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E A R T H O R I E N T A T I O N PARAMETERS FROM IRIS-S VLBI M E A S U R E M E N T S 
GIUB 9 3 R Ol 
GIUB 9 3 R 02 

A. N o t h n a g e l , R. H a a s , J. Campbe l l , Geodet i c Institute of the Univers i ty of Bonn, 
Federal Republ ic of G e r m a n y 
G.D. N i c o l s o n , Hartebees thoek Radio A s t r o n o m y Observatory , South Africa 

S ince 1990 the VLBI g r o u p at the G e o d e t i c Inst i tute of the U n i v e r s i t y of 
Bonn (GIUB) regular ly correlates a n d ana lyses VLBI e x p e r i m e n t s w h i c h are o b s e r v e d 
o n c e per m o n t h u n d e r the a c r o n y m IRIS-S ( Internat ional R a d i o Inter ferometr ic 
S u r v e y i n g - South) . The conf igurat ion of the IRIS-S n e t w o r k h a s u n d e r g o n e var ious 
c h a n g e s in the recent past . Operat ions of the IRIS-S ne twork started w i t h five stat ions, 
i .e. W e s t f o r d O b s e r v a t o r y ( M a s s a c h u s e t t s , U S A ) , R i c h m o n d O b s e r v a t o r y (Florida, 
U S A ) , Mojave Base Stat ion (California, U S A ) , Wettze l l Geode t i c F u n d a m e n t a l Station 
(Bavar ia , Federa l R e p u b l i c of G e r m a n y ) a n d 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 
Observatory (South Africa). To date the IRIS-S ne twork cons is ts of West ford , Wettzel l , 
H a r t e b e e s t h o e k a n d a 12 m t e l e s c o p e near S a n t i a g o , Ch i l e . T h e IRIS-S n e t w o r k 
conf igurat ion bears the inva luable a d v a n t a g e that it Covers bo th the northern and the 
s o u t h e r n h e m i s p h e r e w i t h i n the i n d i v i d u a l exper iment s . 

The data a n a l y s e d cons i s t s of 34 s e s s i o n s in q u a s i - m o n t h l y intervals from 
January 1990 to D e c e m b e r 1992 (One Session had to be cance led a n d o n e is still be ing 
a n a l y s e d for u n r e s o l v e d p h a s e instabi l i t ies) . T w o different terrestrial a n d celest ial 
re ference f rames are u s e d in t w o separate a n a l y s e s . In the first a n a l y s i s the IERS 
Celest ial Reference Frame 1991 (ICRF) and the IERS Terrestrial Reference Frame 1991 
(ITRF) (IERS, 1992) together w i t h the N N R - N U V E L 1 Continental drift m o d e l ( A r g u s 
and G o r d o n , 1991) are kept f ixed. The respect ive Earth or ientat ion parameters (EOP) 
and celestial p o l e offsets are es t imated (GIUB 93 R 01). In a s econd Solution the 34 IRIS-
S m e a s u r e m e n t s are adjusted in a Single least Squares adjus tment s o l v i n g for Station 
coordinates and radio source pos i t ions as g lobal parameters as we l l as EOP a n d celestial 
p o l e of fsets for each m e a s u r e m e n t d a y (GIUB 93 R 02). The or ig in of the terrestrial 
reference frame is f ixed through the Wettze l l Station coordinates w h i c h are kept at the 
ITRF 1991 v a l u e s w h i l e cont inental drift effects are corrected u s i n g the N N R - N U V E L 1 
m o d e l for all s tat ions. The or ig in of right ascens ion is f ixed b y the ICRF 1991 pos i t ion 
of OJ287. T h e re lat ive or ientat ion of the frames is f ixed o n o n e IRIS-S m e a s u r e m e n t 
d a y (21. Dec . 1989) w h i c h is a d d e d to the input list. Here , the EOP of the U S N O o n e - d a y 
concrete ser ies are f ixed a n d the I A U 1976 Preces s ion a n d the I A U 1980 T h e o r y of 
N u t a t i o n are appl i ed . 

IERS(1993) Technical Note No 14. 
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A l l s e s s i o n s are a n a l y s e d u s i n g the C A L C 7 . 6 / S O L V E / G L O B L Software 
System (Caprette et al, 1990) w h i c h is b a s e d o n the IERS 1989 Standards (McCarthy (ed.) 
et al, 1989) a n d w h i c h is cons i s tent w i t h the 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 Scales a n d the F u n d a m e n t a l Reference Frame (Kaplan , 1981). T h e 
theoret ical d e l a y s in the a d j u s t m e n t are ca lcu la ted a c c o r d i n g to t h e S h a p i r o m o d e l 
(Ryan , 1989) a n d H e l l i n g s (1986) correct ion for relat iv ist ic b e n d i n g . H o r i z o n t a l a n d 
vertical o c e a n l o a d i n g d i s p l a c e m e n t effects of Scherneck (1991) are a p p l i e d to the de lay 
o b s e r v a b l e s . T h e i o n o s p h e r i c refract ion i s d i s p e r s i v e a n d is c a l i b r a t e d b y 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 of a t m o s p h e r i c re fract ion i s 
cal ibrated u s i n g the MTT m o d e l (Herring, 1992) b a s e d o n surface meteoro log i ca l data 
w h i l e the w e t c o m p o n e n t is e s t i m a t e d w i t h a 3 -hour p i e c e w i s e l i n e a r funct ion w h e r e 
surface m e t e o r o l o g i c a l data is avai lable a n d 1-hour interva ls w h e r e not . T h e Station 
c locks are 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 order p o l y n o m i a l s a n d o n l y w h e r e the 
res idua l s s h o w a n abnormal b e h a v i o u r a smal l n u m b e r of addi t ional clock parameters 
is in troduced . O n l y de lay observables are u s e d in our analyses . 

T h e o n e - s i g m a formal errors of the p a r a m e t e r s are b a s e d o n Observat ion 
w e i g h t s w h i c h are adjus ted s o that the Chi - square per d e g r e e of f r e e d o m rat io per 
base l ine is c l o s e to unity . T h e s e contr ibut ions to the a priori var iances s h o u l d account 
for u n m o d e l l e d effects in the data reduct ion (Herring et al, 1986). 

Re ferences 

A r g u s , D.F., G o r d o n R.G., 1991: Geoph. Res. Lei, 18 , N o . 11, 2039. 

Capret te , D.S. , M a , C , Ryan , J.M., 1990: N A S A Technical M e m o r a n d u m 100765, N A S A 
G o d d a r d Space Flight Center, Greenbelt , M D . A - l . 

H e l l i n g s , R.W., 1986: Astron. / . , 9 1 , 1 4 4 6 . 

Herr ing , T.A., et al, 1986: /. Geophys. Res., 9 1 , N o . B8, 8341 . 

H e r r i n g , T.A. , 1992: Proceedings of the Symposium on Refraction of Transatmospheric 
Signals in Geodesy, ed . b y J.C. D e M u n c h and T.A. Th. Spoe ls tra , N e t h e r l a n d 
G e o d e t i c C o m m i s s i o n , Delft , N e t h e r l a n d s , Publications on Geodesy N o 3 6 , 1 5 7 . 

IERS 1992: 1991 IERS Annual Report, Observato ire d e Paris , Paris . 

Kaplan , G.H. , 1981: USNO Circular No. 163, W a s h i n g t o n D .C. 

McCarthy (ed.) , 1989: IERS Tech. Note 3 , Observatoire d e Paris, Paris. 

Ryan J.W., 1989: CALC-7 Release Document, GSFC. 

Scherneck, H.G. , 1991: Geophys.]. Int., 1 0 6 , 6 7 7 . 



R-3 

S u m m a r y descr ip t ion of the terrestrial System attached to the set of Station coord inates 
G I U B 93 R 02 

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

2 - A n a l y s i s C e n t e r : G I U B 

3 - S o l u t i o n iden t i f i e r : SSC(GIUB) 9 3 R 02 

4 - S o f t w a r e u s e d : C A L C 7.6, S O L V E / G L O B L 

5 -Re la t iv i ty sca le : 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 da 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 : N N R - N U V E L 1 

8 - Ve loc i ty of l igh t : 2.99792458 10 8 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 : 1989 Dec . 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 te 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 

1 1 - A d j u s t e d p a r a m e t e r 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 , celes t ia l p o l e offsets , 
Sta t ion c o o r d i n a t e s , r a d i o s o u r c e p o s i t i o n s 

12- D e f i n i t i o n of o r i g i n : Te r re s t r i a l : F ix ing W e t t z e l l ITRF 1991 c o o r d i n a t e s 
Celes t ia l : F ix ing OJ287 I C R F 1991 r i g h t a s c e n s i o n 

13- D e f i n i t i o n of o r i e n t a t 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 Dec . 21 

14- E v o l u t i o n in t i m e : S t a t i on c o o r d i n a t e s m o v e a c c o r d i n g t o 
N N R - N U V E L 1 
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Distr ibut ion o v e r the sky of the 44 extragalactic radio sources of the celestial frame 
RSC(GIUB) 93 R Ol. Fil led circles indicate radio sources w i t h uncertaint ies in right 
a s c e n s i o n (acos6) a n d dec l inat ion smal ler than 0.0003". 

1 2 
UNCERTAINTIES IN acosö AND 6 (MAS) 

Distr ibut ion of the uncertaint ies in right a scens ion (füll l ine) and dec l inat ion 
(dashed l ine) of the celestial frame RSC(GIUB) 93 R 01 . 1 radio source w i t h 
uncerta inty larger than 0.003" is n o t s h o w n . 



R-5 

o m 

o 

o m 
1 

• • i 

""• X " 

2Z " ** 

•*% 

. . - . - - -
1 1 1 

« • • i | i i * i™ -i 1 r— 

•»> • *»* ./ .- * 

' >' •* • •. 
» t 

• * / 

» »* 
w . -

.•'*** 

""*"" "" * • • • . . . . -
—1 1 1 1 1 -J l__ 1 -,i„- 1 1 

1—1 

». •. 

% 

1 1 

1 \ 1 1 1 »—1 » 1 1 1" l ' 1 ' 1 "" 1 1 1 1 1 
•• ' - • * . .«•%••„ 

•.»." ,**t 
»* , *•* . * -

• 

i \ 
L—1 1 l_J i 1 1 1 1 i l 1 1 ' « 1 « ' 

- 1 5 0 - 1 0 0 - 5 0 0 50 100 150 

D i s t r i b u t i o n of the 6 s i tes of t he te r res t r ia l f r a m e SSC(GIUB) 9 3 R Ol. 

