 

4.10 +/- 0.64 
11.68 +/- 0.84 

Slope 

-1.47 
2.31 

-1.32 
-2.26 

0.84 
0.73 

(mas/yr) 

+ /- 0.06 
+/- 0.06 

+/- 0.21 
+/- 0.21 

+ /- 0.26 
+/- 0.35 

WRMS (mas) 

2.50 
3.41 

2.47 
4.10 

2.95 
3.85 

N 

327 

52 

48 

R e f e r e n c e s 

L a n g l e y , R . B . , K i n g , R . W . , S h a p i r o , I. I. , 1 9 8 1 : E a r t h R o t a t i o n f r o m L u n a r L a s e r 
R a n g i n g , / . Geophys. Res., 8 6 , 11913-11918. 

S t o l z , A . , B e n d e r , P .L . , F a l l e r , J.E., S i l v e r b e r g , E .C . , M u l h o l l a n d , J .D . , S h e l u s , P.J. , 
W i l l i a m s , J .G. , C a r t e r , W . E . , G u r n i e , D.G. , K a u l a , W . M . , 1976: E a r t h R o t a t i o n M e a s u r e d 
b y L u n a r L a s e r R a n g i n g , Science, 193, 997-999. 
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S u m m a r y d e s c r i p t i o n of t h e terrestrial Sys tem attached to t h e s e t of Stat ion coord ina te s 
S S C ( U T X M O ) 9 4 M 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

L L R 

U T / M c D 

U T X M O 94 M Ol 

4 - S o f t w a r e u s e d : P E P 

5 - R e l a t i v i t y sca le : S S B 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Stat ion: N o 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty o f l i g h t ( C ) = 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) 

10 - R e f e r e n c e e p o c h = 

11 - A d j u s t e d p a r a m e t e r s : 

12 - D e f i n i t i o n of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

AMO-2 

299792458 

3.98600443 1 0 1 4 (geocen t r i c ) 

1984.0 

X, cp, h 

G e o c e n t e r 

F i x e d to C S R E O P ( C S R ) 93 L 02 se r ies a t 
11 J a n 1985 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : C o n s t r a i n e d t o AMO-2 
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EOP(UTXMO)94 M Ol From Oct 1970 to M a y 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 

U n i t s : 0.001" for (tyO.OOOls for UTO 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

5 
11 
48 
56 
28 
41 
41 
29 
22 
27 
33 
3 
0 
6 

44 
106 
24 
24 
57 
46 
89 
58 
52 
88 

<P 
Sigma 

46.90 
15.30 
8.50 

16.20 
7.60 
8.10 
7.60 
7.10 
8.30 
7.20 
6.50 
5.00 

5.60 
4.95 
8.20 
6.50 
9.05 
5.00 
4.10 
4.10 
3.65 
3.90 
4.00 

UTO 
Nb 

5 
11 
48 
56 
28 
41 
41 
29 
22 
27 
33 
3 
0 
6 

44 
106 
24 
24 
57 
46 
89 
58 
52 
88 

Sigma 

6.61 
5.39 
5.61 
5.53 
4.59 
5.54 
5.20 
4.42 
4.70 
4.43 
3.90 
4.21 

3.57 
4.05 
4.00 
3.22 
3.10 
2.64 
2.91 
2.60 
2.31 
2.57 
3.39 
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A N N U A L R E P O R T O F T H E C O D E A N A L Y S I S C E N T E R F O R 1993 

E O P ( C O D E ) 9 4 P 0 2 , P 0 3 

S S C ( C O D E ) 9 4 P 0 1 , 0 2 

M . R o t h a c h e r , G . B e u t l e r , E. B r o c k m a n n , W . G u r t n e r , L . M e r v a r t , R. W e b e r ( A I U B , 
Be rn ) , U . W i l d , A . W i g e t (L+T, W a b e r n ) , H . S e e g e r ( IfAG, F r a n k f u r t ) , C . B o u c h e r ( I G N , 
P a r i s ) 

1. I n t r o d u c t i o n 

C O D E ( t h e C e n t e r for O r b i t D e t e r m i n a t i o n i n E u r o p e ) i s o n e of a t p r e s e n t 
s e v e n p r o c e s s i n g c e n t e r s of t h e I n t e r n a t i o n a l G P S S e r v i c e for G e o d y n a m i c s ( IGS) . 
C O D E is a c o l l a b o r a t i o n of 

- t h e S w i s s F e d e r a l Office of T o p o g r a p h y (L+T) , 
- t h e F r e n c h I n s t i t u t G e o g r a p h i q u e N a t i o n a l ( I G N ) , 

- t h e G e r m a n I n s t i t u t e for A p p l i e d G e o d e s y (If A G ) , a n d 
- t h e A s t r o n o m i c a l I n s t i t u t e of t h e U n i v e r s i t y of B e r n e (AIUB) 

T h e p r o c e s s i n g c e n t e r i s l o c a t e d a t t h e A I U B . T h e c o m p u t a t i o n s o r i g i n a l l y w e r e 
p e r f o r m e d o n a Cluster of V A X C o m p u t e r s . D u r i n g 1993 m o s t of t h e s e V A X m a c h i n e s 
w e r e r e p l a c e d b y A L P H A p r o c e s s o r s , o n e b e i n g r e s e r v e d for IGS p r o c e s s i n g o n l y ( the 
o t h e r A L P H A s a n d V A X e s a r e a l s o u s e d for o t h e r p ro j ec t s of t h e i n s t i t u t e o r b y o t h e r 
i n s t i t u t e s of t h e u n i v e r s i t y of Be rne ) . T h e B e r n e s e G P S S o f t w a r e V e r s i o n 3.5+ is u s e d 
for p r o c e s s i n g . T h e "+" i n d i c a t e s t h a t t h i s Vers ion is i n c o n s t a n t d e v e l o p m e n t t o m e e t 
t h e r e q u i r e m e n t s of a s t e a d i l y g r o w i n g w o r k l o a d of t h e r o u t i n e p r o c e s s i n g (Tab le 1). 

T a b l e 1. W o r k l o a d of t h e d a i l y " t h r e e - d a y s " C O D E Solu t ions 

Solution Characteristic 

Number of Satellites 
Number of Stations 
Number of Observations 
Number of Parameter 

T h e c o n t r i b u t i o n of C O D E t o t h e I G S s t a r t e d o n 21 J u n e 1992. T h e r e a r e 

u n i n t e r r u p t e d s e r i e s of o r b i t s , e a r t h r o t a t i o n p a r a m e t e r s ( E R P s ) , a n d S t a t i o n 

c o o r d i n a t e s a v a i l a b l e f r o m C O D E s i n c e t h a t t i m e . T o t h e b e s t of o u r k n o w l e d g e t h e r e 

n e v e r w e r e d e l a y s l o n g e r t h a n a b o u t t w o w e e k s b e f o r e o u r p r o d u c t s c o u l d b e m a d e 

a v a i l a b l e t o t h e sc ient i f ic C o m m u n i t y . 
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06 1992 

19 
25 

50»000 
2000 

DATE 
01 1993 

21 
28 

60»000 
2300 

(mm yyyy) 
06 1993 

23 
33 

110f000 
4700 

12 1993 

26 
38 

180'000 
6200 
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A c c o r d i n g t o o u r 1992 a n n u a l report d e l i v e r e d to the IERS the e m p h a s i s in 1993 
s h o u l d b e "on the critical ana lys i s of the phys i ca l m o d e i s a n d o n the d e v e l o p m e n t of 
l o n g - t e r m a n a l y s i s capabi l i t ies". A c t u a l l y w e f o c u s e d o u r d e v e l o p m e n t a n d tes t 
ac t iv i t i e s o n (1) t h e orbit m o d e l , (2) t h e s tack ing of n o r m a l e q u a t i o n S y s t e m s to 
c o m p u t e e .g . free n e t w o r k So lut ions ( a n d t h e a s s o c i a t e d v e l o c i t y f i e ld ) , (3) the 
o p t i m i z a t i o n of ERP es t imat ion . The progres s m a d e in these f ie lds a n d initial results 
are s u m m a r i z e d in the f o l l o w i n g sect ions . 

In 1992 the C O D E results w e r e s ignif icant ly affected b y A S (Ant i -Spoof ing) . 
T h i s w a s d u e t o a m a l - f u n c t i o n i n g ( u n d e r A S ) of the p r i n c i p a l r e c e i v e r in t h e 
n e t w o r k . T h e p r o b l e m w a s fixed a r o u n d the e n d of 1992; o n l y m i n o r diff icult ies w e r e 
e n c o u n t e r e d in o u r p r o c e s s i n g of A S data s ince that t ime. W e h a d the i m p r e s s i o n that 
the overal l Per formance of the IGS n e t w o r k w a s satisfactory in 1993. S ince 31 January 
1994 A S s e e m s to b e turned o n p e r m a n e n t l y . It is still difficult to s a y h o w m u c h the 
qual i ty of our resul ts is in f luenced b y AS . A t present w e b e l i e v e that the "damage" is 
of the order of 10% except for the coordinates of s tat ions in the auroral z o n e , w h i c h , at 
s o m e t i m e s , h a d to b e e x c l u d e d f rom o u r r o u t i n e p r o c e s s i n g d u e t o t h e rece iver 
p r o b l e m s . 

2. C O D E A n a l y s i s Characteristics 

T h e genera l characterist ics of o u r p r o c e s s i n g w e r e g i v e n in Beut ler et al 
(1993b). H e r e w e focus o n the changes a n d the progress m a d e s ince that t ime. Deta i l ed 
Information m a y b e f o u n d in Rothacher et al (1993), B r o c k m a n n et al (1993), Mervart 
et al (1993), a n d Beutler et al (1993a). 

A U T O M A T I C P R O C E D U R E S A T C O D E 

T h e p r o c e s s i n g s c h e m e w a s m o d i f i e d severa l t i m e s d u r i n g 1993. A t present 
w e p r o c e e d as f o l l o w s : A t regulär intervals of a f e w h o u r s a n a u t o m a t i c p r o c e d u r e 
checks w h e t h e r the data of the d a y to b e p r o c e s s e d are avai lable at C O D E (sent b y IGN) 
or at the d o s e s t IGS Globa l Data Center . If this is the case , p r o c e s s i n g of the d a y is 
s tarted. In a first s t e p t h e data are trans la ted from RINEX to the internal (binary) 
B e r n e s e format . I n c o n s i s t e n c i e s ( w r o n g fi le n a m e s , w r o n g Stat ion n a m e s , "new" 
a n t e n n a h e i g h t s ) are sor ted out . This s t e p m a y n e e d u s e r interact ion. T h e n the pre -
p r o c e s s i n g (s ingle-di f ference format ion, c o d e proces s ing , phase -c l ean ing ) i s d o n e w i t h 
t h e b e s t o r b i t In format ion a v a i l a b l e at that t ime; t o d a y this i s u s u a l l y a o n e - d a y 
e x t r a p o l a t i o n of o u r la tes t t h r e e - d a y s So lu t ion ( see b e l o w ) . T h e n a first o n e - d a y 
So lu t ion is p r o d u c e d . T h e p r i m a r y resu l t i s a first i m p r o v e d orbit . A f t e r w a r d s the 
p h a s e p r e - p r o c e s s i n g is repeated (wi th this i m p r o v e d orbit) a n d this t i m e all cyc le-s l ips 
s h o u l d b e s a f e l y r e m o v e d . If this is no t p o s s i b l e , n e w a m b i g u i t i e s are se t u p . T h e 
p r i n c i p a l d i f f e r e n c e b e t w e e n A S a n d n o n - A S p r o c e s s i n g r e s i d e s in the n u m b e r o f 
a m b i g u i t i e s w h i c h h a v e to b e se t u p in this s tep. A g a i n a o n e - d a y Solut ion, this t ime 
i n c l u d i n g t h e e s t i m a t i o n of earth rotat ion parameters i s p e r f o r m e d . If the So lut ion is 
accep tab le t h e nex t three -days Solut ion (Figure 1) is p r o d u c e d in t w o i terat ion Steps. 
T w o i terat ion Steps are required to guarantee not to run into l inearity p r o b l e m s . 
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I Ixxxxl 1 3-days are No 1 
I Ixxxxl 1 3-days are No 2 

I Ixxxxl 1 3-days are No 3 

-IxxxxlxxxxlxxxxlxxxxlxxxxIxxxxl—> Released CODE Orbits 

day 1 from are No 1 
day 2 from are No 2 

day 3 from are No 3 

Figure 1: Process ing in Over lapping 3-days Intervals 

THE FORCE M O D E L 

The principal features d id not c h a n g e s ince 1992 (Beutler et al, 1993b). T w o 
m i n o r , b u t i m p o r t a n t i m p r o v e m e n t s c o n c e r n i n g the orbit m o d e l for the e c l i p s i n g 
sate l l i tes took p l a c e in 1993: (1) A s descr ibed in the 1992 A n n u a l Report , the GP S 
space-crafts w h i c h are in d e e p ec l ipse theoretical ly h a v e to rotate v e r y rapid ly b y 180 
d e g a r o u n d t h e s p a c e veh ic l e s ' z -ax i s t w i c e d u r i n g the r e v o l u t i o n . The n u m e r i c a l 
p r o b l e m s in p r o c e s s i n g caused b y this p h e n o m e n o n w e r e sorted ou t o n c e and for all in 
1993. There are clear ind ica t ions , h o w e v e r , that there is a "real" at t i tude p r o b l e m of 
the ec l ips ing satel l i tes in the first 20 to 30 m i n u t e s after they l e a v e the earth's s h a d o w . 
(2) T h e p s e u d o - s t o c h a s t i c orbit m o d e l w a s u s e d for the e c l i p s i n g sate l l i tes in o u r 
rout ine p r o c e s s i n g s ince 14 June 1993. A t p r e d e t e r m i n e d t imes (at present t w i c e per 
d a y ) i m p u l s e - c h a n g e s are e s t i m a t e d for t h e s e sa te l l i t e s . T h e r e s u l t i n g orbit is 
c o n t i n u o u s , but its first der ivat ive is not. This c h a n g e w a s m a d e after several m o n t h s 
of e x t e n s i v e tests . A priori constraints are put o n these parameters to prevent d a m a g e 
in the case w h e r e (almost) n o observat ions of the ec l ips ing satel l i tes are avai lable. 

THE M O D E L FOR THE ERPS 

Our parameter e s t imat ion program a l l o w s to m o d e l x, y , a n d U T l - U T C as a 
series of p o l y n o m i a l s of user de f ined d e g r e e w h e r e the i n d i v i d u a l p o l y n o m i a l s refer 
to user de f ined c o n n e c t e d t ime intervals . So far w e a l w a y s d i v i d e d the 3 -days interval 
of our "final" Solut ions into three o n e - d a y b ins , a n d m o d e l e d each p o l e c o m p o n e n t x, 
y, and U T l - U T C as a p o l y n o m i a l w i th in each bin. Prior to 14 June 1993 a pure offset for 
each c o m p o n e n t ( p o l y n o m i a l d e g r e e = 0) w a s e s t imated . Af t erwards the p o l y n o m i a l 
d e g r e e 1 w a s u s e d ; in add i t i on w e asked the p o l e coordinates to b e c o n t i n u o u s at the 
d a y - b o u n d a r i e s . So , before the m e n t i o n e d date w e m o d e l e d each c o m p o n e n t of the 
p o l e b y 3 p a r a m e t e r s in e v e r y t h r e e - d a y s So lut ion , a f t e r w a r d s b y 4 ( formal ly 6 
parameters (3 x (1 offset + 1 drift per day) ) . The m a i n reason for this c h a n g e w a s to 
m a k e o u r e s t i m a t e s c o m p a t i b l e w i t h the a priori m o d e l for the p o l e ( w h i c h is 
c o n t i n u o u s ) . Therefore , after 14 June 1993, it w a s p o s s i b l e to i terat ive ly i m p r o v e the 
p o l e coord inates in the final t w o proces s ing s teps (3-days-so lut ions) . W e m e n t i o n that 
for U T l - U T C w e p u t a h e a v y w e i g h t either o n the a priori v a l u e of the first d a y (before 
14 June 1993) or o n the 0-degree coefficient of the first d a y (after 14 June 1993). It is thus 
clear that w e are "only" able to d e t e r m i n e the first der iva t ive of the U T l - U T C curve . 
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By integrat ing the resul t ing first der ivat ives of con secu t ive d a y s it is formal ly p o s s i b l e 
to reconstruct U T l - U T C starting from an arbitrary initial va lue . 

S T A C K I N G CAPABILITIES 

The "interesting part" of the normal equat ion System ( N E Q - s y s t e m s ) of each 
3 - d a y s Solut ion i s s tored together w i t h the neces sary log i s t ics Information in a file for 
later u s e . T h e n e w l y d e v e l o p e d p r o g r a m A D D N E Q ( B r o c k m a n n et al, 1993) i s then 
u s e d to c o m b i n e as m a n y of these N E Q Systems as required to p r o d u c e cons i s tent se ts 
of Station c o o r d i n a t e s , p o l e p o s i t i o n s , a n d sate l l i te orbi ts . T o a certa in e x t e n t the 
m o d e i s m a y b e m o d i f i e d in A D D N E Q : the p o l e m o d e l m a y e .g . b e s i m p l i f i e d in 
A D D N E Q ( o n l y o n e p o l y n o m i a l p e r p o l e c o m p o n e n t o v e r t h r e e d a y s ) , Stat ion 
ve loc i t ies m a y b e set u p , a c h a n g e from o n e terrestrial reference frame to t h e other (e.g. 
f rom ITRF 91 to ITRF 92) is poss ib le , "free n e t w o r k Solutions" b y r e m o v i n g constraints 
a n d b y in troduc ing Sys tem cond i t ions m a y b e p r o d u c e d . The p r o g r a m aga in generates 
a correct var iance -covar iance matr ix for the e s t i m a t e d parameters . The N E Q - s y s t e m s 
of o u r three d a y s Solut ions h a v e b e e n s tored e v e r y third d a y s ince Apri l 1,1993 ( d o y 
091), e v e r y d a y s ince July 2 3 , 1 9 9 3 (doy 200). 

O U R R E A U Z A H O N O F T H E ITRF IN 1993. 

Table 2 g i v e s the l ist of tracking s tat ions w e k e p t f ixed in o u r a n a l y s e s in 
1993 . T h e se t m a r k e d ITRF 91 o b v i o u s l y refers t o t h e I n t e r n a t i o n a l Terrestr ia l 
R e f e r e n c e F r a m e 1991 ( B o u c h e r et al, 1992) . T h e c o o r d i n a t e s , v e l o c i t i e s , a n d t h e 
eccentr ic i t i e s are ava i lab le in IGS mai l N o . 9 0 . O u r orbi ts a n d t h e ERP ser ies f r o m 
1 N o v e m b e r 1992 t o 31 D e c e m b e r 1993 d e l i v e r e d t o the IGS G l o b a l D a t a C e n t e r s 
( C D D I S , I G N , SIO) are b a s e d o n this rea l i za t ion of the ITRF re ference frame. O n 
1 January 1994 w e s w i t c h e d t o the ITRF 92 (Boucher et al, 1993) i n o u r r o u t i n e 
p r o c e s s i n g . F r o m this t ime o n w a r d s o u r results at C D D I S , I G N , a n d SIO are b a s e d o n 
the set "ITRF 92" of f ixed s i tes in Table 2. W e h a d to c h a n g e the f ixed s i tes according t o 
t h e l i s t s e l e c t e d at the 1992 IGS a n a l y s i s centers W o r k s h o p (Kouba , 1993 , s e c t i o n 
"Conc lus ions a n d R e c o m m e n d a t i o n s " ) . T h e coordinates , a n d c o r r e s p o n d i n g ve loc i t i e s 
m a y b e f o u n d i n IGS mai l N o . 4 3 0 , the s ite eccentricit ies are s tored in the CBIS (Central 
B u r e a u I n f o r m a t i o n S y s t e m ; file: loca l t ie . tab) . T h a n k s t o t h e s t a c k i n g p r o c e d u r e 
d e s c r i b e d a b o v e it w a s p o s s i b l e to re-process the larger part of the 1993 Solut ions u s i n g 
t h e ITRF 9 2 coord inate set a n d the n e w Station list g i v e n in Table 2 (see s ec t ion 3) w i t h 
p r o g r a m A D D N E Q . In a d d i t i o n w e n o t e that the de format ions d u e to t h e s o l i d earth 
t i d e s (Mc Carthy, 1992, Chapter 7, eqn. 6) are a d d e d w h e n a set of Station coordinates i s 
u s e d in o u r process ing . 
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Table 2. List o f Sites kept f ixed i n 1993 Process ing and in 1994. 

ITRF 91 Se t ITRF 92 Se t 

K0SG 
MADR 
TROM 
WETT 
ONSA 
ALGO 
FAIR 
GOLD 
KOKB 
YELL 
RCM2 
CANB 
YAR1 

13504M002 *) 
13407S010 
10302M002 
14201S004 
10402S002 
40104S001 
40408S002 
40405M013 
40424S001 
40127M001 
40499M002 
50103S010 
50107M001 

KOSG 
MADR 
TROM 
WETT 
HART 
ALGO 
FAIR 
GOLD 
KOKB 
YELL 
SANT 
TIDB 
YAR1 

13504M003 
13407S012 
10302M003 
14201M009 
30302M002 
40104M002 
40408M001 
40405S031 
40424M004 
40127M003 
41705M003 
50103M108 
50107M004 

*) u n c o n s t r a i n e d after 23 Ju ly 1993. 

M I S C E L L A N E O U S M O D E L L I N G C O M P O N E N T S 

A t t e m p t s w e r e m a d e t o i m p r o v e t h e m o d e l for t h e G P S fo rce f ie ld b e y o n d 
t h e 1992 I E R S S t a n d a r d s . F o r t h i s p u r p o s e t h e p r o g r a m O R B I M P w a s d e v e l o p e d . T h e 
p r o g r a m i n t e r p r e t s t h e sa te l l i t e p o s i t i o n s of t h e d a i l y IGS p r e c i s e o r b i t files a s ( p s e u d o - ) 
o b s e r v a t i o n s . " L o n g " a r c s ( u p t o 14 d a y s ) w e r e f o r m e d u s i n g c o n s e c u t i v e IGS o r b i t 
f i les . I n p a r t i c u l a r C o l o m b o ' s e m p i r i c a l r e s o n a n c e f o r c e s , a g e n e r a l i z e d r a d i a t i o n 
p r e s s u r e m o d e l , p s e u d o - s t o c h a s t i c v e l o c i t y c h a n g e s , a l b e d o r a d i a t i o n p r e s s u r e , a n d t h e 
r e s o n a n c e t e r m s of t h e e a r t h ' s g r a v i t y f ie ld w e r e c o n s i d e r e d a s c a n d i d a t e forces . O n l y 
t h e g e n e r a l i z e d r a d i a t i o n p r e s s u r e m o d e l l e d to a s u b s t a n t i a l i m p r o v e m e n t (Beu t l e r et 

al, 1993a) . I t i s p l a n n e d t o u s e t h i s i m p r o v e d force m o d e l i n t h e r o u t i n e p r o c e s s i n g 
after f u r t h e r e x t e n s i v e t e s t s i n f u t u r e . T h e p r o g r a m O R B I M P a l s o m a y b e u s e d t o c h e c k 
t h e o r b i t q u a l i t y of d i f f e ren t I G S p r o c e s s i n g c e n t e r s . I t i s u s e d a t p r e s e n t i n t h e p r o c e s s 
of I G S o r b i t c o m b i n a t i o n , s e e e.g. K o u b a (1994), t h e o r y i n Beu t l e r , K o u b a , a n d S p r i n g e r 
(1993). 

M e r v a r t et al. (1993) s h o w e d t h a t t h e q u a l i t y of C O D E o r b i t s i s suf f ic ien t t o 

a l l o w a m b i g u i t y r e s o l u t i o n ( w i d e - a n d n a r r o w - l a n e ) o n t h e Single b a s e l i n e l e v e l w i t h 

b a s e l i n e - l e n g t h s u p t o a b o u t 1000 k m . A m b i g u i t y r e s o l u t i o n a n d a s u b s e q u e n t o r b i t 

i m p r o v e m e n t s t e p w i l l b e i m p l e m e n t e d i n t h e n e a r f u t u r e i n t o o u r r o u t i n e 

p r o c e s s i n g . 
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3 . R e s u l t s 

E A R T H R O T A T I O N P A R A M E T E R S 

F i g u r e s 2 a a n d 2 b s h o w d i f f e r ences of t h e x a n d y c o m p o n e n t s of o u r p o l e 
e s t i m a t e s w i t h r e s p e c t t o t h e C 0 4 p o l e SERIES of t h e IERS C e n t r a l B u r e a u . W e c l e a r l y 
s e e a q u a l i t y i m p r o v e m e n t of o u r e s t i m a t e s f r o m o r i g i n a l l y a b o u t 1 m a s p e r 
c o o r d i n a t e t o n o w a b o u t 0.3 m a s . T h e " d i s e o n t i n u i t y " a t t h e e n d of 1993 ( M J D 49352) 
m a r k s t h e t r a n s i t i o n f r o m t h e I T R F 91 t o t h e I T R F 92 . 

F i g u r e s 3a a n d 3 b s h o w t h e l e n g t h - o f - d a y e s t i m a t e s of t h e C O D E p r o c e s s i n g 
c e n t e r af ter r e m o v i n g t h e z o n a l s o l i d e a r t h t i d e s a n d t h e d i f f e r e n c e b e t w e e n o u r 
e s t i m a t e s a n d t h o s e e x t r a c t e d f r o m t h e I E R S C 0 4 E R P s e r i e s ( w h i c h is c o m p l e t e l y 
i n d e p e n d e n t of o u r s e r i e s ) . T h e s e f i g u r e s c l e a r l y p r o v e t h a t G P S is c a p a b l e of 
e s t i m a t i n g t h e l e n g t h - o f - d a y ( w i t h a o n e d a y r e s o l u t i o n ) w i t h a p r e c i s i o n of a b o u t 
0.03 m s e c . W e a t t r i b u t e t h e q u a l i t y of o u r e s t i m a t e s t o t h e l e n g t h of o u r s a t e l l i t e a r c s 
( t h r e e d a y s ) . 

F i g u r e s 4 a a n d 4 b d e m o n s t r a t e t h a t t h e se t of f ixed c o o r d i n a t e s u s e d ( see 
T a b l e 2) is i m p o r t a n t : B o t h c u r v e s s h o w d i f f e r e n c e s b e t w e e n o u r S o l u t i o n s a n d t h e 
C04- se r i e s . T h e y a r e b a s e d i n o n e c a s e o n o u r r e a l i z a t i o n of t h e I T R F 9 1 , i n t h e o t h e r 
o n o u r r e a l i z a t i o n of t h e I T R F 92 Sys tem. W e c l ea r ly s ee t h e s u p e r i o r i t y of o u r ITRF 92 
s e r i e s . 

C O O R D I N A T E S 

T w o " f ree n e t w o r k S o l u t i o n s " c o u l d b e p r o d u c e d u s i n g t h e p r o g r a m 
A D D N E Q . T h e N E Q - s y s t e m s of 91 3 - d a y s S o l u t i o n s c o v e r i n g t h e t i m e p e r i o d f r o m 
1 A p r i l 1993 t o 31 D e c 1993 w e r e u s e d for t h i s p u r p o s e . T h e S o l u t i o n s ' c h a r a c t e r i s t i c s 
a r e g i v e n i n t h e s u m m a r y d e s c r i p t i o n b e l o w , t h e S ta t ion d i s t r i b u t i o n i n F i g u r e 5. I n 
t h e f i r s t s e t of c o o r d i n a t e s (A3) t h e S ta t ion ve loc i t i e s w e r e c o n s t r a i n e d t o t h e I T R F 92 
v a l u e s , i n t h e s e c o n d c a s e (B3) t h e S ta t ion v e l o c i t i e s a r e s o l v e d for. W e a r e a w a r e of 
t h e fac t t h a t a n i n e m o n t h t i m e i n t e r v a l is t o o s m a l l t o d e r i v e r e l i a b l e S t a t i o n 
d i s p l a c e m e n t s . W e i n c l u d e t h i s S o l u t i o n t o a l l o w a n o p t i m a l c o m b i n a t i o n w i t h 
c o o r d i n a t e se r i e s p r o d u c e d b y o t h e r a n a l y s i s c e n t e r s . 
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ERPs FROM CODE: DAYS 171/1992 - 049/1994 

Compared to C04 Pole 
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Figure 2a : D a i l y C O D E P o l e Est imates - C04 Po le Series (x - component ) 

ERPs FROM CODE: DAYS 171/1992 - 049/1994 

Compared to C04 Pole 
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Figure 2 b : D a i l y C O D E P o l e Est imates - C04 Po le Series ( y - c o m p o n e n t ) 
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Seasonal Oscillation 

CODE (Duration of Day) - Zonal Tides (periods < 35 days) 
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Figure 3 a : D a i l y C O D E E x c e s s D a y L e n g t h V a l u e s freed f rom z o n a l s o l i d earth t i d e s 
(per iods shorter than 35 d a y s ) 
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Figure 3 b : C O D E es t imates - IERS C04 Series (Length of d a y ) 
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OLD AND NEW CODE ERP SERIES SINCE DOY 200 (1993) 
Compared to C04 Pole 

X - P O L E 

200 230 260 290 320 

Day of Year 1993 

350 380 410 

*-* Old CODE Series (ITRF91) New CODE Series (ITRF92) 

Figure 4a : C O D E Est imates u s i n g the ITRF 91 of Table 1 - C04 P o l e Series (*) a n d C O D E 
Est imates u s i n g the ITRF 9 2 of Table 1 - C04 P o l e Series (.) x - c o m p o n e n t 

OLD AND NEW CODE ERP SERIES SINCE DOY 200 (1993) 

Compared to C04 Pole 

Y - P O L E 

CO CO 
E 

b 

o 
o 
o 

200 230 260 290 320 

Day of Year 1993 

350 

Old CODE Series (ITRF91) New CODE Series (ITRF92) 

Figure 4 b : C O D E Est imates u s i n g the ITRF 91 of Table 1 - C04 P o l e Series (•) a n d C O D E 
Est imates u s i n g the ITRF 9 2 of Table 1 - C04 P o l e Series (.) y - c o m p o n e n t 
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Figure 5 : IGS Core Stat ions u s e d b y the C O D E Process ing Center in 1993. 
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S u m m a r y d e s c r i p t i o n o f the So lu t ions C O D E 94 P Ol a n d P 02 

1 - T e c h n i q u e : G P S 

2 - A n a l y s i s Center : CODE 

3 - S o l u t i o n identif ier : 

4 - Sof tware u s e d : 

5 - Relat iv i ty Scale : 

6 - P e r m a n e n t t idal correct ion o n Station 

7 - Tectonic p la te m o d e l : 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - Geogravi ta t ional cons tant ( G M o ) : 

10 - Reference e p o c h : 

11 - A d j u s t e d parameters : 

12 - Def in i t ion o f the or ig in 

13 - Def in i t ion o f the or ientat ion 

14 - Constra ints for t i m e e v o l u t i o n 

(a) A 3 (94 P 01) 
( b ) B 3 ( 9 4 P 0 2 ) 

Bernese G P S Sogf tware , Vers ion 3.5+ 

Local Earth 

according to IERS Standards 

ITRF 92 ve loc i ty m o d e l 

299792458 m / s e c 

398.6004415 1 0 1 2 m 3 / s e c 2 

15 A u g 1993 for both Solut ions 

- 6 Kepler ian o s c u l a t i n g e l e m e n t s , direct 
rad ia t ion p r e s s u r e , a n d y -b ias for e a c h 
satel l i te a n d each 3 -days are, 
- p s e u d o - s t o c h a s t i c i m p u l s e c h a n g e s 
( twice per d a y ) for ec l ips ing satel l i tes , 
- 4 t r o p o s p h e r i c z e n i t h d e l a y s p e r d a y 
a n d Station, 
- ERPs as p o l y n o m i a l s of d e g r e e 1 for 
e a c h d a y ( c o n t i n u i t y a t t h e d a y 
b o u n d a r i e s ) , 
- initial p h a s e a m b i g u i t y parameters , 
- g e o c e n t r i c c o o r d i n a t e s for e a c h s i t e , 
a n d , for Solut ion (b) B3, ve loc i ty for each 
site . 

n o translat ion w i t h respect to the official 
13 IGS ITRF 92 s tat ions 

n o rotat ion w i t h respect to the official 13 
IGS ITRF 92 s tat ions 

(a) ITRF 9 2 Ve loc i ty Fie ld 
(b) l m / y r for n o r t h , e a s t - c o m p o n e n t s , 
O . l m m / y r for u p - c o m p o n e n t , for 2 8 
s tat ions . W e t t z e l l f ixed o n ITRF 9 2 ve l . 
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EOP(CODE) 9 4 P 02 From Jun 1992 to D e c 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l . 

YEAR X Y UTl 
Nb Sigma Nb Sigma Nb Sigma 

1992 
1993 

195 
364 

0.10 
0.06 

195 
364 

0.10 
0.06 

195 
364 

0.07 
0.06 

EOP(CODE) 94 P 03 From Jul 1993 to Feb 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l . 

YEAR 

1993 
1994 

X 
Nb Sigma 

166 0.05 
50 0.04 

Y 
Nb Sigma 

166 0.05 
50 0.04 

UTl 
Nb Sigma 

166 0.06 
50 0.06 
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1993 GPS D A T A PROCESSING A T T H E EMR A N A L Y S I S C E N T R E 
E O P ( E M R ) 9 2 P 0 4 

SSC(EMR) 94 P 0 2 , 0 3 , 0 4 

J. Kouba , J. Popelar , P. Tetreault , R. Ferland a n d F. Lahaye 
G e o d e t i c S u r v e y D i v i s i o n ( G S D ) , S u r v e y s , M a p p i n g a n d R e m o t e S e n s i n g Sec tor 
(SMRSS), E n e r g y M i n e s a n d Resources (EMR), 615 Booth St., O t t a w a , O n t K l A OE9 

S ince A u g u s t 1992 the GSD's Master A c t i v e Contro l S y s t e m ( M A C S ) Centre 
h a s b e e n r e d u c i n g G P S data from s ix C a n a d i a n A C S s tat ions a u g m e n t e d b y u p to 12 
s t a t i o n s of t h e I n t e r n a t i o n a l G e o d y n a m i c s G P S S e r v i c e (IGS) g l o b a l c o r e Station 
n e t w o r k . T h e GIPSY 11/ OASIS GPS Software Sys tem d e v e l o p e d b y the Jet P r o p u l s i o n 
Laboratory h a s b e e n a d o p t e d for da i l y proces s ing . T h e GIPSY II p r o c e s s i n g h a s b e e n 
h i g h l y a u t o m a t e d u s i n g U N I X Script to c o n s o l i d a t e a n d in tegra te p r o c e d u r e s in to a 
Single run . T w e l v e s ta t ions w e r e cons tra ined at t h e IGS c o o r d i n a t e s (Table 2) a n d 
a d o p t e d c o n s t a n t s , g r a v i t y a n d radia t ion pres sure m o d e i s c o n f o r m t o the I G S / I E R S 
Standards (Boucher et al, 1992; McCarthy , 1992) T h e g lobal o c e a n l o a d i n g m o d e l d u e 
to Pagiatakis (1982) h a s b e e n adopted . The submi t t ed EMR EOP series i s ident ical w i t h 
o u r w e e k l y s u b m i s s i o n s d u r i n g 1993 a n d Starts o n January 1, 1993. Al l d a y s are 
i n c l u d e d e v e n t h o s e w i t h A n t i S p o o f i n g (AS) turned on . 