UNCERTAINTIES (cm) 

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 ( q u a d r a t i c m e a n of a x , (Jy, o z ) for t h e 6 
s t a t i o n s of t h e t e r res t r i a l f r a m e SSC(GIUB) 93 R Ol. 
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EOP(GIUB) 93 R Ol From Jan 1990 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 and m e d i a n uncertaint ies 
U n i t s : 0.001" for X, Y, 8 V / 5e; 0.0001s for U T l 

YEAR 

1990 
1991 
1992 

Nb 

11 
12 
11 

X 
Sigma 

0.21 
0.16 
0.15 

Nb 

11 
12 
11 

Y 
Sigma 

0.14 
0.13 
0.11 

Nb 

11 
12 
11 

UTl 
Sigma 

0.12 
0.09 
0.11 

Nb 

11 
12 
11 

5y 
Sigma 

0.29 
0.24 
0.23 

5e 
Nb Sigma 

11 0.13 
12 0.11 
11 0.10 
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E A R T H O R I E N T A T I O N PARAMETERS, SITE POSITIONS A N D VELOCITIES, A N D 
S O U R C E POSITIONS FROM THE N A S A SPACE GEODESY PROGRAM-GSFC U S I N G 
T W O - M O N T H C O N T I N U O U S , PIECEWISE-LINEAR P O S I T I O N S FOR H R A S 085: 
S O L U T I O N GLB885 GSFC 93 R 01 

C. Ma, C o d e 921 , G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 
J.M. G i p s o n , N V I , Inc., 8150 Leesburg Pike, Vienna, V A 22182, U S A 
D. G o r d o n , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
D.S. Caprette , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
J.W. Ryan, C o d e 926, G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 

Mark III VLBI d e l a y data acquired s ince 1979 b y the N A S A Crustal D y n a m i c s 
Project, POLARIS/IRIS , the U S N O N A V N E T / N A V E X , and the N A S A Space G e o d e s y 
Program-GSFC h a v e b e e n a n a l y z e d for Earth orientat ion parameters . The o b s e r v i n g 
s e s s i o n s u s e d in GLB885 are l i m i t e d to t h o s e y i e l d i n g use fu l EOP Informat ion , 
i n c l u d i n g all POLARIS one-base l ine sess ions . 

A h i g h f r e q u e n c y t idal EOP m o d e l , the MTT t r o p o s p h e r e m a p p i n g m o d e l , 
N N R - N U V E L 1 , a constraint o n vertical rates, a n d a non l inear m o d e l for H R A S 085 
are the major c h a n g e s from our p r e v i o u s s u b m i s s i o n s . 

The terrestrial reference frame origin is de f ined b y the a priori p o s i t i o n of the 
18-m West ford antenna o n 1988 Jan. 1, w h i c h is set to m a k e the or ig in c lose to ITRF91. 
T h e r ight 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 the a priori p o s i t i o n of 0420-014 . T h e 
or ientat ion of the terrestrial and celestial reference frames is de f ined b y v a l u e s from 
the U S N O o n e - d a y concrete EOP series a n d the Standard J2000.0 preces s ion a n d IAU 
1980 nutat ion m o d e i s for the EOP reference date 1985 N o v . 21 , and b y the pos i t ion of 
W E S T F O R D a n d the d i r e c t i o n of the W E S T F O R D - R I C H M O N D b a s e l i n e , w h i c h 
e v o l v e accord ing to the N N R - N U V E L 1 m o d e l . 

I n s t a n t a n e o u s EOP v a l u e s w e r e e s t i m a t e d at the m i d d l e of e a c h o b s e r v i n g 
sess ion . N o tidal terms in U T l h a v e b e e n r e m o v e d from the tabulated 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 l v a l u e s i n c l u d e d iurnal a n d s e m i d i u r n a l t idal var ia t ions 
es t imated from the comple te set of Mark III VLBI geodet i c data. 

In genera l , the three -d imens iona l ve loc i t ies of s i tes w i t h sufficient data w e r e 
es t imated . T h o s e sites w h o s e vertical rates had formal errors in excess of 3 m m / y r in 
an u n c o n s t r a i n e d So lut ion w e r e c o n s t r a i n e d to h a v e z e r o vert ica l rate in th is 
Solution. T h e other e x c e p t i o n s w e r e WESTFORD, R I C H M O N D , a n d K A U AI, u s e d to 
de f ine the reference frame, a n d H R A S 085. The pos i t ion of H R A S 085 w a s e s t imated 
as a c o n t i n u o u s , p iecewise - l inear funct ion w i t h t w o - m o n t h intervals . Apart from the 
m o t i o n of the N N R - N U V E L 1 m o d e l , the pos i t ion of R I C H M O N D w a s cons tra ined to 
c h a n g e o n l y in the a priori direct ion of WESTFORD. The vertical rate of K A U AI w a s 
constra ined to b e zero to p r o v i d e a m o r e robust geometry . The pos i t i ons of s ix s ites . 

IERS(1993) Technical Note No 14. 
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( 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 , P R E S I D I O , a n d M O J A V E 1 2 ) 
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 i n p o s i t i o n r e l a t e d t o s e i s m i c e v e n t s . T h e 
v e l o c i t i e s of s evera l s e t s of s i t e s ( F O R T O 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 , 
D S S 6 5 - R O B L E D 3 2 , K A U A I - H A L E A K A L , N R A O 1 4 0 - N R A O 8 5 1 , S E S H A N 2 5 -
S H A N G H A I ) w e r e c o n s t r a i n e d t o b e e q u a l i n o r d e r to s t r e n g t h e n t h e p o s i t i o n o r 
v e l o c i t y e s t i m a t e s o r t o p r o p a g a t e m o r e co r r ec t l y t h e p o s i t i o n of a s i t e o c c u p i e d o n l y 
o n c e . 

A l l u n c e r t a i n t i e s a r e 1-s igma f o r m a l S t a n d a r d e r r o r s f r o m t h e s e q u e n t i a l l eas t -
s q u a r e s So lu t ion GLB885 d e s c r i b e d b e l o w . 

T h e b a s i c m o d e i s u s e d t o c a l c u l a t e t h e VLBI d e l a y s a r e g e n e r a l l y c o n s i s t e n t 
w i t h t h e 1992 IERS S t a n d a r d s a n d a r e c o n t a i n e d i n t h e 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 i n 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 e a r t h t i de s (h2 = 0 .60967,12 = 0.085) c o r r e c t i n g t h e K l t e r m b u t n o t 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 , p o l e t i de , ve r t i c a l a n d h o r i z o n t a l o c e a n l o a d i n g , D E 2 0 0 
s o l a r 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 t h a t a g r e e s 
w i t h t h e IERS S t a n d a r d m o d e l w i t h i n 5 p s r m s . T h e p o l e p o s i t i o n for e a c h O b s e r v a t i o n 
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 VLBI E O P s e r i e s m a t c h i n g t h e U S N O 
c o n c r e t e s e r i e s o n t h e E O P r e f e r e n c e d a t e . T h e U T l v a l u e for e a c h O b s e r v a t i o n w a s 
d e r i v e d f r o m t h e o n e - d a y VLBI E O P se r i e s b y first r e m o v i n g t h e IERS S t a n d a r d t i d a l 
m o d e l , i n t e r p o l a t i n g l i n e a r l y to t h e e p o c h of O b s e r v a t i o n , t h e n r e s t o r i n g t h e S t a n d a r d 
t i d a l m o d e l . I n 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 t h e 
c o m p l e t e se t of M a r k III g e o d e t i c d a t a ) w e r e a d d e d t o t h e i n t e r p o l a t e d p o l e a n d U T l 
v a l u e s . F o r e a c h Sess ion a Single r e w e i g h t i n g c o n s t a n t c o m p u t e d for t h e p a r t i c u l a r d a y 
w a s a d d e d in q u a d r a t u r e to t h e d a t a u n c e r t a i n t i e s d e r i v e d s t r i c t ly f r o m S N R t o ref lect 
t h e a c t u a l d a t a s c a t t e r . T h e d r y t r o p o s p h e r e ef 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 
( H e r r i n g , 1992). T h e b e h a v i o r of t h e s i t e c locks for e a c h d a y w a s s i m i l a r l y e s t i m a t e d 
u s i n g a q u a d r a t 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 f u n c t i o n . F o r b o t h 
e s t i m a t e s t h e V a r i a t i o n in t h e 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 t h e r a r e i n s t a n c e s w h e n t h e d a t a d i c t a t e d o t h e r w i s e . 

9 0 1 6 2 3 d u a l - f r e q u e n c y M a r k III d e l a y s a n d 0 d e l a y r a t e s f r o m 1624 s e s s i o n s 
u s i n g f ixed s t a t i o n s a n d m o b i l e s i t e s w e r e c o m b i n e d to e s t i m a t e 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 , 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 t r o p o s p h e r e a n d c lock 
b e h a v i o r f r o m a l e a s t - s q u a r e s So lu t ion w i t h 1026 g l o b a l p a r a m e t e r s a n d 325710 a r e 
p a r a m e t e r s . T h e r e w e r e 687757.6 d e g r e e s of f r e e d o m . A w e a k i n p u t c o v a r i a n c e o n 
p o l a r m o t i o n a n d U T l (X,Y - 4 5 m a s , U T l - 3 m s ) w a s u s e d s o t h a t a l l t h r e e 
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 e a c h Ses s ion w i t h m o r e r e l i a b l e 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 c o r r e l a t i o n . T h e w e i g h t e d r m s pos t - f i t r e s i d u a l d e l a y of t h e So lu t ion 
w a s 41.9 p s . T h e r e d u c e d c h i - s q u a r e w a s 0.968 i n c l u d i n g t h e c o n s t r a i n t s for t h e w e t 
t r o p o s p h e r e , c l o c k s , a n d E O P in t h e c o m p u t a t i o n of t h e d e g r e e s of f r e e d o m (The i l , 
1963). 
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T h e c o m p l e t e E a r t h o r i e n t a t i o n t i m e se r i e s is d e s i g n a t e d E O P ( G S F C ) 9 3 R Ol. 
O t h e r r e s u l t s a r e s o u r c e p o s i t i o n s d e s i g n a t e d RSC(GSFC)93 R Ol a n d s i t e c o o r d i n a t e s 
a t 1979-95 J a n 1.5 d e s i g n a t e d SSC(GSFC)93 R Ol. 

R e f e r e n c e s 
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Signals in Geodesy, e d . b y J.C. D e M u n c h a n d T.A. T h . S p o e l s t r a , N e t h e r l a n d 
G e o d e t i c C o m m i s s i o n , Delf t , N e t h e r l a n d s , Publications on Geodesy N o 36, 157. 

The i l , H . , 1963: Amer. Stat. Ass. ]., 58 , 4 0 1 . 