T h e E M R p r o c e s s i n g i s b a s e d o n u n d i f f e r e n c e d p h a s e a n d s m o o t h e d 
p s e u d o r a n g e data at 5 m i n u t e s s a m p l i n g intervals u s i n g 15 d e g r e e e l e v a t i o n a n g l e cut 
off. B o t h p h a s e a n d p s e u d o r a n g e o b s e r v a t i o n s are c o n s i d e r e d u n c o r r e l a t e d a n d 
w e i g h t e d accord ing to s i g m a s c o m p u t e d from the f o l l o w i n g exponent ia l m o d e l : 

a(E) = oo + Oi e-E/fy 

w h e r e E i s t h e e l e v a t i o n a n g l e in d e g r e e s a n d the cons tant s are: Eo=20, Oo=4 m m , 

G i = 1 5 m m for p h a s e m e a s u r e m e n t s at al l s t a t i o n s ; a o = 1 8 0 a n d 780 m m for 
p s e u d o r a n g e s at m o s t s tat ions . S o m e s ta t ions (e.g. P A M A , STJO, YELL) h a v e h i g h e r 
p s e u d o r a n g e n o i s e d u e to m u l t i p a t h a n d are b e i n g w e i g h t e d a c c o r d i n g l y . W e h a v e 
a l so e n h a n c e d the GIPSY II Software to a l l o w different w e i g h t i n g of sa te l l i t e s , data 
s e g m e n t d e l e t i o n a n d correct ions o f b iases . This p r o v e d to b e use fu l for data r e d u c t i o n 
w h e n A S sate l l i tes can b e d o w n w e i g h t e d , d e l e t e d or b ias corrected. For A S data the 
p s e u d o r a n g e observa t ions w e r e d o w n w e i g h t e d b y a s s i g n i n g v e r y large s i g m a s (100 m) . 

W e h a v e a d o p t e d 24h arcs w i t h o u t a n y d a t a o v e r l a p . For e a c h 2 4 h are the 
initial a priori State vec tor is taken from the p r e v i o u s d a y So lut ion a n d p r o p a g a t e d to 
t h e b e g i n n i n g o f t h e current d a y m a k i n g t h e e s t i m a t i o n p r o c e s s se i f c o n t a i n e d . 
Broadcast orbits are u s e d o n l y w h e n i n t r o d u c i n g a n e w satel l i te . U s i n g the p r e c e d i n g 
are Solut ion is n o t o n l y m o r e accurate than the broadcas t orbit ini t ia l izat ion, b u t it a l so 
offers a se i f c h e c k o n d a i l y Solut ions a n d a qu ick i n d i c a t i o n of orbit errors a n d / o r 
p r o b l e m s re lat ing to a particular satellite. 

IERS(1994) Technical Note No 17. 
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T h e d i f ferences b e t w e e n the State vec tor e s t i m a t i o n for s u c c e s s i v e d a y s are 
t y p i c a l l y b e l o w 1 m a n d v a l u e s larger than 1.5 m are u s u a l l y repor ted in t h e w e e k l y 
s u m m a r y files. In m o s t cases larger differences h a v e b e e n f o u n d for e c l i p s i n g satel l i tes . 
Thi s a p p r o a c h a l so facil itates another t y p e of orbit m o d e l l i n g a n d e s t imat ion of D U T 1 . 
By a s s i g n i n g a priori orbit s i g m a s of I m a n d 0.5 m m / s in fact a p p r o x i m a t e s a r a n d o m 
w a l k s t o c h a s t i c p r o c e s s w i t h d a i l y U p d a t e s a n d s i g m a s of l m / s q r t ( d a y ) a n d 
(0.5 m m / s ) / s q r t ( d a y ) . This i s d u e t o t h e fact that the o ther s i g m a s are m u c h smal ler , 
t yp i ca l l y b e l o w 10 c m a n d 0.03 m m / s . A s a c o n s e q u e n c e of the co l inear i ty b e t w e e n 
D U T 1 a n d R. A . of t h e a s c e n d i n g orbit n o d e s , the e s t i m a t e d D U T 1 conta ins b o t h the 
D U T 1 c h a n g e s as w e l l a s t h e orbit n o d e errors c o m m o n t o all sate l l i tes w i t h s i g m a s 
a n d corre lat ion characterist ic of a r a n d o m w a l k p r o c e s s , i .e . the c o v a r i a n c e b e t w e e n 
d a y i a n d i+1 i s var ( i , i+ l )= var(i, i) . 

T h e var iance var(i , i) increases a p p r o x i m a t e l y w i t h the sqrt(i) , w h e r e i is the 
n u m b e r of d a y s s ince the D U T 1 init ia l izat ion. D U T 1 is in i t ia l ized t h e first n o n A S d a y 
of the G P S w e e k u s i n g the m o s t current U S N O / I E R S Bull. A v a l u e s . T h e s u m m a r y of 
e s t imated parameters , their a priori v a l u e s a n d s i g m a s are l i s ted in the Table 1. 

Table 1 : S u m m a r y of e s t i m a t e d parameters , a priori v a l u e s a n d s i g m a s 

Parameters 

StationX,Y,Z 
Pole x,y 
DUT1 
Trop. Z. dely 
Satell. states 
Sol. rad. Gx,Gz 
Sol. rad. Gy 
Init. phase amb 
Trop. bias 
Station clock 
Satell. Clock 

type 

constant 
ti 
it 
ti 
ti 
II 

ti 
II 

a priori values 

IGS/ITRF91 (1992.5) 
IERS/USNO Bull. A 

•t it 
2.0m 

prev. day Solution 
1.0 
0 
0 

random w. 0 
w. noise 0 

II 0 

a priori sigmas 

50m (fixed .002-.02m) 
3m 
3m ; fixed/reset every week 
.2m 
1km, .005m/s or Im, .0005m/s 
.1 (10%) 
1.0 10E-9 m/sA2 
300000km 
.Olm/sqrt(1h) 
ls (ALGO H-Maser fixed) 
0.001/.0001s for Block I/II 

T h e o r i e n t a t i o n a n d to a large e x t e n d t h e s c a l e of t h e E M R o r b i t / E O P 
So lut ions are n o m i n a l l y t h o s e of ITRF91 ( e p o c h 1992.5) as rea l i zed t h r o u g h the set of 
u p to 12 s ta t ions cons tra ined at the ITRF91 coord inates w h i c h are pr imar i ly b a s e d o n 
VLBI So lut ions ( see the l ist of constra ined s tat ions in the s u m m a r y descr ip t ion b e l o w ) . 
A l s o t h e D U T 1 w h i c h is in i t ia l ized o n c e a w e e k , u s u a l l y o n S u n d a y or the first n o n A S 
d a y of the w e e k u s i n g the m o s t current I E R S / N O E S Bul l .A pred ic t ions is d e r i v e d from 
VLBI D U T 1 Solut ions . 

T h e r e p o r t e d E O P s i g m a s are t h e formal s i g m a s a s e s t i m a t e d b y t h e 
a d j u s t m e n t . A s e x p e r i e n c e d f r o m t h e repeatabi l i ty of p o s i t i o n So lu t ions t h e formal 
s i g m a m a y b e t o o opt imis t i c , a n d n e e d to b e mul t ip l i ed b y a factor of 2 or 3. 
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S u m m a r y o f S o l u t i o n s S S C (EMR) 94 P 0 2 , 0 3 a n d 04 

1 - T e c h n i q u e : 

2 - A n a l y s i s c e n t r e : 

3 - S o l u t i o n iden t i f i e r : 

4 - S o f t w a r e u s e d : 

5 - Re l a t i v i t y s c a l e : 

6 - P e r m a n e n t T i d e co r r : 

7 - T e c t o n i c p l a t e m o d . : 

8 - ve loc i t y of l igh t : 

9 - G M : 

g r a v i t y m o d e l : 

10 - r e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

12 -o r ig in : 

1 3 - o r i e n t a t i o n : 

G P S 

G e o d e t i c S u r v e y D i v i s i o n ( G S D ) , S M R S S , E M R 

1993 E M R A n n u a l S u b m i s s i o n 

G I P S Y / O A S I S H ( U N I X ) 

LE 

n o n e 

n o n e , 3 e p o c h s 

299792458 m / s 

389600.4414 k m ^ / s 5 

G E M T 3 ( 8,8) +C21+S21 

1993 .21 ,1993 .5 ,1993 .83 

- u n d i f f e r e n c e d p h a s e a n d s m o o t h e d p s e u d o r a n g e d a t a 
> 15 d e g r e e s @ 5 m i n ; 
- Single d a y (24h) a r e w i t h 6 IC a n d 3 r a d . p a r a m e t e r s p e r 
sa te l l i t e ( u p t o 2 6 s a t ) ; 

- t r o p . z e n i t h d e l a y co r r . p a r a m e t e r a u g m e n t e d w i t h 
r a n d o m w a l k s toch . p r o c e s s ; 
- i n i t i a l p h a s e a m b i g u i t y p a r a m e t e r s (1 for e a c h 
s a t e l l i t e / s t a t i o n p a s s o r in i t ia l p h a s e ) ; 

- S ta t ion p o s i t i o n s X,Y,Z, u p t o 18 s t a t i o n s . 
- x , y p o l e p o s i t i o n , o n c e a d a y ( D U T 1 f i x e d / s o l v e d ; 
D U T l , x , y a p r i o r i s i g m a = 3 m ) ; 
- S t a t i o n c l o c k b i a s e s o n c e p e r e a c h e p o c h / S t a t i o n 
( e x c e p t for A L G O h . m a s e r w h i c h p r o v i d e s t h e t i m e 
r e f e rence ) w i t h s i g m a 1 s; 

- s a t e l l i t e c lock b i a s e s o n c e p e r e a c h e p o c h / s a t e l l i t e w i t h 
l m s o r . l m s s i g m a . 

N o m i n a l l y ITRF91 

14 - C o n s t r a i n t for t. e v o l u t i o n : n o n e 
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S u m m a r y of So lu t ion EOP (EMR) 92 P 04 

1 - A n a l y s i s c e n t r e : G e o d e t i c S u r v e y D i v i s i o n ( G S D ) , S M R S S , E M R 

2 - S o l u t i o n iden t i f i e r : A n n u a l S u b m i s s i o n 

3 - S o f t w a r e u s e d G I P S Y / O A S I S H ( U N I X ) 

4 - De f in i t i on of T e r r e s t r i a l f r a m e : 

o r i g i n : 

o r i e n t a t i o n : 

r e f e r e n c e e p o c h : 

ve loc i ty of l i g h t : 

G M : 

g r a v i t y m o d e l : 

p e r m a n e n t t i d e corr : 

o c e a n l o a d i n g : 

5 - A d j u s t e d p a r a m e t e r s : 

N o m i n a l l y I T R F 9 1 
ti tt 

1992.5 

299792458 m / s 

398600.4414 k n \ 3 / s 5 

G E M T 3 ( 8,8) +C21+S21 
N o n e 
P a g i a t a k i s , g l o b a l m o d e l 

u n d i f f e r e n c e d p h a s e a n d s m o o t h e d p s e u d o r a n g e d a t a > 
15 d e g r e e s @ 5 m i n . Single d a y (24h) a r e w i t h 6 IC a n d 3 

r a d . p a r a m e t e r s p e r sa te l l i t e (20sat . ) 
t r o p . z e n i t h d e l a y c o r r . p a r a m e t e r a u g m e n t e d w i t h 
r a n d o m w a l k s toch . p r o c e s s 

i n i t i a l p h a s e a m b i g u i t y p a r a m e t e r s (1 f o r e a c h 
s a t e l l i t e / S t a t i o n p a s s o r in i t i a l p h a s e ) 
S ta t ion p o s i t i o n s X,Y,Z, u p t o 19 s t a t i o n s , A L G O , FAIR , 
G O L D , H A R T , S A N T , T R O M , W E T T , Y E L L , M A D R , 
M C M U , T I D B a n d Y A R 1 c o n s t r a i n e d . 
x , y p o l e p o s i t i o n o n c e a d a y ( D U T 1 f i x e d / s o l v e d ; 
D U T l , x , y a p r i o r i s i g m a = 3 m ) 
S ta t ion c lock b i a s e s o n c e p e r e a c h e p o c h / s t a t i o n ( e x c e p t 
for A L G O h. m a s e r w h i c h p r o v i d e s t h e t i m e r e f e r e n c e ) 

w i t h s i g m a 1 s 
sa t e l l i t e c lock b i a s e s o n c e p e r e a c h e p o c h / s a t e l l i t e w i t h 
l m s o r . l m s s i g m a 
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Distr ibut ion of the 17 s i tes of the terrestrial frame SSC(EMR) 94 P 02. 
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UNCERTAINTIES (cm) 

Dis tr ibut ion o f the uncerta int ies (quadratic m e a n of a x , o y , c z ) for the 18 
s ta t ions of t h e terrestrial f rame SSC(EMR) 94 P 02. 
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EOP(EMR) 92 P 04 From Oct 1992 to Jan 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l 

YEAR X Y UTl 
Nb Sigma Nb Sigma Nb Sigma 

1992 64 0.22 64 0.18 41 2.40 
1993 365 0.21 365 0.17 265 2.20 
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A N N U A L R E P O R T F R O M T H E E S O C A N A L Y S I S C E N T R E F O R 1993 

E O P ( E S O C ) 9 2 P 0 2 

S S C ( E S O C ) 9 4 P 0 1 

T. J. M a r t i n M u r , J. M . D o w , J. F e l t e n s (1) , C G a r c i a M a r t i n e z (2) 
E S A / E u r o p e a n S p a c e O p e r a t i o n s C e n t r e (ESOC) 
(1) m b p a t E S O C , (2) G M V a t E S O C 

T h e E S O C c o n t r i b u t i o n t o t h e I E R S for 1 9 9 3 c o n s i s t s of a d a i l y E a r t h 
O r i e n t a t i o n P a r a m e t e r S o l u t i o n , E O P ( E S O C ) 9 2 P 0 2 , a n d a G P S S t a t i o n c o o r d i n a t e 
S o l u t i o n , S S C ( E S O C ) 94 P 0 1 . T h e E O P S o l u t i o n h a s b e e n o b t a i n e d w i t h t h e d a i l y 
p r o c e s s i n g of G P S d a t a for t h e I G S a n d t h e S t a t i o n c o o r d i n a t e S o l u t i o n h a s b e e n 
o b t a i n e d f r o m 21 t w o d a y a r c s of G P S Obse rva t i on e q u a t i o n s f r o m 1993. 

1. D E S C R I P T I O N O F T H E E O P ( E S O C ) 92 P 02 SERIES F O R 1993 

1.1 D a i l y I G S p r o c e s s i n g a t E S O C 

G P S d a t a f r o m e v e r y d a y of 1993 h a v e b e e n u s e d t o o b t a i n o r b i t s , E a r t h 
O r i e n t a t i o n P a r a m e t e r s , a n d a s of N o v e m b e r 2 8 , s a t e l l i t e c lock b i a s e s . T h e i n c o m i n g 
G P S d a t a f r o m a b o u t 24 s t a t i o n s is e v a l u a t e d o n a d a i l y b a s i s a n d E O P s a r e d e t e r m i n e d 
for 24 h o u r i n t e r v a l s . T h e in i t i a l v a l u e s a r e t a k e n f r o m IERS B u l l e t i n A p r e d i c t i o n s . 
R I N E X O b s e r v a t i o n files a r e t h e i n p u t of t h e G P S O B S p r o g r a m , t h a t c h e c k s for cyc le 
s l i p s , o b t a i n s in i t i a l e s t i m a t e s for c lock b i a s e s , o b t a i n s i n d e p e n d e n t d o u b l e d i f f e r enced 
p h a s e o b s e r v a t i o n s a n d p r e p a r e s t h e i n p u t s for B A H N , o u r o r b i t a n d g e o d e t i c 
p a r a m e t e r e s t i m a t i o n p r o g r a m . B A H N m a k e s a n a d j u s t m e n t e s t i m a t i n g o r b i t s , 
p o s i t i o n s of s o m e s t a t i o n s , t r o p o s p h e r i c p a r a m e t e r s , m e a s u r e m e n t b i a s e s , r e c e i v e r 
c lock b i a s e s a n d E O P s . If p r e c i s e s a t e l l i t e c lock b i a s e s a r e n e e d e d G P S O B S c a n a l s o 
o b t a i n t h e m i n p o s t p r o c e s s i n g u s i n g c o d e a n d c a r r i e r p h a s e o b s e r v a t i o n s a n d f ix ing 
t h e v a l u e s of e a r t h f i xed o r b i t s , t r o p o s p h e r i c p a r a m e t e r s a n d p o s i t i o n of s t a t i o n s t o 
t h o s e o b t a i n e d b y B A H N . D a i l y So lu t ions a r e g r o u p e d in G P S w e e k b a t c h e s a n d s e n t t o 
t h e IERS t o b e u s e d i n t h e IERS E O P c o m b i n a t i o n . 

1.2 M o d e l s a n d c o n s t a n t s u s e d 

- T e r r e s t r i a l r e f e r e n c e f r a m e 

It is d e f i n e d b y f ix ing a s e t of 11 t o 13 g r o u n d s t a t i o n s t o t h e v a l u e s g i v e n b y t h e IERS 
a n d b y u s i n g a v e l o c i t y f ie ld t h a t w a s N N R - N u v e l l u p t o M a r c h 13 1993 a n d ITRF92 
f r o m M a r c h 14 1993. T h e g e o c e n t r e is d e f i n e d t h r o u g h t h e g r a v i t y m o d e l (CIO = C l l = 
S i l = 0). 

- I n t e g r a t i o n of t h e e q u a t i o n s of m o t i o n 

T h i s i s d o n e i n t h e S t a n d a r d J2000.0 ce les t i a l f r a m e . T h e r e l a t i v i t y s c a l e is t h a t of t h e 
loca l E a r t h . 

1ERS(1994) Technical Note No 17. 



P-24 

- Trans format ion b e t w e e n terrestrial a n d celest ial reference frames 

T h e IERS S t a n d a r d s are u s e d t o t r a n s f o r m f r o m ce les t ia l f rame t o t h e terrestrial 
r e f e r e n c e f r a m e , i n c l u d i n g ce l e s t i a l p o l e o f f se t f r o m IERS B u l l e t i n A . E O P s are 
m o d e l l e d as cons tant d u r i n g e v e r y U T C d a y , w i t h a cons tant p o l e p o s i t i o n (xp , y p ) . 
U T l w a s m o d e l l e d w i t h a constant U T l rate u p to October 30 1993, a n d from October 31 
1993 a c o n s t a n t v a l u e of U T l regu lar ized (UT1R) rate w a s u s e d , s o the U T l rate c o u l d 
h a v e the var iat ions d u r i n g the d a y pred ic ted b y the difference b e t w e e n U T l a n d UT1R. 
T h e parameter that i s p r o v i d e d t o t h e IERS is t h e L e n g t h Of the D a y (LOD) , a n d as of 
October 31 LODR. U T l ser ies can b e reconstructed from L O D or L O D R v a l u e s w h e n a 
init ial v a l u e i s g i v e n . 

- Basic cons tants 

Ve loc i ty of l ight: c = 299792.458 k m / s 

Earth gravi tat ional constant: G M = 398600.4415 k n \ 3 / s 2 

M e a n equator ia l Earth radius: A e = 6378.137 k m 
So l id Earth t idal L o v e n u m b e r : h 2 = 0.6090 
S o l i d Earth t idal S h i d a n u m b e r : 12 = 0.0852 

- G P S data h a n d l i n g 

T h e b a s i c o b s e r v a b l e for B A H N i s d o u b l e - d i f f e r e n c e of carrier p h a s e s , u s i n g the 
i o n o s p h e r i c free c o m b i n a t i o n . T h e e l e v a t i o n cutoff a n g l e i s 20 d e g r e e s a n d IGS 
e v a l u a t i o n w a s d o n e u s i n g 2 4 h o u r arcs u p t o Apri l 3 1993 a n d 4 8 h o u r arcs from 
Apr i l 4 1993. T h e 4 8 h o u r s i n c l u d e the central d a y a n d t w o p e r i o d s of 12 h o u r s before 
a n d after. 

- Satel l i te force m o d e l 

Geopotent ia l , GEM-T3 (n=8 , m = 8 p l u s C21 = -0 .1710"9 a n d S21 = 1.19 10-9) 
Solar third b o d y attraction 
Lunar third b o d y attraction 
So l id t ides , k 2 = 0.300, p h i = 0, W a h r frequency d e p e n d e n t correct ions 
O c e a n t ides , Schwidersk i ; n = 6 , m = 2 , 1 1 t idal const i tuents 
N o n - G r a v i t a t i o n a l : Solar p r e s s u r e + radiat ion e m i s s i o n m o d e i s f rom Fl iege l , T10 for 
Block I satel l i tes a n d T20 for Block 11/ HA satell ites. A constant scale factor a n d a Y-bias 
are e s t i m a t e d for e v e r y are. 

- Correc t ions to t h e m e a s u r e m e n t s 

Satel l i te centre of m a s s correction: For Block I satel l i tes , in b o d y f ixed, d x = 0.210 m , 
d z = 0 .854 m . For Block II satell ites, d x = 0.279 m , d z = 1.026 m . 
I o n o s p h e r i c c o r r e c t i o n : T h r o u g h the u s e o f L3 i o n o s p h e r i c f r e e c o m b i n a t i o n . 
T r o p o s p h e r i c correc t ion: Z e n i t h d e l a y e s t i m a t e d l inear ly i n 3 h o u r in terva l s u p to 
Apr i l 3 1993. F r o m A p r i l 4 1994 z e n i t h d e l a y a n d s h a p e factor e s t i m a t e d l inear ly in 6 

h o u r i n t e r v a l s . 
R e c e i v e r L3 a n t e n n a p h a s e c e n t r e correct ion: A ver t i ca l o f f s e t f r o m t h e a n t e n n a 
r e f e r e n c e p o i n t o f 0 .050 m for R o g u e / M i n i R o g u e a n t e n n a s a n d of 0 .082 m for 

T u r b o R o g u e a n t e n n a s . 
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A n t e n n a h e i g h t s a n d local ties: from IGS Mai l 90 u p to M a r c h 13 1993, f rom IGS Mai l 
160 from March 14 1993 u p to D e c e m b e r 26 1993, f rom the local t ie . tab file m a i n t a i n e d 
at the IGS Central Bureau from D e c e m b e r 27 1993. 

1.3 R e s u l t s 

The EOP series ob ta ined b y ESOC for 1993 h a v e b e e n w e e k l y sent t o the IERS. 

Table 1: Initial v a l u e s a n d constraints u s e d . W h e n t w o v a l u e s of constraint appear , the 
first w a s u s e d u p to Apri l 3 , 1 9 9 3 a n d the s e c o n d from Apri l 4 , 1 9 9 3 . 

Parameter 

Satellite position at epoch 
Satellite velocity at epoch 
ROCK4 scaling factor 
Y-bias 
xp, yp 
LOD / LODR 
Station position 
Total tropos. zenith delay 
Ambiguities 

Initial value 

From previous day orbit 
From previous day orbit 
1.0 (0.88 for PRN# 23) 
0.0 
IERS Bulletin A 
IERS Bulletin A 
ITRF91 / ITRF92 
2.1 m 
0.0 

A priori constraint 

100 m 
0.1 m/s , 1 m/s 

0.05 , 0.1 
2e-6 N , le-6 N 
5 mas , 100 mas 

0.5 ms/d , 6 ms/d 
0.2 m , 50 m 

0.2 m 
3e-8 m 

Table 2: H i s tory of c h a n g e s for 1993 

D a t e MJD D e s c r i p t i o n o f c h a n g e 

Mar. 

Mar. 

Apr. 

Sep, 

Oct, 

Dec, 

7 49053 New Station coordinates SSC(ESOC) P 01 used. 
Before the Station coordinate set from IGS Mail 90 
was used. 

14 49060 New Station coordinates and velocities from the 
ITRF91 used. Before the velocities were derived 
from the NNR-Nuvell model. 

4 49081 48 hour are used for orbits adjustment. New a 
priori constraints. 

12 49242 Receiver clock biases estimated. Before these 
biases were supposed to be zero. Intial values 
obtained from GPSOBS and used with an a priori 
constraint of 1 microsecond. 

31 49291 LODR estimated instead of LOD. Improved ÜT1 
modelling as a consequence. More passes and 
observations used. Implemented the capability of 
exeluding manoeuvering satellites from affecting 
the EOP estimate. 

26 49347 New Station 
ITRF92. 

coordinates and velocities from the 
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2 . D E S C R I P T I O N O F T H E G P S S T A T I O N C O O R D I N A T E S O L U T I O N S S C ( E S O C ) 

9 4 P 0 1 

2.1 I n p u t data 

- S i tes i n c l u d e d 

T h e s t a t i o n s t h a t w e r e i n d u d e d i n t h e a n a l y s i s w e r e t h o s e s t a t i o n s t h a t t h e E S O C / I G S 
A n a l y s i s C e n t r e w a s u s i n g i n J a n u a r y of 1994 fo r t h e d a i l y I G S p r o c e s s i n g . T h e y 
i n c l u d e d a l l t h e 13 s t a t i o n s t h a t a r e k e p t f ixed fo r d a i l y I G S p r o c e s s i n g , a l l t h e E S A 
r e c e i v e r s a n d a d d i t i o n a l r e c e i v e r s t o o b t a i n a n e v e n l y d i s t r i b u t e d t r a c k i n g of t h e G P S 
s a t e l l i t e s . A l l t h e s e s t a t i o n s a r e e q u i p p e d w i t h R o g u e , M i n i R o g u e , o r T u r b o R o g u e 
p r e c i s e g e o d e t i c G P S r e c e i v e r s c o n n e c t e d t o s t a b l e a t o m i c f r e q u e n c y S t a n d a r d s . T h e 
s t a t i o n s u s e d a r e l i s t e d i n t h e T a b l e 3 . 

T a b l e 3 : S t a t i o n s u s e d i n t h e S ta t ion c o o r d i n a t e S o l u t i o n 

Domes 
number 

10302M003 
10403M002 
12734M008 
13407S012 
13504M003 
14201S020 
21729S007 
23601M001 
30302M002 
31303M001 
40104M002 
40127M003 
40405S031 
40408M001 
40424M004 
40499M002 
40499S018 
41602M001 
41705M003 
50103M108 
50107M004 
50133M001 
66001M001 
92201M003 
97301M210 

Name 

Tromso 
Kiruna 
Matera 
Madrid 
Kootwijk 
Wettzell 
Usuda 
Taipei 
Hartebeesthoek 
Maspalomas 
Algonquin 
Yellowknife 
Goldstone 
Fairbanks 
Kokee Park 
Richmond 
Richmond 
Fortaleza 
Santiago 
Tidbinbilla 
Yarragadee 
Perth 
McMurdo 
Pamatai 
Kourou 

IGS 
code 

TROM 
KIRU 
MATE 
MADR 
KOSG 
WETT 
USUD 
TAIW 
HART 
MASP 
ALGO 
YELL 
GOLD 
FAIR 
KOKB 
RCM2 
RCM5 
FORT 
SANT 
TIDB 
YAR1 
PERT 
MCMU 
PAMA 
KOÜR 

Operator 

SK 
ESOC 
ASI/Telespazio 
JPL/DSN 
DUT 
IfAG 
JPL 
IES/AS 
SAC/CNES 
ESOC 
NRCan 
NRCan 
JPL/DSN 
JPL 
JPL 
NOAA 
NOAA 
INPE/NOAA 
JPL 
JPL/DSN 
JPL 
ESOC 
JPL 
CNES 
ESOC 

Receiver 
type 

Rogue 
TurboRogue 
Rogue 
Rogue 
Rogue 
Rogue 
Rogue/TurboR. 
Rogue 
Rogue 
MiniRogue 
Rogue 
MiniRogue 
Rogue 
Rogue 
Rogue 
Rogue 
TurboRogue 
TurboRogue 
Rogue 
Rogue 
Rogue 
TurboRogue 
Rogue 
Rogue 
MiniRogue 

Tectonic 
plate 

Eurasia 
Eurasia 
Eurasia 
Eurasia 
Eurasia 
Eurasia 
Eurasia 
Eurasia 
Africa 
Africa 
North America 
North America 
North America 
North America 
Pacific 
North America 
North America 
South America 
South America 
Australia 
Australia 
Australia 
Antarctica 
Pacific 
South America 

- A r c s i n d u d e d 

T h e p e r i o d s o f d a t a u s e d w e r e : 
S e v e n t w o d a y a r c s f r o m J a n u a r y 1 7 t h 1993 t o J a n u a r y 3 0 t h 1 9 9 3 , u s i n g 21 

G P S s a t e l l i t e s . 

S e v e n t w o d a y a r c s f r o m J u l y 4 t h 1993 t o J u l y 17th 1993, u s i n g 2 3 G P S 

s a t e l l i t e s . 
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S e v e n t w o d a y arcs f rom D e c e m b e r 19th 1993 to January I s t 1994, u s i n g 26 
GPS satel l i tes . 

N e i t h e r a n t i - s p o o f i n g w a s a c t i v a t e d n o r sate l l i tes w e r e m a n o e u v e r e d d u r i n g t h e s e 
three p e r i o d s . N o t all the s ta t ions w e r e ava i lab le d u r i n g t h e s e s ix w e e k s . T h e actual 
s tat ions u s e d for e v e r y are are l i s ted in Table 4. K o k e e Park (KOKB) w a s e x e l u d e d from 
the D e c e m b e r A n a l y s i s b e c a u s e it d i d no t p r o d u c e g o o d data for s o m e d a y s . 

Table 4: Data s p a n s u s e d 

IGS January 1993 July 1993 December 1993 
code 17 19 21 23 25 27 29 04 06 08 10 12 14 16 19 21 23 25 27 29 31 

TROM ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
KIRU ** ** ** •* ** ** •* ** •• •* ** 
MATE ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
MADR ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
KOSG ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WETT * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** ** ** 
USUD * * * * * * * * * * * * * * **** * * * * * * * * * * * * * * 
TAIW **** * * * * * * * * * * * * * * * * * * * * • * • * • • * • • * • * * * 
HART ** ** ** *• ** •• •* ** •• ** ** ** •* *• •* ** ** ** •• •* ** 
MASP ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
ALGO ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
YELL ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
GOLD ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
FAIR ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
KOKB ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
RCM2 ** **** * * * * * * * * •*** 
RCM5 ** ** ** ** ** ** ** 
FORT **** * * * * * * 
SANT ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
TIDB ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
YAR1 * * * * * * * * * * * * • • * * * • * • * * * * * * * * * * * * * * 
PERT ** * * * * * * * * * * 
MCMU ** ** ** ****** ** 
PAMA * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
KOUR ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

- Initial Station coord inates 

Initial Station coord ina te s w e r e o b t a i n e d from the ITRF92 Station c o o r d i n a t e Solut ion, 
as l i s ted in IGS Mai l s 421 a n d 430. Stat ion p o s i t i o n s w e r e ca lcu la ted at t h e different 
e p o c h s u s i n g the ve loc i t i e s of the ITRF92. To obta in the ve loc i t i e s of those s tat ions not 
i n c l u d e d in t h e ITRF92 (KIRU, FORT, PERT) a n d a l s o for T R O M a n d YELL the N N R -
N u v e l - 1 v e l o c i t y f ie ld w a s u s e d . C o o r d i n a t e s for s t a t i o n s n o t l i s t ed in t h e s e m a i l s 
(KIRU, R C M 5 , FORT, PERT) w e r e obta ined from the a v e r a g e e s t imates f rom o n e w e e k 
of IGS p r o c e s s i n g . Loca l t ies a n d a n t e n n a h e i g h t s w e r e o b t a i n e d f r o m t h e fi le 
localt ie . tab m a i n t a i n e d b y the IGS Central Bureau. 
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- O b s e r v a t i o n e q u a t i o n s 

T h e p a r a m e t e r s t h a t w e r e e s t i m a t e d i n t h e g e n e r a t i o n of t h e O b s e r v a t i o n e q u a t i o n s 
w e r e : 

Sa t e l l i t e p o s i t i o n a n d v e l o c i t y for t h e Star t of e a c h a r e a n d a s c a l e r a d i a t i o n 
p r e s s u r e a n d a y - b i a s for e a c h a re . 

T r o p o s p h e r i c b i a s e s , m o d e l l e d l i n e a r l y i n 6 h o u r i n t e r v a l s . 
M e a s u r e m e n t b i a s e s for t h e d o u b l e d i f f e rence p h a s e o b s e r v a t i o n s . 
R e c e i v e r c lock b i a s e s a n d d r i f t s , a s n e e d e d . 

O b s e r v a t i o n e q u a t i o n s w e r e a l s o o b t a i n e d for o t h e r p a r a m e t e r s , f i x ing for e a c h a r e 
t h e i r v a l u e t o s o m e in i t i a l v a l u e : 

E a r t h r o t a t i o n p a r a m e t e r s , w i t h in i t i a l v a l u e s f r o m t h e IERS Bu l l e t i n B. 
S t a t i o n c o o r d i n a t e s . 

- N o r m a l e q u a t i o n s 

N o r m a l e q u a t i o n s w e r e o b t a i n e d f r o m t h e O b s e r v a t i o n e q u a t i o n s e l i m i n a t i n g t h o s e 
p a r a m e t e r s t h a t w e r e n o t of i n t e r e s t for s u b s e q u e n t p r o c e s s i n g . T h e o n l y p a r a m e t e r s 
k e p t w e r e S ta t ion c o o r d i n a t e s a n d e a r t h o r i e n t a t i o n p a r a m e t e r s . 

2.2 D a t a a n a l y s i s 

- F r e e n e t w o r k S o l u t i o n s 

F i r s t S t a t ion c o o r d i n a t e S o l u t i o n s w e r e o b t a i n e d s e p a r a t e l y for e v e r y a r e in o r d e r t o 
ve r i fy t h e q u a l i t y of t h e d a t a f r o m e a c h a r e . T h e s e So lu t ions w e r e t h e n c o m p a r e d w i t h 
t h r e e t w o w e e k S o l u t i o n s for J a n u a r y , J u l y a n d D e c e m b e r . O n l y o b s e r v a b i l i t y p r o b l e m s 
w e r e f o u n d for o n e o r t w o s t a t i o n s for a c o u p l e of a r c s , b u t t h e y w e r e s o l v e d b y 
c o m b i n i n g t h e s e a r c s w i t h o t h e r w i t h b e t t e r o b s e r v a b i l i t y for t h o s e s t a t i o n s . T h e n a 
g l o b a l S o l u t i o n w a s o b t a i n e d a n d c o m p a r e d w i t h t h e t w o w e e k S o l u t i o n s t o o b t a i n a n 
e s t i m a t e of t h e r e p e a t a b i l i t y of t h e S o l u t i o n s . A l l t h e s e S o l u t i o n s w e r e o b t a i n e d f ix ing 
t h e E R P v a l u e s t o t h e i n i t i a l I E R S B u l l e t i n B v a l u e s a n d w i t h o u t u s i n g a n y o t h e r 
a d d i t i o n a l c o n s t r a i n t , s o t h e y c a n b e c o n s i d e r e d "free n e t w o r k " S o l u t i o n s . T a b l e 5 
c o m p a r e s t h e t w o w e e k S o l u t i o n s w i t h e a c h o t h e r a n d w i t h t h e g l o b a l f ree n e t w o r k 
S o l u t i o n . 

T a b l e 5 . D i s c r e p a n c i e s af ter 7 p a r a m e t e r t r a n s f o r m a t i o n . 

rms of East rms of North rms of Height 
discrepancies discrepancies discrepancies 

First set Second set (cm) (cm) (cm) 

Jan. Solution Jul. Solution 1.8 1.2 3.7 
Jul. Solution Dec. Solution 3.3 1.5 3.7 
Jan. Solution Dec. Solution 3.9 1.3 3.1 
Global Solution Jan. Solution 1.6 0.7 1.9 
Global Solution Jul. Solution 1.4 1.1 2.5 
Global Solution Dec. Solution 2.6 0.7 1.7 
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Typical accuracy b a s e d i n repeatabi l i ty can b e e s t i m a t e d to a b o u t 2 .2 c m east , 1.0 c m 
north a n d 2.5 c m vert ical for the t w o w e e k Solut ions a n d a b o u t 1.3 c m eas t , 0.6 c m 
n o r t h a n d 1.5 c m vert ica l for the g loba l So lut ion . W h e n t h e g l o b a l free n e t w o r k 
So lut ion is c o m p a r e d w i t h the init ial v a l u e s ( m o s t l y ITRF92), t h e r e s u l t s are t h o s e 
s h o w n in Table 6. 