SUMM ARY DESCRIPTION FOR SOLUTION GSFC 93 R 01 : SEE P. R-27 
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EOP(GSFC) 93 R Ol From A u g 1979 to Jan 1993 

N u m b e r of m e a s u r e m e n t s per year and m e d i a n uncertaint ies 
U n i t s : 0.001" for X, Y, 8 V , 5e; 0.0001s for U T l 

YEAR 

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

Nb 

2 
20 
32 
55 
64 
87 

103 
123 
141 
156 
190 
238 
209 
203 

1 

X 
Sigma 

1.28 
0.66 
12.73 
12.74 
12.65 
0.69 
0.46 
0.46 
0.42 
0.38 
0.33 
0.27 
0.23 
0.23 
0.18 

Nb 

2 
20 
32 
55 
64 
87 

103 
123 
141 
156 
190 
238 
209 
203 

1 

Y 
Sigma 

2.29 
0.65 
40.47 
40.48 
40.45 
0.66 
0.44 
0.41 
0.40 
0.37 
0.34 
0.32 
0.29 
0.31 
0.28 

Nb 

2 
20 
32 
55 
64 
87 

103 
123 
141 
156 
190 
238 
209 
203 

1 

UTl 
Sigma 

0.93 
0.30 
10.30 
10.31 
10.22 
0.34 
0.23 
0.23 
0.21 
0.18 
0.16 
0.14 
0.12 
0.12 
0.09 

Nb 

2 
20 
32 
55 
64 
87 

103 
123 
141 
156 
190 
238 
209 
203 

1 

5y 
Sigma 

1.67 
1.02 
2.49 
2.56 
1.78 
0.90 
0.63 
0.62 
0.57 
0.52 
0.47 
0.42 
0.39 
0.38 
0.31 

Nb 

2 
20 
32 
55 
64 
87 

103 
123 
141 
156 
190 
238 
209 
203 

1 

5e 
Sigma 

0.56 
0.30 
0.84 
0.86 
0.64 
0.33 
0.23 
0.22 
0.21 
0.20 
0.19 
0.17 
0.16 
0.15 
0.12 
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E A R T H O R I E N T A T I O N PARAMETERS, SITE POSITIONS A N D VELOCITIES, A N D 
S O U R C E POSITIONS FROM THE N A S A SPACE GEODESY PROGRAM-GSFC U S I N G 
LINEAR VELOCITY FOR H R A S 085: SOLUTION GLB885a GSFC 93 R 02 

C. Ma, C o d e 921 , G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 
J.M. G i p s o n , N V I , Incorporated, Suite 1400, 8150 Leesburg Pike, Vienna , V A 
D . G o r d o n , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
D.S. Caprette , H u g h e s STX, 4400 Forbes Blvd., Lanham, M D 20706, U S A 
J.W. Ryan, C o d e 926, G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 

Mark III VLBI de lay data acquired s ince 1979 b y the N A S A Crustal D y n a m i c s 
Project, POLARIS/IRIS , the U S N O N A V N E T / N A V E X , and the N A S A Space G e o d e s y 
Program-GSFC h a v e b e e n a n a l y z e d for Earth or ientat ion parameters . T h e o b s e r v i n g 
s e s s i o n s u s e d in GLB885a are l i m i t e d to t h o s e y i e l d i n g use fu l EOP in format ion , 
i n c l u d i n g all POLARIS one-base l ine sess ions . 

A h i g h f requency tidal EOP m o d e l , the MTT t r o p o s p h e r e m a p p i n g m o d e l , 
N N R - N U V E L 1 , a n d a constra int o n vertical rates are the major c h a n g e s from our 
p r e v i o u s s u b m i s s i o n s . 

The terrestrial reference frame orig in is de f ined b y the a priori pos i t i on of the 
18-m West ford antenna o n 1988 Jan. 1, w h i c h is set to m a k e the orig in c lose to ITRF91. 
T h e r ight 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 the a priori p o s i t i o n of 0420-014 . T h e 
or ientat ion of the terrestrial and celestial reference frames is de f ined by v a l u e s from 
the U S N O o n e - d a y concrete EOP series and the Standard J2000.0 preces s ion a n d I A U 
1980 nuta t ion m o d e i s for the EOP reference date 1985 N o v . 21 , and b y the pos i t ion of 
W E S T F O R D a n d the d i r e c t i o n of the W E S T F O R D - R I C H M O N D b a s e l i n e , w h i c h 
e v o l v e accord ing to the N N R - N U V E L 1 m o d e l . 

I n s t a n t a n e o u s EOP v a l u e s w e r e e s t i m a t e d at the m i d d l e of each o b s e r v i n g 
Session. N o tidal terms in U T l h a v e been r e m o v e d from the tabulated 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 l v a l u e s i n c l u d e d iurna l a n d s e m i d i u r n a l t idal var ia t ions 
e s t imated from the comple te set of Mark III VLBI geode t i c data. 

In genera l , the three -d imens iona l ve loc i t i e s of s i tes w i t h suff icient data w e r e 
es t imated . T h o s e sites w h o s e vertical rates had formal errors in exces s of 3 m m / y r in 
an uncons tra ined Solution w e r e constrained to h a v e z e r o vertical rate in this Solution. 
The other e x c e p t i o n s w e r e WESTFORD, R I C H M O N D , a n d K A U A I , u s e d to def ine the 
reference frame. Apart from the m o t i o n of the N N R - N U V E L 1 m o d e l , the pos i t ion of 
R I C H M O N D w a s constra ined to c h a n g e o n l y in the a priori direct ion of WESTFORD. 
The vert ica l rate of K A U A I w a s cons tra ined to b e z e r o to p r o v i d e a m o r e robust 
g e o m e t r y . T h e p o s i t i o n s of s ix s i t e s ( 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, a n d MOJAVE12) each 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 r e l a t e d to s e i s m i c e v e n t s . T h e v e l o c i t i e s of s e v e r a l s e t s o f s i t e s 

IERS(1993) Technical Note No 14. 
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( F O R T O 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 , D S S 6 5 - R O B L E D 3 2 , K A U A I -
H A L E A K A L , 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 , N R A O 1 4 0 - N R A O 8 5 1, 
S E S H A N 2 5 - S H A N G H A I ) w e r e cons tra ined to b e e q u a l in o r d e r to s t r e n g t h e n the 
p o s i t i o n or v e l o c i t y e s t imates or to p r o p a g a t e m o r e correct ly the p o s i t i o n of a s i te 
o c c u p i e d o n l y once . 

Al l uncerta int ies are 1-s igma formal Standard errors f rom the sequent ia l least-
squares Solution GLB885a descr ibed be low . 

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 g e n e r a l l y cons i s t ent 
w i t h the 1992 IERS Standards a n d are conta ined in the G o d d a r d C A L C 7.6 program. 
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 i n l o n g i t u d e a n d o b l i q u i t y 
e s t imated , so l id earth t ides (h2 = 0.60967,12 = 0.085) correcting the K l term but not the 
zero f requency 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 Sys tem 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 ime 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 ps rms. The p o l e pos i t ion for each Observation 
w a s i n t e r p o l a t e d l inear ly f r o m a o n e - d a y VLBI EOP ser i e s m a t c h i n g the U S N O 
concrete ser ies o n the EOP reference date. The U T l v a l u e for each Observation w a s 
d e r i v e d from the o n e - d a y VLBI EOP series b y first r e m o v i n g the IERS Standard tidal 
m o d e l , in terpolat ing l inearly to the e p o c h of Observation, then restoring the Standard 
tidal m o d e l . In a d d i t i o n , diurnal and semid iurna l EOP var iat ions ( d e r i v e d from the 
c o m p l e t e set of Mark III g e o d e t i c data) w e r e a d d e d to the in terpolated p o l e a n d U T l 
va lues . For each ses s ion a Single rewe ight ing constant c o m p u t e d for the particular day 
w a s a d d e d in quadrature to the data uncertaint ies d e r i v e d strictly f rom S N R to reflect 
the ac tua l d a t a scat ter . 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 loca 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 the MTT w e t m o d e l 
(Herring, 1992). T h e behav ior of the site c locks for each day w a s s imi lar ly e s t imated 
u s i n g a quadrat ic 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 ecewi se - l inear funct ion . For b o t h 
e s t i m a t e s the Variation in the c o n t i n u o u s func t ion 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 
reasonable v a l u e s except in the rare instances w h e n the data dictated o therwise . 

901623 dua l - f requency Mark III d e l a y s a n d 0 d e l a y rates f rom 1624 s e s s i o n s 
u s i n g f ixed s ta t ions and m o b i l e s i tes w e r e c o m b i n e d to e s t i m a t e s i te p o s i t i o n s a n d 
ve loc i t i es , source p o s i t i o n s , Earth or ientat ion parameters , a n d t roposphere and clock 
b e h a v i o r f rom a l eas t - squares Solut ion w i t h 852 g l o b a l p a r a m e t e r s a n d 325710 are 
parameters . There w e r e 687922.2 d e g r e e s of f r e e d o m . A w e a k i n p u t c o v a r i a n c e o n 
po lar m o t i o n a n d U T l (X,Y - 45 m a s , U T l - 3 m s ) w a s u s e d s o that all three 
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 each s e s s i o n w i t h m o r e rel iable i n d i c a t i o n of 
uncerta inty a n d correlation. T h e w e i g h t e d rms post-f it res idual d e l a y of the Solution 
w a s 41.9 p s . T h e r e d u c e d chi -square w a s 0.970 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 , and EOP in the c o m p u t a t i o n of t h e d e g r e e s of f r e e d o m (Theil , 
1963). 

T h e c o m p l e t e Earth or ientat ion t ime ser ies is d e s i g n a t e d EOP(GSFC)93 R 02. 
Other results are source pos i t i ons d e s i g n a t e d RSC(GSFC) 93 R 02 a n d site coordinates 
at 1979-95 Jan 1.5 des ignated SSC(GSFC) 93 R 02. 
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SITE POSITIONS A N D VELOCITIES, EARTH O R I E N T A T I O N PARAMETERS, A N D 
SOURCE POSITIONS FROM THE N A S A SPACE GEODESY PROGRAM-GSFC U S I N G 
T W O - M O N T H C O N T I N U O U S , PIECEWISE-LINEAR P O S I T I O N S FOR H R A S 085: 
S O L U T I O N GLB886 GSFC 93 R 03 

C. M a , C o d e 921 , G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 
J.M. G i p s o n , N V I , Inc., 8150 Leesburg Pike, Vienna, V A 22182, U S A 
D. G o r d o n , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
D.S. Caprette , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
J.W. Ryan, C o d e 926, G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 

Mark III VLBI de lay data acquired s ince 1979 b y the N A S A Crustal 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 Research Laboratory (Japan), the U S N O N A V N E T / N A V E X , a n d the 
N A S A Space G e o d e s y Program-GSFC h a v e been a n a l y z e d for the terrestrial reference 
frame. The s e s s ions u s e d for GLB886 inc lude all geode t i c VLBI s e s s i o n s avai lable to 
the N A S A Space G e o d e s y Program-GSFC. EOP Information from Solut ion GLB885 
w a s a p p l i e d to t h o s e s e s s i o n s w h e r e the data or n e t w o r k s w e r e i n a d e q u a t e to 
de termine EOP wel l . 