Table 6. C o m p a r i s o n of t h e g loba l free n e t w o r k Solut ion w i t h the init ial v a l u e s after a 
s e v e n p a r a m e t e r t rans format ion to o b t a i n t h e n e w c o o r d i n a t e s i n the s a m e 
re ference 

centre offset rotations residual rms 
x y z x y z scale East Nor. Hei. 

reference set (cm) (cm) (cm) (mas) (mas) (mas) (ppm) (cm) (cm) (cm) 

All stations -0.25 -7.15 17.88 -1.55 -0.61 -10.10 0.000 1.2 1.1 3.1 
ITRF92 -0.33 -6.90 17.59 -1.67 -0.68 -10.17 0.001 1.2 0.9 3.3 
IGS fiducial 0.07 -6.88 17.29 -1.63 -0.57 -9.95 0.000 0.9 0.6 3.0 

T h e c o m p a r i s o n s h o w s a g r e e m e n t w i t h t h e in i t ia l c o o r d i n a t e s to a b o u t 1 c m 
hor izonta l a n d 3 c m vertical . A l l the initial coord inates , those o b t a i n e d from the IERS 
as w e l l as t h o s e o b t a i n e d from o n e w e e k of IGS resul t s , s e e m to b e e q u a l l y accurate. 
There is n o s ignif icant di f ference b e t w e e n the accuracy of the 13 stat ions that are u s e d 
as f iducial s i tes for the da i ly Solution a n d the other sites . 

- D i s c u s s i o n o n constraints 

A s w e s e e in Table 6 a free n e t w o r k Solut ion can b e shi f ted a n d rotated w i t h respect to 
the reference Solut ion. T h e b i g g e s t shift is a l w a y s for t h e G P S Solut ions that w e h a v e 
o b t a i n e d a z axis d i s p l a c e m e n t a n d the b i g g e s t rotat ion i s , as e x p e c t e d for a satel l i te 
b a s e d Solut ion, a z rotat ion. W e w o u l d l ike to h a v e o u r Solut ion in the s a m e reference 
as the or ig inal ITRF92 set w i t h o u t h a v i n g to pos t -proces s the coord inate set . This can 
be d o n e u s i n g constraints for the Station coordinates that stabi l ize o u r System w i t h o u t 
c h a n g i n g the re lat ive p o s i t i o n of the s tat ions . A n o t h e r addi t iona l p r o b l e m i s that free 
n e t w o r k S o l u t i o n s d o n o t p r o v i d e a c r e d i b l e e s t i m a t e of the a c c u r a c y of t h e 
coordinates . C a l c u l a t e d abso lu te accuracies are as b i g as 7 m e t e r s for the l o n g i t u d e of 
s o m e s ta t ions in t h e g loba l free n e t w o r k Solut ion. T w o k i n d s of cons tra in t s w i l l b e 
u s e d . T h e first w i l l b e a s o ca l l ed s e v e n p a r a m e t e r cons tra in t , tha t c o n s t r a i n s the 
d i s p l a c e m e n t s of a g r o u p of s ta t ions s o the a v e r a g e shift , ro ta t ion or sca l e are kept 
u n c h a n g e d . T h e s e c o n d , n e e d e d to obta in e s t imates of t h e accuracy, i s a l o o s e a priori 
constraint for e v e r y c o m p o n e n t of a g r o u p of s tat ions s o that the Sys tem is s tabi l ized. 

- So lu t ion SSC(ESOC) 94 P 01 

For this Solut ion t h e f o l l o w i n g constraints w e r e appl i ed: 
Earth rotat ion parameters w e r e f ixed to the IERS Bullet in B v a l u e s . 
The or ig in a n d z rotation of the System d e f i n e d b y t h e set of 13 s tat ions that 
are f ixed for the dai ly Solution w e r e constra ined to b e zero . X a n d y rotat ion 
w e r e not f ixed b e c a u s e it w o u l d conflict w i t h f ixing t h e centre of the Sys tem 
a n d the p o s i t i o n of the po le . The scale factor is w e l l d e t e r m i n e d a n d d o e s 
no t n e e d t o b e f ixed. 
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A l l the Station c o o r d i n a t e s w e r e l o o s e l y c o n s t r a i n e d to the a priori v a l u e s 
w i t h 1 m for e v e r y c o m p o n e n t . 

2.3 R e s u l t s 

- Effect of constraints 

T h e first t h i n g that h a s t o b e a n a l y z e d i s h o w t h e constraints that h a v e b e e n a p p l i e d 
h a v e af fected t h e Solut ion. For that w e c o m p a r e in Table 7 the c o n s t r a i n e d Solut ion 
w i t h t h e f r e e n e t w o r k So lu t ion , w i t h t h e in i t ia l c o o r d i n a t e s a n d w i t h t h e ini t ia l 
coord inates of the set of f iducial s tat ions 

Tab le 7. C o m p a r i s o n of the SSC(ESOC) 9 4 P Ol w i t h re ference se t s after a s e v e n 
parameter transformat ion to obta in the n e w coord inates in the s a m e reference 

centre offset rotations residual rms 
x y z x y z scale East Nor. Hei. 

reference set (cm) (cm) (cm) (mas) (mas) (mas) (ppm) (cm) (cm) (cm) 

Free network -0.02 6.49-17.23-0.17-0.15 9.74 0.000 0.5 0.3 1.0 
Initial set -0.27 -0.66 0.65 -1.72 -0.76 -0.36 0.001 1.5 1.1 2.8 
IGS fiducial -0.02 0.02 0.01 -1.80 -0.75 -0.21 0.001 1.2 0.8 2.9 

T h e c o m p a r i s o n w i t h t h e free n e t w o r k se t s h o w s that the constra ints h a v e effects that 
are smal ler than t h e repeatabi l i ty of the Solut ion, s o w e can s a y that the ad jus tment is 
n o t o v e r - c o n s t r a i n e d . T h e x a n d y ro ta t ions are b a s i c a l l y t h e s a m e as in t h e free 
n e t w o r k So lu t ion , b e c a u s e t h e y are f ixed b y f ix ing t h e p o l e p o s i t i o n t o t h e IERS 
Bul let in B v a l u e s . T h e d i s c r e p a n c y w i t h the ITRF92 i n these t w o rotat ions , that w e can 
s e e b o t h i n t h e c o m p a r i s o n w i t h the initial se t a n d t h e f iducial se t , can b e e x p l a i n e d 
u s i n g the p r e d i c t e d b i a s e s a n d s l o p e s g i v e n in the 1992 IERS A n n u a l Report (p. n-17) . 
T h e offset at 1993.5 s h o u l d b e 0.34 0.5 for x p a n d 1.53 0.5 for y p . T h e s e offsets m a k e the 
IERS E O P ser ies cons i s t en t w i t h the IERS terrestrial reference frame. T h e c o m p a r i s o n 
w i t h t h e IGS f iducial se t s h o w s that the or ig in a n d z rotat ion constraint h a s w o r k e d as 
e x p e c t e d , f ix ing the or ig in of t h e System a n d the rotat ion about the z axis . In add i t ion , 
t h e s i g m a s of t h e So lut ion h a v e n o w v a l u e s that are c loser to t h o s e e x p e c t e d b y the 
r e p e a t a b i l i t y , s o t h e 1 m c o n s t r a i n t h a s p r o d u c e d t h e d e s i r e d e f f ec t w i t h o u t 
o v e r c o n s t r a i n i n g t h e Sys tem. 

- A c c u r a c y of t h e Solut ion 

A g r e e m e n t w i t h the s e t o f init ial coordinates , bas ica l ly ITRF92, i s i n the s a m e order of 
m a g n i t u d e a s t h e a c c u r a c y o f the So lut ion b a s e d o n repeatabi l i ty . In Table 8 three 
m e a s u r e m e n t s of the accuracy of the Solut ion are c o m p a r e d . 
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T a b l e 8. A c c u r a c y e s t i m a t e s 

Measurement of accuracy 

Repeatability 
Comparison with ITRF92 
Average formal uncertainties 

East North Height 
estimate estimate estimate 

(cm) (cm) (cm) 

1.3 
1.5 
3.7 

0.6 
1.1 
1.5 

1.5 
2.8 
3.2 

T h e f o r m a l u n c e r t a i n t i e s s e e m t o b e p e s s i m i s t i c , spec i a l l y for t h e E a s t a c c u r a c y . 

- Ve loc i ty f ie ld 

T o c h e c k w h e t h e r t h e v e l o c i t y f ie ld m a y n e e d i m p r o v e m e n t for s o m e s i t e s , w e h a v e 
c o m p a r e d t h e d i s c r e p a n c i e s of t h e t w o w e e k S o l u t i o n s w i t h r e s p e c t t o t h e g l o b a l 
S o l u t i o n , a f te r a s e v e n p a r a m e t e r t r a n s f o r m a t i o n , w i t h t h e f o r m a l u n c e r t a i n t i e s for 
e a c h s i t e . If t h e d i s c r e p a n c i e s w e r e h i g h e r t h a n t h e f o r m a l u n c e r t a i n t i e s w e c o u l d 
s u s p e c t t h a t t h e ve loc i t i e s m i g h t b e n o t w e l l d e t e r m i n e d , b u t al l t h e d i s c r e p a n c i e s a r e 
w e l l w i t h i n 3 s i g m a of t h e e s t i m a t e s , s o a n i m p r o v e d v e l o c i t y f ie ld S o l u t i o n d o e s n o t 
s e e m p o s s i b l e w i t h t h i s d a t a set . 

S u m m a r y d e s c r i p t i o n of the So lut ion S S C ( E S O C ) 94 P 01 

1 - T e c h n i q u e : 
2 - A n a l y s i s C e n t r e : 

3 - S o l u t i o n iden t i f i e r : 
4 - S o f t w a r e u s e d : 

5 - R e l a t i v i t y Scale : 
6 - P e r m a n e n t tide c o r r e c t i o n o n Sta t ion: 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty of l i g h t (c): 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M o ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

G P S 
E S A / E u r o p e a n S p a c e O p e r a t i o n s C e n t r e 
(ESOC) 
S S C ( E S O C ) 9 4 P 0 1 
G P S O B S / B A H N - V 5 / M U L T I A R C 
Loca l E a r t h 
T o b e a d d e d t o l i s t ed c o o r d i n a t e s 
I T R F 9 2 + N N R - N u v e l l 

299792.458 k m / s 

398600.4415 k n \ 3 / s 2 

1994.0 

O n a t w o d a y bas i s : 
Sa te l l i t e p a r a m e t e r s p e r spacecra f t : 

- o n e o rb i t a l State a t Start e p o c h . 
- o n e s c a l i n g fac tor for r a d i a t i o n p r e s s u r e R O C K 4 T10 o r T20 m o d e i s . 
- o n e Y-bias a c c e l e r a t i o n . 

S t a t i o n r e l a t e d p a r a m e t e r s p e r g r o u n d Sta t ion: 
- e v e r y 6 h o u r s a n a t m o s p h e r i c z e n i t h d e l a y p a r a m e t e r a n d a s h a p e 
p a r a m e t e r . 
- c lock b i a s e s a n d c lock dr i f t s a s n e e d e d . 
- d o u b l e - d i f f e r e n c e d p h a s e a m b i g u i t i e s a s r e a l - v a l u e d p a r a m e t e r s . 

Fo r t h e w h o l e c a m p a i g n : 

S t a t i o n r e l a t e d p a r a m e t e r s p e r g r o u n d Sta t ion: 

- g r o u n d Sta t ion p o s i t i o n s 
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Parameters t o b e k e p t fixed: 
Satel l i te parameters per spacecraft: 

- radiat ion pressure sca l ing factors G x a n d G z fixed to 1.0. 
Stat ion re lated parameters per g r o u n d Station: 

- s i te v e l o c i t i e s f r o m ITRP92 or N N R - N u v e l l w h e n t h e s i te i s n o t 
l i s ted in the ITRF92. 

E O P v a l u e s 
- f r o m t h e IERS Bul let in B. 

12 - Def in i t ion of the or ig in: 

13 - Def in i t ion of the or ientat ion: 

14 - Constra int for t i m e evo lu t ion : 

O r i g i n o f a s e t of 13 f iduc ia l s t a t i o n s 
cons tra ined to b e the s a m e as that of the 
ITRF92 . T h e s e s t a t i o n s are: M a d r i d , 
K o o t w i j k , W e t t z e l l , T r o m s o , 
H a r t e b e e s t h o e k , Yarragadee , Tidbinbi l la , 
K o k e e P a r k , F a i r b a n k s , G o l d s t o n e , 
Y e l l o w k n i f e , A l g o n q u i n a n d Sant iago , 
the E O F s are f ixed to IERS Bul le t in B, 
the rotat ion a b o u t the z axis of the set of 
13 f iducial s tat ions cons tra ined to b e the 
s a m e as that of the ITRF92. 
ITRF92 a n d N N R - N u v e l l p l a t e m o t i o n 
m o d e l 

15 - D e v i a t i o n s f rom the IERS Standards: 
- n o relat ivist ic correct ions to p r o p a g a t i o n o r / a n d accelerat ion. 
- n o Station o c e a n load ing . 
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UNCERTAINTIES (cm) 

10 

Distr ibut ion of the uncertaint ies (quadratic m e a n o f o x , a y , a z ) for the 25 
s tat ions of the terrestrial frame SSC(ESOC) 9 4 P 0 1 . 
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S u m m a r y d e s c r i p t i o n of So lut ion EOP(ESOC) 92 P 02 

1 - T e c h n i q u e : G P S 
2 - A n a l y s i s C e n t r e : E S A / E u r o p e a n S p a c e O p e r a t i o n s C e n t r e 

(ESOC) 

3 - S o l u t i o n iden t i f i e r : EOP(ESOC) 1993 
4 - S o f t w a r e u s e d : G P S O B S / B A H N - V 5 
5 - R e l a t i v i t y Sca le : Loca l E a r t h 
6 - P e r m a n e n t t i d e c o r r e c t i o n o n Sta t ion: T o b e a d d e d t o l i s t ed c o o r d i n a t e s 
7 - T e c t o n i c p l a t e m o d e l : I T R F 9 2 + N N R - N u v e l l 
8 - Ve loc i t y of l i g h t (c): 299792.458 k m / s 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M o ) : 398600.4415 k m 3 / s 2 

10 - R e f e r e n c e e p o c h : 1993.5 
11 - A d j u s t e d p a r a m e t e r s : 

Sa te l l i t e p a r a m e t e r s p e r spacec ra f t : 
- o n e o r b i t a l State a t Start e p o c h . 
- o n e s c a l i n g fac tor for r a d i a t i o n p r e s s u r e R O C K 4 T10 o r T20 m o d e l 
- o n e Y-b ias a cce l e r a t i on . 

S t a t i o n r e l a t e d p a r a m e t e r s p e r g r o u n d Sta t ion: 
- e v e r y 6 h o u r s a n a t m o s p h e r i c z e n i t h d e l a y a n d a s h a p e p a r a m e t e r . 

- c lock b i a s e s a n d c lock dr i f ts a s n e e d e d . 
- d o u b l e - d i f f e r e n c e d p h a s e a m b i g u i t i e s a s r e a l - v a l u e d p a r a m e t e r s . 

- g r o u n d Sta t ion p o s i t i o n s for s t a t i o n s t h a t a r e n o t f ixed 
E a r t h O r i e n t a t i o n P a r a m e t e r s (EOPs) : 

- o n e se t of p o l e c o o r d i n a t e s x p , y p a n d L O D R p e r d a y . 

P a r a m e t e r s t o b e k e p t f ixed: 

Sa te l l i t e p a r a m e t e r s p e r spacecra f t : 
- r a d i a t i o n p r e s s u r e s ca l i ng fac tors G x a n d G z f ixed t o 1.0. 

S t a t i o n r e l a t e d p a r a m e t e r s p e r g r o u n d Sta t ion: 
- s i t e v e l o c i t i e s f r o m I T R F 9 2 o r N N R - N u v e l l w h e n t h e s i t e is n o t 
l i s t e d i n t h e ITRF92 
- T h e c o o r d i n a t e s of 13 f i d u c i a l s t a t i o n s a r e f i x e d t o t h e I T R F 9 2 
v a l u e s . T h e s e s t a t i o n s a r e : M a d r i d , K o o t w i j k , W e t t z e l l , T r o m s o , 
H a r t e b e e s t h o e k , Y a r r a g a d e e , T i d b i n b i l l a , K o k e e P a r k , F a i r b a n k s , 
G o l d s t o n e , Y e l l o w k n i f e , A l g o n q u i n a n d S a n t i a g o 

12 - D e f i n i t i o n of t h e o r i g i n : G e o c e n t r e t h r o u g h g r a v i t y m o d e l (C10 = 
C l l = S i l = 0 ) . 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : By f i x i n g t h e c o o r d i n a t e s of 13 f i d u c i a l 

s t a t i o n s t o t h e ITRF92 v a l u e s . 

14 - C o n s t r a i n t fo r t i m e e v o l u t i o n : I T R F 9 2 a n d N N R - N u v e l l p l a t e m o t i o n 

m o d e l 

15 - D e v i a t i o n s f r o m t h e IERS S t a n d a r d s : 
- n o r e l a t i v i s t i c c o r r e c t i o n s t o p r o p a g a t i o n o r / a n d a c c e l e r a t i o n . 

- n o S ta t ion o c e a n l o a d i n g . 
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EOP(ESOC) 9 2 P 02 From Sep 1992 t o D e c 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for D R 

YEAR X Y DR 
Nb Sigma Nb Sigma Nb Sigma 

992 
993 

100 
359 

0.26 
0.15 

100 
359 

0.26 
0.16 

47 
359 

0.45 
0.21 
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E A R T H R O T A T I O N P A R A M E T E R S A N D S T A T I O N C O O R D I N A T E S F R O M G P S 
D A T A 

E O P ( G F Z ) 9 4 P 0 2 , 0 3 , 
S S C ( G F Z ) 9 4 P 0 1 

G. G e n d t , G. Dick, W. Mai , Ch . Reigber, Th. N i s c h a n 
GeoForschungs2!tentrum (GFZ) P o t s d a m 

A g lobal Set of Stat ion Coord inates (SSC(GFZ) 94 P 02) a n d Earth Rotat ion Parameters 
(ERP(GFZ) 94 P 02) h a v e b e e n c o m p u t e d b y GFZ from the 1993 g lobal GPS data se t a n d 
w i t h t h e G P S ana lys i s So f tware p a c k a g e EPOS.P.V2. S o m e deta i l s of t h e a n a l y s i s are 
descr ibed b e l o w . 

Data 

The initial data acquired at the GFZ-IGS Center are the 30 see RINEX data from 29 IGS 
pi lot serv ice s tat ions co l lected at the n e t w o r k data centers C D D I S a n d I G N . 

For the ana lys i s itself und i f f erenced i o n o s p h e r i c free p h a s e s w i t h a s a m p l i n g rate of 6 
m i n u t e s w e r e u s e d . P -code data entered in to the ana lys i s t o prese t the ambigui t ies . The 
ident i f i ed a m b i g u i t i e s w e r e cons tra ined t o the e x p e c t e d P - c o d e accuracy. C o n s e c u t i v e 
data s e g m e n t s of 3 2 h o u r w e r e f o r m e d to carry o u t the Solut ions i n c l u d i n g a qual i ty 
a s s e s s m e n t i n o v e r l a p p i n g orbital s e g m e n t s . 

A n a l y s i s 

Data f r o m 29 g l o b a l l y d i s t r i b u t e d R O G U E rece ivers w e n t i n t o t h e So lu t ion . T h e 
Solution w a s ob ta ined b y u s i n g GFZ EPOS.P.V2 Software p a c k a g e , w h i c h i s a d a p t e d to 
the IERS- S tandards w i t h the f e w e x c e p t i ö n s ind ica ted b e l o w . T h e ad jus t ed parameter 
set resu l t s f rom a HELMERT b lock ing . For each parameter the t i m e re so lu t ion can b e 
c h o s e n freely . N o r m a l e q u a t i o n s w e r e c o m b i n e d in to a y e a r l y S y s t e m to d e r i v e the 
g lobal Station p o s i t i o n Solut ion SSC(GFZ) 94 P 01 . In this Solut ion t h e Station m o t i o n s 
w e r e n o t s o l v e d b u t f ixed to the N U V E L - 1 m o t i o n v a l u e s . 

The Earth Rotat ion Parameters (po le coord inates a n d l e n g t h of d a y ) w e r e adjus ted as 
dai ly v a l u e s (first 2 4 h o u r s of each sess ion) . T h e s e v a l u e s are near ly i n d e p e n d e n t from 
d a y to day . 12 h o u r p o l e v a l u e s w e r e de termined in addi t ion . 

IERS(1994) Technical Note No 17. 
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C K : 
P r e c e s s i o n : 
N u t a t i o n : 
T e c t o n i c p l a t e m o d e l : 

S o l i d e a r t h t i d e s : 

O c e a n l o a d i n g s i t e d i s p l a c e m e n t 

m e a n e q u a t o r a n d e q u i n o x of J2000.0 
I A U 1976 
I A U 1980 
N N R N U V E L - 1 

W a h r - m o d e l , h 2 = 0 . 6 0 9 , l = 0 . 0 8 5 2 , p e r m a n e n t t i d e 
i n c l u d e d 
n o t a p p l i e d 

D y n a m i c M o d e l 

G r a v i t y f ield: 
V e l o c i t y of l i g h t : 
E a r t h t i d e s : 
O c e a n t i d e s : 
C o r r e c t i o n s t o r o t a t i o n a l 

d e f o r m a t i o n s : 
I n d i r e c t p e r t u r b a t i o n of 

o b l a t e n e s s of t h e E a r t h : 
T h i r d b o d y effects: 
S o l a r r a d i a t i o n : 

Re l a t i v i s t i c e q u a t i o n of m o t i o n 
T i d a l v a r i a t i o n s i n U T l : 

G E M - T 1 G M : 398600.4400 k m 3 / s 2 

299792.458 k m / s 
W a h r - m o d e l 
S c h w i d e r s k i - m o d e l 

C(2 ,0) ,C(2 ,1) ,S(2 ,1) 

a p p l i e d 
S u n , M o o n , J u p i t e r , V e n u s 
R O C K 4 a n d R O C K 4 2 , i n c l u d i n g t h e r m a l 

r e r a d i a t i o n ( T 1 0 , T 2 0 f o r m u l a t i o n of H i e g e l [1992]) 
n o 
z o n a l t i d e s w i t h p e r i o d s < 3 5 d a y s 

M e a s u r e m e n t M o d e l 

T r o p o s p h e r i c m o d e l : 
Re l a t i v i s t i c c l ock c o r r e c t i o n s : 
C e n t e r - o f - m a s s c o r r e c t i o n s : 
G P S s p a c e v e h i c l e m a s s e s : 

S o l v e for p a r a m e t e r s a r e : 

Sa te l l i t e S ta te : 

R e f l e c t a n c e coef f ic ien t a n d y - b i a s : 

E R P ( p o l e a n d L O D ) : 

T r o p o s p h e r i c z e n i t h p a t h d e l a y : 

A m b i g u i t i e s 

E p o c h t i m e p a r a m e t e r s 

S a a s t a m o i n e n 

a p p l i e d 

I E R S S t a n d a r d s 
f r o m Fl iege l e t a l . [1992] a n d Fe l t ens [1991] 

3 2 h i n t e r v a l 

3 2 h i n t e r v a l 

2 4 h i n t e r v a l 

4 h i n t e r v a l 
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S u m m a r y d e s c r i p t i o n of t h e terrestrial Sys tem at tached t o t h e s e t o f Stat ion coord ina te s 
S S C ( G F Z ) 9 4 P 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

4 - S o f t w a r e u s e d : 

5 - Re l a t i v i t y Sca le : 

6 - P e r m a n e n t tidal c o r r e c t i o n o n Sta t ion 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty of l i gh t : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M o ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

12 - De f in i t i on of o r i g i n : 

13 - D e f i n i t i o n of o r i e n t a t i o n 

G P S 

G F Z 

SSC(GFZ) 94 P 01 

E P O S . P . V 2 

n o 

yes 

N N R N U V E L - 1 

299 7 9 2 4 5 8 m / s 

398600.4400 k m 3 / s 2 

49170 (1993.5) 

S T A T I O N C O O R D I N A T E S 
- r a d i u s , l o n g i t u d e a n d l a t i t u d e 

O R B I T 
- 6 o r b i t a l p a r a m e t e r s 
- r e f l e c t a n c e coef f ic ien t a n d y - b i a s e v e r y 
3 2 h o u r s 

E O P 
- d a i l y x, y a n d L O D 
O T H E R 

- T r o p o s p h e r i c z e n i t h p a t h d e l a y a t 
4 h o u r s i n t e r v a l s 
- A m b i g u i t i e s 

- E p o c h time p a r a m e t e r s 

C(1,0)=C(1,1)=S(1,1)=0 

a l i g n e d t o I T R F 9 1 b y s i m i l a r i t y 
t r a n s f o r m a t i o n 

14 - C o n s t r a i n t for t i m e e v o l u t i o n f ixed N N R - N U V E L - 1 
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Dis tr ibut ion of the 28 s i tes of the terrestrial f rame SSC(GFZ) 94 P Ol. 
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Distr ibut ion o f the uncertaint ies (quadratic m e a n of o x , a y , a z ) for the 31 

s tat ions of t h e terrestrial f rame SSC(GFZ) 94 P Ol. 
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EOP(GFZ) 94 P 02 From Jan 1993 to Jan 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for D R 

YEAR X Y DR 
Nb Sigma Nb Sigma Nb Sigma 

1993 360 0.04 360 0.03 360 0.04 
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E A R T H O R I E N T A T I O N RESULTS F R O M THE JET P R O P U L S I O N L A B O R A T O R Y 
U S I N G GPS 

E O P 0 P D 9 2 P O 3 

J F Z u m b e r g e , D C Jefferson, M B Hef l in , a n d F H W e b b , 
Jet P r o p u l s i o n Laboratory, California Inst i tute of T e c h n o l o g y , P a s a d e n a , U S A ; 
G Blewitt , 
The U n i v e r s i t y of N e w c a s t l e u p o n T y n e , N e w c a s t l e , E n g l a n d 

T h e Sate l l i te G e o d e s y and G e o d y n a m i c s G r o u p in JPL's Track ing S y s t e m s 
a n d A p p l i c a t i o n s Sec t ion h a s c o n t i n u e d its regulär ana lys i s o f data from a g loba l ly -
d i s t r ibuted n e t w o r k of R o g u e GPS rece ivers . U s i n g the G I P S Y / O A S I S - I I Software, 
e s t imate s of a var ie ty of parameters , i n c l u d i n g those re lat ing to earth or ientat ion , are 
m a d e e v e r y day . 

T h e m e a s u r e m e n t s c o n s i s t of u n d i f f e r e n c e d d u a l - f r e q u e n c y (1 .2276 a n d 
1.5742 G H z ) carrier p h a s e a n d P-code p s e u d o r a n g e . For bo th carrier p h a s e a n d P-code , 
l inear c o m b i n a t i o n s of the i n d i v i d u a l f requenc ies p r o v i d e the i onosphere - f ree p h a s e 
a n d p s e u d o r a n g e . D a t a n o i s e v a l u e s for t h e s e are t a k e n t o b e 1 c m a n d 1 m , 
re spec t ive ly , d u r i n g p e r i o d s w h e n ant i - spoof ing (AS) is no t in effect. Data b e l o w 15 
d e g r e e s e l e v a t i o n are not u s e d . The p h a s e data are d e c i m a t e d to 5 m i n u t e s for 93 Jan 
Ol - Feb 03 , 10 m i n for Feb 04 - Oct 30 , a n d 7.5 m i n b e g i n n i n g Oct 31. The P-code data 
are carr ier - smoothed over the s a m e interval . 

D a t a c o r r e s p o n d i n g to e a c h G P S d a y are a n a l y z e d in 3 0 - h o u r b a t c h e s 
c e n t e r e d o n G P S n o o n . E s t i m a t e d p a r a m e t e r s are sate l l i te State v e c t o r s a n d solar 
radiat ion pressure , rece iver coord inates , z e n i t h w e t t roposphere de lay at e a c h receiver 
site, Station a n d satel l i te c lock offsets , carrier p h a s e ambigu i t i e s , and earth orientat ion. 
A t y p i c a l d a y ' s a n a l y s i s of 40 s t a t i o n s a n d 26 sate l l i t es c o n t a i n s - 5 7 , 0 0 0 p h a s e 
m e a s u r e m e n t s , f rom w h i c h - 1 5 5 0 parameters are d e t e r m i n e d (parameters a l l o w e d to 
v a r y s tochas t i ca l ly are c o u n t e d o n l y once ) . The r m s post-f i t r e s i d u a l s for the p h a s e 
m e a s u r e m e n t s are typ ica l ly a f e w m m . T h o s e m e a s u r e m e n t s w i t h m o r e t h a n 5 c m 
post - f i t r e s i d u a l for p h a s e , or 5 m for p s e u d o r a n g e , are c o n s i d e r e d o u t l i e r s a n d 
e x c l u d e d . 

T h e W i l l i a m s s o l i d Earth t ide m o d e l i s u s e d ; it d i f fers f r o m t h e IERS 
Standards b y a n ins ignif icant a m o u n t . Po le t ide a n d the L o v e n u m b e r Variation at K l 
f r e q u e n c y are m o d e l e d b e g i n n i n g A p r 01 (IERS Technical Note 13). O c e a n l o a d i n g is 
m o d e l e d b e g i n n i n g N o v 04 (Scherneck, H -G, 1991 , A p a r a m e t r i z e d so l id earth t ide 
m o d e l a n d o c e a n t i d e l o a d i n g effects for g loba l g e o d e t i c b a s e l i n e m e a s u r e m e n t s , 
Geophys. J. Int., 106, p p 677-694; pr ivate c o m m u n i c a t i o n b e t w e e n Scherneck a n d JPL). 

IERS(1994) Technical Note No 17. 
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T h e Earth's grav i ty f ield is descr ibed b y the JGM1 8x8 m u l t i p o l e e x p a n s i o n 
u s i n g t e r m s u p t h r o u g h d e g r e e a n d order 8. The v a l u e of G M u s e d is 398600.4415 
k m 3 / s 2 . B e g i n n i n g A p r 13 the JGM2__12xl2 grav i ty f ie ld is u s e d [ N e r e m , R S, et al, 
G r a v i t y m o d e l d e v e l o p m e n t for T O P E X / P o s e i d o n : Joint Grav i ty M o d e l s 1 a n d 2, / . 
Geophys. Res., s u b m i t t e d , 1994] . 

N o m i n a l v a l u e s of the parameters for each G P S satel l i te [3 each for p o s i t i o n 
a n d v e l o c i t y , a n d t w o for so lar rad ia t ion p r e s s u r e (srp)] are f r o m t h e b r o a d c a s t 
e p h e m e r i s . W e a k a priori constraints of 1 k m a n d 10 m m / s for pos i t i on a n d ve loc i ty , 
r e spec t ive ly , are i m p o s e d . T h e T10-T20 solar radiat ion pres sure m o d e l is u s e d for srp 
[Fliegel , H.F. , Gal l ini , T.E., a n d Swift , E.R., Global P o s i t i o n i n g S y s t e m Radiat ion Force 
M o d e l s for G e o d e t i c A p p l i c a t i o n s , / . Geophys. Res., 97(B1), 1992] . 

Table 1 conta ins a l ist of s i tes f rom w h i c h data w e r e u s e d in the ana lys i s . 
The n u m b e r of ca lendar d a y s in 1993 for w h i c h data from e a c h site w e r e u s e d is a lso 
l i s ted, together w i t h the m e d i a n (over the year) da i ly v a l u e of the rms post-f i t res idual . 

Parameters are first e s t i m a t e d w i t h o u t f iducial constraints , a n d the Station es t imates 
a n d c o v a r i a n c e are se t a s ide . (Such da i ly f ree -ne twork Solut ions f o r m the b a s i s for 
SSC(JPL) 9 2 P 01.) The l oca t ions of e ight s i tes ( d e n o t e d w i t h "*" in Table 1) are then 
h e l d f ixed i n e a c h d a y ' s a n a l y s i s t o p r o v i d e a re ference f r a m e for G P S sate l l i t e 
e p h e m e r i d e s a n d earth or ientat ion . U p t h r o u g h Oct 22 , locat ions of the f iducia ls are 
u p d a t e d at the b e g i n n i n g of e a c h m o n t h . B e g i n n i n g O c t 2 3 , t h e y are u p d a t e d dai ly . 
Pos i t ions a n d ve loc i t i e s are ITRF 91 [SSC(IERS) 9 2 C 04] . B e g i n n i n g D e c 20 a n d later 
( e x c e p t D e c 25) , w e b e g i n to u s e 13 f iduc ia l s ( a d d i t i o n a l f ive d e n o t e d w i t h "." in 
Table 1) a n d ITRF 92. Based o n t w o d a y s in 1994 a n a l y z e d both w a y s , w e observe a shift 
in X p o l e of -0.825 ± 0.005 m a s a n d a shift in Y p o l e of -0.035 ± 0.175 m a s (ITRF 92 - ITRF 
91). Non- f iduc ia l s i tes are s o l v e d for as constant parameters for each analys i s day . 

T h e w e t t r o p o s p h e r e z e n i t h d e l a y s at e a c h s i te are m o d e l e d as a r a n d o m 

w a l k in t i m e w i t h a 1 c m 2 / h o u r v a r i a n c e d e r i v a t i v e , a n d are m a p p e d to sate l l i te 

e l e v a t i o n s u s i n g the Lanyi m a p p i n g funct ion. Their n o m i n a l v a l u e s are 0.1 m at e v e r y 

site a n d are e s t imated w i t h 5 0 0 - m a priori constraints . 

T h e z e n i t h dry d e l a y s are a s s u m e d f ixed for e v e r y site , a n d are a l so m a p p e d 
to sa te l l i t e e l e v a t i o n s u s i n g t h e Lanyi m a p p i n g funct ion . T h e z e n i t h d r y d e l a y i s 
a s s u m e d t o b e 2.3 m * e x p ( - H / H o ) , w h e r e H is the he ight of the site and H o = 8621 m. 
B e c a u s e t h e w e t a n d d r y d e l a y s are nearly d e g e n e r a t e parameters , the e s t i m a t e d w e t 
d e l a y in fact represents the c o m b i n e d de lay w h i c h dev ia tes f rom the n o m i n a l w e t + d r y . 

C l o c k s for all b u t o n e Station a n d satel l i te are e s t i m a t e d as a w h i t e - n o i s e p r o c e s s 

w i t h Updates at e a c h n e w time d a t u m . O n e maser -based clock is c h o s e n as a reference. 

Prior to Jan 06 , th is w a s the c lock at FAIR. B e g i n n i n g 1993 Jan 06 a n d later, the 

reference c lock i s at A L G O , except o n a f e w d a y s w h e n A L G O data w e r e n o t avai lable . 

T h e s e c locks are g e n e r a l l y b e l i e v e d accurate to better than 1 jisec. T h e carrier p h a s e 

a m b i g u i t i e s are e s t i m a t e d as rea l -va lued parameters . 
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Table 1. GPS Receiver Sites U s e d in EOP(JPL) 92 P 03 

site 

Alberthead 
Algonquin Park 
Bermuda 
Tdibinbilla 
Mammoth Lakes 

Fortelaza 
Greenbelt 
Goldstone 
Graz 
Hartebeesthoek 

Herstmonceux 
Hobart 
Jet Propulsion Lab 
Kiruna 
Kokee Park 
Kootwijk 
Kourou 
Madrid 
Maspalomas 
Matera 
McMurdo 
McDonald 
Metsahovi 
Ny AIesund 
North Liberty 
Onsala 
Pamatai 
Penticton 
Pietown 
Pinyon 
Quincy 
Richmond 
Richmond 
Richmond 
Santiago 
St. John's 
Taipai 
Tromso 
Usuda 
Vandenberg 
Westford 
Wettzell 
Yaragadee 
Yellowknife 

countrj 

Canada 
Canada 

r 

North Atlantic 
Austral 
ünites 
United 
Brazil 
United 
United 
Austria 

.ia 
States 
States 

States 
States 

South Africa 

United 
Austral 
United 
Sweden 
United 

States 
Kingdom 
ia 
States 

States 
Netherlands 
French 
Spain 
Canary 
Italy 

Guiana 

Islands 

Antarctica 
United States 
Finland 
Norway 
United 
Sweden 
Tahiti 
Canada 
United 
United 
United 
United 
United 
United 
Chile 
Canada 
Taiwan 
Norway 
Japan 
United 
United 

States 

States 
States 
States 
States 
States 
States 

States 
States 

Germany 
Australia 
Canada 

JPL ID 

ALBH 
*ALGO 
BRMU 
.CANB 
CASA 
*FAIR 
FORT 
GGAO 
.GOLD 
GRAZ 
*HART 
HARV 
HERS 
HOBA 
JPLM 
KIRU 
*KOKB 
.KOSG 
KOUR 
*MADR 
MASP 
MATE 
MCMU 
MDOl 
METS 
NALL 
NLIB 
ONSA 
PAMA 
PENT 
PIE1 
PINY 
QUIN 
RCM2 
RCM4 
RCM5 
*SANT 
STJO 
TAIS 
*TROM 
USUD 
VNDP 
WEST 
.WETB 
*YAR1 
.YELL 

rms 
(mm) 

5.2 
4.1 
6.1 
5.1 
5.0 
4.5 
6.2 
4.3 
3.5 
4.0 
5.1 
5.2 
3.8 
4.8 
4.5 
8.7 
6.3 
3.6 
7.4 
4.9 
5.0 
4.0 
4.7 
4.7 
3.4 
4.3 
4.5 
3.9 
9.1 
4.0 
4.8 
4.1 
5.2 
6.9 
6.2 
4.8 
6.1 
4.8 
5.2 
3.8 
4.8 
4.1 
4.8 
4.4 
4.1 
3.9 

days 

347 
364 
255 
361 
273 
337 
184 
81 

361 
306 
357 
359 
273 
229 
351 
122 
342 
350 
330 
364 
348 
295 
213 
182 
343 
278 
296 
345 
246 
338 
326 
109 
325 
215 
62 
18 
356 
361 
344 
357 
317 
295 
273 
327 
338 
360 

* Indicates f iducial s i te for ent ire year. 
• Indicates f iducial s i te b e g i n n i n g D e c 20 (except D e c 25). 

N o m i n a l v a l u e s for X a n d Y polar m o t i o n a n d U T 1 R - U T C , as w e l l a s the 
rates for t h e s e quant i t i e s , are o b t a i n e d for each analys i s d a y f rom the IERS Bul let in B 
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p r e d i c t e d v a l u e s . E s t i m a t e s of p o l a r m o t i o n a r e w e a k l y ( 5 - m ) c o n s t r a i n e d , w h i l e 
U T 1 R - U T C i s t i g h t l y c o n s t r a i n e d (0.01 m m ) t o b e t h e n o m i n a l . B e g i n n i n g Ju l 1 1 , w e 
t i g h t e n e d t h e a p r i o r i c o n s t r a i n t s o n t h e p o l a r m o t i o n r a t e p a r a m e t e r s t o p r o p e r l y 
ref lec t t h e d a t a s t r e n g t h for d e t e r m i n i n g t h e s e q u a n t i t i e s a n d t h e a c c u r a c y of t h e IERS 
Bu l l e t i n B p r e d i c t i o n s . (Th is a p p l i e s a l so t o J u l 07, b u t n o t t o Ju l 15.) L O D R is e s t i m a t e d 
w i t h a v e r y l o o s e a p r i o r i c o n s t r a i n t . 

A l l d a y s i n 1993 w e r e a n a l y z e d , i n c l u d i n g 45 for w h i c h o u r A S s t r a t e g y w a s 
i n effect. A S p e r i o d s a r e F e b 2 0 - 2 1 , F e b 26 - M a r 0 1 , M a r 3 1 , A p r 19 - A p r 24 , A p r 28 -
M a y 0 3 , M a y 06, J u n 05 - 09 , S e p 17 - S e p 20, S e p 2 4 - S e p 28 , O c t 29 - O c t 3 1 , N o v 03-06, 
N o v 08-09, N o v 26 , a n d D e c 07. 

O u r A S a n a l y s e s e x c l u d e d a t a b e l o w 20 d e g r e e s e l e v a t i o n a n g l e . In t h e first 
ha l f of 1 9 9 3 , p s e u d o r a n g e d a t a w e r e u s e d d u r i n g A S b u t w i t h a 5 0 0 - m d a t a n o i s e 
( i n c r e a s e d f r o m 1 m ) . B e g i n n i n g w i t h t h e S e p A S p e r i o d , w e s t o p p e d u s i n g 
p s e u d o r a n g e a l t o g e t h e r i n t h e p a r a m e t e r e s t i m a t i o n p h a s e of e a c h d a y ' s a n a l y s i s . 
F i n a l l y , b e g i n n i n g O c t 29 , w e r e d u c e d t h e a m o u n t of a l l o w e d s t o c h a s t i c Var i a t ion i n 
s a t e l l i t e r a d i a t i o n p r e s s u r e p a r a m e t e r s t o a n e g l i g i b l e l e v e l w h e n p r o c e s s i n g d a t a 
a c q u i r e d d u r i n g p e r i o d s of AS . [ O u r A S s t r a t e g y i m p r o v e s s ign i f i can t ly i n 1994.] U s i n g 
S p a c e 93 (R. G r o s s , s u b m i t t e d t o IERS) , w e h a v e e s t i m a t e d t h a t o u r f o r m a l e r r o r s for 
p o l e c o o r d i n a t e s a r e u n d e r e s t i m a t e d b y a fac tor of 2.42 for n o n - A S d a y s , a n d 6.38 for 
A S d a y s . 

F o r t h e 3 5 3 d a y s p r i o r t o o u r a d j u s t m e n t t o t h e n e w 1 3 - s t a t i o n I T R F 9 2 

r e f e r e n c e f r a m e , w e h a v e c o m p a r e d o u r p o l a r m o t i o n a n d L O D R s e r i e s w i t h t h o s e 

f r o m S p a c e 9 3 ( u s i n g s c a l e d f o r m a l e r r o r w e i g h t i n g ) a n d IERS Bu l l e t i n B F i n a l V a l u e s , 

r e s p e c t i v e l y . T h e r e s u l t s a r e in T a b l e 2. 

T a b l e 2: C o m p a r i s o n of t h i s w o r k w i t h S p a c e 9 3 ( p o l a r m o t i o n ) a n d I E R S B u l l e t i n B 

F i n a l v a l u e s ( L O D R ) 

X pole (mas) 

Y pole (mas) 

LODR (msec) 

weighted 
mean 

difference 

0.669 

1.432 

-0.007 

weighted 
Standard 
deviation 

0.430 

0.274 

0.151 

P o l e w e i g h t s a r e l / ( s 2 ) , w h e r e s is 2.42 t i m e s t h e f o r m a l 

e r r o r fo r n o n - A S d a y s , a n d 6.38 t i m e s t h e f o r m a l e r r o r 

for A S d a y s . T h e L O D R r e s u l t is u n w e i g h t e d a n d e x c l u d e s 

a l l A S d a y s a s we l l a s 8 o u t l i e r s for w h i c h t h e d i s c r e p a n c y 

e x c e e d s 0.5 m s e c . 

A c k n o w l e d g m e n t . T h e w o r k d e s c r i b e d in t h i s r e p o r t w a s c a r r i e d o u t b y t h e Jet 

P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of T e c h n o l o g y , u n d e r c o n t r a c t w i t h t h e 

N a t i o n a l A e r o n a u t i c s a n d S p a c e A d m i n i s t r a t i o n . 
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E O P 0 P L ) 92 P 03 From N o v 1992 to Jan 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 
U n i t s : 0.001" for X,Y; 0.0001s for D R 

YEAR X Y DR 
Nb Sigma Nb Sigma Nb Sigma 

1992 39 0.16 39 0.15 39 0.50 
1993 365 0.14 365 0.15 365 0.50 
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S I T E C O O R D I N A T E S A N D V E L O C I T I E S F R O M T H E J E T P R O P U L S I O N 
L A B O R A T O R Y U S I N G G P S 

S S C 0 P D 9 4 P O 1 

M . B. He f l i n , D . Jef ferson, Y. V i g u e , F. W e b b , a n d J. Z u m b e r g e 
Jet P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of T e c h n o l o g y , P a s a d e n a , U S A 

G. B lewi t t 
U n i v e r s i t y of N e w c a s t l e u p o n T y n e 

C o o r d i n a t e s a n d v e l o c i t i e s for 41 g l o b a l l y d i s t r i b u t e d s i t e s h a v e b e e n 
c o m p u t e d u s i n g G P S d a t a s p a n n i n g t h r e e y e a r s f r o m J a n u a r y 2 2 , 1991 t h r o u g h 
S e p t e m b e r 16, 1993 . V e l o c i t y e s t i m a t e s for all s i t e s a r e p r o v i d e d for t h e f i rs t t i m e 
(Hef l in et al, 1993) . A n o - f i d u c i a l a p p r o a c h w a s u s e d w h e r e b y al l s i t e p o s i t i o n s a n d 
v e l o c i t i e s w e r e e s t i m a t e d , p r e s e r v i n g t h e i n d e p e n d e n c e of t h e G P S S o l u t i o n a n d 
a v o i d i n g t h e p o s s i b i l i t y of s y s t e m a t i c e r r o r s w h i c h c a n b e c a u s e d b y f i d u c i a l 
c o n s t r a i n t s . T h e four s t e p a n a l y s i s p r o c e s s is d e s c r i b e d b e l o w . 

1. Es t imate 

Al l d a i l y s i t e p o s i t i o n s w e r e e s t i m a t e d u s i n g w e a k c o n s t r a i n t s of 10 m to 
1 k m for e a c h s i t e c o m p o n e n t . T h e 10 m c o n s t r a i n t i s u s e d o n l y for s i t e s w i t h w e l l 
k n o w n n o m i n a l v a l u e s . T h e G P S d a t a s p a n t h r e e y e a r s f r o m J a n u a r y 22 , 1991 t h r o u g h 
S e p t e m b e r 16, 1993 b u t n o t al l s i t es a r e p r e s e n t for t h e e n t i r e t i m e s p a n a n d t h e r e is a 
g a p w h e r e n o a n a l y s i s w a s c a r r i e d o u t b e t w e e n F e b r u a r y 13 , 1991 a n d M a y 3 1 , 1992. A 
t y p i c a l s i t e h a s d a t a s p a n n i n g a b o u t o n e y e a r . D a i l y S o l u t i o n s af ter J a n u a r y 17, 1993 
w e r e p r o d u c t s of t h e S t a n d a r d I G S p r o c e s s i n g p e r f o r m e d a t JPL. A d e t a i l e d d e s c r i p t i o n 
of t h e s t r a t e g y u s e d is p r o v i d e d in t h e s u m m a r y of EOP(JPL) 94 P 0 3 . T h e n u m b e r of 
r e c e i v e r s i t e s a n d s a t e l l i t e s h a s i n c r e a s e d s i g n i f i c a n t l y s i n c e 1991 a n d t h e a n a l y s i s 
s t r a t e g y h a s a l s o e v o l v e d w i t h t i m e . T h e m o s t s i g n i f i c a n t i m p r o v e m e n t s i n c l u d e 
e s t i m a t i o n of L O D R a n d a s t o c h a s t i c t r e a t m e n t of t h e s a t e l l i t e f o r c e s d u e t o s o l a r 
r a d i a t i o n p r e s s u r e ( V i g u e et al. ,1993). 

2. C o m b i n e 

Al l d a i l y So lu t i ons w e r e c o m b i n e d u s i n g a S t a n d a r d l e a s t - s q u a r e s c o n s t a n t -
v e l o c i t y m o d e l t o o b t a i n a s i n g l e s e t of p o s i t i o n s a n d v e l o c i t i e s . F ü l l c o v a r i a n c e 
m a t r i c e s w e r e u s e d w h e n c o m b i n i n g t h e d a i l y So lu t ions . 

IERS(1994) Technical Note No 17. 
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3 , C o n s t r a i n 

I n s t e a d of u s i n g t h e f iduc ia l a p p r o a c h , w e c h o o s e t o a p p l y f o u r t e e n i n t e r n a l 
c o n s t r a i n t s t o t h e c o m b i n e d c o v a r i a n c e m a t r i x . I n t e r n a l c o n s t r a i n t s a r e n o t n e w a n d 
t h e b a s i c i d e a i s t o fix s e v e r a l l i n e a r c o m b i n a t i o n s of p o s i t i o n s a n d ve loc i t i e s a t t he i r 
e s t i m a t e d v a l u e s i n s t e a d of f ix ing s o m e n u m b e r of p o s i t i o n a n d v e l o c i t y c o m p o n e n t s 
a t e x t e r n a l l y p r o v i d e d v a l u e s . I n t e r n a l c o n s t r a i n t s offer t w o s i g n i f i c a n t a d v a n t a g e s . 
F i r s t , t h e y a l l o w t h e G P S e s t i m a t e s t o r e m a i n i n d e p e n d e n t of o t h e r t e c h n i q u e s a n d 
s e c o n d , t h e y a v o i d t h e p o s s i b l i t y of s y s t e m a t i c effects w h i c h c a n b e c a u s e d if t h e r e a r e 
e r r o r s i n t h e f i d u c i a l c o o r d i n a t e s o r v e l o c i t i e s . W e h a v e b u i l t u p o n t h e i n t e r n a l 
c o n s t r a i n t m e t h o d of V a n i c e k a n d K r a k i w s k y (1987) a n d h a v e g e n e r a l i z e d t h e i r 
a p p r o a c h t o i n c l u d e f o u r t e e n i n t e r n a l c o n s t r a i n t s a n d a l l o w t h o s e c o n s t r a i n t s t o b e 
n o n - z e r o s o t h a t t h e f ina l m a t r i x is fu l ly i n v e r t i b l e , a l l o w i n g i t t o b e c o m b i n e d w i t h 
o t h e r S o l u t i o n s . 

4. T r a n s f o r m 

W e e s t i m a t e s e v e n t r a d i t i o n a l H e l m e r t p a r a m e t e r s a n d t h e i r r a t e s t o 
t r a n s f o r m t h e G P S S o l u t i o n i n t o ITRF92 . T h e t h r e e r o t a t i o n s , t h r e e t r a n s l a t i o n s , a n d 
o n e s c a l e e n s u r e n o n e t offset w i t h r e s p e c t t o I T R F 9 2 w h i l e t h e c o r r e s p o n d i n g r a t e s 
e n s u r e n o n e t dr i f t . 

S o l u t i o n SSC(JPL) 94 P Ol r e p r e s e n t s a s i g n i f i c a n t i m p r o v e m e n t o v e r o u r 
p r e v i o u s s u b m i s s i o n s b e c a u s e of t h e i n c r e a s e d t i m e s p a n of d a t a a n d b e c a u s e a l l 
ve loc i t i e s a r e e s t i m a t e d . A n u m b e r of g e o p h y s i c a l l y i n t e r e s t i n g Signals a r e p r e s e n t i n 
th i s So lu t ion , i n c l u d i n g g l o b a l t e c t o n i c m o t i o n , d e f o r m a t i o n i n p l a t e b o u n d a r y z o n e s , 
d i s p l a c e m e n t d u e to t h e L a n d e r ' s e a r t h q u a k e , v o l c a n i c up l i f t a t C A S A , a n d a p o s s i b l e 
d e t e c t i o n of g l a c i a l r e b o u n d a t A l g o n q u i n P a r k . S i t e s in t h e n o r t h e r n h e m i s p h e r e 
h a v e W R M S v a l u e s 2 -3 t i m e s b e t t e r t h a n t h o s e i n t h e s o u t h e r n h e m i s p h e r e . T h e 
o v e r a l l C H I A 2 / D O F is 0.34, i n d i c a t i n g t h a t t h e e r r o r s a s s t a t e d a r e t o o c o n s e r v a t i v e b y 
a b o u t a fac to r of 1.7 a n d t h e m e a n r e s i d u a l W R M S v a l u e s o v e r al l s i t e s a r e 6 m m , 9 
m m , a n d 14 m m for l a t i t u d e , l o n g i t u d e , a n d h e i g h t r e s p e c t i v e l y . 

A c k n o w l e d g e m e n t s . T h i s r e s e a r c h w a s p a r t i a l l y c a r r i e d o u t b y t h e Jet P r o p u l s i o n 
L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of T e c h n o l o g y , u n d e r c o n t r a c t w i t h t h e N a t i o n a l 
A e r o n a u t i c s a n d S p a c e A d m i n i s t r a t i o n . W e t h a n k t h e n u m e r o u s i n s t i t u t i o n s a n d 
i n d i v i d u a l s w h o o p e r a t e t h e G P S c o n s t e l l a t i o n a n d g l o b a l r e c e i v e r n e t w o r k . 

R e f e r e n c e s 

H e f l i n , M . , B l e w i t t , G. , J e f fe r son , D . , V i g u e , Y., W e b b , F . , Z u m b e r g e , ]., A r g u s , D . , 
G i p s o n , } . , M a , C , a n d C l a r k , T., 1993: G l o b a l P o s i t i o n s a n d Veloc i t i e s F r o m O n e Y e a r 
of G P S D a t a , EOS Transactions, 74 , N o . 4 3 , 1 9 4 . 

V a n i c e k , P . , a n d K r a k i w s k y , E., 1986: G e o d e s y , t h e c o n c e p t s , E l sev ie r Sc ience P u b l i s h e r s 
B. V. , T h e N e t h e r l a n d s , 2 7 1 P 3 8 1 . 

V i g u e , Y., L i c h t e n , S., M u e l l e r s c h o e n , R., B l ewi t t , G., a n d H e f l i n , M. , 1993: I m p r o v e d 

T r e a t m e n t of G P S F o r c e P a r a m e t e r s i n P r e c i s e O r b i t D e t e r m i n a t i o n A p p l i c a t i o n s , 

P a p e r A A S 93P159 , A A S / A I A A Space f l i gh t M e c h a n i c s M e e t i n g . 
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S u m m a r y d e s c r i p t i o n of t h e terrestrial Sys tem at tached to t h e s e t of Station coord inates 
a n d v e l o c i t i e s SSC(JPL) 94 P Ol: 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

4 - So f twa re u s e d : 

G P S 

JPL 

S S C 0 P L ) 94 P Ol (JPL Iden t i f i e r JGC9401) 

GIPSY 

5 - Re la t iv i ty scale : Loca l E a r t h Sca l ed i n t o ITRF92 

6 - P e r m a n e n t t i d e c o r r e c t i o n o n Stat ion: N o 

7 - Tec ton ic p l a t e m o d e l : 

8 - Ve loc i ty of l ight : 

9 - G M : 

10 -Reference e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

12 - Def in i t ion of o r ig in : 

13 - Def in i t ion of o r i e n t a t i o n : 

14 - C o n s t r a i n t for t i m e - e v o l u t i o n : 

N o n e 

299792458 m / s e c 

3.986004415 1 0 1 4 m 3 s " 2 

1992.5 

Al l Sta t ion c o o r d i n a t e s X, Y, Z 

P M X , P M Y , a n d L O D R 
Al l sa te l l i t e e p o c h s t a t e s 
T h r e e s t o c h a s t i c s o l a r p r e s s u r e p a r a m e t e r s p e r 
s a t e l l i t e 
R a n d o m w a l k z e n i t h t r o p o s p h e r i c d e l a y s for 
e a c h s i t e 
Al l c locks e x c e p t o n e 
Rea l v a l u e d ca r r i e r p h a s e a m b i g u i t i e s 

T r a n s l a t e d i n t o ITRF92 

R o t a t e d i n t o ITRF92 

Al l ve loc i t i e s e s t i m a t e d 

F o u r t e e n p a r a m e t e r t r a n s f o r m a t i o n e n s u r e s 
n o n e t dr i f t w i t h r e s p e c t t o ITRF92 
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Distr ibut ion of the uncerta int ies (quadratic m e a n of a x , o y , o z ) for the 
4 4 s tat ions o f the terrestrial frame SSC(JPL) 94 P Ol. 
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N O A A E A R T H O R I E N T A T I O N TIME SERIES F R O M G P S O B S E R V A T I O N S 
N O A A 9 4 P 02 , 03, 04 

M.S. S c h e n e w e r k , G.L. Mader , W . Kass , R. D u l a n e y , D . Pursei l 

DESCRIPTION OF A N A L Y S I S P R O C E D U R E S 

D a i l y terres tr ia l s i t e c o o r d i n a t e s a n d a t i m e s e r i e s of p o l a r m o t i o n 
parameters h a v e b e e n e s t i m a t e d u s i n g tracking data from a s u b s e t of the International 
GPS Serv ice (IGS) tracking n e t w o r k se l ec ted to p r o v i d e t i m e l y data , g loba l coverage , 
a n d a c o n s i s t e n t set of G P S antennas . The a priori e p h e m e r i d e s w e r e created w i t h 
A R C , a n orbi t in t egra tor p r o g r a m , p r o v i d e d b y the M a s s a c h u s e t t s I n s t i t u t e of 
T e c h n o l o g y . A R C e m p l o y s an e l e v e n t h order A d a m s - M o u l t o n predictor-corrector to 
p r o d u c e sa te l l i t e p o s i t i o n s a n d part ia l d e r i v a t i v e s to t h e init ial c o n d i t i o n s at 22.5 
m i n u t e i n t e r v a l s . T h e c o n s t a n t s u s e d in the p r o g r a m w e r e d e f i n e d i n the IERS 
Standards [McCarthy, 19891. A n 8x8 gravity field taken from the GEM-L2 m o d e l w e r e 
u s e d from January 1, 1993 to N o v e m b e r 30, 1993; thereafter, a n 8x8 grav i ty f ield from 
the G E M - T 2 [Marsh et al, 1989] w e r e u s e d . A s i m p l i f i e d ROCK4T m o d e l [ C o l u m b o , 
19891 for the sa te l l i t e r a d i a t i o n p r e s s u r e , a d h o c Y-b ias , a n d t h e re la ted part ia l 
d e r i v a t i v e s w e r e u s e d t h r o u g h o u t 1993 . C o n v e r s i o n b e t w e e n inert ia l a n d ear th-
centered , earth-f ixed coord inates u s e s t h e IGS R a p i d Service Earth Orientat ion V a l u e s 
p r o v i d e d b y t h e N a t i o n a l Earth O r i e n t a t i o n Serv i ce ( N E O S ) , a n d n u t a t i o n v a l u e s 
g e n e r a t e d f r o m I A U 1980 T h e o r y of N u t a t i o n [ S e i d e l m a n n , 1982; W a h r , 1981] . In 
r o u t i n e p r o d u c t i o n in i t ia l c o n d i t i o n s t a k e n f r o m t h e p r e v i o u s d a y ' s a d j u s t e d 
e p h e m e r i s are u s e d , a l t h o u g h any prec i se or broadcast e p h e m e r i s can p r o v i d e these . 

T h e creat ion of da tabases , the ident i f icat ion a n d r e m o v a l of cyc le s l ips , a n d 
orbi t a d j u s t m e n t w e r e a c c o m p l i s h e d u s i n g Sof tware d e v e l o p e d at N O A A . T h e 
p r o g r a m P A G E 3 c o m b i n e d the a priori e p h e m e r i d e s from A R C w i t h tracking data in a 
l ea s t - squares a d j u s t m e n t to p r o d u c e the a d j u s t e d e p h e m e r i d e s , p o l a r m o t i o n , a n d 
other e s t imates . 24 h o u r s of tracking data w e r e u s e d for each set of da i ly e s t imates . A 
15 d e g r e e Observation e l eva t ion cutoff w a s i m p o s e d . D u a l f requency p h a s e data w e r e 
c o m b i n e d to p r o d u c e an i o n o s p h e r e - f r e e , d o u b l e - d i f f e r e n c e d o b s e r v a b l e . D o u b l e -
d i f f erenc ing e f f e c t i v e l y r e m o v e s all c lock errors . S / A , w h i c h m a n i f e s t s i tse l f as a 
sate l l i te c lock error, is therefore a l so r e m o v e d w i t h th i s t e c h n i q u e . A d a i l y neutra l 
a t m o s p h e r e p a t h l e n g t h correct ion d e r i v e d from the S a a s t a m o i n e n dry a t m o s p h e r e 
[ S a a s t a m o i n e n , 1972] p l u s the C h a o w e t a t m o s p h e r e [Chao , 1972] z e n i t h correct ions 
c o m b i n e d w i t h the Center for A s t r o p h y s i c s 2.2 m a p p i n g funct ion [Dav i s et al, 1985] , 
a n d an Earth t ide correct ion [Melchior , 1978] for the tracking s i tes are a p p l i e d . N o 
a t m o s p h e r i c or o c e a n l o a d i n g correct ions w e r e app l i ed . Sites coord ina te s , all satel l i te 
p o s i t i o n s a n d v e l o c i t i e s , s ca l e factors for t h e r a d i a t i o n p r e s s u r e s , Y- b i a s e s , a n d 
tropospher ic d e l a y s , p h a s e bias v a l u e s , a n d a d j u s t m e n t s to the Earth's rotat ional p o l e 
pos i t ion w e r e e s t i m a t e d . 

IERS(1994) Technical Note No 17. 
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F r o m J a n u a r y 1 3 , 1 9 9 3 t o N o v e m b e r 3 0 , 1 9 9 3 , t h e f o l l o w i n g 13 s i t e s w i t h w e l l 
d e t e r m i n e d c o o r d i n a t e s [Bock, 1992] w e r e h e l d f ixed: 

A l g o n q u i n , C a n a d a , F a i r b a n k s , A K , U S A . 
K o k e e P a r k , H I , U S A , K o o t w i j k O b s . , N e t h e r l a n d s , 
M a t e r a , I t a ly , M c M u r d o , A n t a r c t i c a , 
M e t s a h o v i , F i n l a n d , O n s a l a , S w e d e n , 
T a i w a n , Ta i -Sh i , T r o m s o , N o r w a y , 
W e t t z e l l , G e r m a n y , Y a r r a g a d e e , A u s t r a l i a , 
Y e l l o w k n i f e , C a n a d a . 

T h e c o o r d i n a t e s for t h e s e f ixed s i t e s w e r e u p d a t e d o n A p r i l 30 , 1993 [Bock, 
1993] a n d r e s u l t e d i n a b r e a k i n t h e p o l a r m o t i o n t i m e se r i e s . O n D e c e m b e r 1 , 1 9 9 3 , t h e 
s e t of 13 t r a c k i n g s i t e s a n d c o o r d i n a t e s s e l e c t e d b y t h e I G S t o b e h e l d f ixed o r t i g h t l y 
c o n s t r a i n e d w e r e i m p l e m e n t e d r e s u l t i n g i n a s e c o n d b r e a k i n t h e p o l a r m o t i o n t i m e 
se r i e s . T h e c o o r d i n a t e s for t h e s e s i t e s a r e c o n s i s t e n t w i t h t h e I T R F 9 1 . T h e s e 13 s i t e s a r e : 

A l g o n q u i n , C a n a d a , F a i r b a n k s , A K , U S A , 
G o l d s t o n e , C A , U S A , H a r t e b e e s t h o e k , S. Afr ica , 
K o k e e P a r k , H I , U S A , K o o t w i j k O b s . , N e t h e r l a n d s , 
M a d r i d , S p a i n , S a n t i a g o , C h i l e , 

T i d b i n b i l l a , A u s t r a l i a , T r o m s o , N o r w a y , 
W e t t z e l l , G e r m a n y , Y a r r a g a d e e , A u s t r a l i a , 
Y e l l o w k n i f e , C a n a d a . 

R e f e r e n c e s 

Bock, Y., 1992: P r i v a t e C o m m u n i c a t i o n . 

Bock, Y., 1993 : P r i v a t e C o m m u n i c a t i o n . 
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R a d i o s o n d e B a l l o o n M e a s u r e m e n t s , T e c h . M e m o Calif. I n s t . T e c h n o l . Jet P r o p u l . L a b . , 
17. 

C o l u m b o , O . , 1989: P r i v a t e C o m m u n i c a t i o n . 

D a v i s , J. L., et al, 1 9 8 5 : G e o d e s y b y r a d i o i n t e r f e r o m e t r y : Effec ts of a t m o s p h e r i c 

m o d e l i n g e r r o r s o n e s t i m a t e s of b a s e l i n e l e n g t h , Radio Science, 2 0 , 6, 1593-1607. 

M a r s h , J. G . , et al, 1 9 8 9 : T h e G E M - T 2 G r a v i t a t i o n a l M o d e l , N A S A T e c h n i c a l 
M e m o r a n d u m 100746 . 

M c C a r t h y , D . D . , e d . , 1 9 8 9 : IERS S t a n d a r d s (1989) , IERS Technical Note 3, O b s e r v a t o i r e 

d e P a r i s , P a r i s . 

M e l c h i o r , P . , 1978: T h e T i d e s of t h e P l a n e t E a r t h , P e r g a m o n P r e s s , p . 109-121 . 
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S a a s t a m o i n e n , J., 1972: A t m o s p h e r i c correct ion for t h e t r o p o s p h e r e a n d s tratosphere in 
r a d i o r a n g i n g o f s a t e l l i t e s , The Use of Artificial Satellites for Geodesy, Geophys. 
Monogr. Ser., 1 5 , e d . S. W. H e n r i k s e n e t al., A G U , W a s h i n g t o n , D . C , p . 247-251. 

S e i d e l m a n n , P. K., 1982 : T h e o r y of t h e R o t a t i o n of t h e R i g i d Earth , Celestial 
Mechanics, 1 5 , 277-326. 

Wahr , J. M. , 1981: The Forced N u t a t i o n s of an Elliptical Rotat ion Elast ic , a n d Ocean le s s 
Earth, Geophys. J. Roy. Astron. Soc., 64 , 705-727. 

E O P ( N O A A ) 94 P 02 From Jan 1993 to A p r 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y. 

YEAR X Y 
Nb Sigma Nb Sigma 

1993 104 0.09 104 0.09 

E O P ( N O A A ) 94 P 03 From A p r 1993 to N o v 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y. 

YEAR X Y 
Nb Sigma Nb Sigma 

1993 215 0.10 215 0.10 

E O P ( N O A A ) 94 P 04 F r o m D e c 1993 to D e c 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y. 

YEAR X Y 
Nb Sigma Nb Sigma 

1993 31 0.08 31 0.09 
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S u m m a r y d e s c r i p t i o n o f t h e So lu t ions E O P ( N O A A ) 94 P 0 2 , 0 3 a n d 04 

1 - T e c h n i q u e : G P S , D o u b l e - d i f f e r e n c e d p h a s e 

2 - A n a l y s i s c e n t e r : N O A A 

3 - S o l u t i o n i d e n t i f i e r : Da i ly 

4 - S o f t w a r e u s e d : 

5 - R e l a t i v i t y Sca le : 

A R C o r b i t i n t e g r a t o r ; P A G E 3 fo r d a t a 

a n a l y s i s 

T e r r e s t r i a l s i t e c o o r d i n a t e s a r e g e o c e n t r i c 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Sta t ion : N o c o r r e c t i o n i s a p p l i e d t o r e m o v e t h e 

z e r o - f r e q u e n c y d i s p l a c e m e n t i n t r o d u c e d b y 
t h e s o l i d E a r t h t i d e m o d e l . 

7 - T e c t o n i c p l a t e m o d e l 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M o ) : 

10 - R e f e r e n c e e p o c h 

11 - A d j u s t e d p a r a m e t e r s 

12 - D e f i n i t i o n of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

14 - C o n s t r a i n t fo r t i m e e v o l u t i o n 

I T R F 9 2 v e l o c i t y f i e ld ( c o m b i n e d S o l u t i o n 
f r o m S L R a n d VLBI e s t i m a t e s ) for a l l f ixed 
s i t e s e x c e p t for T R O M S O , Y E L L O W K N I F E , 
a n d S A N T I A G O f r o m D e c e m b e r 1, 1993 -
D e c e m b e r 3 1 , 1 9 9 3 w h e r e t h e N N R -
N U V E L 1 is u s e d . 

299792458. m / s 

3.9860044451 x 1 0 1 4 m ^ / s 2 

J a n u a r y 1 3 , 1 9 9 3 - N o v e m b e r 3 0 , 1 9 9 3 ; 

3.98600436 x 1 0 1 4 m 3 / s 2 

D e c e m b e r 1 ,1993 - D e c e m b e r 3 1 , 1 9 9 3 . 

48829.5 J a n u a r y 1 3 , 1 9 9 3 - N o v e m b e r 30 , 

1993; 

48850.6 D e c e m b e r 1 , 1993 - D e c e m b e r 3 1 , 

1993. 

X Y Z g e o c e n t r i c S t a t i o n c o o r d i n a t e s for a l l 
n o n - f i x e d s i t e s ; p o l e X a n d Y c o o r d i n a t e s ; 1 
t r o p o s p h e r i c sca le factor ; d o u b l e d i f f e r enced 
p h a s e b i a s e s . Al l p a r a m e t e r s e s t i m a t e d o n c e 
p e r d a y . 

O r i g i n s p e c i f i e d b y t h e c o m b i n e d S o l u t i o n 
f r o m SLR a n d VLBI e s t i m a t e s . 

n o t a p p l i c a b l e 

O r i g i n s p e c i f i e d b y t h e c o m b i n e d S o l u t i o n 

f r o m SLR a n d VLBI e s t i m a t e s . 
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1991-1993 SIO P O L A R M O T I O N SERIES 
SIO 93 P Ol 

T h e i m p l e m e n t a t i o n of th is ser ies i s d e s c r i b e d in IERS Technica l N o t e N o 14, 
p . P-43. 

EOP(SIO) 93 P Ol From A u g 1991 to Jan 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y, 

YEAR X Y 
Nb Sigma Nb Sigma 

1991 140 0.39 140 0.43 
1992 332 0.19 332 0.20 
1993 365 0.09 365 0.09 

IERS(1994) Technical Note No 17. 
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E A R T H O R I E N T A T I O N A N D S T A T I O N C O O R D I N A T E S F R O M T H E 
C E N T R A L L A B O R A T O R Y F O R G E O D E S Y A N A L Y S I S : 1984-1991 

C L G 9 4 L 0 1 , 0 2 , 0 3 

V a l e n t i n K o t z e v a n d I v a n G e o r g i e v 
C e n t r a l L a b o r a t o r y for G e o d e s y , B u l g a r i a n A c a d e m y of Sc i ences , 
A c a d . G. B o n t c h e v Str., b l . 1 , 1 1 1 3 Sofia, B u l g a r i a 

A n a l y s i s of 454293 L a g e o s n o r m a l p o i n t s , co l l ec ted b y t h e g l o b a l SLR t r a c k i n g 
n e t w o r k b e t w e e n J a n u a r y 1984 a n d D e c e m b e r 1991 w a s d o n e . I t w a s b a s e d o n f i t t ing t h e 
o r b i t i n 30(31) d a y a r c s . E s t i m a t i n g t h e E a r t h o r i e n t a t i o n a n d fo rce m o d e l p a r a m e t e r s a t 
d i f f e r e n t i n t e r v a l s ( T a b l e 1), t h r e e S o l u t i o n s w e r e d e r i v e d . T h e m o n t h l y a r c s w e r e 
c o m b i n e d t o f o r m t h e b a s i s for t h e g l o b a l p a r a m e t e r s d e t e r m i n a t i o n . A se t of 59 S ta t ion 
p o s i t i o n s a t e p o c h 1984.0 a n d 4 7 Sta t ion h o r i z o n t a l ve loc i t i e s w e r e o b t a i n e d . E O P w e r e 
m o d e l e d a s c o n s t a n t s o v e r t he i r i n t e r v a l s of v a l i d i t y . L O D R se r i e s w e r e c a l c u l a t e d b y 
f o r w a r d d i f f e r e n c i n g of t h e e s t i m a t e d U T 1 R v a l u e s ( f ix ing e a c h m o n t h t h e f irst 5 d a y 
U T l a t IERS) . I m p r o v e d v e r s i o n of t h e l e a s t - s q u a r e s o r b i t a l a n a l y s i s p r o g r a m S L R P - 3 
(Satel l i te L a s e r R a n g i n g d a t a P r o c e s s o r ) w a s u s e d for t h e d a t a p r o c e s s i n g . 