A h i g h f requency t idal EOP m o d e l , the MTT t r o p o s p h e r e m a p p i n g m o d e l , 
N N R - N U V E L 1 , a constraint o n vertical rates, a n d a non l inear m o d e l for H R A S 085 
are the major c h a n g e s from our p r e v i o u s submis s ions . 

The terrestrial reference frame origin is de f ined b y the a priori pos i t i on of the 
18-m West ford antenna o n 1988 Jan. 1, w h i c h is set to m a k e the origin c lose to ITRF91. 
T h e r ight 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 the a priori p o s i t i o n of 0420-014 . T h e 
or ientat ion of the terrestrial and celest ial reference frames is de f ined b y va lues from 
the U S N O o n e - d a y concrete EOP series and the Standard J2000.0 precess ion and I A U 
1980 nutat ion m o d e i s for the EOP reference date 1985 N o v . 21 , and by the pos i t ion of 
W E S T F O R D a n d t h e d i r e c t i o n of the W E S T F O R D - R I C H M O N D b a s e l i n e , w h i c h 
e v o l v e accord ing to the N N R - N U V E L 1 m o d e l . 

In genera l , the three -d imens iona l ve loc i t ies of s i tes w i t h sufficient data w e r e 
es t imated . T h o s e sites w h o s e vertical rates had formal errors in excess of 3 m m / y r in 
an u n c o n s t r a i n e d So lut ion w e r e c o n s t r a i n e d to h a v e z e r o vert ical rate in th is 
Solution. The other e x c e p t i o n s w e r e WESTFORD, R I C H M O N D , and K A U A I , u s e d to 
def ine the reference frame, and H R A S 085. The pos i t ion of H R A S 085 w a s e s t imated 
as a c o n t i n u o u s , p iecewise - l inear funct ion w i t h t w o - m o n t h intervals . Apart from the 
m o t i o n of the N N R - N U V E L 1 m o d e l , the pos i t ion of R I C H M O N D w a s constra ined to 
c h a n g e o n l y in the a priori direct ion of WESTFORD. The vertical rate of K A U A I w a s 
cons tra ined to b e z e r o to p r o v i d e a m o r e robust geometry . The pos i t i ons of s ix 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 , FORTORDS, PRESIDIO, a n d MOJAVE12) 
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 . T h e 

IERS(1993) Technical Note No 14. 
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v e l o c i t i e s of s evera l se t s o f s i t e s ( F O R T O 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 , M O J A V E 1 2 - M O J 7288 , O V R O 130-OVR 7853-
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 1 4 0 - N R A O 8 5 1 , O N S A L A 6 0 -
M V 2 0 N S L A ) w e r e c o n s t r a i n e d to be e q u a l i n order to s t r e n g t h e n the 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 t o p r o p a g a t e m o r e c o r r e c t l y t h e p o s i t i o n of a s i t e o c c u p i e d o n l y 
o n c e . 

I n s t a n t a n e o u s EOP v a l u e s 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 
s e s s i o n . N o tidal t erms in U T l h a v e b e e n r e m o v e d from t h e tabulated 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 l v a l u e s i n c l u d e d iurna l a n d s e m i d i u r n a l t idal v a r i a t i o n s 
e s t i m a t e d from the c o m p l e t e set of Mark IE VLBI g e o d e t i c d a t a . 

A l l u n c e r t a i n t i e s a r e 1-s igma f o r m a l S t a n d a r d e r r o r s f r o m t h e s e q u e n t i a l l eas t -
s q u a r e s So lu t ion GLB886 d e s c r i b e d b e l o w . 

T h e b a s i c m o d e i s u s e d t o c a l c u l a t e t h e VLBI d e l a y s a r e g e n e r a l l y c o n s i s t e n t 
w i t h t h e 1992 IERS S t a n d a r d s a n d a r e c o n t a i n e d i n t h e 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 i n 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 , s o l i d e a r t h t i de s (h2 = 0 .60967,12 = 0.085) c o r r e c t i n g t h e K l t e r m b u t n o t 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 , p o l e t i d e , v e r t i c a l a n d h o r i z o n t a l o c e a n l o a d i n g , DE200 
s o l a r 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 t h a t a g r e e s 
w i t h t h e IERS S t a n d a r d m o d e l w i t h i n 5 p s r m s . T h e p o l e p o s i t i o n for e a c h O b s e r v a t i o n 
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 VLBI E O P s e r i e s m a t c h i n g t h e U S N O 
c o n c r e t e s e r i e s o n t h e E O P r e f e r e n c e d a t e . T h e U T l v a l u e for e a c h O b s e r v a t i o n w a s 
d e r i v e d f r o m t h e o n e - d a y VLBI E O P se r i e s b y first r e m o v i n g t h e IERS S t a n d a r d t i da l 
m o d e l , i n t e r p o l a t i n g l i n e a r l y to t h e e p o c h of O b s e r v a t i o n , t h e n r e s t o r i n g t h e S t a n d a r d 
t i d a l m o d e l . I n 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 t h e 
c o m p l e t e se t of M a r k HI g e o d e t i c d a t a ) w e r e a d d e d t o t h e i n t e r p o l a t e d p o l e a n d U T l 
v a l u e s . For e a c h s e s s i o n a Single r e w e i g h t i n g c o n s t a n t c o m p u t e d for t h e p a r t i c u l a r d a y 
w a s a d d e d in q u a d r a t u r e t o t h e d a t a u n c e r t a i n t i e s d e r i v e d s t r i c t ly f r o m S N R t o ref lect 
t h e a c t u a l d a t a s c a t t e r . 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 
( H e r r i n g , 1992). T h e b e h a v i o r of t h e s i t e c locks for e a c h d a y w a s s i m i l a r l y e s t i m a t e d 
u s i n g a q u a d r a t 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 f u n c t i o n . F o r b o t h 
e s t i m a t e s t h e V a r i a t i o n i n t h e 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 t h e r a r e i n s t a n c e s w h e n t h e d a t a d i c t a t e d o t h e r w i s e . 

1003763 d u a l - f r e q u e n c y M a r k III d e l a y s a n d 0 d e l a y r a t e s f r o m 1877 s e s s i o n s 
u s i n g f ixed s t a t i o n s a n d m o b i l e s i t e s w e r e c o m b i n e d t o e s t i m a t e 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 , 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 , s o u r c e p o s i t i o n s , a n d t r o p o s p h e r e a n d c lock 
b e h a v i o r f r o m a l e a s t - s q u a r e s S o l u t i o n w i t h 1238 g l o b a l p a r a m e t e r s a n d 371603 a r e 
p a r a m e t e r s . T h e r e w e r e 764930.9 d e g r e e s of f r e e d o m . A w e a k i n p u t c o v a r i a n c e o n 
p o l a r m o t i o n a n d U T l (X,Y - 4 5 m a s , U T l - 3 m s ) w a s u s e d s o t h a t a l l t h r e e 
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 e a c h s e s s i o n w i t h m o r e r e l i a b l e 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 c o r r e l a t i o n . T h e w e i g h t e d r m s pos t - f i t d e l a y r e s i d u a l of t h e So lu t ion 
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w a s 41 .2 p s . The r e d u c e d chi - square w a s 0.974 i n c l u d i n g the constra ints 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 r e e d o m (Theil , 
1963). 

The site coordinates at 1979-95 Jan 1.5 are d e s i g n a t e d SSC(GSFC)93 R 03. Other 
resul ts are the Earth or ientat ion t ime series des ignated EOP(GSFC)93 R 03 a n d source 
pos i t ions d e s i g n a t e d RSC(GSFC)93 R 03. 
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S O U R C E POSITIONS FROM THE N A S A SPACE GEODESY PROGRAM-GSFC U S I N G 
LINEAR VELOCITY FOR H R A S 085: SOLUTION GLB886a GSFC 93 R 04 

C. Ma, C o d e 921 , G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 
J.M. G i p s o n , N V I , Inc., 8150 Leesburg Pike, Vienna, V A 22182, U S A 
D. G o r d o n , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
D.S. Caprette , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
J.W. Ryan, C o d e 926, G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 

Mark III VLBI d e l a y data acquired s ince 1979 b y the N A S A Crustal 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 Research Laboratory (Japan), the U S N O N A V N E T / N A V E X , and the 
N A S A Space G e o d e s y Program-GSFC h a v e been a n a l y z e d for the terrestrial reference 
frame. The s e s s i o n s u s e d for GLB886a inc lude all g e o d e t i c VLBI s e s s i o n s avai lable to 
the N A S A S p a c e G e o d e s y Program-GSFC. EOP Information f rom Solut ion GLB885a 
w a s a p p l i e d to t h o s e s e s s i o n s w h e r e t h e data or n e t w o r k s w e r e i n a d e q u a t e to 
de termine EOP w e l l . 

A h i g h frequency t idal EOP m o d e l , the MTT troposphere m a p p i n g m o d e l , a 
cons tra in t o n vert ica l rates , a n d N N R - N U V E L 1 are the major c h a n g e s f rom our 
p r e v i o u s s u b m i s s i o n s . 

The terrestrial reference frame or ig in is de f ined b y the a priori pos i t i on of the 
18-m West ford antenna o n 1988 Jan. 1, w h i c h is set to m a k e the or ig in c lose to ITRF91. 
T h e r ight a s c e n s i o n or ig in is d e f i n e d b y the a priori p o s i t i o n of 0420-014. T h e 
or ientat ion of the terrestrial a n d celestial reference frames is de f ined b y v a l u e s from 
the U S N O o n e - d a y concrete EOP series a n d the Standard J2000.0 precess ion and I A U 
1980 nuta t ion m o d e i s for the EOP reference date 1985 N o v . 21 , and b y the pos i t ion of 
W E S T F O R D a n d the d i r e c t i o n of the W E S T F O R D - R I C H M O N D b a s e l i n e , w h i c h 
e v o l v e accord ing to the N N R - N U V E L 1 m o d e l . 

In genera l , the three -d imens iona l ve loc i t i e s of s i tes w i t h sufficient data w e r e 
e s t imated . T h o s e sites w h o s e vertical rates had formal errors in excess of 3 m m / y r in 
an u n c o n s t r a i n e d So lut ion w e r e c o n s t r a i n e d to h a v e z e r o vert ical rate in th is 
Solution. T h e other except ions w e r e WESTFORD, R I C H M O N D , and K A U A I , u s e d to 
de f ine the reference frame. Apart from the m o t i o n of the N N R - N U V E L 1 m o d e l , the 
p o s i t i o n of R I C H M O N D w a s constra ined to c h a n g e o n l y in the a priori d irect ion of 
W E S T F O R D . T h e vert ical rate of K A U A I w a s cons tra ined to b e z e r o to p r o v i d e a 
m o r e r o b u s t g e o m e t r y . T h e p o s i t i o n s of s ix s i t e s ( Y A K A T A G A , S O U R D O G H , 
W H T H O R S E , FORTORDS, PRESIDIO, a n d MOJAVE12) each had 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 event s . The ve loc i t i e s of severa l se t s of s i tes 

IERS(1993) Technical Note 14. 
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( F O R T O 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 , D S S 6 5 - R O B L E D 3 2 , K A U A I -
H A L E A K A L , MOJAVE12-MOJ 7288 , O V R O 130-OVR 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 1 4 0 - N R A O 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 ) w e r e c o n s t r a i n e d t o b e e q u a l i n o r d e r to s t r e n g t h e n the 
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 t h e p o s i t i o n of a s i te 
o c c u p i e d o n l y once . 