T a b l e 1. S o l u t i o n s D e s i g n 

Adjusted Parameters 
Interval of Validity 
or Estimated: Yes/No 
L Ol L 02 L 03 

Orbital State Vector 
Solar Radiation Coefficient 
Along Track Acceleration 
EOP: Xp, Ypf LODR 
Station Positions 
Station Velocities 
Love and Shida Numbers 
Geogravitational Parameter 
Selected Set of Geopotential 
Coefficients: C(2,0),C(3,0), 
C(4,0),C(2,1),S(2,1),C<3,1), 
S(3,1),C(4,1),S(4,1),C<2,2), 
S(2,2),C(3,2),S<3,2),C<4,2), 
S(4,2) 

30 
30 
30 
5 

Yes 
No 
No 
Yes 
NO 

30 
30 
30 
5 

Yes 
Yes 
Yes 
Yes 
Yes 

30 
15 
15 
3 

Yes 
Yes 
Yes 
Yes 
Yes 

M O D E L S A N D C O N S T A N T S 

R e f e r e n c e Frame 

CIS: 

P l a n e t a r y E p h e m e r i s : 
In i t i a l E a r t h 
O r i e n t a t i o n : 

m e a n e q u a t o r a n d e q u i n o x of J2000.0 
JPL DE200 /LE200 

B I H C i r c u l a r D , IERS Bul le t in B 

IERS(1994) Technical Note No 17. 
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P r e c e s s i o n : 
N u t a t i o n : 
I n i t i a l S t a t i o n 
C o o r d i n a t e s : 
T i m e E v o l u t i o n : 
S e m i M a j o r A x i s of E a r t h : 

H a t t e n i n g l / f : 

I A U 1976 
I A U 1980 + H e r r i n g 1987 c o r r e c t i o n s 

I T R F 9 1 
N N R - N U V E L 1 
6378136.3 m 
298.257 

D y n a m i c M o d e l 

G r a v i t y M o d e l : 

C(2 ,1) ,S(2 ,1) : 
T h i r d B o d y : 

D i r e c t S o l a r R a d i a t i o n 
P r e s s u r e : 

A i r D r a g : 

A l b e d o : 
A l o n g T r a c k A c c e l e r a t i o n : 

So l id T i d e s : 
O c e a n T i d e s : 
P o l e T i d e : 
R e l a t i v i s t i c M o t i o n 
E q u a t i o n C o r r e c t i o n : 

M e a s u r e m e n t m o d e l 

T r o p o s p h e r i c Ref rac t ion : 
S o l i d E a r t h T i d e 
D i s p l a c e m e n t : 
O c e a n L o a d i n g Si te 
D i s p l a c e m e n t : 
P o l e T i d e : 

R e l a t i v i s t i c C o r r e c t i o n 
for P r o p a g a t i o n : 

N A S A / G S F C G E M - T 3 , t r u n c a t e d a t 20x20, 

w i t h GM=398600 .436 k m 3 / s 2 a n d 

a=6378137 m a s s ca l e p a r a m e t e r s w i t h 

t h e g e o p o t e n t i a l coeff ic ients a n d 

G M = 3 8 6 0 0 . 4 4 1 8 k m 3 / s 2 w i t h t h e 

t w o - b o d y t e r m 

a p p l i e d a c c o r d i n g t o IERS S t a n d a r d s 

S u n , M o o n , M e r c u r y , V e n u s , M a r s , 

J u p i t e r a n d S a t u r n 

o c c u l t a t i o n b y E a r t h a n d M o o n a n d 
a d j u s t e d s o l a r r a d i a t i o n coeff ic ient 

n o t a p p l i e d 
n o t a p p l i e d 
a d j u s t e d 
W a h r m o d e l ( IERS S t a n d a r d s ) 
S c h w i d e r s k i m o d e l ( IERS S t a n d a r d s ) 
IERS S t a n d a r d s 

I E R S S t a n d a r d s 

M a r i n i - M u r r a y M o d e l 

IERS S t a n d a r d s 

I E R S S t a n d a r d s 
IERS S t a n d a r d s 

I E R S S t a n d a r d s 

D A T A 

L A G E O S n o r m a l p o i n t s g e n e r a t e d f r o m fü l l r a t e d a t a r e c e i v e d f r o m 

G A O U A (1984-1988) a n d f r o m G F Z (1989-1991) w e r e u s e d . A l l d a t a a r e e q u a l l y 

w e i g h e d . 
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C O N S T R A I N T S 

T h e f i rs t 5 d a y s v a l u e of U T 1 - U T C i n e a c h a r e f i xed a t B I H ( IERS) . T h e 
l a t i t u d e a n d l o n g i t u d e of 7 1 0 5 a n d t h e l a t i t u d e of 7210 f ixed a t I T R F 9 1 . T h e l a t i t u d e 
a n d l o n g i t u d e r a t e s for 12 s i t es f ixed a t N N R - N U V E L 1 ve loc i t i e s . 

T h e e s t i m a t e d E O P , S t a t i on c o o r d i n a t e s , S t a t i on v e l o c i t i e s a n d c o r r e l a t i o n m a t r i c e s 
h a v e b e e n p r o v i d e d t o t h e IERS C e n t r a l B u r e a u . 

R e f e r e n c e s 

M c C a r t h y (ed . ) , D . D . , 1992: IERS S t a n d a r d s (1992), IERS Technical Note 13, O b s e r v a t o i r e 
d e P a r i s , P a r i s . 
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S u m m a r y d e s c r i p t i o n of t h e So lu t ions CLG 94 L Ol, L 02 a n d L 03 

1 - Technique: 

2 - A n a l y s i s Center: 

3 - So lu t ion Identifier: 

4 - Sof tware U s e d : 

5 - Relat iv i ty Scale : 

SLR 

CLG 

SSC(CLG) 94 L 0 1 , L 02, L03 

S L R P - 3 

G e o c e n t r i c (LE) 

6 - P e r m a n e n t T i d a l C o r r e c t i o n o n S t a t i on : N o 

7 - T e c t o n i c P l a t e M o t i o n M o d e l : N N R - N U V E L 1 

8 - V e l o c i t y of L igh t : 

9 - G e o g r a v i t a t i o n a l C o n s t a n t : 

10 - R e f e r e n c e E p o c h : 

11 - A d j u s t e d P a r a m e t e r s : 

12 - D e f i n i t i o n of O r i g i n : 

13 - D e f i n i t i o n of O r i e n t a t i o n : 

14 - C o n s t r a i n t for T i m e 

E v o l u t i o n : 

299792458 m / s 

398600.4418 k n v V s 2 

1984.0 

O r b i t : 6 c a r t e s i a n e l e m e n t s e v e r y 30(31) 

d a y s . 
R a d i a t i o n p r e s s u r e coef f ic ien t a n d a l o n g 
t r a c k a c c e l e r a t i o n e v e r y 30(31) d a y s i n 
L01 a n d L 0 2 o r e v e r y 15 d a y s in L 0 3 . 
S t a t i o n s : E p o c h 1984.0 g e o d e t i c S t a t i o n 
p o s i t i o n s for 59 s i t e s . 
L a t i t u d e a n d l o n g i t u d e r a t e s for 4 7 s i t e s 
in L 02, L 0 3 . 
E O P : X p , Y p a n d L O D R e v e r y 5 d a y s in 
L01 a n d L 0 2 or e v e r y 3 d a y s in L 0 3 . 
G e o p o t e n t i a l : G e o g r a v i t a t i o n a l c o n s t a n t 
a n d s e l e c t e d s e t of 15 g e o p o t e n t i a l 
coeff ic ients in L 0 2 a n d L 03 . 
S o l i d E a r t h T i d e s : L o v e a n d S h i d a 
n u m b e r s i n L 02 a n d L 0 3 . 

G e o c e n t r i c , C(1,0)=C(1,1)=S(1,1)=0. 

A p r i o r i E O P v a l u e s f r o m B I H C i r c u l a r D 

o r IERS B u l l e t i n B. F i x e d l o n g i t u d e a n d 

l a t i t u d e of 7105, f ixed l a t i t u d e of 7210. 

L a t i t u d e a n d l o n g i t u d e r a t e s for 12 s i t e s 

f ixed to N N R - N U V E L 1 . 
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E O P ( C L G ) 9 4 L Ol F r o m Jan 1984 t o D e c 1991 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 

U n i t s : 0.001" for X,Y; 0.0001s for D R 

YEAR 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

Nb 

72 
81 
77 
78 
77 
78 
78 
77 

X 
Sigma 

0.50 
0.43 
0.50 
0.42 
0.39 
0.47 
0.38 
0.46 

Nb 

72 
81 
77 
78 
77 
78 
78 
77 

Y 
Sigma 

0.48 
0.41 
0.43 
0.40 
0.39 
0.46 
0.42 
0.44 

Nb 

52 
57 
53 
56 
53 
54 
54 
53 

DR 
Sigma 

0.16 
0.14 
0.15 
0.14 
0.13 
0.17 
0.14 
0.15 

E O P ( C L G ) 94 L 02 F r o m J a n 1984 t o D e c 1991 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0 .001" for X,Y; 0.0001s for D R 

YEAR 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

Nb 

72 
81 
77 
78 
77 
78 
78 
77 

X 
Sigma 

0.48 
0.41 
0.48 
0.40 
0.37 
0.45 
0.37 
0.44 

Nb 

72 
81 
77 
78 
77 
78 
78 
77 

Y 
Sigma 

0.45 
0.39 
0.41 
0.38 
0.37 
0.44 
0.40 
0.43 

Nb 

52 
57 
53 
56 
53 
54 
54 
53 

DR 
Sigma 

0.15 
0.14 
0.14 
0.14 
0.13 
0.16 
0.14 
0.15 

E O P ( C L G ) 94 L 03 F r o m J a n 1984 t o D e c 1991 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0 .001" for X,Y; 0.0001s for D R 

YEAR 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

Nb 

107 
119 
114 
117 
118 
118 
119 
119 

X 
Sigma 

0.59 
0.50 
0.58 
0.48 
0.47 
0.57 
0.45 
0.53 

Nb 

107 
119 
114 
117 
118 
118 
119 
119 

Y 
Sigma 

0.52 
0.46 
0.48 
0.47 
0.46 
0.52 
0.50 
0.51 

Nb 

87 
95 
90 
95 
94 
94 
95 
95 

DR 
Sigma 

0.28 
0.25 
0.27 
0.27 
0.24 
0.33 
0.26 
0.27 
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E A R T H O R I E N T A T I O N A N D SITE C O O R D I N A T E S F R O M T H E C E N T E R FOR 
SPACE RESEARCH S O L U T I O N 

CSR 9 4 L Ol 

R. J. Eanes a n d M. M. Watk ins 
Center for Space Research, U n i v e r s i t y of Texas at A u s t i n , A u s t i n TX 78712 

Earth or i en ta t ion p a r a m e t e r s w e r e d e r i v e d f r o m a c o m b i n a t i o n of L a g e o s 
füll rate a n d quick l ook data. Füll rate data w a s u s e d from 1976 unti l the e n d o f June, 
1991 , a n d q u i c k l o o k data w a s u s e d for July 1991 t h r o u g h February 1994. M e a n 
p o s i t i o n s for all s i tes w e r e adjusted a n d hor izonta l s i te ve loc i t i e s w e r e adjus ted for 47 
s i tes w i t h g o o d o b s e r v i n g h is tor ies . For all o ther s i tes , v e l o c i t i e s w e r e h e l d f ixed to 
t h o s e p r e d i c t e d b y the N U V E L - 1 N N R m o d e l . T h e force a n d m e a s u r e m e n t m o d e i s 
u s e d for this So lut ion c o n f o r m g e n e r a l l y to the IERS S t a n d a r d s , w i t h t h e f o l l o w i n g 
except ions : 

1) T h e apriori grav i ty f ie ld w a s JGM-3, a State of the art g r a v i t y f ie ld 
d e r i v e d as a Joint effort b y t h e G o d d a r d S p a c e F l ight Center a n d the 
Center for Space Research. 

2) T h e o c e a n t ide m o d e l w a s a n e n h a n c e d v e r s i o n of the S c h w i d e r s k i 
m o d e l e x t r a p o l a t e d to i n c l u d e 80 c o n s i t u e n t s c o m p l e t e t h r o u g h d e g r e e 
a n d order 20, a s s u m i n g a d m i t t a n c e s w h i c h v a r y l inearly w i t h frequency. 
S o m e o c e a n t ide coefficients w e r e adjusted u s i n g Lageos-1 tracking data. 

3) The s o l i d t ide m o d e l ( d y n a m i c effect) h a s b e e n e x p a n d e d to i n c l u d e 
third d e g r e e a n d fourth d e g r e e terms. 

4) The geogravi tat ional constant , G M , w a s 398600.4415 k m ^ / s ^ . 

5) T h e n o m i n a l p late m o t i o n m o d e l w a s N U V E L - 1 N N R . 

6) T h e free core nutat ion per iod has b e e n c h a n g e d f rom 460 to 430 d a y s . 

7) Diurnal a n d semid iurna l f luctuat ions in the E O P a n d in t h e m o t i o n of 
the geocenter for 15 tidal frequencies w e r e s i m u l t a n e o u s l y adjusted in the 
S o l u t i o n . 

T h e d a t a w a s w e i g h t e d in a p i e c e w i s e c o n t i n u o u s , l inear ly i n t e r p o l a t e d 
m o d e l to reflect the i m p r o v e m e n t in laser h a r d w a r e o v e r the data span . T h e w e i g h t s 
are larger t h a n the true r a n d o m c o m p o n e n t of t h e laser r a n g e s in o r d e r to reflect 
u n m o d e l l e d s y s t e m a t i c errors, a n d are thus sca led s o that the formal uncerta int ies o n 
the Earth or ientat ion parameters are cons i s tent w i t h their internal prec i s ion . 

IERS(1994) Technical Note No 17. 
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T h e S o l u t i o n s for orbit e l e m e n t s a n d Earth o r i e n t a t i o n p a r a m e t e r s w e r e 
c o m p u t e d u s i n g r e s i d u a l s f r o m a l o n g are fit s p a n n i n g the p e r i o d f r o m 7 M a y 1976 
t h r o u g h 17 February 1994, a per iod of 17.8 years . T h e short are adjus tments w e r e m a d e 
at 3 d a y in terva l s subjeet to the constraint that the poster ior i uncerta int ies w e r e l e s s 
t h a n s p e c i f i e d v a l u e s , to a l l o w for t h e c h a n g e in da ta q u a n t i t y o v e r t ime . If the 
So lu t ion for a g i v e n 3 d a y interva l y i e l d e d u n a c c e p t a b l y large uncer ta in t i e s o n the 
a d j u s t e d p a r a m e t e r s , t h e interval w a s e x t e n d e d b y 3 d a y s a n d the Solut ion repeated . 
T h u s , e a c h final interval is a m u l t i p l e of 3 d a y s . For e a c h interval , regardless of l ength , 
6 K e p l e r i a n m e a n e l e m e n t s a n d x p a n d y p w e r e s o l v e d . T h e U T l e s t i m a t e s are 
o b t a i n e d from t h e L a g e o s n o d e res idua l s , w i t h the constraint that t h e y f o l l o w the JPL 
SPACE93 series at p e r i o d s longer than about 60 d a y s [Gross, 1994]. 

R e f e r e n c e s 

G r o s s , R.S., 1994: A C o m b i n a t i o n of Earth Orientat ion Data: S P A C E 9 3 , IERS Technical 
Note 17, Observato ire d e Paris , Paris, p . C-5. 

S u m m a r y d e s c r i p t i o n of t h e S o l u t i o n C S R 94 L 01 

1 - Technique: SLR 

2 - A n a l y s i s Center: C S R 

3 - So lu t ion Identifier: SSC(CSR) 94 L 01 

4 - Sof tware U s e d : U T O P I A 

5 - Relat ivi ty Scale: 

6 - P e r m a n e n t Tidal Correct ion o n Station: 

7 - Tec ton ic Plate m o d e l : 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - Geograv i ta t iona l cons tant ( G M ) : 

10 - Reference E p o c h : 

11 - A d j u s t e d Parameters: 

Coordinates : 

Site d e p e n d e n t biases: 

Geocentr ic (LE) 

T ida l c o r r e c t i o n h a s n o n z e r o m e a n . 
Pos i t ions d o n o t reflect true m e a n . 

N U V E L - 1 N N R 

299792458 m / s e c 

398600.4415 k n v V s 2 

1988.0 

E p o c h 1988.0 p o s i t i o n for all s i tes in 
cartes ian c o o r d i n a t e s s o l v e d o n e t i m e 
for e n t i r e d a t a s p a n . H o r i z o n t a l 
ve loc i t ies adjusted for 4 7 se lec ted s ites . 
A d j u s t e d w h e r e necessary . 
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Orbit: 

EOP: 

6 K e p l e r i a n m e a n e l e m e n t correct ions 
to l o n g are orbit s o l v e d e v e r y 3 d a y s 
t h r o u g h o u t s p a n subjeet t o constraint 
that poster ior i uncer ta in t i e s w e r e l e s s 
t h a n spec i f i ed v a l u e s . If n o t sat is f ied, 
interval w a s e x t e n d e d i n m u l t i p l e s of 
3 d a y s unt i l Solut ion w a s acceptable . 
x, y a n d U T l ( U T l cons tra ined b y JPL 
S P A C E 9 3 ) w e r e s o l v e d at t h e s a m e 
intervals as the orbit. 

12 - Def in i t ion of the origin: 

13 - Def in i t ion of the orientation: 

Geocentric , CIO = C l l = S i l = 0.0 

S y s t e m o r i e n t e d t o a g r e e w i t h 
EOP(CSR) 9 3 L 0 2 m a i n t a i n e d through 
f ix ing t h e l a t i t u d e a n d l o n g i t u d e of 
site 7210 (HOLLAS) a n d the lat i tude of 
site 7105 (GRF105). 

14 - Constra int for t ime evo lu t ion: Lat i tude a n d l o n g i t u d e rate of s ite 7210 
( H O L L A S ) a n d l a t i t u d e rate of s i te 
7105 (GRF105) f ixed to N U V E L - 1 N N R 
v e l o c i t i e s . H o r i z o n t a l s i t e v e l o c i t i e s 
a d j u s t e d w i t h a priori s i g m a of 100 
m m / y r for t h e o t h e r s i t e s w i t h 
suff ic ient data . B e c a u s e of w e a k SLR 
data f rom M o j a v e (7288) a n d O w e n s 
V a l l e y ( 7 8 5 3 ) t h e i r v e l o c i t y 
a d j u s t m e n t w a s c o n s t r a i n e d u s i n g a 
priori s i g m a of 5 m m / y r . 
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UNCERTAINTIES (cm) 

10 

D i s t r i b u t i o n of t h e uncer ta int i e s (quadrat ic m e a n of o X / o y , c z ) for the 116 
s t a t i o n s o f t h e terres tr ia l f r a m e SSC(CSR) 9 4 L Ol. 21 s t a t i o n s w i t h 
uncerta int ies larger than 10 c m are n o t s h o w n . 
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EOP(CSR) 94 L Ol From M a y 1976 to M a y 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l . 

YEAR 

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

33 
71 
72 
76 
117 
112 
113 
118 
121 
121 
122 
122 
122 
121 
122 
122 
122 
122 
49 

X 
Sigma 

12.72 
12.87 
12.06 
9.38 
5.47 
5.40 
3.60 
3.08 
1.22 
1.07 
0.88 
0.60 
0.50 
0.53 
0.50 
0.62 
0.61 
0.50 
0.50 

Nb 

33 
71 
72 
76 
117 
112 
113 
118 
121 
121 
122 
122 
122 
121 
122 
122 
122 
122 
49 

Y 
Sigma 

14.38 
12.06 
10.29 
9.71 
3.48 
3.20 
2.76 
2.67 
1.09 
0.90 
0.82 
0.56 
0.53 
0.51 
0.52 
0.62 
0.59 
0.40 
0.50 

Nb 

33 
71 
72 
76 
117 
112 
113 
118 
121 
121 
122 
122 
122 
121 
122 
122 
122 
122 
49 

UTl 
Sigma 

7.46 
6.82 
6.56 
6.01 
3.11 
2.72 
2.38 
1.86 
1.12 
0.94 
0.92 
0.77 
0.71 
0.75 
0.74 
0.75 
0.76 
0.30 
0.30 
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E A R T H R O T A T I O N A N D S T A T I O N C O O R D I N A T E S C O M P U T E D F R O M SLR A N D 
G P S O B S E R V A T I O N S 

E O P ( D U T ) 9 4 L 0 1 
S S C ( D U T ) 9 4 C 0 1 

R. N o o m e n , B.A.C. A m b r o s i u s , D .C . K u y p e r , H . L e e n m a n , G.J. M e t s , B. O v e r g a a u w , 
T.A. Spr inger , K.F. W a k k e r , 
Delft U n i v e r s i t y of T e c h n o l o g y , Faculty of A e r o s p a c e Eng ineer ing , 
K l u y v e r w e g 1, 2629 H S Delft , T h e N e t h e r l a n d s (Internet: ron.noomen@lr . tudel f t .n l ) 

T h e Solut ion ERP(DUT) 94 L Ol cons i s t s of a coherent se t of Earth Rotat ion 
Parameter s (ERPs) , d e t e r m i n e d f rom SLR o b s e r v a t i o n s o n L A G E O S - 1 t a k e n i n the 
per iod September 1983 to D e c e m b e r 1992 at a frequency of o n c e per 3 d a y s . A n essent ial 
e l e m e n t of th is c o m p u t a t i o n is the d e v e l o p m e n t of a m o d e l for i n s t a n t a n e o u s Station 
p o s i t i o n s , S S C ( D U T ) 94 C Ol, w h i c h i s a c o m b i n e d S o l u t i o n b a s e d o n t h e SLR 
observat ions a lready m e n t i o n e d a n d G P S m e a s u r e m e n t s taken in the p e r i o d s M a y 16 -
2 8 , 1 9 8 9 , a n d July 29 - A u g u s t 3 , 1 9 9 2 . 

T h e c o m p u t a t i o n of ERPs w a s p e r f o r m e d in a 2 - s t ep a p p r o a c h : first, the 
m o d e l for Station p o s i t i o n s a n d m o t i o n s w a s d e r i v e d , a n d n e x t , t h e po lar m o t i o n s 
parameters w e r e c o m p u t e d w.r.t. this stable reference. 

For the d e r i v a t i o n of the m o d e l for Station p o s i t i o n s , the 9.3 year interval 
c o v e r e d b y the SLR observat ions w a s d i v i d e d into 38 c o n s e c u t i v e sub- intervals , w i t h a 
l e n g t h of 13 w e e k s o n a v e r a g e . I n d e p e n d e n t n e t w o r k So lut ions w e r e c o m p u t e d for 
each of t h e s e sub- interva ls . T h e parameter e s t imat ion w a s b a s e d o n a w e i g h t e d least-
squares fit of the sate l l i te orbit t o the o b s e r v a t i o n s . T o l imi t the effect o f potent ia l 
d y n a m i c m o d e l errors, the ana lys i s p r o g r a m s G E O D Y N - 2 and SOLVE-2 w e r e e x e c u t e d 
in a s o - c a l l e d mul t i -arc m o d e , w h e r e e a c h sub- interva l w a s further d i v i d e d i n t o a 
series of c o n s e c u t i v e 7 -day data arcs a n d satel l i te parameters (s tate-vector at e p o c h , a 
cons tant a long- track acce lerat ion a n d a 1-cpr radial acce lerat ion) w e r e e s t i m a t e d for 
each i n d i v i d u a l data are. 

In a d d i t i o n t o t h e Stat ion p o s i t i o n s , ERP S o l u t i o n s w e r e d e r i v e d 
s i m u l t a n e o u s l y . P l ease n o t e that this is no t ERP(DUT) 9 4 L Ol. T o p r e v e n t numer ica l 
s ingulari t ies , the parameters w e r e constra ined in a Bayes ian w a y . T h e a priori Standard 
dev ia t ion of the p o l e pos i t ion a n d U T l w e r e a s s i g n e d v a l u e s of 100 maresee a n d 10 m s , 
r e s p e c t i v e l y , w i t h a priori v a l u e s taken from the IERS (EOP) 90 C 04 Solut ion. The 
initial Station coord ina te s , c o m p u t e d d u r i n g a p r e l i m i n a r y data Screening run , w e r e 
g i v e n an a priori uncerta inty of 1 m. T h e a s c e n d i n g n o d e s of the satel l i te s tate-vectors 
w e r e k e p t f i xed at t h e v a l u e s d e t e r m i n e d i n t h e s a m e data Screening . T h e interval 
June - D e c e m b e r 1985 w a s no t a n a l y z e d b e c a u s e m e a s u r e m e n t s in a form su i tab le for 
the a n a l y s i s w e r e n o t ava i l ab l e . T h e SLR c o m p u t a t i o n m o d e l i s s u m m a r i z e d in 
Table l a . 

IERS(1994) Technical Note No 17. 

mailto:ron.noomen@lr.tudelft.nl
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Table l a : M o d e l s a n d constants (SLR c o m p o n e n t ) . 

D Y N A M I C M O D E L : 

Gravi ty field 

G M 
c 
ae 

1 / f 
Sol id earth t ides 
O c e a n t ides 
Solar radiat ion 

ALong-track accelerat ion 
Radial acceleration 
Third b o d y attraction 

Po le t ide ( d y n a m i c part) 

REFERENCE FRAME: 

N A S A / C S R JGM-1 m o d e l , truncated at 20x20 

398600.4415 k n \ 3 / s 2 

299792.458 k m / s 
6378-1363 k m 
298.2564 
W a h r m o d e l 
N A S A / C S R JGM-1 m o d e l 
CR fixed at 1.13; 
occul ta t ion b y Earth a n d M o o n ; 
u m b r a a n d p e n u m b r a 
cons tant va lue ; adjus ted 
s ine a n d cos ine l c p r term; adjusted 
S u n , M o o n , V e n u s , Mars , Jupiter, Saturn; 
pos i t ions from JPL D E 2 0 0 / L E 2 0 0 e p h e m e r i s 
a p p l i e d 

Station coordinates 

Earth rotation 

CIS 
Precess ion 
N u t a t i o n 
Plate m o t i o n 

Tidal uplift 
P o l e t ide (geometr ic part) 
O c e a n l o a d i n g 
A t m o s p h e r i c pres sure l o a d i n g 

M E A S U R E M E N T M O D E L : 

adjusted (step 1); 
S S C ( D U T ) 9 4 C 0 1 ( s t e p 2 ) 
adjusted at 3 -day intervals; 
a priori v a l u e s from IERS (EOP) 90 C 04 
m e a n equator a n d e q u i n o x of J2000.0 
I A U 1976 (Lieske m o d e l ) 
I A U 1980 (Wahr m o d e l ) 
n o t ap p l i ed (s tep 1); 
c lo se to N U V E L - 1 N N R (step 2) 
h 2 = 0.609,12 = 0.0852 
a p p l i e d 
n o t a p p l i e d 
n o t a p p l i e d 

Observat ions 

Data w e i g h t i n g 

Tropospher ic refraction 

Re lease B normal p o i n t s , c o m p u t e d at 
N A S A (September 1983 - M a y 1985), 
DGFI (January - October 1986 ,1987) , 
D U T ( N o v e m b e r , D e c e m b e r 1986) a n d 
A T S C / B F E C (1988 - 1 9 9 2 ) 
d e t e r m i n e d from overa l l m o d e l accuracy 
a n d System characteristics 
Mar in i -Murray m o d e l 
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T h e Informat ion o n t h e terrestrial n e t w o r k w a s further a u g m e n t e d b y the 
a d d i t i o n of t w o S o l u t i o n s b a s e d o n G P S o b s e r v a t i o n s . T h e s e c o n t r i b u t i o n s w e r e 
c o m p u t e d f r o m data taken d u r i n g t h e EUREF-89 a n d IGS E P O C H 9 2 c a m p a i g n s . The 
resu l t s f r o m t h e s e a n a l y s e s p r o v e d v a l u a b l e for t h e E u r o p e a n part o f t h e Station 
n e t w o r k , part icu lar ly for t h e Ital ian, Greek a n d T u r k i s h s ta t ions . T h e c o m p u t a t i o n 
m o d e l u s e d for the r e d u c t i o n of the G P S observat ions is s u m m a r i z e d in Table I b . 

Table l b : M o d e l s a n d constants (GPS c o m p o n e n t ) . 

D Y N A M I C M O D E L : 

Gravity field 
Solar radiat ion 

Third b o d y attraction 

REFERENCE F R A M E : 

Station coordinates 

CIS 
Tidal uplift 
Ocean load ing 
Receiver clocks 

M E A S U R E M E N T M O D E L : 

Observat ions 

Data w e i g h t i n g 

Tropospher ic refraction 

N A S A / G S F C GEM-T3 m o d e l , truncated at 8x8 
R o c k - 4 for B lock I a n d R o c k - 4 2 for Block II 
sate l l i tes 
S u n a n d M o o n ; p o s i t i o n s f rom JPL D E 2 0 0 / L E 2 0 0 
e p h e m e r i s 

a priori v a l u e s f rom ETRF 89 (EUREF 89) 
a n d ITRF 92 (EPOCH92) 
m e a n equator a n d e q u i n o x of J2000.0 
h 2 = 0.609,12 = 0.0852 
n o t ap p l i ed 
Kootwi jk reference 

Data s a m p l e d at 1 po in t / 6 m i n u t e s ; 
i onosphere - f ree l inear c o m b i n a t i o n s of 
the p s e u d o r a n g e a n d carrier p h a s e 
observat ions (i.e. P 3 a n d L3) 
1.0 m for p s e u d o r a n g e s ; 
1.0 c m for carrier p h a s e s 
n o m i n a l z e n i t h d e l a y (dry c o m p o n e n t ) ; 
n o m i n a l z e n i t h d e l a y ( 1 0 c m ) , a d j u s t e d 
u s i n g r a n d o m - w a l k m o d e l ( w e t c o m p o n e n t ) ; 
Lanyi m o d e l for e l e v a t i o n m a p p i n g 

T h e final e l e m e n t of the first s t e p w a s t h e c o n v e r s i o n of the ser ies of 
n e t w o r k Solut ions (40 in total) in to a coherent m o d e l for the descr ip t ion of the Station 
p o s i t i o n s as a f u n c t i o n of t ime . Th i s m o d e l c o n s i s t s of ini t ia l c o o r d i n a t e s for the 
g e o d e t i c m o n u m e n t at e p o c h (January 1, 1988) p l u s t i m e - d e r i v a t i v e s of these . In the 
c o m p u t a t i o n s , H e l m e r t p a r a m e t e r s , a b s o r b i n g s y s t e m a t i c d i f ferences i n s ca l e (GPS 
on ly ) , or i enta t ion a n d or ig in , w e r e e s t i m a t e d for all i n d i v i d u a l n e t w o r k Solut ions b u t 
one . To a v o i d numer ica l instabi l i t ies , the m o t i o n of 12 s tat ions w a s cons tra ined w i t h a 
Standard d e v i a t i o n of 1 m m / y r to t h e a priori v a l u e w h i c h w a s t a k e n f r o m t h e 
N U V E L - 1 N o N e t R o t a t i o n m o d e l . T h e r e m a i n d e r of the p a r a m e t e r s w e r e a d j u s t e d 
freely. 
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In the s e c o n d s t e p , the resu l t ing m o d e l for i n s t a n t a n e o u s Station p o s i t i o n s 
w a s back-subs t i tu ted i n t o the p r e v i o u s s tep: the G E O D Y N / S O L V E c o m p u t a t i o n s w e r e 
r e p e a t e d , b u t n o w w i t h t h e s e Station p o s i t i o n s h e l d f ixed a n d t h e p o l e p o s i t i o n a n d 
U T l parameters e s t i m a t e d freely. Because of the l imi ted t i m e - s p a n c o v e r e d b y the GP S 
o b s e r v a t i o n s (19 d a y s i n tota l , d i v i d e d o v e r t w o c a m p a i g n s ) , th i s s e c o n d s t e p w a s 
e x e c u t e d for the SLR c o m p o n e n t o n l y , T h e c o m p u t a t i o n m o d e l u s e d h e r e is l i s ted in 
Tab le 1, a n d i s ident ica l to t h e o n e u s e d for t h e SLR c o m p o n e n t of s t e p 1. It c lo se ly 
f o l l o w s t h e IERS S t a n d a r d s , w i t h f e w except ions : (i) the JGM-1 Solut ion, b o t h for the 
g r a v i t y f i e ld a n d for t h e o c e a n t i d e s , w a s u s e d i n s t e a d of the a d v i s e d G E M - T l a n d 
S c h w i d e r s k i m o d e i s ; (ii) the effect of o c e a n l o a d i n g a n d a t m o s p h e r i c p r e s s u r e l o a d i n g 
o n Station p o s i t i o n s w a s n o t a p p l i e d ; (iii) n o p la t e m o t i o n w a s a p p l i e d d u r i n g each 
sub- interval; a n d (iv) n e w v a l u e s for G M , ae a n d the f lattening of the Earth w e r e u s e d . 
Deta i l s of t h e terrestrial Sys tem are g i v e n in the s u m m a r y descr ipt ion b e l o w . 