I n s t a n t a n e o u s EOP v a l u e s w e r e e s t i m a t e d at the m i d d l e of e a c h o b s e r v i n g 
ses s ion . N o t idal terms in U T l h a v e b e e n r e m o v e d from the tabulated 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 l v a l u e s i n c l u d e d iurna l a n d s e m i d i u r n a l t idal var ia t ions 
e s t imated from the c o m p l e t e set of Mark HI VLBI g e o d e t i c data. 

A l l uncerta int ies are 1-s igma formal Standard errors from the sequent ia l least-
squares Solution GLB886a descr ibed b e l o w . 

T h e bas i c 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 t en t 
w i t h the 1992 IERS Standards a n d are conta ined in the G o d d a r d C A L C 7.6 program. 
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 i n l o n g i t u d e a n d o b l i q u i t y 
e s t imated , so l id earth t ides (h2 = 0 .60967,12 = 0.085) correcting the K l term b u t not the 
z e r o f requency 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 Sys tem 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 . The p o l e p o s i t i o n for each Observation 
w a s i n t e r p o l a t e d l inear ly f rom a o n e - d a y VLBI EOP s e r i e s m a t c h i n g t h e U S N O 
concrete ser ies o n the EOP reference date . T h e U T l v a l u e for each Observation w a s 
d e r i v e d from the o n e - d a y VLBI EOP series b y first r e m o v i n g the IERS Standard tidal 
m o d e l , in terpolat ing l inearly to the e p o c h of Observation, then restor ing the Standard 
t idal m o d e l . In a d d i t i o n , d iurnal and s e m i d i u r n a l EOP var ia t ions ( d e r i v e d from the 
c o m p l e t e set of 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 l 
v a l u e s . For each se s s ion a Single rewe ight ing constant c o m p u t e d for the particular d a y 
w a s a d d e d in quadrature to the data uncertaint ies d e r i v e d strictly f rom S N R to reflect 
t h e ac tua l d a t a scatter . T h e d r y t r o p o s p h e r e ef fect w a s m o d e l e d f r o m loca 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 the 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 funct ion w i t h the M T T w e t m o d e l 
(Herring, 1992). The behav ior of the s i te c locks for each d a y w a s s imi lar ly e s t imated 
u s i n g a quadrat ic 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 the Variat ion in 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 
reasonable v a l u e s except in the rare instances w h e n the data dictated o therwise . 

1003763 dua l - f requency Mark III d e l a y s a n d 0 d e l a y rates f rom 1877 s e s s i o n s 
u s i n g f ixed s ta t ions a n d m o b i l e s i tes w e r e c o m b i n e d to e s t i m a t e s i te p o s i t i o n s a n d 
ve loc i t i e s , Earth or ientat ion parameters , source p o s i t i o n s , a n d t r o p o s p h e r e a n d clock 
b e h a v i o r f r o m a l eas t - squares Solut ion w i t h 1064 g loba l parameters a n d 371603 are 
parameters . There w e r e 765095.1 d e g r e e s of f reedom. A w e a k i n p u t covar iance o n 
p o l a r m o t i o n a n d U T l (X,Y - 4 5 m a s , U T l - 3 m s ) w a s u s e d s o that all three 
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 e a c h s e s s i o n w i t h m o r e re l iable i n d i c a t i o n of 
uncerta inty a n d correlation. The w e i g h t e d rms post-f it d e l a y res idual of the Solution 
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w a s 41 .3 p s . T h e r e d u c e d c h i - s q u a r e w a s 0.976 i n c l u d i n g t h e c o n s t r a i n t s for t h e w e t 
t r o p o s p h e r e , c l o c k s , a n d E O P in t h e c o m p u t a t i o n of t h e d e g r e e s of f r e e d o m (The i l , 
1963). 

T h e s i te c o o r d i n a t e s a t 1979-95 J a n 1.5 a r e d e s i g n a t e d SSC(GSFC)93 R 04. O t h e r 
r e s u l t s a r e t h e E a r t h o r i e n t a t i o n t i m e se r i e s d e s i g n a t e d E O P ( G S F C ) 9 3 R 04 a n d s o u r c e 
p o s i t i o n s d e s i g n a t e d RSC(GSFC)93 R 04. 

References 

H e l l i n g s , R. W . , 1986: Astron. f., 9 1 , 1446. 

H e r r i n g , T .A . , 1992: Proceedings of the Symposium on Refraction of Transatmospheric 
Signals in Geodesy, e d . b y J.C. D e M u n c h a n d T.A. T h . S p o e l s t r a , N e t h e r l a n d 
G e o d e t i c C o m m i s s i o n , Delf t , N e t h e r l a n d s , Publications on Geodesy N o 3 6 , 1 5 7 . 

The i l , H . , 1963: Amer. Stat. Ass. / . , 58, 4 0 1 . 

SUMMARY DESCRIPTION FOR SOLUTION GSFC 93 R 04 : SEE P. R-27 



R - 2 2 

o 
m 

o 

o 
1 

i i | i i i i | i i i i | i 
._ -sy-V „"-•••/•- • ' -*" 

*"•% - * * - — 
*-C " , , • »' 

• * 
* 

• 
l . / 
'. / 
Ü -

."'">' 

1 • 1 1 • 1 1 1 I I I • 1 

1 1 

•um 

• 

i. 

, 

i • i 

i 1 1 1 1 1 1 1 i-—\ r 

••-•---. ..-;.---- •'•."- * 

* # " . . . . 

* *'••• \ ; 

; '• 
. . •* 
• . •• 

• •' 

i 1 i • i • 1 i i i i 

'••••• *• 

•• • • 

'Sr' J$ •• • 
*fy'tm$te**r-.\>% 

' "***? '. *v A* "V. 
."•*«."* v 

'""' " . . • 
• 

• 

1 1 1 1 1 1 1 1 
- 1 5 0 - 1 0 0 - 5 0 0 50 100 150 

Distr ibut ion of the 92 s i t es of t h e t e r res t r i a l f r a m e SSC(GSFC) 9 3 R 04. 

4 6 

UNCERTAINTIES (cm) 

8 10 

Distr ibut ion of the uncertaint ies (quadratic m e a n of c X / a y , Oz) for the 115 
stat ions of the terrestrial frame SSC(GSFC) 93 R 04. 



R-23 

S O U R C E P O S I T I O N 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 SITE 
P O S I T I O N S A N D VELOCITIES 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 -
GSFC U S I N G LINEAR VELOCITY FOR H R A S 085: SOLUTION GLB887 

GSFC 93 R 05 

C. Ma, C o d e 921 , G o d d a r d Space Flight Center, Greenbelt , M D 20771, U S A 
J.M. G i p s o n , N V I , Inc., 8150 Leesburg Pike, Vienna, V A 22182, U S A 
D. G o r d o n , H u g h e s STX, 4400 Forbes Blvd. , Lanham, M D 20706, U S A 
D.S. Caprette , H u g h e s STX, 4400 Forbes Blvd., Lanham, M D 20706, U S A 
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Mark III VLBI d e l a y and d e l a y rate data acquired s ince 1979 b y the N A S A 
Crustal D y n a m i c s Project, POLARIS/IRIS, the U S N a v a l Research Laboratory celestial 
r e f erence f r a m e p r o g r a m , the U S N O N A V N E T / N A V E X , a n d the N A S A S p a c e 
G e o d e s y Program-GSFC h a v e b e e n a n a l y z e d for the celestial reference frame. D e l a y 
data from the geode t i c s e s s ions in Solution GLB885a and both de lay a n d de lay rate data 
from the astrometric a n d s u r v e y se s s ions are inc luded in Solution GLB887. 

A h i g h f requency tidal EOP m o d e l , the MTT t r o p o s p h e r e m a p p i n g m o d e l , a 
cons tra int o n vert ica l rates a n d N N R - N U V E L 1 are the major c h a n g e s f rom o u r 
p r e v i o u s s u b m i s s i o n s . 

T h e terrestrial reference frame or ig in is de f ined b y the a priori pos i t i on of the 
18-m West ford antenna o n 1988 Jan. 1, w h i c h is set to m a k e the origin c lose to ITRF91. 
T h e r ight 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 the a priori p o s i t i o n of 0420-014 . T h e 
or ientat ion of the terrestrial and celest ial reference frames is de f ined b y v a l u e s from 
the U S N O o n e - d a y concrete EOP series a n d the Standard J2000.0 precess ion a n d I A U 
1980 nutat ion m o d e i s for the EOP reference date 1985 N o v . 21 , and b y the pos i t ion of 
W E S T F O R D a n d the d i r e c t i o n of the W E S T F O R D - R I C H M O N D b a s e l i n e , w h i c h 
e v o l v e accord ing to the N N R - N U V E L 1 m o d e l . 

A b o u t 100 sources u s e d in the geode t i c programs form the core of the celestial 
reference frame. T h e s e h a v e - 1 0 0 to - 6 0 0 0 0 observa t ions each. A b o u t 320 s o u r c e s 
h a v e formal errors u n d e r 1 mas . The remain ing sources inc lude a n u m b e r w i t h very 
w e a k data. 

I n s t a n t a n e o u s EOP v a l u e s w e r e e s t i m a t e d at the m i d d l e of e a c h o b s e r v i n g 
sess ion . N o tidal terms in U T l h a v e been r e m o v e d from the tabulated 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 l v a l u e s i n c l u d e diurnal a n d s e m i d i u r n a l t idal var ia t ions 
es t imated from the c o m p l e t e set of Mark III VLBI geodet ic data. 

In genera l , the three -d imens iona l ve loc i t ies of s i tes w i t h suff ic ient data w e r e 
es t imated . T h o s e s i tes w h o s e vertical rates had formal errors in exces s of 3 m m / y r in 
an u n c o n s t r a i n e d Solution w e r e constrained to h a v e z e r o vertical rate in this Solution. 

IERS(1993) Technical Note No 14. 
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The other except ions w e r e WESTFORD, R I C H M O N D , a n d K A U A I , u s e d to def ine the 
reference frame. Apart from the m o t i o n of the N N R - N U V E L 1 m o d e l , the pos i t i on of 
R I C H M O N D w a s constra ined to c h a n g e o n l y in the a priori d irect ion of WESTFORD. 
T h e vert ical rate of K A U A I w a s cons tra ined to b e z e r o to p r o v i d e a m o r e robust 
g e o m e t r y . T h e p o s i t i o n s of s ix s i t es ( 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, a n d MOJAVE12) 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 
pos i t ion re lated to s e i smic event s . The ve loc i t ies of several sets of s i tes (FORT O 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 , D S S 6 5 - R O B L E D 3 2 , K A U A I - H A L E A K A L , 
S E S H A N 2 5 - S H A N G H A I , N R A O 1 4 0 - N R A O 8 5 1, H R A S 085-FTD 7 9 0 0 - M C D 7850-FD-
VLBA) w e r e c o n s t r a i n e d to b e equal in order to s t r e n g t h e n the p o s i t i o n or ve loc i ty 
es t imates or to p r o p a g a t e m o r e correctly the pos i t ion of a s i te o c c u p i e d o n l y once . 

Al l uncerta int ies are 1-s igma formal Standard errors from the sequent ia l least-
squares Solution GLB887 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 t ent 
w i t h the 1992 IERS Standards and are conta ined in the G o d d a r d C A L C 7.6 program. 
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 imated , so l id earth t ides (h2 = 0 .60967,12 = 0.085) correcting the K l term b u t not the 
z e r o frequency 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 System 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. The p o l e p o s i t i o n for each Observation 
w a s i n t e r p o l a t e d l inear ly f rom a o n e - d a y VLBI EOP ser i e s m a t c h i n g t h e U S N O 
concrete ser ies o n the EOP reference date . T h e U T l v a l u e for each Observation w a s 
d e r i v e d from the o n e - d a y VLBI EOP series b y first r e m o v i n g the IERS Standard tidal 
m o d e l , in terpolat ing l inearly to the e p o c h of Observation, then res tor ing the Standard 
tidal m o d e l . In a d d i t i o n , d iurnal and semid iurna l EOP var ia t ions ( d e r i v e d from the 
c o m p l e t e set of 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 l 
va lues . For each s e s s i o n a Single rewe ight ing constant c o m p u t e d for the particular d a y 
w a s a d d e d in quadrature to the data uncertaint ies d e r i v e d strictly from S N R to reflect 
the ac tua l d a t a scat ter . T h e d r y t r o p o s p h e r e e f fect w a s m o d e l e d f r o m loca l 
m e t e o r o l o g i c a l d a t a u s i n g the 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 the M T T d r y 
t r o p o s p h e r e m a p p i n g (Herr ing , 1992) , w h i l e the 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 funct ion w i t h the M T T w e t m o d e l 
(Herring, 1992). The behav ior of the s i te c locks for each d a y w a s s imi lar ly e s t imated 
u s i n g a quadrat ic 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 the Variat ion in 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 
reasonable v a l u e s except in the rare instances w h e n the data dictated o therwi se . 

927990 dual - frequency Mark III de lays and 26367 de lay rates from 1702 ses s ions 
u s i n g f ixed s ta t ions a n d m o b i l e s i tes w e r e c o m b i n e d to e s t i m a t e s i te p o s i t i o n s a n d 
ve loc i t i e s , s o u r c e p o s i t i o n s , Earth or ientat ion parameters , a n d t r o p o s p h e r e a n d clock 
b e h a v i o r f rom a l eas t - squares Solut ion w i t h 1476 g loba l parameters a n d 336419 are 
parameters . There w e r e 733828.6 d e g r e e s of f r e e d o m . A w e a k input covar iance o n 
po lar m o t i o n a n d U T l (X,Y - 4 5 m a s , U T l - 3 m s ) w a s u s e d s o that all three 
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 e a c h s e s s i o n w i t h m o r e re l iable i n d i c a t i o n of 
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u n c e r t a i n t y a n d c o r r e l a t i o n . T h e w e i g h t e d r m s pos t - f i t r e s i d u a l of t h e So lu t i on w a s 
42.1 p s for d e l a y s a n d 72.8 f s / s for r a t e s . T h e r e d u c e d c h i - s q u a r e w a s 0.977 i n c l u d i n g 
t h e c o n s t r a i n t s for t h e w e t t r o p o s p h e r e , c locks , a n d E O P in t h e c o m p u t a t i o n of t h e 
d e g r e e s of f r e e d o m (Thei l , 1963). 

T h e s o u r c e p o s i t i o n s a r e d e s i g n a t e d RSC(GSFC)93 R 05 . O t h e r r e s u l t s a r e t h e 
E a r t h o r i e n t a t i o n t i m e s e r i e s d e s i g n a t e d E O P ( G S F C ) 9 3 R 05 a n d s i t e c o o r d i n a t e s a t 
1979-95 Jan 1.5 d e s i g n a t e d SSC(GSFC)93 R 05. 
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SUMMARY DESCRIPTION FOR SOLUTION GSFC 93 R 5 : SEE P. R-27 
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Distr ibut ion o v e r the sky of the 449 extragalactic radio sources of the celest ial frame 
RSC(GSFC) 9 3 R 05. Fi l led circles indicate radio sources w i t h uncertaint ies i n right 
a s c e n s i o n (acos8) a n d dec l inat ion smal ler than 0.0003". 
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UNCERTAINTIES IN acoaS AND (5 (MAS) 

Distr ibut ion of the uncerta int ies in right a s c e n s i o n (füll l ine) a n d dec l inat ion 
(dashed l ine) of the celestial frame RSC(GSFC) 93 R 05. 4 9 rad io sources w i t h 
uncertaint ies larger than 0.003" are no t s h o w n . 
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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 ions G S F C 93 R Ol, R 02, R 03 , R 04 a n d R 05 

1 - T e c h n i q u e : M a r k m VLBI 
P r o c e s s e d w i t h t h e M a r k - I H A n a l y s i s S y s t e m - C A L C / G L O B L w i t h t h e f o l l o w i n g 

- G r o u p d e l a y o b s e r v a t i o n s u s e d for g e o d e t i c d a t a , g r o u p d e l a y s a n d p h a s e 
d e l a y r a t e s u s e d for a s t r o m e t r i c da t a . 

- D i u r n a l a n d s e m i d i u r n a l t ida l v a r i a t i o n s in p o l a r m o t i o n a n d U T l w e r e 
e s t i m a t e d u s i n g all g e o d e t i c d a t a (10 t ida l c o m p o n e n t s in U T l a n d 12 in 
p o l a r m o t i o n ) t h a t a r e c o n s i s t e n t w i t h t h o s e of H e r r i n g , S o v e r s a n d 
W a t k i n s . T h e m o d e l b e l o w w a s a p p l i e d in all So lu t ions . 

U T l t i d a l t e r m s ( m i c r o s e c o n d s ) 

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 
+Pi 

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

term 

Kl 
PI 
Ol 
Ql 
Sl 
Ml 
K2 
S2 
M2 
N2 

Cos 

value 

6.763 
-4.004 
-15.39 
-3.287 

.9430 

.7112 

.1883 
-.7916 
-7.990 
-3.905 

formal 
error 

.36 

.34 

.34 

.34 

.32 

.31 

.30 

.29 

.26 

.23 

Sin 

value 

16.39 
-5.825 

-15.42 
-3.888 
3.542 
2.953 
3.503 
8.867 

11.89 
1.754 

formal 
error 

.36 

.34 

.33 

.34 

.31 

.31 

.30 

.29 

.27 

.23 

P o l a r m o t i o n t i d a l t e r m s (mi l l i a r c seconds ) 

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 
+Pi 

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

1 
I term 
1 

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

Kl 
PI 
Ol 
Ql 
K2 
S2 
M2 
N2 
K2 
S2 
N2 

Cos 

value 

.1225 
-.05385 
-.1338 
-.03829 
-.01389 
-.07437 
.01363 

-.02225 
.01836 

-.006214 
.03178 

-.002796 

formal 
error 

.0054 

.0053 

.0053 

.0053 

.0048 

.0043 

.0042 

.0042 

.0044 

.0043 

.0041 

.0035 

Sin 

value 

-.03364 
.02758 
.06768 
.01705 
.01555 
.1033 
.2883 
.05712 

-.008648 
-.001571 
-.07327 
.001874 

formal 
error 

.0055 

.0053 

.0053 

.0053 

.0047 

.0043 

.0042 

.0042 

.0045 

.0043 

.0042 

.0036 

P = P r o g r a d e , R = R e t r o g r a d e 

- 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 p o s i t i o n for H R A S 085 (for s o m e 
So lu t ions ) . 

- I n s t a n t a n e o u s E O P e s t i m a t e d at m i d p o i n t of o b s e r v i n g s e s s i o n s . 
- A p r i o r i c a l i b r a t i o n of t h e ' d ry ' 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 

e i t h e r in s i t u m e a s u r e m e n t s of p r e s s u r e a n d t e m p e r a t u r e o r s i t e -
d e p e n d e n t s ta t ic v a l u e s a n d 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 . 
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- N o a priori cal ibration of the 'wet' a tmosphere . 
- R e s i d u a l w e t a t m o s p h e r e e s t i m a t e d w i t h the GSFC ' c o n t i n u o u s p i ece ­

wise - l inear function1 t echnique w i t h 60 m i n u t e intervals 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 e i ther 
shorter intervals or looser constraints) a n d the w e t MTT partial 
der ivat ive . 

- H y d r o g e n maser clock errors m o d e l e d w i t h the GSFC 'cont inuous 
p i ecewi se - l inear function' m e t h o d u s i n g uncons tra ined 2 n d order 
p o l y n o m i a l s for the gross clock Performance 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 clock rate constraint of 5 10~14 for the short term 
clock errors (except for a smal l subset of s e s s ions u s i n g either shorter 
intervals or w e a k e r constraints); a smal l n u m b e r of actual clock e p o c h 
breaks a n d base l ine -dependent constant clock errors a l so m o d e l e d . 

- Observat ion w e i g h t s adjusted by s e s s i o n - d e p e n d e n t constants d e r i v e d s o 
that the chi-square per degree of f reedom w a s uni ty in ind iv idua l 
s e s s i o n Solutions. 

- Quasar source pos i t ions es t imated g lobal ly except for the right ascens ion 
of the quasar 0420-014, w h i c h is u s e d to def ine the origin of right 
a scens ion of the celestial reference frame. 

- Data to S H A N G H A I (7226) and VLA (7619) lack i o n o s p h e r e calibration. 

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

3 - So lu t ion Identifier: 
There are 5 So lu t ions for this Submiss ion: GLB885 , GLB885a, GLB886, 
GLB886a, and GLB887. The table b e l o w indicates the di f ferences b e t w e e n 
t h e m . 