T h e S o l u t i o n for e a c h Sta t ion c o n s i s t s o f t h e c a r t e s i a n m o n u m e n t 
coord ina te s at e p o c h , t h e c o r r e s p o n d i n g Standard d e v i a t i o n s (both in m ) , the apparent 
m o t i o n s a n d the Standard d e v i a t i o n s of the latter (in m / y r ) . The reference e p o c h of the 
Solut ion i s January 1 , 1 9 8 8 . 
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S u m m a r y d e s c r i p t i o n of t h e terrestrial Sys tem at tached to t h e s e t o f Stat ion coord inates 
S S C ( D U T ) 9 4 C 0 1 

1 - Techn ique 

2 - A n a l y s i s center 

3 - So lu t ion identif ier 

4 - Sof tware u s e d 

5 - Relativity scale 

6 - T i d a l up l i f t 

7 - T e c t o n i c p l a t e m o d e l 

8 - Ve loc i ty of l i gh t 

9 - G r a v i t a t i o n a l c o n s t a n t 

10 - R e f e r e n c e e p o c h 

11 - A d j u s t e d p a r a m e t e r s 

12 - O r i g i n d e f i n i t i o n 

13 - O r i e n t a t i o n d e f i n i t i o n 

14 - E v o l u t i o n c o n s t r a i n t 

c o m b i n e d SLR a n d G P S 

D U T 

SSC(DUT) 94 C 01 

G E O D Y N - 2 / S O L V E - 2 / G I P S Y 

local Earth 

yes 

N U V E L - 1 N N R for s e l e c t e d s i t es 
( Y a r r a g a d e e , E a s t e r I s l a n d , G r e e n b e l t , 
P l a t t e v i l l e , H u a h i n e , M a z a t l a n , M a u i , 
W e t t z e l l , G r a z , R G O , O r r o r a l Va l l ey , 
K o o t w i j k ) ; 

D U T S o l u t i o n s d e r i v e d for t h e r e m a i n d e r 
of t h e s t a t i o n s , d e t e r m i n e d w. r . t . a 
r e f e r e n c e f r a m e m o v i n g a c c o r d i n g t o 
N U V E L - 1 N N R 

299792.458 k m / s 

398600.4415 k m 3 / s 2 

J a n u a r y 1 ,1988 

X0, Y0, Z 0 (for se l ec t ed s t a t i ons ) ; 

X0, Y0, Z0, Xdot, Ydot, Zdot (remainder) 

C(1,0)=C(1,1) = S(1,1) = 0 

in i t i a l c o o r d i n a t e s a t r e f e r e n c e e p o c h 

N U V E L - 1 N N R (for s e l e c t e d s t a t i o n s ) ; 

D U T a p p a r e n t m o t i o n s ( r e m a i n d e r ) 
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Distr ibut ion o f the 49 s i tes of the terrestrial frame SSC(DUT) 94 C Ol. 
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4 6 

UNCERTAINTIES (cm) 

8 10 

D i s t r i b u t i o n of t h e uncer ta in t i e s (quadrat ic m e a n of a x , a y , o z ) for the 59 
s t a t i o n s o f t h e terres tr ia l f r a m e S S C ( D U T ) 9 4 C Ol. 5 s t a t i o n s w i t h 
uncerta int ies larger than 10 c m are n o t s h o w n . 
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EOP(DUT) 94 L Ol From Sep 1983 to D e c 1992 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l . 

YEAR 

1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

Nb 

39 
120 
48 

117 
119 
122 
119 
122 
120 
120 

X 
Sigma 

0.44 
0.35 
0.48 
0.29 
0.26 
0.27 
0.24 
0.22 
0.25 
0.23 

Nb 

39 
120 
48 
117 
119 
122 
119 
122 
120 
120 

Y 
Sigma 

0.43 
0.30 
0.34 
0.26 
0.23 
0.26 
0.22 
0.21 
0.24 
0.23 

Nb 

39 
120 
48 

117 
119 
122 
119 
122 
120 
120 

UTl 
Sigma 

0.33 
0.28 
0.33 
0.23 
0.21 
0.22 
0.20 
0.17 
0.20 
0.19 
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E A R T H R O T A T I O N A N D TERRESTRIAL REFERENCE F R A M E 
F R O M L A G E O S I A N D H O B S E R V A T I O N S 

E O P ( G A O U A ) 9 4 L 0 1 
S S C ( G A O U A ) 94 L 02 

V . N . S a l y a m o v 
M a i n A s t r o n o m i c a l Observatory of the Ukra in ian A c a d e m y of Sc iences , D e p t . of Space 
G e o d y n a m i c s , Kiev-127 , G o l o s e e v o , Ukra ine , 252127 

So lut ion G A O U A 9 4 L 01 cons is ts of a set of 89 Station coordinates , ve loci t ies 
of 45 s i tes , h a v i n g g o o d o b s e r v i n g h i s tory , a s w e l l as a c o r r e s p o n d i n g set of Earth 
rotat ion parameters . A n a l y s i s is b a s e d o n L a g e o s I normal po in t s s p a n n i n g the per iod 
from S e p t e m b e r 1983 t h r o u g h October 1993 (48007 passes ) a n d L a g e o s II n ormal po in t s 
from N o v e m b e r 1992 t h r o u g h October 1993 (4666 passes ) u s i n g Software p a c k a g e Kiev-
G e o d y n a m i c s - 5 . 

The m o d e i s a n d cons tants u s e d for ana lys i s f o l l o w s the IERS r e c o m m e n d a t i o n s w i t h 
the f o l l o w i n g except ions : 

- grav i ty f ield a n d o c e a n t ides are m o d e l l e d a c c o r d i n g to G S F C / C S R U T 
JGM-2 m o d e l truncated at 20x20; 

- nuta t ion correct ions are accord ing to McCarthy et al. (1991) 

For the ana lys i s the w h o l e interval of data w a s d i v i d e d in to 15 d a y arcs and 
o n the first s t e p o n l y the orbits of L A G E O S I & II w e r e adjusted o n each of these arcs. 
O n the s e c o n d s tep the combinat ion of 15-day arcs y i e l d e d the final Solution, cons i s t ing 
of the parameters l i s ted in the s u m m a r y sheet b e l o w . 

Earth rotat ion parameters (x, y a n d U T l ) w e r e adjusted at da i ly intervals . In 
the case of p o o r data dis tr ibut ion or lack of o b s e r v i n g stat ions , ERPs w e r e h e l d f ixed to 
EOP(IERS) C 04 (about 15% of data) . D e s p i t e th is p r o c e d u r e there are st i l l s o m e 
s pu r ious data c a u s e d probably b y the bad g e o m e t r y of the o b s e r v i n g ne twork . It s h o u l d 
b e n o t e d that a d d i n g L A G E O S II data resu l ted in a n i m p r o v e m e n t of the formal error 
of t h e ERPs b y a factor of 1.5 e v e n t h o u g h the orbit of this sate l l i te is m o d e l l e d a bit 
w o r s e than that of L A G E O S I. 

The terrestrial reference System is at tached to ITRF91 b y f ixing the lat i tude of 
Station 7105 a n d the l o n g i t u d e a n d la t i tude o f Station 7210. T i m e e v o l u t i o n of the 
Sys tem is m o d e l l e d b y N U V E L - 1 N N R for s i tes w i t h e i ther p o o r data d i s tr ibut ion or 
short- term act iv i ty per iods . T h e ve loc i t i e s of 45 s i tes (59 co l located stat ions) h a v e b e e n 
e s t i m a t e d a n d l i n k e d to N U V E L - 1 N N R t h r o u g h f ix ing the l a t i tude c h a n g e rate of 
Station 7210 a n d the l o n g i t u d e a n d la t i tude c h a n g e rates of Station 7105. T h e reference 
e p o c h for t h e s i t e p o s i t i o n s is 1988.0 (MJD 47161) . S e p a r a t e e s t i m a t i o n of Station 
p o s i t i o n s u s i n g L A G E O S I a n d L A G E O S II da ta s h o w s u p to 5 c m d i f f erence in 
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t r a n s l a t i o n a l c o m p o n e n t s of t r a n s f o r m a t i o n b e t w e e n r e f e r e n c e f r a m e s a n d u p t o 
0".0009 i n r o t a t i o n a l c o m p o n e n t s . T h e s ca l e d i f f e rence is a b o u t 4 p p b . 

R e f e r e n c e s 

M c C a r t h y , D . D . , a n d L u z u m , B.J., 1 9 9 1 : O b s e r v a t i o n s of L u n i - s o l a r a n d F r e e C o r e 
N u t a t i o n , Astron. / . , 1 0 2 , 1889-1895. 

S u m m a r y s h e e t for t h e d e s c r i p t i o n of the S o l u t i o n s G A O U A L 01 a n d L 02 

1 - T e c h n i q u e : SLR t o L A G E O S I & II 

2 - A n a l y s i s C e n t e r : G A O U A 

3 - S o l u t i o n iden t i f i e r : S S C ( G A O U A ) 9 4 L 01 

4 - S o f t w a r e u s e d : K I E V - G E O D Y N A M I C S - 5 

5 - Re l a t i v i t y s c a l e : 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Sta t ion 

7 - T e c t o n i c p l a t e m o d e l : 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

C o o r d i n a t e s : 

O r b i t : 

E O P : 

12 - De f in i t i on of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : 

LE 

YES 

N U V E L - 1 N N R 

299 7 9 2 4 5 8 

3.9860 04415 10*4 

M J D 47161 ( 1 9 8 8 . 0 ) 

X,Y,Z for 89 s t a t i o n s 
X d o t , Y d o t , Z d o t for 4 5 s i tes 
5 k e p l e r i a n m e a n e l e m e n t s e s t i m a t e d e v e r y 
3 d a y s , C t a n d C r e v e r y 15 d a y s 
X p , Y p , U T 1 - U T C e v e r y 1 d a y 

C10=C11=S11=0 

E R P v a l u e s f r o m EOP( IERS) 90 C 04 

L o n g i t u d e a n d l a t i t u d e of S t a t i on 7105 a n d 

l a t i t u d e of Sta t ion 7210 f ixed. 

F i x e d p l a t e m o t i o n m o d e l for s t a t i o n s w i t h 

u n s u f f i c i e n t d a t a o r s h o r t o b s e r v i n g 

h i s t o r y . L a t i t u d e a n d l o n g i t u d e r a t e of 

Sta t ion 7105 a n d l a t i t u d e r a t e of S ta t ion 7210 

f ixed t o N U V E L - 1 N N R v e l o c i t i e s . 
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10 

D i s t r i b u t i o n of t h e uncerta int ies (quadrat ic m e a n of a x , o y , a z ) for the 84 
s t a t i o n s o f the terrestrial f r a m e S S C ( G A O U A ) 9 4 L 0 2 . 2 s t a t i o n s w i t h 
uncerta int ies larger than 10 c m are not s h o w n . 
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E O P ( G A O U A ) 9 4 L 0 1 From S e p 1983 to Oct 1993 

N u m b e r of m e a s u r e m e n t s per y e a r a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l . 

YEAR 

1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

78 
272 
280 
297 
314 
314 
295 
309 
293 
323 
294 

X 
Sigma 

0.90 
0.70 
0.70 
0.60 
0.60 
0.50 
0.60 
0.50 
0.60 
0.60 
0.50 

Nb 

78 
272 
281 
296 
314 
314 
295 
309 
293 
323 
294 

Y 
Sigma 

0.90 
0.60 
0.60 
0.60 
0.50 
0.50 
0.60 
0.50 
0.60 
0.60 
0.40 

Nb 

78 
272 
281 
297 
314 
314 
295 
309 
293 
323 
294 

UTl 
Sigma 

0.68 
0.57 
0.54 
0.51 
0.48 
0.47 
0.50 
0.47 
0.49 
0.50 
0.37 
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S T A T I O N C O O R D I N A T E S A N D E A R T H R O T A T I O N P A R A M E T E R S B A S E D O N 
L A G E O S L A S E R R A N G I N G 

E O P ( G F Z ) 94 L Ol, 0 2 , 0 3 , 0 4 

S S C ( G F Z ) 9 4 L 0 1 

H . M o n t a g , C h . R e i g b e r , W . S o m m e r f e l d , G . D i c k 
G e o F o r s c h u n g s Z e n t r u m ( G F Z ) P o t s d a m 

S u m m a r y 

O n t h e b a s i s of Sa te l l i t e L a s e r R a n g i n g (SLR) d a t a til i M i d - A u g u s t , 1993 , a n i m p r o v e d 
Se t of S t a t i o n C o o r d i n a t e s SSC (GFZ) 94 L 0 1 , i n d u d i n g s i t e m o t i o n s w a s d e t e r m i n e d , 
a n d f o u r s e r i e s of E a r t h R o t a t i o n P a r a m e t e r s (ERP) w i t h t i m e r e s o l u t i o n s of 5 d a y s 
(ERP (GFZ) 9 4 L 0 1 , m a i n So lu t ion) , 3 d a y s (L02), 2 d a y s (L03) a n d 1 d a y (L04) h a v e b e e n 
p r o d u c e d . 

M o d e l parameters a n d data 

I n c o n t i n u a t i o n of t h e f o r m e r y e a r s S o l u t i o n s ( M o n t a g et al, 1993) a n 
i m p r o v e d Se t of S t a t i o n C o o r d i n a t e s (SSC) a n d f o u r s e t s of E a r t h R o t a t i o n P a r a m e t e r s 
( E R P ) w i t h d i f f e r e n t t i m e r e s o l u t i o n w e r e d e t e r m i n e d . T h e c o n s t a n t s a n d m o d e l 
p a r a m e t e r s i m p l e m e n t e d i n t h e G F Z S o f t w a r e p a c k a g e E P O S . P . V 1 u s e d fo r t h e 
m u l t i s t a g e - m u l t i a r c p a r a m e t e r e s t i m a t i o n p r o c e d u r e c o n f o r m t o t h e I E R S S t a n d a r d s 
( M c C a r t h y (Ed . ) , 1992) w i t h t h e f o l l o w i n g e x c e p t i o n s : 

- t i d a l v a r i a t i o n s i n U T l c a u s e d b y z o n a l t i d e s w i t h p e r i o d s l a r g e r t h a n 35 

d a y s n o t c o n s i d e r e d , 
- n u t a t i o n c o r r e c t i o n s d e r i v e d b y VLBI i n c l u d e d , 

- G E M - T l i n s t e a d of T 3 a p p l i e d . 

T h e n o r m a l p o i n t s for b o t h L A G E O S 1 a n d L A G E O S 2 w e r e u s e d u n t i l 
A u g u s t 10 , 1993 ( M J D 49209) . F o r t h e n e w t i m e i n t e r v a l f r o m S e p t . 9 2 t o A u g . 9 3 
a l t o g e t h e r 8780 p a s s e s (4960 of L A G E O S 1 a n d 3820 of L A G E O S 2) w i t h 12800 n o r m a l 
p o i n t s (62300 of L A G E O S 1 a n d 58500 of L A G E O S 2) f r o m 36 s t a t i o n s w e r e i n c l u d e d i n 
t h e a n a l y s i s . 

Set of Stat ion c o o r d i n a t e s a n d v e l o c i t i e s 

T h e S e t of S t a t i o n C o o r d i n a t e s S S C ( G F Z ) 9 4 L 01 w a s d e t e r m i n e d f r o m 
L A G E O S 1 d a t a o v e r t h e w h o l e 13 y e a r s t i m e i n t e r v a l . I t c o n t a i n s 103 m a r k e r p o s i t i o n s 
a t 71 s t a t i o n s . F o r 46 s t a t i o n s (69 m a r k e r s ; c o l o c a t e d m a r k e r s a t o n e S t a t i o n w e r e 
c o n s t r a i n e d ( w i t h w e i g h t of 105) t o h a v e t h e s a m e ve loc i t i e s ) t h e d a t a d i s t r i b u t i o n w a s 
g o o d e n o u g h t o a d j u s t t h e s i t e m o t i o n s s i m u l t a n e o u s l y . F o r t h e o t h e r s t a t i o n s t h e 
ve loc i t i e s w e r e h e l d f ixed t o t h o s e of t h e N U V E L - 1 n o n e t r o t a t i o n m o d e l ( d e M e t s et 
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al., 1990) . I n t h e s u m m a r y d e s c r i p t i o n b e l o w s o m e d e t a i l s o n t h e a d o p t e d m o d e l for 
t h e t e r r e s t r i a l S y s t e m a r e g i v e n . T h e s i t e p o s i t i o n s w e r e r e f e r e d t o e p o c h 1988.0. T h e 
o r i g i n of t h e r e f e r e n c e S y s t e m w a s d e f i n e d b y C 1 0 = C l l = S i l = 0. T h e o r i e n t a t i o n w a s 
c o n s t r a i n e d b y f i x i n g t h e l a t i t u d e a n d l o n g i t u d e for S t a t ion 7840 a n d t h e l a t i t u d e for 
t h e S t a t i o n 7 1 0 5 . A d d i t i o n a l l y , n o c o m m o n n e t r o t a t i o n w a s p e r m i t t e d i n r e l a t i o n t o 
t h e r e f e r e n c e c o o r d i n a t e s e t SSC ( G F Z ) 9 3 L 01 (a l so I T R F 89) . C o r r e c t i o n s d u e t o t h e 
p e r m a n e n t t i d a l d e f o r m a t i o n of t h e E a r t h w e r e a p p l i e d . T h e g i v e n m e a n e r r o r s for 
SSC ( G F Z ) 9 4 L 01 h a v e b e e n s c a l e d b y a fac tor of 5 , b e c a u s e t h e o b t a i n e d f o r m a l e r r o r s 
s e e m t o b e t o o o p t i m i s t i c . T h e e r r o r s for t h e v e l o c i t i e s w e r e d e f i n e d t o b e z e r o for al l 
s t a t i o n s w h i c h w e r e f ixed t o t h e N U V E L - 1 v e l o c i t y m o d e l . 

Earth ro ta t ion p a r a m e t e r s 

B a s e d o n t h e se t of S ta t ion c o o r d i n a t e s SSC ( G F Z ) 94 L 01 w i t h a d j u s t e d s i t e 
v e l o c i t i e s f o u r s e t s of E R P ( p o l e c o o r d i n a t e s a n d l e n g t h of d a y - L O D ) w i t h d i f f e r en t 
t i m e r e s o l u t i o n s w e r e d e t e r m i n e d . T h e m a i n S o l u t i o n E R P ( G F Z ) 94 L 01 h a s a t i m e 
r e s o l u t i o n of 5 d a y s . A d d i t i o n a l l y t w o s e r i e s w i t h a t i m e r e s o l u t i o n of 3 d a y s ( E R P 
(GFZ) 94 L 02) a n d 2 d a y s ( E R P ( G F Z ) 94 L 03) w e r e d e r i v e d . T h e s e s e r i e s b e g i n n i n g in 
1980 a n d t h e 1-day r e s o l u t i o n s e r i e s ( E R P (GFZ) 94 L 04) b e g i n n i n g i n 1983 a r e n o w al l 
u p d a t e d til i A u g u s t , 1993 . B e c a u s e , c o n t r a r y t o t h e L01 So lu t ion , t h e L O D r e s u l t s for t h e 
L 0 2 , L 0 3 a n d L 0 4 S o l u t i o n s w e r e n o t e s t i m a t e d d i r e c t l y b u t v i a U T l , t h e t i m e e p o c h s 
h a v e t o b e t r a n s f e r r e d for t h e L O D v a l u e s b y - 1.5 d , - 1.0 d a n d - 0.5 d , r e s p e c t i v e l y . 
G e n e r a l l y , t h e S L R d a t a w e r e w e i g h t e d a c c o r d i n g t o t h e i r e s t i m a t e d a c c u r a c y . I n 
a d d i t i o n , s e v e r a l n o n - p e r m a n e n t s t a t i o n s w e r e i n c l u d e d w i t h s m a l l e r w e i g h t s i n 
o r d e r t o r e d u c e t h e i n f l u e n c e of a c h a n g i n g S t a t i on d i s t r i b u t i o n . N o p o s t - a d j u s t m e n t 
s m o o t h i n g o r f i l t e r ing p r o c e d u r e w a s a p p l i e d . T h e f o r m a l e r r o r s ( S t a n d a r d d e v i a t i o n ) 
of t h e p o l e c o o r d i n a t e s a n d t h e L O D a r e r a t h e r o p t i m i s t i c , g e n e r a l l y . C o m p a r e d t o t h e 
So lu t i ons of t h e p a s t y e a r s t h e i n c l u s i o n of L A G E O S 2 d a t a d i d n o t e s s e n t i a l l y i n c r e a s e 
t h e p r e c i s i o n . T h e y a r e ± 0.1 m a s for t h e p o l e c o o r d i n a t e s w i t h a t i m e r e s o l u t i o n of 5 d 
a n d 3 d , ± 0.15 m a s for a t i m e r e s o l u t i o n of 2 d a y s a n d ± 0.2 m a s for p o l e c o o r d i n a t e s 
w i t h a 1-day t i m e r e s o l u t i o n . T h e p r e c i s i o n e s t i m a t e s of L O D a r e ± 0.006 m s , ± 0.01 m s 
a n d ± 0.02 m s , r e s p e c t i v e l y . T h e f o r m a l e r r o r of L O D w i t h a t i m e r e s o l u t i o n of 5 d a y s 
(± 0.006 m s ) w a s s c a l e d b y a fac tor of 4 i n o r d e r t o m a k e i t c o m p a r a b l e w i t h t h e o t h e r 
o n e s d e t e r m i n e d v i a U T l . 

T h e a c c u r a c y i s m o s t l y i n f l u e n c e d b y t h e d a t a d e n s i t y a n d d i s t r i b u t i o n . 

T h e r e f o r e i t c o u l d b e i m p r o v e d b y i n c l u d i n g L A G E O S 2 d a t a . I n c a s e s of p o o r d a t a 

d e n s i t y a n d d i s t r i b u t i o n t h e e r r o r s c a n i n c r e a s e s e v e r a l t i m e s . If t h e d a t a d e n s i t y is 

p o o r , p r o b l e m s c a n e s p e c i a l l y a r i s e fo r h i g h r e s o l u t i o n r e s u l t s . T h e n a l s o t h e 

c o r r e l a t i o n s b e t w e e n t h e e s t i m a t e d E R P b e c o m e v e r y h i g h . T h i s fact w a s u s e d a s a n 

a u t o m a t i c a l e l i m i n a t i o n c r i t e r i o n (if h i g h e r 0.9). A s a n a v e r a g e a b o u t 3 p e r c e n t of t h e 

r e s u l t s w i t h a t i m e r e s o l u t i o n of 2 d a n d 15 p e r c e n t of 1 -day r e s o l u t i o n r e s u l t s w e r e 

e l i m i n a t e d . W i t h t h e a d d i t i o n a l L A G E O S 2 d a t a t h e a c c u r a c y c o u l d b e i m p r o v e d b y a 

f ac to r of a b o u t 1.5. T h e e r r o r s a r e n o w s m a l l e r t h a n ± 1 m a s for t h e p o l e c o o r d i n a t e s 

w i t h a t i m e r e s o l u t i o n of 5 d a n d a b o u t ± 1 . 5 m a s fo r 1 -day r e s o l u t i o n r e s u l t s . I n t h e 

c a s e of L O D i t r a n g e s b e t w e e n ± 0.07 m s (5d r e s o l u t i o n ) a n d ± 0.15 m s ( l d ) . W i t h t h e 

i m p r o v e d a c c u r a c y d u e t o t h e i n c l u s i o n of L A G E O S 2 d a t a a n e s s e n t i a l d e c r e a s e of t h e 

s c a t t e r i n g of t h e E R P d i f f e r e n c e s b e t w e e n d i f f e ren t S o l u t i o n s i s a s s o c i a t e d . D i s p l a y i n g 

e .g . t h e d i f f e r e n c e s b e t w e e n o u r 5 - d a y S o l u t i o n a n d t h e I E R S c o m b i n e d S o l u t i o n t h e 
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smal l er scat ter ing after t h e a d d i t i o n of L A G E O S 2 da ta i s e v i d e n t . A d d i t i o n a l l y , the 
d i f ferences b e t w e e n o u r Solut ion ERP (GFZ) 9 4 L Ol o n o n e h a n d a n d o u r Solut ions 
L02, L03 a n d L04 o n the o ther h a n d (Table 1) s h o w a d e c r e a s e of t h e scat ter ing (r.m.s 
d e v i a t i o n from the m e a n ) b y 30 to 60 per cent. 

Table 1. Scattering of the di f ferences b e t w e e n different G F Z Solut ions be fore a n d after 
i n c l u d i n g L A G E O S 2 data 

LAGEOS1 

LAGEOS1+2 

xp 

mas 

±0.77 

.51 

L01-L02 

yp 
mas 

±0.86 

.37 

ERP 

LOD 

M-s 

±70 

44 

(GFZ) 

xp 

mas 

±1.09 

.68 

94 

L01 
: 

Solutions 

-L03 
yp 

mas 

±0. 95 

.51 

LOD 

Jls 

±78 

59 

xp 

mas 

±1.35 

.85 

L01-L04 
yp 

mas 

±1.57 

.66 

LOD 

*ls 

±143 

103 

C o n c l u s i o n 

A s a c o n t r i b u t i o n to t h e r e a l i z a t i o n a n d m o n i t o r i n g of t h e terrestr ial 
re ference f r a m e a n i m p r o v e d s e t of Station c o o r d i n a t e s i n c l u d i n g s i te m o t i o n s a n d 
several se t s of earth rotat ion parameters w e r e der ived . T h e ser ies of ERP s h o w a g o o d 
a g r e e m e n t w i t h t h e p r e v i o u s l y r e p o r t e d s e r i e s a n d w i t h IERS r e s u l t s i n t h e 
o v e r l a p p i n g z o n e s . C o m p a r i n g w i t h the So lu t ions f r o m las t year , t h e a d d i t i o n of 
L A G E O S 2 da ta b r o u g h t a s ignif icant i m p r o v e m e n t in the accuracy for the ERP series . 
W i t h t h e P r o l o n g a t i o n of t h e L A G E O S 2 d a t a s e r i e s i n t h e n e x t y e a r s e s s e n t i a l 
i m p r o v e m e n t s can a l so b e e x p e c t e d for the de terminat ion of s i te m o t i o n s as part of the 
set of Station coordinates . 

R e f e r e n c e s 

D e M e t s , C , G o r d o n , R.G., A r g u s D.F. , a n d Ste in , S., 1990: C u r r e n t p l a t e m o t i o n s , 
Geophys. J. Int., 1 0 1 , 425-478* 

M c C a r t h y , D . D . (ed . ) , 1992: Internat ional Earth R o t a t i o n S e r v i c e s S t a n d a r d s (1992) , 
IERS Technical Note No. 13, Observa to i re d e Paris , Paris . 

M o n t a g , H . , G e n d t , G., D ick , G., Re igber , C h . , N i s c h a n , Th. , S o m m e r f e l d , W. , 1993: 
Earth Rota t ion Parameters a n d Stat ion C o o r d i n a t e s b y L A G E O S Laser R a n g i n g Data 
U p d a t e d tili M i d S e p t e m b e r , 1992 , IERS Technical Note No. 14, Observato ire d e Paris , 
Paris,L23-L30. 
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S u m m a r y d e s c r i p t i o n of t h e So lu t ions GFZ 94 L Ol, 0 2 , 0 3 a n d 04 

1 - T e c h n i q u e 

2 - A n a l y s i s Center: 

3 - S o l u t i o n Identier: 

4 - So f tware U s e d : 

5 - Relat iv i ty Scale: 

6 - P e r m a n e n t T i d a l C o r r e c t i o n o n Sta t ion: 

7 - T e c t o n i c P l a t e m o d e l : 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) : 

10 - R e f e r e n c e E p o c h : 

11 - A d j u s t e d P a r a m e t e r s : 

C o o r d i n a t e s : 

Orb i t : 

E O P : 

12 - D e f i n i t i o n of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

14 - C o n s t r a i n t for t i m e e v o l u t i o n 

S L R 

G F Z 

SSC (GFZ) 94 L 01 

E P O S . P . V 1 

G e o c e n t r i c (LE) 

Yes 

a d j u s t e d , p a r t l y N U V E L - 1 

299792458 m / s e c 

a d j u s t e d t o 3 9 8 6 0 0 . 4 5 1 k m 3 / s 2 

1988.0 ( M J D 47160.) 

r a d i u s , l o n g i t u d e a n d l a t i t u d e for all s i tes 
p l u s v e l o c i t i e s i n e a c h of t h e c o o r d i n a t e s , 
a l l s o l v e d o n e t i m e for t h e w h o l e d a t a 
s p a n 
6 K e p l e r i a n m e a n e l e m e n t s for i n t e r v a l s 
of 5 d a y s 
x , y a n d L O D , s o l v e d a t 5 - d a y i n t e r v a l s 

( t h e s a m e a s o r b i t ) 
x, y a n d U T l , s o l v e d a t 1-, 2 - a n d 3 - d a y 
i n t e r v a l s ( t h e o r b i t is s o l v e d for 6 d a y s ) 

G e o c e n t r i c , C 1 0 = C l l = S i l =0 

S y s t e m o r i e n t e d b y f ix ing: 

- t h e l a t i t u d e of 7105 , 7840 

- t h e l o n g i t u d e of 7840 

n o n e t r o t a t i o n b y f i x i n g N U V E L - 1 
v e l o c i t i e s for: 

- t h e l a t i t u d e of 7105 , 7840 
- t h e l o n g i t u d e of 7840 
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Distr ibut ion of the 70 s i tes of the terrestrial f rame SSC(GFZ) 9 4 L Ol. 

4 6 

UNCERTAINTIES (cm) 

D i s t r i b u t i o n of the uncerta int ies (quadrat i c m e a n of o X / a y , o z ) for t h e 102 
s t a t i o n s of t h e terrestr ia l f r a m e SSC (GFZ) 9 4 L Ol. 2 s t a t i o n s w i t h 
uncerta int ies larger than 10 c m are no t s h o w n . 
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E O P ( G F Z ) 9 4 L Ol F r o m J u n 1991 t o A u g 1993 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0.001" for X,Y; 0.0001s for D R 

YEAR 

1991 
1992 
1993 

X 
Nb Sigma 

39 0.09 
73 0.10 
44 0.10 

Y 
Nb Sigma 

39 0.09 
73 0.09 
44 0.08 

DR 
Nb Sigma 

39 0.04 
73 0.04 
44 0.04 

E O P ( G F Z ) 94 L 02 F r o m J u n 1991 t o A u g 1993 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0 . 001" for X,Y; 0.0001s for D R 

YEAR 

1991 
1992 
1993 

X 
Nb Sigma 

65 0.12 
122 0.14 
74 0.14 

Y 
Nb Sigma 

65 0.13 
122 0.13 
74 0.12 

Nb 

65 
122 
74 

DR 
Sigma 

0.05 
0.05 
0.05 

E O P ( G F Z ) 94 L 03 F r o m J u n 1991 t o A u g 1993 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0 .001" for X,Y; 0.0001s for D R 

YEAR X Y DR 
Nb Sigma Nb Sigma Nb Sigma 

1991 
1992 
1993 

92 
180 
108 

0.15 
0.17 
0.17 

92 
180 
108 

0.15 
0.15 
0.14 

92 
180 
108 

0.08 
0.09 
0.08 

E O P ( G F Z ) 94 L 04 F r o m J u n 1991 t o A u g 1993 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 
U n i t s : 0 -001" fo r X,Y; 0.0001s for D R 

YEAR X Y DR 
Nb Sigma Nb Sigma Nb Sigma 

1991 
1992 
1993 

161 
336 
217 

0.18 
0.22 
0.20 

161 
336 
217 

0.17 
0.18 
0.18 

161 
336 
217 

0.18 
0.21 
0.20 



L-31 

E A R T H O R I E N T A T I O N FROM GSFC S O L U T I O N SL8.5 
GSFC 9 4 L Ol 

D.E. Smi th , R. K o l e n k i e w i c z , a n d R.S. N e r e m 
N A S A / G o d d a r d Space Fl ight Center , Greenbel t M D 20771 

P.J. D ü n n , S.M. K l o s k o , J.W. Robbins , M.H. Torrence a n d R.G. W i l l i a m s o n 
H u g h e s STX Corp. , Greenbelt , M D 20770 

E.C. Pav l i s 
U . of M d . Dept . of A s t r o n o m y a n d N A S A / G S F C , Greenbel t M D 20771 

T h e SL8.5 Solut ion w a s o b t a i n e d b y f i t t ing data f rom L A G E O S II b e t w e e n 
N o v e m b e r 1 9 9 2 a n d D e c e m b e r 1 9 9 3 , a n d L A G E O S I b e t w e e n January 1980 a n d 
D e c e m b e r 1993 in 30 d a y (and occas iona l ly 35 day) arcs u s i n g n o r m a l p o i n t s from the 
g loba l SLR track ing n e t w o r k . T h e m o n t h l y arcs w e r e c o m b i n e d t o d e r i v e a se t of 
Station p o s i t i o n s at e p o c h 880101 , a n d Station ve loc i t i e s . Earth Orientat ion Parameters 
w e r e e s t i m a t e d as i n d e p e n d e n t v a l u e s of t i m e a n d po lar m o t i o n at 5 d a y intervals 
f rom January 1980 t h r o u g h D e c e m b e r 1982 , a n d d a i l y in terva l s s i n c e January 1983. 
Orbit a n d force m o d e l parameters w e r e adjusted at the intervals ind ica ted b e l o w . The 
IERS Standards w e r e f o l l o w e d e x c e p t that the JGM3 grav i ty f ield w i t h e x p a n d e d ocean 
tidal terms, a n d a v a l u e of G M of 398600.4415 knvfys^ w e r e adopted . 

T h e E O P ser ies f r o m this So lut ion w a s e d i t e d b y m e a n s of a "Vondrak"-
s m o o t h i n g p r o c e d u r e u s i n g an e p s i l o n v a l u e of 100. T h e resu l t ing ser ies are ident ical 
t o t h e "raw" s e r i e s e x c e p t for t h e f e w c a s e s w h e r e s o m e s p u r i o u s v a l u e s w e r e 
s u b s t i t u t e d w i t h v a l u e s i n t e r p o l a t e d f rom adjacent data p o i n t s . Thi s o n l y h a p p e n s 
w h e n there i s a lack of o b s e r v a t i o n s d u r i n g the e s t i m a t i o n interval; l e s s than 4% of 
the d a t a h a v e b e e n e d i t e d in th is f a s h i o n . T h e L O D R ser i e s w e r e o b t a i n e d f r o m 
di f ferences o f the U T 1 R ser ies w i t h IERS-nodes at arc - l ength in terva l s . T h e f o r w a r d 
d i f ference w a s p e r f o r m e d o n the w e a k l y s m o o t h e d U T 1 R ser i e s t o m i n i m i z e n o i s e 
ampl i f i ca t ion . E x a m i n a t i o n of the RMS di f ferences b e t w e e n the r a w a n d the w e a k l y 
s m o o t h e d ser ies i n d i c a t e d that the s m o o t h i n g d i d n o t c o m p r o m i s e i ts s igna l content 
g i v e n the accuracy of the series . 

IERS(1994) Technical Note No 17. 
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S u m m a r y d e s c r i p t i o n o f t h e So lu t ion G S F C 94 L Ol 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n Iden t i f i e r : 

4 - S o f t w a r e U s e d : 

5 - R e l a t i v i t y Sca le : 

6 - S t a t i o n T i d a l C o r r e c t i o n : 

7 - T e c t o n i c p l a t e m o d e l : 

8 - V e l o c i t y of l i g h t 

9 - G M : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d P a r a m e t e r s : 

Orb i t : 

S t a t i o n s : 

E O P : 

1 2 - D e f i n i t i o n of O r i g i n : 

SLR d a t a t o L A G E O S I a n d L A G E O S H 

N A S A / G S F C 

G S F C SL8.5 

G E O D Y N H a n d S O L V E H 

Loca l E a r t h 

E a r t h t i d e s a n d O c e a n l o a d i n g (Sche rneck ) 

G S F C SL8.5 

299792458 m / s 

398600.4415 k m 3 / s 2 

880101 

6 e l e m e n t s e v e r y 3 0 ( 3 5 ) d a y s , a l o n g t r a c k 
a c c e l e r a t i o n t w i c e p e r a r e , o n c e p e r r e v o l u t i o n 
a c c e l e r a t i o n t w i c e p e r a r e . 

p o s i t i o n a n d v e l o c i t y e s t i m a t e d e x c e p t l a t , Ion of 
W a s h i n g t o n a n d l a t of M a u i a n d l a t r a t e , I on r a t e 
of W a s h i n g t o n a n d l a t r a t e of M a u i 
X p , Y p , U T l e v e r y 5 d a y s f r o m 800101 t o 821228 , 
e v e r y d a y f r o m 8 2 1 2 2 9 t o 9 3 1 2 3 1 , o n e U T l v a l u e 
f ixed a t IERS e a c h m o n t h 

G e o c e n t r i c 

1 3 - D e f i n i t i o n of O r i e n t a t i o n : a p r i o r i E R P f r o m IERS 90 C 04 a n d f ixed S ta t ion 
c o m p o n e n t s 

1 4 - C o n s t r a i n t for t i m e e v o l u t i o n : la t , Ion r a t e of W a s h i n g t o n a n d la t r a t e of M a u i 
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Dis tr ibut ion of the 38 s i tes of the terrestrial frame SSC(GSFC) 9 4 L Ol. 
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er _ LxJ o m CM 

4 6 

UNCERTAINTIES (cm) 

10 

D i s t r i b u t i o n of t h e u n c e r t a i n t i e s (quadrat i c m e a n of a x , o y , a z ) for the 38 
s tat ions of the terrestrial frame SSC(GSFC) 94 L 01 . 
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EOP(GSFC) 9 4 L Ol From Jan 1980 to D e c 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 
U n i t s : 0.001" for X,Y; 0.0001s for U T l . 

YEAR 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

74 
73 
75 

365 
366 
365 
365 
365 
366 
364 
365 
365 
366 
364 

X 
Sigma 

1.21 
0.55 
0.66 
0.82 
0.50 
0.47 
0.47 
0.38 
0.39 
0.40 
0.35 
0.48 
0.40 
0.30 

Nb 

74 
73 
75 
365 
366 
365 
365 
365 
366 
364 
365 
365 
366 
364 

Y 
Sigma 

0.46 
0.32 
0.57 
0.81 
0.44 
0.41 
0.39 
0.35 
0.38 
0.38 
0.37 
0.45 
0.39 
0.27 

Nb 

74 
73 
75 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
364 

UTl 
Sigma 

0.90 
0.40 
0.90 
0.70 
0.50 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.50 
0.40 
0.30 
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E A R T H O R I E N T A T I O N A N D S T A T I O N C O O R D I N A T E S 
F R O M L A G E O S LASER R A N G I N G 

S H A 9 4 L 0 1 

F o n g C h u g a n g a n d Z h o u m i n g 
Shan gh a i Observatory , A c a d e m i a Sinica - Shangha i , Ch ina 

T h e Solut ions E O P ( S H A ) 94 L Ol a n d S S C ( S H A ) 9 4 L Ol w e r e d e r i v e d from 
L a g e o s n o r m a l p o i n t data. T h e L a g e o s n o r m a l p o i n t data f r o m Dec .27 ,1992 to Jun.24, 
1993 c a m e from the GSFC. T h e 180-day L a g e o s N P data w a s d i v i d e d in to t w o 9 0 - d a y 
interval parts . A m u l t i s t a g e mul t iarc m e t h o d w a s u s e d to e s t i m a t e s i m u l t a n e o u s l y 
sate l l i te s ta tes , E O P s a n d s o m e Station c o o r d i n a t e s . T h e Station c o o r d i n a t e s , as the 
g loba l p a r a m e t e r s , are adjus ted in the w h o l e l o n g are (90 -day interval ) . T h e satel l i te 
s tates ( p o s i t i o n v e c t o r a n d v e l o c i t y vec tor ) , as t h e f irs t -s tage loca l p a r a m e t e r s , are 
i n d e p e n d e n t l y a d j u s t e d i n the d i f ferent subarc (10 -day interval ) . T h e E O P s , a s the 
s e c o n d - s t a g e loca l p a r a m e t e r s are i n d e p e n d e n t l y a d j u s t e d i n a s u b - s u b a r c ( 5 - d a y 
i n t e r v a l ) . 

T h e c o n v e r g e n t criterion of the Solut ions in the w h o l e l o n g are w a s that the 
c h a n g e of satel l i te p o s i t i o n in a subarc i s n o t larger than 0.05 m a n d the re lat ive error 
of re s idua l m e a n error in a subarc is no t larger t h a n 0.005. There are m e a n p o s i t i o n s 
for s ta t ions at e p o c h 1988.0 in SSC(SHA) 9 4 L 01 . The p o s i t i o n s of all s tat ions refer to 
the opt ical axis of the laser rang ing System. 

Each se t of E O P Solut ion i n c l u d e s three earth or ientat ion parameters Xp , Yp , 
a n d DR. In o u r Solut ion the overa l l R M S fit of the laser observa t ions to the orbits is 
l ess than 10 cm. M o s t of the Station coordinates of SSC(SHA) 94 L 01 w e r e adjus ted 
except the la t i tude and l o n g i t u d e of Station 7840 (RGO) a n d the la t i tude of Station 7105 
(GRF105). 

The force a n d m e a s u r e m e n t m o d e i s u s e d for th is So lut ion a d h e r e c l o s e l y to the IERS 
Standards (McCarthy, 1992). 

Reference f rame 

- M e a n e q u i n o x a n d equator of J 2000.0 
- Stat ion coord inates SSC(SHA) 91 L 01 
- I A U 1976 preces s ion 
- I A U 1980 nuta t ion 
- D E 2 0 0 / L E 2 0 0 planetary e p h e m e r i d e s 
- TAI as t h e coord inate t ime scale of the earth-centered frame 

IERS(1994) Technical Note No 17. 
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Force m o d e l 

- G E M - H earth grav i ty field w i t h C ( 2 , l ) a n d S(2 , l ) of IERS Standards, 

GM=398600 .436 k m ^ / s e c * 
- Luni -Solar a n d p lanetary grav i ty perturbat ion 
- W a h r s o l i d ear th t ides 
- S c h w i d e r s k i o c e a n t i d e s 
- Solar radiat ion p r e s s u r e (Cr adjusted) 
- Drag- l ike perturbat ion (Cd adjusted) 
- A t m o s p h e r i c t ide 
- Earth's radiat ion p r e s s u r e 
- Genera l relat ivist ic perturbat ion (geocentr ic frame) 

M e a s u r e m e n t m o d e l 

- Marini M u r r a y refraction m o d e l 
- So l id earth t ides d i s p l a c e m e n t 
- O c e a n l o a d i n g s i te d i s p l a c e m e n t 
- Relat iv is t ic correct ion 

R e f e r e n c e s 

McCarthy , D . D . (ed. ) , 1992: IERS Standards (1992), IERS Tech. Note 13, Observato ire d e 
Paris , Paris. 
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S u m m a r y d e s c r i p t i o n of the So lu t ion S H A 94 L Ol 

1 - T e c h n i q u e : S L R 

2 - A n a l y s i s C e n t e r : S H A 

3 - S o l u t i o n Iden t i f i e r : S S C ( S H A ) 94 L Ol 

4 - S o f t w a r e U s e d : S H O R D E - 1 

5 - Re la t i v i t y Scale : G e o c e n t r i c (LE) 

6 - P e r m a n e n t T i d a l C o r r e c t i o n o n S t a t i on : N o 

7 - Tec ton i c P l a t e m o d e l : 

8 - V e l o v i t y o f l i g h t ( C ) : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) : 

10 - R e f e r e n c e E p o c h : 

11 - A d j u s t e d P a r a m e t e r s : 

C o o r d i n a t e s : 
O r b i t : 

E O P : 

12 - De f in i t i on of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : 

N N R - N U V E L 1 

299 792 4 5 8 m / s e e 

398600.436 k m 3 / s 2 

1988.0 

X,Y,Z for 21 s t a t i o n s 
6 K e p l e r i a n m e a n e l e m e n t s , a n d C t 
a n d C r e s t i m a t e d e v e r y 10 d a y s 
X p , Y p , a n d D r e v e r y 5 d a y s 

G e o c e n t r i c , C10 = C l l = S i l = 0 

S y s t e m o r i e n t e d b y f ix ing: 

- t h e l a t i t u d e of 7105,7840 

- t h e l o n g i t u d e of 7840 

L a t i t u d e a n d l o n g i t u d e r a t e of S ta t ion 
7840 a n d l a t i t u d e r a t e of S t a t ion 7105 
f ixed t o N N R - N U V E L 1 ve loc i t i e s 
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E O P ( S H A ) 9 4 L Ol F r o m D e c 1992 t o J u n 1993 

N u m b e r o f m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 

U n i t s : 0 .001" for X,Y; 0.0001s for D R 

YEAR 

1992 
1993 

X 
Nb Sigma 

1 60.83 
35 46.39 

Y 
Nb Sigma 

1 86.14 
35 42.90 

DR 
Nb Sigma 

1 0.34 
35 0.18 
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COMPILED C A T A L O G U E O F POSITIONS O F EXTRAGALACTTC R A D I O SOURCES 
G A O U A 9 4 C Ol 

Ya.S. Yatskiv , A . N . K u r y a n o v a 
M a i n A s t r o n o m i c a l Observatory , A c a d e m y of Sc iences of U k r a i n e , 
G o l o s i i v , K i e v , 252127 U k r a i n e 

F o l l o w i n g the p r o c e d u r e for c o m p i l i n g the ca ta logue of extragalact ic rad io sources (RS) 
p r o p o s e d b y Yatskiv a n d K u r y a n o v a (1990), a n e w v e r s i o n of this ca ta logue d e s i g n a t e d 
R S C ( G A O U A ) 94 C 01 h a s b e e n constructed . The c a t a l o g u e conta ins 504 rad io sources . 
E s t i m a t e s of in terna l a c c u r a c y of p o s i t i o n s of RS a n d re la t ive o r i e n t a t i o n of th is 
ca ta logue w i t h respect to other c o m p i l e d ca ta logues are g i v e n . 

I n t r o d u c t i o n 

A p p l i c a t i o n of the V e r y L o n g Base l ine Inter ferometry t e c h n i q u e (VLBI) to 
the d e t e r m i n a t i o n of angu lar p o s i t i o n s of r a d i o s o u r c e s h a s m a r k e d a n e w s t e p in 
e s t a b l i s h i n g a n d c o n s t r u c t i n g t h e i n e r t i a l r e f e r e n c e f r a m e (IRF), n a m e l y , i t s 
r a d i o a s t r o n o m i c a l rea l i za t ion IRF-R. In c o m p a r i s o n w i t h the w e l l - k n o w n stel lar IRF 
rea l i za t ion , IRF-R h a s a n u m b e r of a d v a n t a g e s , w h i c h d e t e r m i n e i ts s tabi l i ty ( the 
extragalact ic r a d i o s o u r c e s are v e r y d i s tant objects , a n d their p r o p e r m o t i o n s c a n b e 
n e g l e c t e d ) a n d internal c o n s i s t e n c y ( to o n e m i l l i s e c o n d of are). A t the p r e s e n t t ime , 
there are s evera l IRF-R rea l i za t ions r e p r e s e n t e d as se t s of r a d i o s o u r c e c o o r d i n a t e s 
(RSC). O r i g i n a l ( i n d i v i d u a l ) RSC c a t a l o g u e s o b t a i n e d after r e d u c t i o n of VLBI 
o b s e r v a t i o n s are d i s t i n g u i s h e d f r o m c o m p i l e d RSC c a t a l o g u e s c o n s t r u c t e d b y 
a m a l g a m a t i n g t h e o r i g i n a l o n e s . T h e f irst g r o u p c o m p r i s e s t h e RSC c a t a l o g u e s 
prepared at t h e G o d d a r d S p a c e Fl ight (GSFC), the N a t i o n a l Ocean ic a n d A t m o s p h e r i c 
A d m i n i s t r a t i o n ( N O A A ) , etc . Efforts h a v e b e e n m a d e recent ly to cons true t c o m p i l a -
t ion RSC c a t a l o g u e s in order to d i m i n i s h pos i t i ona l r a n d o m errors a n d e x t e n d IRF-R 
o n m o r e objects. There is a ser ies of c o m p i l e d ca ta logues of RS p o s i t i o n s cons tructed b y 
t h e I n t e r n a t i o n a l Earth R o t a t i o n S e r v i c e (RSC(IERS) ) , A s t r o n o m i s c h e R e c h e n 
I n s t i t u t e in H e i d e l b e r g ( C C ( H . G . W a l t e r , 1991) ) , a n d b y t h e M a i n A s t r o n o m i c a l 
O b s e r v a t o r y , A S U k r a i n e ( R S C ( G A O U A ) ) . T h e m u t u a l d i s a g r e e m e n t of t h e s e 
c o m p i l e d RSC Systems i s o n the l eve l of o n e m i l l i s e c o n d of are, a n d it can b e e x p l a i n e d 
b y different c o m p o s i t i o n of the i n d i v i d u a l c a t a l o g u e s a n d b y u s i n g different m e t h o d s 
for t h e c o m p i l a t i o n . F o l l o w i n g t h e p r o c e d u r e for c o m p i l i n g t h e c a t a l o g u e o f RS 
p r o p o s e d b y the authors earlier (Yatskiv a n d K u r y a n o v a , 1990) , a n e w v e r s i o n of this 
cata logue , d e s i g n a t e d R S C ( G A O U A ) 94 C 0 1 , has b e e n constructed . 

IERS(1994) Technical Note No 17. 



e -2 

O n t h e cons truc t ion o f t h e c o m p i l e d cata log of rad io s o u r c e s R S C ( G A O U A ) 94 C Ol 

T h e c a t a l o g i s b a s e d o n t h e i n d i v i d u a l c a t a l o g s o b t a i n e d i n 1993 at the 
G o d d a r d S p a c e Fl ight Center (GSFC), the Jet Propul s ion Laboratory (JPL), the N a t i o n a l 
O c e a n i c a n d A t m o s p h e r i c A d m i n i s t r a t i o n ( N O A A ) , t h e U n i t e d S t a t e s N a v a l 
O b s e r v a t o r y ( U S N O ) a n d t h e G e o d e t i c Inst i tute of t h e U n i v e r s i t y of B o n n (GIUB). 
S o m e Information a b o u t t h e s e cata logs , p r o v i d e d b y IERS, i s g i v e n i n Table 1. 

T a b l e 1. T h e VLBI ce les t ia l f r a m e s u s e d ; A I , A 2 , A 3 are ro ta t ion a n g l e s f r o m an 
i n d i v i d u a l f rame t o t h e c o m p i l e d o n e . N is the n u m b e r of RS. Unit : 0.001". 

Cata log N AI A2 A3 

RSC(GSFC) 
RSC(JPL) 
RSC (NOAA) 
RSC (USNO) 
RSC (GIUB) 

93 
92 
93 
93 
93 

R 
R 
R 
R 
R 

05 
02 
02 
09 
01 

449 
333 
107 
125 
43 

+3.0810. 
-0.7610. 
+0.1110. 
+0.7710. 
+0.1010. 

.02 

.02 

.02 

.03 

.07 

+0. 
+0, 
+0. 
+0. 
+2. 

.9610. 

.4210. 

.0510. 

.1910. 

.4410. 

.02 
,02 
.02 
.03 
.08 

-1.8710. 
+0.5110. 
+0.0310. 
+0.0510, 
-0.1110, 

.01 

.02 

.02 

.03 

.06 

A t the first s tage w e h a v e c o m p i l e d the ca ta logue of 39 pr imary rad io sources 
w h i c h are c o m m o n for RSC(GSFC) 93 R 05, RSC0PL) 9 2 R 02 , R S C ( N O A A ) 93 R 02 a n d 
RSC(IERS) 90 C 01 . For this p u r p o s e internal accuracy of i n d i v i d u a l c a t a l o g u e s w a s 
a n a l y s e d a n d their w e i g h t s , g i v e n in Table 2 , w e r e d e r i v e d a c c o r d i n g to t h e m e t h o d 
p r o p o s e d b y the authors (Kuryanova a n d Yatskiv, 1992). 

Table 2 . N o r m a l i z e d w e i g h t s of i n d i v i d u a l catalogs . 

Catalog Weight 

RSC(GSFC) 
RSC(JPL) 
RSC(NOAA) 

0.226 
0.157 
0.617 

For t h e in i t ia l o r i e n t a t i o n of t h e f r a m e R S C ( G A O U A ) 9 4 C 0 1 , t h e 
or ientat ion of the frame RSC(IERS) 90 C 01 w a s u s e d . A t the s e c o n d s tage the System of 
p r i m a r y RS w a s e x t e n d e d to o t h e r s o u r c e s ( s e c o n d a r y a n d c o m p l e m e n t a r y ) in 
c a t a l o g u e s u n d e r cons iderat ion . T h e ca ta logue conta ins 504 rad io sources . T h e relat ive 
o r i e n t a t i o n s a n d R M S di f ferences of c a t a l o g u e R S C ( G A O U A ) 9 4 C 01 a n d c o m p i l e d 
ca ta logues cons tructed b y IERS (IERS A.R.) are s h o w n in Table 3 a n d Table 4 . 

Table 3 . Re la t ive or ientat ion and R M S dif ferences of R S C ( G A O U A ) 9 4 C 01 a n d o ther 
c o m p i l e d ca ta logs d e t e r m i n e d from pr imary RS. Unit : 0.001". 

C a t a l o g N AI A2 A3 D<xcos8 D8 

RSC(IERS) 
RSC(IERS) 
RSC(IERS) 
RSC(IERS) 

90 C 01 
91 C 01 
92 C 01 
93 C 01 

37 
32 
39 
39 

+0.03 
-0.04 
-0.02 
+0.09 

-0.02 
-0.10 
-0.23 
-0.08 

-0.00 
-0.02 
-0.10 
-0.15 

10.218 
10.263 
10.220 
10.144 

10.245 
10.431 
10.218 
10.009 
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Table 4 . R e l a t i v e o r i e n t a t i o n a n d R M S d i f f erences o f R S C ( G A O U A ) 9 4 C Ol a n d 
RSC(IERS) 9 3 C Ol d e t e r m i n e d from pr imary RS se lec ted b y IERS. Uni t : 0.001". 

C a t a l o g N AI A2 A3 DOtcosS D$ 

RSC(IERS) 93 C 01 166 +0 .12 - 0 . 0 7 - 0 . 1 3 ± 0 . 1 2 3 ± 0 .117 

T h e a v e r a g e v a l u e s of internal accuracy of this ca ta logue is g i v e n i n Table 5. 

Table 5. Internal a c c u r a c y of p o s i t i o n s of RS in R S C ( G A O U A ) 9 3 C 0 1 . N i s n u m b e r of 
RS. U n i t : 0.001". 

RS Designation N Sacos8 S8 

Primary P,P1 166 10.14 10.16 
Secondary S 135 10.38 10.40 
Complementary C 203 15.49 12.22 

C a t a l o g u e R S C ( G A O U A ) 94 C 01 is a v a i l a b l e o n r e q u e s t f r o m t h e M a i n A s t r o n o m i c a l 

O b s e r v a t o r y of A c a d e m y of Sc iences of U k r a i n e . 

R e f e r e n c e s 

A n n u a l R e p o r t of t h e IERS for 1989: 1990, O b s e r v a t o i r e d e P a r i s , P a r i s . 

A n n u a l R e p o r t of t h e IERS for 1990: 1991 , O b s e r v a t o i r e d e P a r i s , P a r i s . 

A n n u a l R e p o r t of t h e IERS for 1991 : 1992, O b s e r v a t o i r e d e P a r i s , P a r i s . 

K u r y a n o v a , A . N . , a n d Y a t s k i v , Ya .S . , 1992: T h e c o m p i l e d c a t a l o g of p o s i t i o n s of 
e x t r a g a l a c t i c r a d i o s o u r c e s R S C ( G A O U A ) 91 C 0 1 , K i n e m a t i k a i F i z i k a N e b e s n y k h Te l , 
9, N o . 2 , 1 5 - 2 5 . 

Y a t s k i v , Ya .S . , a n d K u r y a n o v a , A . N . , 1990: A n e w a p p r o a c h t o t h e c o n s t r u c t i o n of a 

c o m p i l e d c a t a l o g u e of p o s i t i o n s of e x t r a g a l a c t i c r a d i o s o u r c e s , i n : Inertial Coordinate 

System on the Sky, Proc. IAU Symposium 141, p . 295-296. 
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9 0 c 

24h 

- 9 0 c 

Dis tr ibut ion o v e r t h e s k y of t h e 505 extragalact ic r a d i o s o u r c e s of the celest ial frame 

R S C ( G A O U A ) 9 4 C 01 . F i l l ed circles ind icate rad io sources w i t h uncertaint ies i n r ight 

a s c e n s i o n ( a c o s 8) a n d dec l ina t ion smal ler than 0.0003". 

7203 

1 2 
UNCERTAINTIES IN acosö AND ö (MAS) 

Dis tr ibut ion of t h e uncerta int ies in r ight a s c e n s i o n (füll l ine) a n d d e c l i n a t i o n ( d a s h e d 
l ine ) of t h e ce lest ia l f rame R S C ( G A O U A ) 9 4 C 01 . 47 r a d i o s o u r c e s w i t h uncerta int ies 
larger t h a n 0.003H are n o t s h o w n . 
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A C O M B I N A T I O N O F E A R T H O R I E N T A T I O N D A T A : S P A C E 9 3 
J P L 9 4 C 0 1 

R. S. Gross 
Jet P r o p u l s i o n Laboratory, California Inst i tute of T e c h n o l o g y , 
Pasadena , C A 91109-8099, U S A 

A c o m b i n a t i o n of i n d e p e n d e n t l y - d e t e r m i n e d Earth o r i e n t a t i o n d a t a h a s 
b e e n g e n e r a t e d f rom s p a c e - g e o d e t i c o b s e r v a t i o n s s p a n n i n g 1976-1993 . T h e a p p r o a c h 
t a k e n is b a s e d u p o n a K a i m a n filter that w a s d e v e l o p e d at t h e Jet P r o p u l s i o n 
Laboratory (JPL) for just s u c h a p u r p o s e (Eubanks 1988; M o r a b i t o et al. 1988). The 
K a i m a n filter i s a s equent ia l e s t i m a t i o n t e c h n i q u e that c o m b i n e s o b s e r v a t i o n s of the 
Earth's o r i e n t a t i o n in a r i g o r o u s l y s e l f - c o n s i s t e n t m a n n e r p r o d u c i n g s m o o t h e d , 
in terpo la ted e s t imates of U T l a n d the x- a n d y - c o m p o n e n t s of po lar m o t i o n (PMX a n d 
PMY, re spec t ive ly ) . Informat ion about the data that h a v e b e e n c o m b i n e d is g i v e n in 
Table 1. Al l p u b l i c l y avai lable , i n d e p e n d e n t d e t e r m i n a t i o n s of the Earth's or ientat ion 
b y the m o d e r n , s p a c e - g e o d e t i c t echn iques of v e r y l o n g b a s e l i n e interferometry (VLBI), 
sate l l i te laser r a n g i n g (SLR), lunar laser r a n g i n g (LLR), a n d the g l o b a l p o s i t i o n i n g 
S y s t e m (GPS) h a v e b e e n u s e d . S ince it w a s des i rab le to c o m b i n e o n l y i n d e p e n d e n t 
d e t e r m i n a t i o n s of t h e Earth's or ientat ion , o n l y o n e LLR data set w a s u s e d , n a m e l y , 
that d e t e r m i n e d at JPL ( N e w h a l l et al, 1993) , a n d o n l y o n e SLR d a t a set w a s u s e d , 
n a m e l y , that d e t e r m i n e d at t h e U n i v e r s i t y of T e x a s C e n t e r for S p a c e R e s e a r c h 
(UTCSR; Eanes a n d W a t k i n s , 1993). N o t e that the SLR U T l resul t s w e r e n o t u s e d in 
genera t ing SPACE93 d u e to p r o b l e m s assoc ia ted w i t h separat ing this c o m p o n e n t of the 
Earth's or ientat ion f rom the effects of u n m o d e l e d forces ac t ing o n the satel l i te c a u s i n g 
the n o d e of its orbit to drift. T w o different data sets d e r i v e d f rom G P S m e a s u r e m e n t s 
w e r e u s e d : (1) that d e t e r m i n e d at the Scr ipps Inst i tut ion of O c e a n o g r a p h y from da i ly 
m e a s u r e m e n t s s p a n n i n g A u g u s t 25 , 1991 to June 20 , 1992 (Bock et al, 1993); a n d (2) 
that d e t e r m i n e d at t h e Jet P r o p u l s i o n Laboratory from d a i l y m e a s u r e m e n t s s p a n n i n g 
June 2 1 , 1 9 9 2 to January 9 , 1 9 9 4 ( Z u m b e r g e et al, 1993). N o t e that in b o t h cases o n l y the 
p o l a r m o t i o n r e s u l t s d e t e r m i n e d f r o m t h e G P S m e a s u r e m e n t s w e r e u s e d in 
g e n e r a t i n g S P A C E 9 3 . T h r e e d i f f erent d a t a s e t s d e r i v e d f r o m i n d e p e n d e n t VLBI 
m e a s u r e m e n t s w e r e u s e d : (1) t h e a p p r o x i m a t e l y t w i c e - a - w e e k S i n g l e b a s e l i n e 
m e a s u r e m e n t s m a d e u s i n g t h e r a d i o t e l e s c o p e s of N A S A ' s D e e p S p a c e N e t w o r k 
( D S N ; S t e p p e et al, 1993); (2) t h e m e a s u r e m e n t s m a d e u n d e r t h e a u s p i c e s o f the 
Internat ional R a d i o Interferometric S u r v e y i n g (IRIS) s u b c o m m i s s i o n a n d a n a l y z e d at 
N O A A ' s L a b o r a t o r y for G e o s c i e n c e s (IRIS Earth O r i e n t a t i o n B u l l e t i n N o . 120 , 
February, 1994; n o t e that for reasons g i v e n b e l o w o n l y t h e IRIS In tens ive U T l resul ts 
w e r e u s e d ) ; a n d (3) the U T P M d e t e r m i n a t i o n s m a d e b y the VLBI g r o u p of the N A S A 
Crustal D y n a m i c s Project (CDP) at G o d d a r d Space Flight Center (GSFC) f rom b o t h their 

IERS(1994) Technical Note No 17. 
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o w n C D P VLBI m e a s u r e m e n t s a n d from their reduc t ion of t h e IRIS a n d U n i t e d States 
N a v a l O b s e r v a t o r y ( U S N O ) m u l t i b a s e l i n e m e a s u r e m e n t s ( M a , p r i v a t e 
c o m m u n i c a t i o n , 1993) . S ince t h e C D P d a t a s e t u s e d h e r e i n c l u d e s U T P M v a l u e s 
d e t e r m i n e d f r o m t h e mul t ibase l ine m e a s u r e m e n t s taken b y b o t h IRIS a n d the U S N O , 
n o separate IRIS mul t ibase l ine or U S N O data sets w e r e u s e d i n genera t ing SPACE93 . 

Table 1. Data c o m b i n e d 

DATA SET 
NAME 

LLR (JPL93M01; VAR LAT, 
McDonald Cluster 
CERGA 
Haleakala 

UTO) 

ÜTCSR (CSR93L01; PMX, PMY) 
LAGEOS 

DSN (JPL93R01; T, V) 
CA-Spain Cluster 
CA-Australia Cluster 

CDP (GLB922) 
Multibaseline 
Westford~Ft. Davis 
Westford-Mojave 

DATA 
TYPE 

LLR 
LLR 
LLR 

SLR 

VLBI 
VLBI 

VLBI 
VLBI 
VLBI 

ANALYSIS DATA 
CENTER 

JPL 
JPL 
JPL 

UTCSR 

JPL 
JPL 

GSFC 
GSFC 
GSFC 

SPAN 

22MAY76-14JAN93 
07APR84-14FEB93 
10FEB85-11AUG90 

19MAY76-04FEB93 

26NOV79-08JAN94 
28OCT78-05JAN94 

04AUG79-29DEC93 
25JUN81-01JAN84 
21MAR85-06AUG90 

NUMBER 
POINTS 

390 
373 
68 

1797 

489 
495 

1550 
103 
18 

IRIS (UT1MC19JAN94; UTl) 
Intensive VLBI NOAA 02APR84-09JAN94 2153 

GPS (SIO93P01; PMX, PMY) 
Scripps 

GPS (JPL92P02; PMX, PMY) 
JPL FLINN Analysis 

GPS SIO 25AUG91-20JUN92 286 

GPS JPL 21JUN92-09JAN94 521 

Before c o m b i n i n g the ser ies , the effect of t h e so l id Earth t ides u p o n U T l w a s 
r e m o v e d b y u s i n g the m o d e l of Yoder et al. (1981). A l s o , the m o d e l of D i c k m a n (1993) 
w a s u s e d t o r e m o v e t h e effect u p o n U T l of the o c e a n t ides at the Mf, Mf', M m , a n d Ssa 
t ida l f r e q u e n c i e s [ the D i c k m a n (1993) o c e a n i c correct ions to t h e Y o d e r et al. (1981) 
r e s u l t s w e r e a c t u a l l y r e m o v e d ] . F inal ly , the empir i ca l m o d e l of H e r r i n g (1992) w a s 
u s e d to r e m o v e t h e ef fect o f the s e m i - d i u r n a l a n d d iurna l o c e a n t ides f r o m the IRIS 
I n t e n s i v e U T l v a l u e s s i n c e t h e s e t idal t erms h a d b e e n a d d e d back a n d w e r e i n c l u d e d 
in t h e r e l e a s e d IRIS I n t e n s i v e U T l v a l u e s . N o s u b d a i l y o c e a n t ida l t e r m s w e r e 
r e m o v e d from a n y of t h e o ther ser ies u s e d in genera t ing S P A C E 9 3 s ince n o n e of the 
o ther ser ies l i s t e d in Table 1 h a d t h e s e terms a d d e d back to t h e m (the part icular C D P 
ser i e s u s e d in g e n e r a t i n g S P A C E 9 3 w a s a special Solut ion in w h i c h the s u b d a i l y t idal 
t e r m s h a d n o t b e e n a d d e d back a n d w e r e therefore not i n c l u d e d in t h e final U T P M 
v a l u e s ; M a , p r i v a t e c o m m u n i c a t i o n , 1993). 
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Prior to c o m b i n i n g the data , series-specif ic correct ions w e r e a p p l i e d for bias 
a n d rate, a n d t h e s ta ted uncerta int i e s w e r e adjus ted b y m u l t i p l y i n g t h e m b y ser ie s -
specif ic sca le factors. V a l u e s for these bias-rate correct ions a n d uncerta inty scale factors 
w e r e d e t e r m i n e d in an i terative, round-rob in t y p e a p p r o a c h w h e r e i n e a c h data se t w a s 
c o m p a r e d t o a c o m b i n a t i o n of all o ther data sets (except for t h e t w o G P S ser ies w h i c h 
w e r e treated separate ly as descr ibed b e l o w ) . First, a reference ser ies (SPACE92; Gross , 
1993) w a s u s e d to init ial ly correct the b ias a n d rate of e a c h i n d i v i d u a l ser ies s o that it 
agrees ( in b ias a n d rate) w i t h the reference series . This w a s d o n e for the s o l e p u r p o s e of 
in i t ia l ly a l i g n i n g t h e ser ies w i t h e a c h o t h e r in a n a t t e m p t to r e d u c e t h e r e q u i r e d 
n u m b e r o f r o u n d - r o b i n i terat ions . T h e s t a t e d u n c e r t a i n t i e s of t h e s e r i e s w e r e n o t 
adjus ted at th i s t ime . A n y incons i s t enc i e s i n t r o d u c e d b y u s i n g a re ference ser ies for 
this init ial b ias -rate a l i g n m e n t s h o u l d b e r e m o v e d d u r i n g the s u b s e q u e n t i t erat ive , 
r o u n d - r o b i n p r o c e d u r e . 

After initial bias-rate a l i g n m e n t , the r o u n d - r o b i n p r o c e d u r e w a s p e r f o r m e d 
w h e r e i n the bias a n d rate of e a c h i n d i v i d u a l series w a s i terat ive ly adjus ted s o a s to b e 
in a g r e e m e n t w i t h the b ias a n d rate exh ib i t ed b y a c o m b i n a t i o n of all the other ser ies , 
w i t h rate a d j u s t m e n t s b e i n g d e t e r m i n e d o n l y for t h o s e ser ies w h o s e o v e r l a p w i t h all 
the other ser ies w a s great e n o u g h that rel iable rate de terminat ions c o u l d b e m a d e . T h e 
s tated uncerta inty of e a c h ser ies w a s adjus ted b y a p p l y i n g a mul t ip l i ca t ive factor that 
m a d e the res idual of that data, w h e n di f ferenced w i t h a c o m b i n a t i o n of all o ther data , 
h a v e a r e d u c e d c h i - s q u a r e of o n e . N o t e that t h e formal error a s s o c i a t e d w i t h the 
res idua l in ca lcu la t ing the r e d u c e d ch i - square a c c o u n t s for the error of in terpo la t ion 
b e t w e e n the t i m e of the r e s i d u a l a n d the t i m e s of o t h e r da ta p o i n t s b y u s i n g t h e 
s t o c h a s t i c m o d e l of t h e U T P M p r o c e s s c o n t a i n e d i n t h e K a i m a n f i l ter . T h e 
i n c r e m e n t a l b ias -rate correc t ions a n d u n c e r t a i n t y sca le factors t h u s d e t e r m i n e d for 
each of the i n d i v i d u a l ser ies w e r e t h e n a p p l i e d to the ser ies a n d the p r o c e s s r e p e a t e d 
unti l c o n v e r g e n c e w a s a c h i e v e d ( c o n v e r g e n c e b e i n g ind ica ted b y the incrementa l b ias -
rate c o r r e c t i o n s a p p r o a c h i n g z e r o , a n d t h e i n c r e m e n t a l u n c e r t a i n t y sca l e factors 
a p p r o a c h i n g o n e ) . A t t h e c o m p l e t i o n of th is i terat ive , r o u n d - r o b i n p r o c e s s , re la t ive 
b ias-rate correc t ions w i l l h a v e b e e n d e t e r m i n e d that m a k e the data s e t s a g r e e w i t h 
e a c h o ther in b ia s a n d rate, a n d uncer ta inty sca le factors w i l l h a v e b e e n d e t e r m i n e d 
that m a k e t h e res idua l of e a c h data se t ( w h e n d i f ferenced w i t h a c o m b i n a t i o n of all 
others) h a v e a r e d u c e d chi -square of o n e . 

W h e n p e r f o r m i n g th i s i terat ive , r o u n d - r o b i n p r o c e d u r e to d e t e r m i n e b i a s -
rate correct ions a n d uncer ta inty sca le factors, e a c h data t y p e is a n a l y z e d ( a n d resul ts 
reported) in the natural reference f rame for that data t y p e . For S ingle b a s e l i n e VLBI 
m e a s u r e m e n t s this i s the transverse (T), vertical (V) frame (Eubanks a n d S t e p p e 1988); 
for S ing le Stat ion LLR m e a s u r e m e n t s th i s i s t h e Variat ion of l a t i t u d e (LAT) , UTO 
frame; a n d for G P S , SLR a n d m u l t i b a s e l i n e VLBI m e a s u r e m e n t s th i s is t h e u s u a l 
U T P M (PMX, PMY, U T l ) frame. 

For the p u r p o s e of d e t e r m i n i n g bias-rate correct ions a n d u n c e r t a i n t y sca l e 
factors , the LLR o b s e r v i n g s ta t ions at M c D o n a l d w e r e c lus t ered , s o that a c o m m o n 
bias-rate correct ion a n d uncerta inty scale factor w a s d e t e r m i n e d for all the M c D o n a l d 
LLR ser ies . Th i s w a s d o n e s o that rate a d j u s t m e n t s c o u l d b e m a d e t o t h e s e ser ies . 



C-8 

T h e r e i s n o t e n o u g h o v e r l a p w i t h the o ther , i n d e p e n d e n t Earth or i en ta t ion ser ies to 
a l l o w a re l iable rate correction to b e d e t e r m i n e d for a n y i n d i v i d u a l M c D o n a l d s tat ion-
d e r i v e d LLR ser ies . T h u s , w i t h o u t c luster ing the M c D o n a l d s tat ions , it w o u l d o n l y b e 
p o s s i b l e t o m a k e b ia s correc t ions t o t h e M c D o n a l d LLR s e r i e s , w i t h c o n s e q u e n t 
d e l e t e r i o u s e f fec t s o n t h e rate of t h e U T l v a l u e s pr ior t o a b o u t 1 9 8 2 in t h e f inal , 
c o m b i n e d s e r i e s . S imi lar ly , t h e i n d i v i d u a l D S N r a d i o t e l e s c o p e s i n Cal i fornia w e r e 
c lus tered , a s w e r e t h o s e i n Spa in and , separately , in Austral ia , s o that a c o m m o n b ias -
rate correct ion a n d uncerta inty scale factor w a s d e t e r m i n e d for all t h e Cal i fornia-Spain 
S ing l e b a s e l i n e Earth o r i e n t a t i o n ser ie s , as w e l l a s for all t h e Ca l i forn ia -Aus tra l ia 
s er i e s . 