Solut ion I D T y p e H R A S 085 A priori EOP 

GLB885 
GLB885a 
GLB886 
GLB886a 
GLB887 

EOP 
EOP 
TRF 
TRF 
CRF 

cpl 
pv 
cpl 
pv 
pv 

er877x = USNO concrete on 1985 Nov 21 
er877x 
er885 
er885a 
er885a 

EOP = Earth Orientat ion Parameter Solution 
TRF = Terrestrial Reference Frame Solution 
CRF = Celest ia l Reference Frame Solut ion 

cpl = c o n t i n u o u s , p iecewise - l inear pos i t i ons e s t imated 
u s i n g t w o - m o n t h intervals 

p v = pos i t ion e s t imated at s i te pos i t ion reference e p o c h , 
g lobal ve loc i ty e s t imated 
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4 - Software used: 
C A L C 7.6, SOLVE/GLOBL, a n d DE200 ephemer ides . 

5 -Relat ivity Scale: 
Set by the m o d i f i e d He l l ings VLBI d e l a y m o d e l descr ibed in the C A L C 7 
re lease d o c u m e n t a t i o n . 

6 - P e r m a n e n t tidal correction o n Station: 
A s o l i d ear th t ide m o d e l is u s e d b u t the correc t ion to r e m o v e the 
p e r m a n e n t t ide (specif ied the IERS Standards) is not appl ied . 

7 - Tectonic p late mode l : 
N o - N e t - R o t a t i o n N U V E L - 1 in all Solutions. 

8 - Veloc i ty of light: 
2.99792458 10 8 m / s 

9 - Geogravi tat ional constant: 
N o t applicable . 

10 - Reference epoch: 
1985 N o v e m b e r 21 for both earth rotation and nutat ion, 1988 January 1 for 
s ite pos i t ions . Source coordinates are J2000.0. 

11 - Adjus ted parameters: 
Earth or i en ta t ion , da i l y n u t a t i o n of f se t s , g loba l Station p o s i t i o n s a n d 
v e l o c i t i e s , g l o b a l l y e s t i m a t e d s o u r c e p o s i t i o n s , 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 parameters . A l s o 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 
pos i t i ons for H R A S 085 w i t h 2 -month intervals (for s o m e Solutions) . 

12 - Def in i t ion of the origin: 
T h e or ig in of the terrestrial re ference frame is f ixed b y the a d o p t e d 
p o s i t i o n of the W e s t f o r d a n t e n n a at 1988 January 1 a n d the N N R -
N U V E L - 1 m o d e l for all Solutions. The origin is c lose to ITRF91 at the site 
pos i t ion reference e p o c h . 

13 - Def in i t ion of the orientation: 
The orientat ion of the terrestrial reference frame is de f ined b y the a priori 
EOP v a l u e s o n the reference d a y (1985 N o v 21) from the U S N O concrete 
E O P ser ies a n d b y the d irec t ion of the W E S T F O R D to R I C H M O N D 
b a s e l i n e , w h i c h e v o l v e s a c c o r d i n g to N N R - N U V E L 1 . T h e ce les t ia l 
reference frame is de f ined b y the CEP p o l e pos i t ion c o m p u t e d from the 
I A U 1980 nutat ion m o d e l and the J2000.0 precess ion m o d e l for the s a m e 
reference d a y and the a priori right ascens ion of 0420-014. 
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14 - E v o l u t i o n w i t h t i m e : 
T h e s t a t i o n s w i t h i n su f f i c i en t d a t a 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 e s t f o r d ' s p o s i t i o n a n d t h e d i r e c t i o n f r o m W e s t f o r d t o 
R i c h m o n d a r e c o n s t r a i n e d to e v o l v e b y t h e s a m e m o d e l . T h e v e r t i c a l 
r a t e a t K a u a i is c o n s t r a i n e d t o z e r o . T h e v e r t i c a l r a t e s for s t a t i o n s w h i c h 
h a d u n c e r t a i n t i e s i n t h e i r v e r t i c a l r a t e s i n e x c e s s of 3 m m / y r i n a n 
u n c o n s t r a i n e d S o l u t i o n a r e a l s o c o n s t r a i n e d t o z e r o . I n G L B 8 8 5 a n d 
G L B 8 8 6 , t h e m o t i o n of H R A S 085 i s m o d e l e d w i t h 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 d u e t o i t s a n o m o l o u s m o t i o n . T h e t h r e e -
d i m e n s i o n a l v e l o c i t i e s of o t h e r s t a t i o n s w i t h su f f i c i en t d a t a a r e f r ee ly 
a d j u s t e d . 
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THE JPL 1992-2 REFERENCE FRAME JPL 92 R 02 

O.J. S o v e r s a n d C S . Jacobs - Jet P r o p u l s i o n Laboratory , Ca l i forn ia Ins t i tu te of 
T e c h n o l o g y Pasadena , California 91109, U.S.A. 

This se t of radio source coordinates i s based o n a c o m b i n a t i o n of all avai lable 
VLBI data. It is the catalog that w a s generated in the analys is l e a d i n g to the JPL m o d e l 
for shor t -per iod t idal U T P M var iat ions (Sovers et al 1993). Deta i l s of the fit can be 
f o u n d in that m a n u s c r i p t . T h e celest ia l frame w a s a l i g n e d w i t h IERS 92C01 b y 
constraints o n three coordinates of t w o sources (OJ 287 and C T D 20). The Z M O A - 2 
n u t a t i o n m o d e l w a s a d o p t e d w i t h n o further correct ions. The data s p a n i s 1978-92; 
a p p r o x i m a t e l y 230,000 Observation pairs each orig inate in the C D P and IRIS projects, 
60 ,000 in N A V N E T , a n d 27,000 are D S N observat ions . T h e ca ta log c o n t a i n s 333 
s o u r c e s w i t h dec l ina t ion formal uncerta int ies rang ing d o w n to 20 microarcseconds . 
There are as m a n y as 40 ,000 observa t ions of a Single source . For 45 infrequent ly 
o b s e r v e d sources , the dec l inat ion s i g m a s exceed 1 mas . Qui te o b v i o u s l y , this catalog 
suffers from sys temat ic errors far in excess of the formal s i g m a s , d u e to t ime-variable 
source structure as we l l as other effects Coming in to p lay at the mi l l imeter leve l . It 
s h o u l d therefore b e regarded as an e x a m p l e of formal precis ion that is achievable w i t h 
large v o l u m e s of VLBI data. 

R e f e r e n c e 

Sovers , O.J., Jacobs, C S . , Gross , R.S., 1993: /. Geophys. Res. (in press) . 
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E A R T H R O T A T I O N PARAMETERS FROM D S N VLBI: 1993 JPL 93 R Ol 

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 i s y e a r w e h a v e i n t r o d u c e d s evera l m o d e l i n g i m p r o v e m e n t s , i n c l u d i n g 
e s t i m a t i n g a parametr i c m o d e l for t h e 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 tidal 
f requency variat ions of U T l a n d polar m o t i o n , a n d es t imat ing s i te ve loc i t ies . 

In this report Earth Rotat ion Parameter (ERP) e s t i m a t e s h a v e b e e n obta ined 
f rom 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 irect ly a l igns its 
celest ial a n d terrestrial reference frames w i t h those of the International Earth Rotation 
Service (IERS). N A S A ' s D e e p Space N e t w o r k operates radio te lescopes for the primary 
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 in terp lane tary spacecraft . T h e D S N h a s three 
c o m p l e x e s : i n Cal i fornia (s tat ions D S S 12,13,14,15), in Spa in (DSS 61,63,65) , a n d in 
Austral ia (DSS 42,43,45). T w o projects at JPL (called TEMPO 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 from w h i c h w e h a v e e s t i m a t e d earth 
rotat ion parameters . Each o b s e r v i n g s e s s i o n u s e s a n t e n n a s in t w o c o m p l e x e s , a n d 
u s u a l l y exact ly o n e antenna in each c o m p l e x . This report descr ibes a h o m o g e n e o u s 
r e d u c t i o n of current ly avai lable dua l frequency (S and X band) VLBI data from both 
projects . 

The T i m e a n d Earth M o t i o n Prec i s ion O b s e r v a t i o n s (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 Information. In T E M P O o b s e r v a t i o n s the 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 emetered to JPL for correlat ion, s o that n o 
phys ica l transportat ion of magnet i c tapes is i n v o l v e d . T E M P O u s e s the JPL-developed 
Block I VLBI Sys tem, 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 ime-
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 permits the te lemetry , and thus 
m a k e s rapid turnaround poss ible . The reduced sensi t iv i ty caused b y the relat ively 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 very l o w System n o i s e l e v e l s of the D S N te lescopes . 
T E M P O u s e s t w o 70 meter D S N antennas (DSS 14, 43 , 63) w h e n e v e r pos s ib l e a n d o n e 
3 4 meter D S N antenna together w i t h o n e 70 meter antenna w h e n it is no t pos s ib l e to 
obta in s i m u l t a n e o u s u s e of bo th of the larger antennas . Current ly , T E M P O records 3 
Channels in S b a n d (2285 M H z ) and 3 Channels in X b a n d (8450 M H z ) . S ince June 12, 
1991, T E M P O has 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 
band . Before that date , m o s t TEMPO sess 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 present 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 i o n s 
per w e e k , o n e o n the 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 se s s ion is genera l ly 3 h o u r s in durat ion (occas ional ly 

IERS(1993) Technical Note No 11 
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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 3 6 s e c o n d s . W e p l a n t o p r o d u c e a n 
o p e r a t i o n a l s e r i e s of E R P e s t i m a t e s f r o m T E M P O s e s s i o n s d u r i n g 1993 t h a t w i l l b e a 
c o n t i n u a t i o n of t h e E R P s e r i e s r e p o r t e d h e r e . 

T h e C a t a l o g M a i n t e n a n c e a n d E n h a n c e m e n t ( C A T M & E ) p r o j e c t d e t e r m i n e s 
ce les t i a l c o o r d i n a t e s of r a d i o s o u r c e s , a n d b a s e l i n e v e c t o r s b e t w e e n D S N s t a t i o n s , for 
u s e in s p a c e c r a f t n a v i g a t i o n . I n C A T M & E o b s e r v a t i o n s t h e r a w b i t s t r e a m s a r e 
r e c o r d e d o n m a g n e t i c t a p e s for t r a n s p o r t a t i o n t o t h e c o r r e l a t o r . S ince J u n e 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 t h e M a r k HI VLBI S y s t e m o n s t a t i o n s D S S 15, 
4 5 , a n d 6 5 , 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 c a p a b i l i t y . F r o m l a t e 1978 
t h r o u g h 1988, C A T M & E u s e d t h e M a r k II VLBI S y s t e m 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 e a c h b a n d , a n d u s e d t w o 70 m e t e r D S N a n t e n n a s (DSS 14, 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 a t i r r e g u l ä r i n t e r v a l s , 
t y p i c a l l y s e v e r a l t i m e s p e r y e a r , w i t h s e p a r a t e o b s e r v i n g s e s s i o n s o n t h e S C a n d A C 
b a s e l i n e s . E a c h s e s s i o n is n o m i n a l l y 24 h o u r s in d u r a t i o n a n d t y p i c a l l y i n c l u d e s 100 t o 
330 o b s e r v a t i o n s of 50 to 134 r a d i o s o u r c e s . 