D u r i n g t h e i t era t ive , r o u n d - r o b i n p r o c e d u r e , o u t l y i n g d a t a p o i n t s w e r e 
d e l e t e d . Before d e l e t i n g a n y data po int s , a f e w round-robin i terat ions w e r e c o m p l e t e d 
i n o r d e r t o c o n v e r g e o n in i t ia l v a l u e s for the u n c e r t a i n t y s c a l e factors . D u r i n g 
s u b s e q u e n t i t erat ions , t h o s e da ta p o i n t s w i t h i n a g i v e n ser i e s w e r e d e l e t e d w h o s e 
r e s i d u a l v a l u e s w e r e greater than three t imes their adjusted uncerta int ies , w h e r e the 
r e s i d u a l v a l u e s w e r e t h o s e r e s u l t i n g from fitting a b ias a n d rate to the d i f ference of 
that s e r i e s w i t h a c o m b i n a t i o n of all o ther ser ie s . D u r i n g t h e f inal r o u n d - r o b i n 
i terat ion , n o s e r i e s c o n t a i n e d data p o i n t s w h o s e res idua l v a l u e s w e r e greater than 
three s i g m a . A total of 167 data p o i n t s , or ab ou t t w o p e r c e n t of the ava i lab le data 
p o i n t s , w e r e t h u s d e l e t e d from all the series. 

Bias correc t ions a n d uncerta inty scale factors w e r e d e t e r m i n e d for e a c h of 
t h e t w o G P S s e r i e s b y s e p a r a t e l y c o m p a r i n g t h e m to a c o m b i n a t i o n of all o ther , 
i n d e p e n d e n t s e r i e s after t h e o t h e r ser i e s h a d h a d t h e b ias -ra te c o r r e c t i o n s a n d 
u n c e r t a i n t y s c a l e factors a p p l i e d to t h e m that h a d b e e n p r e v i o u s l y d e t e r m i n e d for 
t h e m a s d e s c r i b e d a b o v e . O n l y b ias correct ions w e r e d e t e r m i n e d a n d a p p l i e d to the 
G P S ser i e s s i n c e their i n d i v i d u a l o v e r l a p w i t h the other , i n d e p e n d e n t ser ies w a s no t 
g r e a t e n o u g h t o a l l o w r e l i a b l e rate c o r r e c t i o n s to b e d e t e r m i n e d . D u r i n g th i s 
c o m p a r i s o n , o u t l y i n g data p o i n t s (i .e. , t h o s e w h o s e res idual v a l u e s w e r e greater than 
three t i m e s their adjus ted uncertaint ies) w e r e a l so de le ted . 

Final ly , each data se t w a s p laced wi th in an IERS reference frame b y a p p l y i n g 
t o i t a n a d d i t i o n a l b i a s - r a t e correct ion that i s c o m m o n to all t h e d a t a se t s . This 
a d d i t i o n a l correct ion w a s d e t e r m i n e d b y first c o m b i n i n g all the data ( i n c l u d i n g the 
t w o G P S ser ies , a n d after a p p l y i n g to all the data the re lat ive bias-rate correct ions a n d 
u n c e r t a i n t y s c a l e factors d e t e r m i n e d above) . This in termedia te c o m b i n a t i o n w a s then 
c o m p a r e d t o t h e IERS c o m b i n a t i o n EOP(IERS) 90 C 04 (e.g. , 1992 IERS A n n u a l Report) 
for t h e y e a r s 1984-1993 in order to obtain the addit ional bias-rate correct ion required to 
m a k e it ( a n d there fore e a c h i n d i v i d u a l data set) agree in b ias a n d rate w i t h t h e IERS 
c o m b i n a t i o n . T h i s a d d i t i o n a l bias-rate correct ion w a s t h e n a p p l i e d t o e a c h data se t 
a l o n g w i t h the re la t ive bias-rate correct ions in order to m a k e the da ta se t s a g r e e w i t h 
e a c h o t h e r a n d b e in that IERS reference frame de f ined b y the Earth or ientat ion ser ies 
E O P ( I E R S ) 9 0 C 0 4 . 

T h e total b ias -rate correct ion ( the s u m of the re la t ive a n d IERS correct ions) 
that h a s b e e n d e t e r m i n e d for e a c h data se t is g i v e n in Table 2. Except for the t w o G P S 
ser ies ( s ee b e l o w ) , t h e v a l u e s for t h e bias-rate correct ions g i v e n in Table 2 are the s u m 
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of all t h e incrementa l correct ions , the correct ions a p p l i e d t o in i t ia l ly a l i g n t h e ser ies 
w i t h e a c h other , a n d t h e addi t ional , c o m m o n correct ion a p p l i e d in order t o p l a c e each 
ser ies w i t h i n t h e IERS reference frame. T h e v a l u e s for t h e u n c e r t a i n t y sca l e factors 
g i v e n i n Tab le 2 are the p r o d u c t s of all the i n c r e m e n t a l s c a l e factors d e t e r m i n e d 
d u r i n g t h e i terat ive , r o u n d - r o b i n p r o c e d u r e . T h e errors in t h e b ias -rate correct ions 
( g i v e n i n p a r e n t h e s e s i n Table 2) are t h e formal errors i n t h e d e t e r m i n a t i o n of the 
incrementa l bias-rate correct ions d u r i n g t h e last i terat ion of the i terat ive , r o u n d - r o b i n 
p r o c e d u r e . There are n o bias-rate entr ies i n Table 2 for c o m p o n e n t s that w e r e e i ther 
n o t u s e d (e.g. , the SLR U T l c o m p o n e n t ) , or n o t avai lable (e .g . , the IRIS I n t e n s i v e P M X 
a n d P M Y c o m p o n e n t s ) . N o t e that the s a m e IERS rate correct ion i s a p p l i e d to all the 
data se t s , i n c l u d i n g t h o s e ( such as the G P S series) for w h i c h n o relat ive rate correct ion 
c o u l d b e d e t e r m i n e d . Therefore, t h e rate correct ion g i v e n in Table 2 for t h o s e data se t s 
for w h i c h n o re la t ive rate correct ion c o u l d b e d e t e r m i n e d is s i m p l y t h e IERS rate 
correct ion , b u t g i v e n , of course , in the natural re ference f rame for that data set. In 
these cases , n o errors for the rate correct ions are g iven . 

S i n c e the G P S s e r i e s w e r e n o t i n c l u d e d i n t h e i t e r a t i v e , r o u n d - r o b i n 
p r o c e d u r e , the bias-rate correct ions g i v e n in Table 2 for t h e m are just t h e s u m of the 
re la t ive correc t ions that w e r e s e p a r a t e l y d e t e r m i n e d for t h e m ( s e e a b o v e ) a n d the 
addi t iona l , c o m m o n correct ion n e e d e d to p lace t h e m w i t h i n the IERS reference frame. 
T h e errors in t h e b i a s correc t ions g i v e n in T a b l e 2 for t h e G P S ser i e s ( s h o w n i n 
p a r e n t h e s e s in Table 2) are the formal errors i n d e t e r m i n i n g the re la t ive correct ions . 
T h e u n c e r t a i n t y sca le factors g i v e n i n Table 2 for t h e G P S ser ies are just t h e sca l e 
factors d e t e r m i n e d for t h e m as d e s c r i b e d a b o v e w h e n separate ly c o m p a r i n g t h e m t o 
c o m b i n a t i o n s of all the other , i n d e p e n d e n t series . 

N o t e that t h e entr ies i n Table 2 s h o u l d n o t b e u s e d as a m e a s u r e of t h e 
re lat ive accuracy of the Earth or i en ta t ion ser ies . N o a t t e m p t w a s m a d e to p l a c e the 
ser ies w i t h i n a c o m m o n reference frame prior to d e t e r m i n i n g bias-rate correct ions for 
them. T h u s , t h e v a l u e s for the bias-rate correct ions g i v e n in Table 2 i n c l u d e the effects 
u p o n the Earth or ientat ion series of reference frame di f ferences . 

The final U T P M c o m b i n a t i o n w a s g e n e r a t e d b y c o m b i n i n g all of the da ta 
( i n c l u d i n g the GPS resul ts ) after adjust ing their b iases , rates , a n d uncer ta int i e s b y the 
a m o u n t s g i v e n in Table 2. This final c o m b i n a t i o n , s p a n n i n g M a y 20 .0 , 1976 to January 
9 . 0 , 1 9 9 4 , is d e s i g n a t e d SPACE93 a n d is g i v e n as dai ly v a l u e s at m i d n i g h t of PMX, PMY, 
U T l - U T C , their formal errors (1 s i g m a ) , a n d corre lat ions . T h e m o d e l of Y o d e r et al. 
(1981) w a s u s e d to a d d b a c k t h e effect of the s o l i d Earth t ides u p o n U T l ( the fül l 
a m p l i t u d e of t h e t idal effect at t h e e p o c h of the t ime tag w a s a d d e d back) . Similarly, the 
m o d e l of D i c k m a n (1993) w a s u s e d to a d d back the o c e a n tidal correct ions to the Yoder 
et al. (1981) m o d e l v a l u e s at the Mf, M f , M m , a n d Ssa t idal f requenc ies . H o w e v e r , n o 
d iurna l or s e m i - d i u r n a l o c e a n t idal t e r m s w e r e a d d e d back . T h e three corre la t ions 
g i v e n at each t ime t a g are the corre lat ions b e t w e e n the U T P M v a l u e s at that t ime tag. 
I m p r o v e m e n t s to t h e o b s e r v i n g Sys tems (both in the h a r d w a r e a n d Software , a n d in 
t h e n u m b e r o f S y s t e m s ) h a v e l e d to m o r e p r e c i s e d e t e r m i n a t i o n s o f t h e Earth's 
or ientat ion . T h i s i m p r o v e m e n t i s ref lected in S P A C E 9 3 b y t h e r e d u c t i o n of t h e U T P M 
formal errors from a b o u t 2 m a s in p o l a r m o t i o n a n d 0.5 m s in U T l d u r i n g the late 
1970's t o their current v a l u e s of about 0.2 m a s i n polar m o t i o n a n d 0.02 m s in U T l . 
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Table 2 . A d j u s t m e n t s to data se ts 

DATA SET 
NAME 

BIAS 
(mas) 

RATE 
(mas/yr) 

UNCERTAINTY 
SCALE FACTOR 

LLR (JPL93M01) 
McDonald Cluster 

CERGA 

Haleakala 

DSN (JPL93R01) 
CA-Spain Cluster 

CA-Australia Cluster 

CDP (GLB922) 
Westford-Ft. Davis 

Westford-Mojave 

LAT 
1.270 
(0.350) 
-0.289 
(0.211) 
1.346 
(0.331) 

T 
0.626 
(0.077) 
-0.561 
(0.053) 

T 
2.746 
(1.912) 
-0.659 

UTO 
1.703 
(0.327) 
1.635 
(0.118) 
1.042 
(0.253) 

V 
-1.067 
(0.180) 
1.600 
(0.155) 

V 
-2.589 
(3.285) 
-1.094 

LAT 
-0.676 
(0.079) 
0.075 
(0.058) 
-0.219 
(0.219) 

T 
-0.038 
(0.019) 
-0.192 
(0.014) 

T 
0.587 
(0.386) 
0.007 

UTO 
-0.225 
(0.086) 
-0.174 
(0.036) 
-0.214 
(0.175) 

V 
-0.184 
(0.045) 
0.076 
(0.040) 

V 
-0.192 
(0.656) 
-0.016 

LAT 
1.012 

1.571 

1.207 

T 
1.427 

1.472 

T 
0.659 

3.048 

UTO 
1.301 

1.255 

1.330 

V 
1.209 

1.242 

V 
0.811 

0.941 
(0.214) (0.385) 

CDP (GLB922) PMX PMY UTl PMX PMY UTl PMX PMY UTl 
Multi 0.155 -1.739 -1.617 -0.129 -0.049 -0.057 2.067 2.051 2.133 

(0.028) (0.025) (0.032) (0.008) (0.007) (0.009) 

UTCSR (93L01) PMX PMY 
LAGEOS 0.021 0.030 

(0.024) (0.021) 

IRIS (19JAN94) PMX 
Intensive 

PMY 

UTl 

UTl 
1.907 
(0.027) 

PMX PMY 
-0.032 -0.162 
(0.009) (0.008) 

PMX PMY 

UTl 
——— 

UTl 
0.012 
(0.008) 

PMX 
0.747 

PMX 

PMY 
0.680 

PMY 

UTl 

UTl 
1.345 

GPS (SIO93P01) PMX PMY UTl PMX PMY UTl PMX PMY UTl 
Scripps -1.003 -1.736 0.017 0.026 2.141 1.968 

(0.036) (0.038) 

GPS (JPL92P02) PMX PMY 
JPL FLINN -0.717 -1.578 

(0.028) (0.021) 

UTl PMX PMY 
0.017 0.026 

UTl PMX PMY UTl 
4.023 2.719 

Reference d a t e for rate adjus tment is 1988.0 
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A c k n o w l e d g e m e n t s . I w o u l d l i ke t o t h a n k R. E a n e s for p r o v i d i n g u s w i t h t h e SLR d a t a 
u s e d i n t h i s s t u d y ; C . M a for t h e C D P d a t a ; X N e w h a l l a n d J. W i l l i a m s for t h e L L R d a t a ; 
C. J a c o b s , S. O l i v e a u , O . S o v e r s a n d A . S t e p p e for t h e D S N d a t a ; t h e IRIS a n a l y s i s t e a m 
for t h e IRIS d a t a , t h e JPL F L I N N a n a l y s i s t e a m for t h e JPL G P S d a t a , a n d t h e S c r i p p s 
a n a l y s i s t e a m for t h e S I O G P S d a t a . T h i s s t u d y w o u l d n o t h a v e b e e n p o s s i b l e w i t h o u t 
t h e i r a n d t h e i r c o l l e a g u e s e f f o r t s i n g e n e r a t i n g t h e U T P M s e r i e s t h a t t h e y s o 
g e n e r o u s l y s h a r e d w i t h u s . T h e w o r k d e s c r i b e d i n t h i s p a p e r w a s p e r f o r m e d a t t h e Jet 
P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of T e c h n o l o g y , u n d e r c o n t r a c t w i t h t h e 
N a t i o n a l A e r o n a u t i c s a n d S p a c e A d m i n i s t r a t i o n . 
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E O P 0 P L ) 9 4 C Ol F r o m M a y 1976 t o J a n 1994 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 

U n i t s : 0 .001" for X,Y; 0.0001s for U T l . 

YEAR 

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

223 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 

9 

X 
Sigma 

5.08 
3.48 
3.63 
3.05 
1.58 
1.33 
1.00 
0.87 
0.50 
0.42 
0.37 
0.30 
0.26 
0.25 
0.22 
0.21 
0.17 
0.20 
0.21 

Nb 

223 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 

9 

Y 
Sigma 

4.10 
2.78 
2.55 
2.36 
1.03 
1.02 
0.85 
0.82 
0.44 
0.37 
0.33 
0.27 
0.24 
0.23 
0.21 
0.20 
0.16 
0.17 
0.17 

Nb 

223 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 

9 

UTl 
Sigma 

7.32 
4.81 
5.83 
4.37 
2.87 
1.86 
1.24 
0.96 
0.52 
0.33 
0.29 
0.28 
0.25 
0.22 
0.19 
0.19 
0.16 
0.20 
0.51 
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C O M B I N A T I O N O F PRECISE O B S E R V A T I O N S O F T H E O R I E N T A T I O N O F T H E 
E A R T H 

N E O S 9 4 C 0 1 

[The p r o c e d u r e for o b t a i n i n g th i s s e r i e s i s d e s c r i b e d i n t h e IERS A n n u a l 
R e p o r t for 1993 , p a r t . HI] . 

E O P ( N E O S ) 94 C Ol F r o m J u n 1979 t o F e b 1994 

N u m b e r of m e a s u r e m e n t s p e r y e a r a n d m e d i a n u n c e r t a i n t i e s 

U n i t s : 0 .001" for X,Y,8y , 8e; 0.0001s for U T l . 

YEAR 

1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

185 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
47 

X 
Sigma 

1.81 
1.91 
1.87 
1.71 
1.67 
0.94 
0.62 
0.52 
0.58 
0.45 
0.40 
0.51 
0.40 
0.18 
0.08 
0.12 

Nb 

185 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
47 

Y 
Sigma 

2.56 
1.10 
1.49 
1.72 
1.28 
0.79 
0.58 
0.56 
0.59 
0.43 
0.43 
0.51 
0.46 
0.45 
0.54 
0.12 

Nb 

185 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
47 

UTl 
Sigma 

2.71 
1.79 
2.71 
1.84 
1.94 
1.18 
0.84 
0.69 
0.88 
0.79 
0.51 
0.58 
0.40 
0.33 
0.39 
0.54 

Nb 

0 
96 

365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
47 

6\|f 
Sigma 

1.98 
1.98 
1.98 
1.98 
0.79 
0.74 
0.67 
0.69 
0.67 
0.62 
0.59 
0.65 
0.54 
0.57 
0.30 

Nb 

0 
96 

365 
365 
365 
366 
365 
365 
365 
366 
365 
365 
365 
366 
365 
47 

5e 
Sigma 

0.87 
0.87 
0.87 
0.87 
0.30 
0.29 
0.27 
0.30 
0.25 
0.30 
0.24 
0.30 
0.26 
0.28 
0.15 
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A T M O S P H E R I C A N G U L A R M O M E N T U M 
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EFFECTIVE A T M O S P H E R I C A N G U L A R M O M E N T U M F U N C T I O N S C O M P U T E D 
FROM T H E J A P A N METEOROLOGICAL A G E N C Y D A T A 

A A M ( J M A ) 8 7 * Ol 

L N a i t o , Y .Goto a n d N . K i k u c h i , 
N a t i o n a l A s t r o n o m i c a l Observatory , M i z u s a w a , Iwate , 023 Japan 

T h e e f fec t ive a t m o s p h e r i c angular m o m e n t u m ( E A A M ) f u n c t ion s p r o p o s e d 
b y Barnes et al. (1983) h a v e b e e n c o m p u t e d from the g lobal ana lys i s data p r o v i d e d b y 
the Japan M e t e o r o l o g i c a l A g e n c y (JMA) s ince S e p t e m b e r 28 , 1983 . In g e n e r al , the 
o p e r a t i o n a l n u m e r i c a l w e a t h e r p r e d i c t i o n p r o d u c e s the t h r e e d a t a s e t s c a l l e d the 
a n a l y s i s - p h a s e a n a l y s i s data , the in i t ia l i zed p h a s e a n a l y s i s d a t a a n d t h e p r e d i c t e d 
v a l u e s . T h e JMA g loba l ana lys i s data are the a n a l y s i s - p h a s e ana lys i s data. For the u s e 
of th is file, it s h o u l d b e no t i ced that the results d u r i n g 1 9 8 3 / 1 2 / 1 - 1 9 8 6 / 6 / 3 0 are on ce -
a-day v a l u e s c o m p u t e d f rom da i ly m e a n g lobal data of t h e J M A g loba l ana lys i s data 
a v e r a g e d at each grid a n d e a c h leve l , o t h e r w i s e t w i c e - a - d a y (00 U T a n d 12 U T ) v a l u e s 
c o m p u t e d w i t h o u t a v e r a g i n g . 

T h e J M A g loba l a n a l y s i s data h a v e b e e n m a d e o n 1 .875-degree (2 .5 -degree 
before 1 9 8 8 / 3 / 1 ) l a t i t u d e - l o n g i t u d e grid Sys tem at s ix teen l e v e l s (fifteen l e v e l s before 
1 9 8 8 / 3 / 1 ) u p to t e n mi l l ibars b y the f o l l o w i n g a n a l y s i s a n d forecast m o d e i s . T h e 
a n a l y s i s m o d e l i s b a s e d o n a m u l t i - v a r i a t e O p t i m u m i n t e r p o l a t i o n m e t h o d i n 
t r o p o s p h e r e a n d o n a s inuso ida l f itt ing m e t h o d in s tratosphere , w i t h the init ial g u e s s 
of s ix h o u r forecast a n d t h e cut-off t i m e of s ix h o u r s after m a p t ime . T h e forecast 
m o d e l is b a s e d o n a 1.875-degree (2 .5-degree before 1 9 8 8 / 3 / 1 ) a n d s ixteen- leve l ( twe lve -
l e v e l b e f o r e 1 9 8 8 / 3 / 1 ) g l o b a l s p e c t r a l m o d e l after a n o n - l i n e a r n o r m a l m o d e 
i n i t i a l i z a t i o n w i t h p h y s i c s . T h e m o d e l h a s a h o r i z o n t a l r e s o l u t i o n of t r iangulär 
t r u n c a t i o n at w a v e n u m b e r 63 (42 b e f o r e 1 9 8 8 / 3 / 1 ) a n d i n c o r p o l a t e s fül l p h y s i c a l 
processes . The deta i l s for the analys i s a n d forecast m o d e i s after 1 9 8 8 / 3 / 1 can b e f o u n d 
in K i t a d e (1988) , K a s h i w a g i (1987) a n d K a n a m i t s u et al (1983) for t h o s e be fore 
1 9 8 8 / 3 / 1 . 

For Comput ing t h e E A A M funct ions , the sea l eve l pres sure , the geopoten t ia l 
h e i g h t a n d the w i n d ve loc i t i e s at e a c h l eve l are u s e d . In add i t i on , m o u n t a i n h e i g h t s of 
t h e s a m e gr id S y s t e m are u s e d for e s t i m a t i n g sur face p r e s s u r e s o n l a n d a n d for 
Comput ing sea l e v e l p r e s s u r e s o n o c e a n w i t h the Inverted Barometer (IB) h y p o t h e s i s . 
T h e surface p r e s s u r e s o n m o u n t a i n s are c o m p u t e d from the g e o p o t e n t i a l h e i g h t s b y 
u s i n g a c u b i c s p l i n e i n t e r p o l a t i o n t e c h n i q u e w i t h e s t i m a t i n g t h e t h i c k n e s s 
t e m p e r a t u r e s b y the s a m e t e c h n i q u e s . Vert ical in tegrat ions of the w i n d t erms of the 
E A A M func t ions are d o n e from surface pressure o n l a n d (or the sea l eve l pres sure o n 
o c e a n ) to t e n mi l l ibars . T h e integra l f o r m u l a to e v a l u a t e t h e E A A M f u n c t i o n s are 
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bas i ca l l y d u e t o the e q u a t i o n s (5.1), (5.2) a n d (5.3) of Barnes et al (1983) , b u t the axial 
c o m p o n e n t o f the E A A M funct ions is d u e t o t h e e q u a t i o n (5.3) m u l t i p l i e d b y -1 for 
c o n v e n i e n c e - N o s m o o t h i n g h a v e b e e n d o n e after e v a l u a t i o n . D e t a i l s o f t h e 
e v a l u a t i o n c a n b e f o u n d i n N a i t o et al (1987). 

A c k n o w l e d g e m e n t s . T h e a u t h o r s t h a n k t h e staff o f t h e N u m e r i c a l P r e d i c t i o n 
D i v i s i o n , the Japan Meteoro log ica l A g e n c y , for s u p p o r t i n g this work . 
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AAM(JMA) 87 * 01 From 1983 to 1993 

Year 

1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Number of 
Measurements 

150 
357 
365 
549 
730 
732 
730 
730 
730 
1120 
1440 
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E F F E C T I V E A T M O S P H E R I C A N G U L A R M O M E N T U M F U N C T I O N S A N D 
RELATED P A R A M E T E R S C O M P U T E D A T T H E U . S . N A T I O N A L M E T E O R O L O G I C A L 
C E N T E R 

A A M ( N M C ) 8 7 * Ol 

D e i r d r e M. K a n n 
C l i m a t e A n a l y s i s C e n t e r , N a t i o n a l M e t e o r o l o g i c a l C e n t e r , W a s h i n g t o n , D C 20233 
D a v i d A . S a l s t e i n 
A t m o s p h e r i c a n d E n v i r o n m e n t a l R e s e a r c h , Inc . , 840 M e m o r i a l D r . , C a m b r i d g e , M A 
02139 

1. I n t r o d u c t i o n 

A s d e s c r i b e d i n t h e IERS Technical Note 2, t w i c e d a i l y a n a l y s i s v a l u e s of 
e f f e c t i v e a t m o s p h e r i c a n g u l a r m o m e n t u m ( E A A M ) f u n c t i o n s ( B a r n e s et al, 1983) 
h a v e b e e n c a l c u l a t e d f r o m N M C g l o b a l a n a l y s e s t h r o u g h o u t 1 9 9 3 . T h e s e i n c l u d e 
v a r i a b l e s w h i c h r e l a t e t o E a r t h r o t a t i o n a n d p o l a r m o t i o n . S t a r t i n g 1 O c t o b e r 1989, t h e 
o p e r a t i o n a l S tar t d a t e of t h e S B A A M , a m o r e c o m p l e t e s e t of a n a l y s i s a n d f o r e c a s t 
v a l u e s of E A A M f u n c t i o n s a n d r e l a t e d a n a l y s i s p a r a m e t e r s h a v e b e e n p r o d u c e d . 

2. S B A A M D a t a 

F o l l o w i n g S u b - B u r e a u s p e c i f i c a t i o n s , t w o fi les h a v e b e e n p r o d u c e d b y N M C 
b e g i n n i n g 1 O c t o b e r 1989. T h e first , a n a n a l y s i s fi le, c o n t a i n s h e m i s p h e r i c v a l u e s of t h e 

E A A M f u n c t i o n s %\, %2, a n d X3/ e a c h of w h i c h is f u r t h e r p a r t i t i o n e d i n t o w i n d , 
p r e s s u r e , a n d p r e s s u r e + i n v e r t e d b a r o m e t e r c o m p o n e n t s . T h e S u b - B u r e a u a l s o 
r e q u e s t e d t h a t w i n d t e r m s b e c a l c u l a t e d t o 100 m b , a s w e l l a s t o t h e t o p of t h e m o d e l ; 

h o w e v e r , t h i s is d o n e o n l y for t h e %3 t e r m . A s a r e s u l t of a n e a r l i e r f o r m u l a t i o n , all 

N M C %3 v a l u e s c a l c u l a t e d b e f o r e O c t o b e r 1989 w e r e m u l t i p l i e d b y a m i n u s s i g n . T h i s 
w a s s t o p p e d o n 1 O c t o b e r 1989. T h i s file a l s o c o n t a i n s a n a l y s e s of z o n a l m e a n z o n a l 
w i n d , z o n a l m e a n t e m p e r a t u r e s , m e a n s u r f a c e p r e s s u r e a n d l o w o r d e r s p e c t r a l 
coef f ic ien ts of s u r f a c e p r e s s u r e . W i t h t h e e x c e p t i o n of t h e s u r f a c e p r e s s u r e f i e ld s , all 
a n a l y s i s p a r a m e t e r s a n d E A A M f u n c t i o n s a r e d e r i v e d f r o m a n i n i t i a l i z e d g l o b a l 
a n a l y s i s . T h e c o m p l e t e a n a l y s i s file is p r o d u c e d t w i c e d a i l y , a t 00 a n d 12 U T C . T h e 
s e c o n d file c o n t a i n s 21 se t s of fo recas t v a l u e s (00-h t o 240-h) of t h e E A A M f u n c t i o n s a t 
1 2 - h o u r i n t e r v a l s s t a r t i n g a t 00 U T C . T h e s e v a l u e s a r e g l o b a l l y i n t e g r a t e d . A m o r e 
c o m p l e t e d e s c r i p t i o n of b o t h files is f o u n d i n T a b l e 1. 

T h e s e d a t a a r e a r c h i v e d m o n t h l y , a n d a r e a l s o a v a i l a b l e f r o m a d i a l - u p Service 
a t N M C . T h e a n a l y s i s file a n d fo recas t file a r e t r a n s f e r r e d o n c e d a i l y a r e m a i n t a i n e d o n 
a 1 0 - d a y r o t a t i n g file. A n a d d i t i o n a l file i s p r o d u c e d for t h e d i a l - u p Serv ice o n l y a n d 
c o n t a i n s h e m i s p h e r i c v a l u e s of t h e E A A M f u n c t i o n s a n d f o r e c a s t v a l u e s of z o n a l 
m e a n z o n a l w i n d s . C o m p l e t e I n f o r m a t i o n o n t h e N M C files a n d d i a l - u p S y s t e m is 
f o u n d i n a N M C U s e r ' s G u i d e , a v a i l a b l e f r o m t h e S u b - B u r e a u . 
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Table 1. Content of S B A A M Files 

Variable 

x2> *2> x2» 

Analysis File 
Specification Arrays ize 

(8,3) hemispheric values of wind to 
lOOmb, wind to top of model (50mb), 
pressure, pressure + inverted 
barometer 

zonal mean zonal wind 
(m/s) 

zonal mean temperature 
(K) 

mean global surface 
pressure (mb) 

low-order spherical 
harmonics of surface 
pressure 

5 degree latitude bands, 
12 mandatory pressure levels 
( 1 0 0 0 - 5 0 m b ) 

5 degree latitude bands, 
12 mandatory pressure levels 
( 1 0 0 0 - 5 0 mb) 

4 wave, triangulär truncation 
20 wave, zonals only 
with and without inverted barometer 

(37,12) 

(37,12) 

(1) 

(30) 
(21) 
(30) 
(21) 

Forecast File 

*2» *2 . x2> global values of wind to 
100 mb , wind to top of model, 
pressure, pressure + inverted 
barometer, forecast lead times 
every 12 hours (00-h to 240-h) 

21 arrays of 
(4,3) 

3 . N M C G l o b a l A n a l y s i s a n d F o r e c a s t S y s t e m 

T h e N M C g l o b a l d a t a a s s i m i l a t i o n a n d fo recas t S y s t e m is d e s c r i b e d i n d e t a i l b y 
K a n a m i t s u ( 1 9 8 9 ) . T h e g l o b a l a n a l y s e s a r e p r o d u c e d e v e r y 6 h o u r s w i t h a n 
i n t e r m i t t e n t a s s i m i l a t i o n of d a t a t h a t u s e s a 6-h fo recas t a s a n in i t ia l g u e s s . A d i a b a t i c 
n o n l i n e a r n o r m a l m o d e i n i t i a l i z a t i o n p r o c e d u r e is p e r f o r m e d o n t h e a n a l y s e s a n d is 
n e c e s s a r y f o r d y n a m i c b a l a n c e . T h e i n i t i a l i z a t i o n p r o c e d u r e w a s c h a n g e d o n 14 
D e c e m b e r 1989 t o a p r o c e d u r e w h i c h in i t i a l i zes o n l y t h e a n a l y s i s i n c r e m e n t s . T h i s n e w 
p r o c e d u r e r e d u c e s t h e effect of t h e in i t i a l i za t ion o n t h e a n a l y s e s . 

T h e N M C g l o b a l f o r eca s t m o d e l h a s 18 ve r t i c a l s i g m a l a y e r s a n d a h o r i z o n t a l 
r e s o l u t i o n of 80 w a v e s w i t h t r i a n g u l ä r t r u n c a t i o n . T h e E A A M f u n c t i o n s a r e c a l c u l a t e d 
a f t e r a v e r t i c a l i n t e r p o l a t i o n f r o m t h e s i g m a c o o r d i n a t e s t o c o n s t a n t p r e s s u r e l e v e l s 
(1000 m b t o 5 0 m b ) a n d a g r i d w i t h h o r i z o n t a l r e s o l u t i o n of 2.5 l a t / l o n . T h e r e f o r e , 
w i n d i n t e g r a l s a r e c a l c u l a t e d t o 50 m b . P r e s s u r e t e r m s a r e c a l c u l a t e d o n t h e m o d e l 
s u r f a c e , w h e r e t h e o r o g r a p h y is a n e n h a n c e m e n t of S i l h o u e t t e o r o g r a p h y ( M e s i n g e r et 

al, 1988) . O n 14 D e c e m b e r 1989 c h a n g e s w e r e i m p l e m e n t e d i n t h e s u r f a c e p h y s i c s 
p a c k a g e w h i c h w e r e d e s i g n e d t o r e s u l t i n a m o r e r e a l i s t i c c y c l e a n d p a t t e r n of 
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e v a p o r t a t i o n . I t is fei t t h a t t h i s c h a n g e w i l l r e s u l t i n m i n o r c h a n g e s i n t h e f o r e c a s t e d 

s u r f a c e p r e s s u r e . 

R e s u l t s of s o m e of t h e N M C c a l c u l a t i o n s a r e s h o w n i n t h e 1993 I E R S A n n u a l R e p o r t . 
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A A M ( N M C ) 87 * Ol 

Year 

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 

Number of 
meas. 

182 
358 
352 
333 
326 
630 
630 
656 
679 

From 1976 to 1993 

Year 

1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Number of 
meas. 

686 
696 
722 
679 
711 
720 
718 
1100 
1429 





EFFECTIVE A T M O S P H E R I C A N G U L A R M O M E N T U M F U N C T I O N S C A L C U L A T E D 
A T THE U.K. METEOROLOGICAL OFFICE A A M ( U K M O ) 83 *01 

T h r o u g h o u t 1993 , 0 0 - h o u r a n d forecas t v a l u e s of e f f e c t i v e a t m o s p h e r i c 
angu lar m o m e n t u m ( E A A M ) funct ions as d e s c r i b e d b y Barnes et al. (1983) h a v e b e e n 
ca l cu la ted t w i c e d a i l y , f r o m 00 a n d 12 U T C . T h e f u n c t i o n s are a r c h i v e d at 2 4 h o u r 
i n t e r v a l s t o 6 d a y s , t h e l i m i t o f t h e U K M O g l o b a l m o d e l . T h e m a t t e r t e r m s are 
c a l c u l a t e d w i t h o u t a p p l y i n g the i n v e r t e d b a r o m e t e r correct ion . T h e U K M O g loba l 
m o d e l a n d d a t a a s s i m i l a t i o n h a v e b e e n d e s c r i b e d i n t h e IERS Technical Note 2. 
C h a n g e s are r o u t i n e l y d o c u m e n t e d i n e a c h " Q u a r t e r l y r e p o r t o n n u m e r i c a l p r o d u c t s 
f r o m B r a c k n e i l . " 

T h e U K M O f o r e c a s t fi le is s e n t t o t h e S u b - B u r e a u e v e r y three m o n t h s . 
S t a r t i n g i n m i d - 1 9 9 0 , t w i c e d a i l y t r a n s m i s s i o n s of t h e s e d a t a w i l l b e c o m p l e t e d u s i n g 
t h e G T S d a t a l ink . 

R e f e r e n c e s 

B a r n e s , R . T . H . , H i d e , R., W h i t e A . A . a n d W i l s o n , C A . , 1983: A t m o s p h e r i c a n g u l a r 
m o m e n t u m f l u c t u a t i o n s , l e n g t h - o f - d a y c h a n g e s a n d p o l a r m o t i o n , Proc. R. Soc. Lond., 
A 387, 31-73. 

Q u a r t e r l y r e p o r t o n n u m e r i c a l p r o d u c t s f r o m Brackne l l - U .K . M e t e o r o l o g i c a l Office, 
L o n d o n . 

AAM(UKMO) 83 * 01 From 1983 to 1993 

Year Number of Year Number of 
meas . meas . 

1983 
1984 
1985 
1986 
1987 

241 
366 
365 
306 
721 

1988 
1989 
1990 
1991 
1992 
1993 

725 
727 
721 
679 
713 
728 
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