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 p r o j e c t s w e r e u s e d in t h e So lu t ion 
p r o c e s s for t h e E R P se r i e s r e p o r t e d h e r e . In o r d e r t h a t t h e T E M P O o p e r a t i o n a l se r i e s of 
E R P e s t i m a t e s d u r i n g 1993 c a n b e a n e x a c t c o n t i n u a t i o n of t h e E R P s e r i e s r e p o r t e d 
h e r e , t h e S o l u t i o n p r o c e s s c o n s i s t e d of t w o m a j o r S teps . F i r s t , a " c a t a l o g So lu t i on" 
d e s i g n a t e d J P L 1993-1 ( s e e 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 , S t a t i o n 
c o o r d i n a t e s a n d s i t e v e l o c i t i e s , a p a r a m e t r i c m o d e l for t h e c e l e s t i a l m o t i o n of t h e 
C e l e s t i a l E p h e m e r i s P o l e , a n d a p a r a m e t r 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 i d a l f r e q u e n c y v a r i a t i o n s of U T l a n d p o l a r m o t i o n . T h e n t h e s e c o n d 
s t e p , c a l l e d t h e " E R P S o l u t i o n " , u s e d t h e s e r e s u l t s f r o m t h e c a t a l o g S o l u t i o n t o 
d e t e r m i n e t h e e a r t h r o t a t i o n p a r a m e t e r s in a m a n n e r t h a t c a n b e e x a c t l y c o n t i n u e d in 
t h e o p e r a t i o n a l s e r i e s . In t h e E R P So lu t ion t h e d a t a f r o m e a c h 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 t o p r o v i d e a n e s t i m a t e of t h e U T 0 a n d Var i a t ion of l a t i t u d e 
( D P H I ) of t h e b a s e l i n e V E C T O R for t h a t s e s s ion . E x c e p t for t h e U T 0 a n d Var i a t ion of 
l a t i t u d e , t h e r e l a t i o n b e t w e e n t h e e a r t h - f i x e d r e f e r e n c e f r a m e a n d t h e r a d i o - q u a s a r 
r e f e r e n c e f r a m e w a s spec i f i ed e n t i r e l y b y a p r i o r i d a t a ( w h i c h i n c l u d e s t h e r e s u l t s f r o m 
t h e c a t a l o g So lu t ion ) . In a d d i t i o n to U T 0 a n d D P H I , t h e o t h e r p a r a m e t e r s e s t i m a t e d in 
t h e E R P So lu t i on w e r e : 

1 - A first d e g r e e p o l y n o m i a l c lock m o d e l , i n c l u d i n g a t e r m a l l o w i n g for a b i a s 
i n t h e p h a s e - d e l a y - r a t e d a t a , w i t h b r e a k s as n e e d e d . S u c h c lock b r e a k s a r e 
r a r e in T E M P O s e s s i o n s b u t m o r e c o m m o n i n t h e l o n g e r d u r a t i o n C A T 
M & E s e s s i o n s . 

2 - A d j u s t m e n t s t o t h e t r o p o s p h e r e z e n i t h d e l a y a t e a c h S ta t ion . I n t h e 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 t h r e e h o u r s ( e v e r y t w o h o u r s f ö r d a t a af ter 1992.0). A 
p r i o r i e s t i m a t e s of t h e 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 t a b l e s 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 S t a t i o n , 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 S t a n d a r d 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 i n r e c e n t y e a r s , t h e effect of t h e s e a p r i o r i s is n e g l i g i b l e a n d t h e 
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 a r e e s s e n t i a l l y c o m p l e t e l y d e t e r m i n e d 
b y t h e VLBI o b s e r v a b l e s . ) 
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Other propert ies of the ERP Solution were: 

1 - T h e repor ted earth rotat ion p a r a m e t e r s i n c l u d e the near ly -d iurna l and 
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 e s t i m a t e d in the ca ta log 
Solut ion . (In o ther w o r d s , the effects in the table b e l o w h e a d e d "Short 
P e r i o d 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)93R01) 

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

3 - Po l e tidal effects w e r e inc luded (Sovers, 1991). 
4 - T h e L a n y i (1984) f u n c t i o n 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 levat ions . 
5 - T h e effects of charged particles in the i o n o s p h e r e and 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 observables w e r e r e m o v e d b y u s i n g the 
appropr ia te l inear c o m b i n a t i o n of the S-band and X-band data to form 
"dual frequency" de lay and de lay rate observables . 

6 - For recent years on ly sess ions w i t h 6 or m o r e acceptable de lay observat 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 path l e n g t h s c a u s e d b y m o v i n g ("slewing") the an tenna 
subref lector , s o as to m a x i m i z e the a n t e n n a ga in w h e n its focal l eng th 
c h a n g e s as the e levat ion angle changes , has b e e n m o d e l e d for the TEMPO 
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 not s l e w the subreflector. (Apparent Station coord ina te s e s t imated 
from VLBI data wi l l b e corrupted if the subreflector is s l e w e d but the effect 
o n p a t h l e n g t h is n o t m o d e l e d in the d e l a y ca lcu la t ions . T h e Station 
coord ina te s e s t i m a t e d by the JPL 1993-1 catalog Solut ion a n d u s e d in the 
ERP Solution are appropriate both for the case w h e r e the subreflector is not 
s l e w e d and n o path l eng th effect is m o d e l e d and a l so for the case w h e r e 
t h e subref l ec tor is s l e w e d a n d the r e s u l t i n g effect o n p a t h l e n g t h is 
expl ic i t ly m o d e l e d in the calculations.) 

The r a w observab le uncertaint ies h a v e b e e n m o d i f i e d b y a d d i n g quadratical ly 
an uncertainty c o m p o n e n t , for each of the t w o stations, equal to a smal l fraction (0.002 
or 0.003) of the total a priori tropospheric effect at that Station o n the observable . W e 
further quadrat ica l ly a d d e d an "additive noise" constant w h e n n e e d e d s o as to m a k e 
the Chi Square of the postfit res iduals approximate ly equal to the n u m b e r of degrees of 
f r e e d o m in the Solut ion. The d e l a y and de lay rate a d d i t i v e n o i s e cons tant s w e r e 
adjus ted separate ly for each C A T M&E o b s e r v i n g sess ion . 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 several blocks of observ ing sess ions . 

Each Earth Rota t ion m e a s u r e m e n t here is a U T 0 - D P H I pair , a n d h a s an 
assoc ia ted error e l l ipse in the U T 0 - D P H I plane . Each such error e l l ipse is c o m p l e t e l y 
spec i f i ed b y the reported Standard errors and correlation coefficient b e t w e e n U T 0 and 
D P H I . For Single base l ine VLBI m e a s u r e m e n t s of ERP, s u c h as those reported here, 
this error e l l ipse is typical ly qui te e longated , wi th a ratio of major axis to minor axis of 
a b o u t 4:1. Therefore, for a proper Interpretation of these data, it is C R U C I A L to m a k e 
füll u s e of the reported correlation coefficient. 
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For a s i n g l e - b a s e l i n e VLBI e s t i m a t e of earth rotat ion, the or i enta t ion of the 
error e l l i p s e in the UTO-DPHI p l a n e is m o s t l y d e t e r m i n e d b y the g l o b a l Station 
g e o m e t r y . The direct ion of the m i n o r axis of the error e l l ipse in 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 is ca l led the transverse rotat ion d irect ion , a n d 
c o r r e s p o n d s to the m o t i o n of the b a s e l i n e in the local hor i zonta l at e a c h Station or 
e q u i v a l e n t l y to a ro ta t ion a b o u t an ax i s t h r o u g h the center of the earth a n d the 
m i d p o i n t of t h e b a s e l i n e . In a d d i t i o n to 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 , the t r a n s v e r s e ro ta t ion c o m p o n e n t is 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, an tenna d e f o r m a t i o n s , a n d other 
sources of sys temat ic 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: 

Baseline T r a n s v e r s e C o m p o n e n t 

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

T h e s e coeff icients a s s u m e that U T 0 and D P H I are e x p r e s s e d in s e c o n d s of t ime 
a n d in arcseconds , respect ive ly; the units of the transverse c o m p o n e n t s are arcseconds . 
W e r e c o m m e n d that these l inear c o m b i n a t i o n s be 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 S o l u t i o n p r o d u c e d earth o r i e n t a t i o n r e s u l t s for a total of 9 3 8 
o b s e r v i n g ses s ions b e t w e e n October 2 8 , 1 9 7 8 , a n d March 1 2 , 1 9 9 3 . 

D u r i n g c a l e n d a r y e a r 1992, the T E M P O project p r o d u c e d earth ro ta t ion 
m e a s u r e m e n t s from 96 d u a l f requency 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 minor axis of the error e l l ipse of 0.3 mi l l i arcseconds (mas) , a n d a long 
the major ax is of 1.4 m a s . D u r i n g 1992 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 , from Observation to avai labi l i ty of earth or ientat ion parameters , w a s 
50 hours . 

The JPL 1993-1 Cata log 

T h e JPL 1993-1 catalog w a s d e v e l o p e d specif ical ly for u s e in T E M P O operat ional 
ERP Solut ions d u r i n g 1993. Since short durat ion VLBI d e t e r m i n a t i o n s of the ERP are 
s e n s i t i v e to errors in the celestial p o s i t i o n of the Celest ia l E p h e m e r i s Po le (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 ignif icant to T E M P O , it is important that T E M P O u s e a CEP ser ies that is corrected 
f r o m the I A U Standards a n d is cons i s t ent w i t h the r a d i o s o u r c e c o o r d i n a t e s (RSC) 
u s e d . Current practicalit ies of TEMPO Operations favor the u s e of a parametric m o d e l 
for the CEP that i n c l u d e s the l o n g per iod m o t i o n s . Therefore w e h a v e e s t i m a t e d 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 c o o r d i n a t e s (SSC) in the JPL 1993-1 
ca ta log So lut ion . Th i s y e a r o u r CEP m o t i o n m o d e l c o n s i s t s of the Z M O A - 1 9 9 0 - 2 
nutat ion m o d e l (Herring, 1991) p l u s adjus tments to the coeff ic ients of certain terms of 
the Z M O A - 1 9 9 0 - 2 m o d e l , a l o n g w i t h the IAU precess ion m o d e l a n d adjus tments to its 
coefficients. O u r CEP m o t i o n m o d e l is i n t e n d e d o n l y to permit p r o c e s s i n g of T E M P O 
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data for the ERP d u r i n g the per iod reported here a n d d u r i n g 1993, a n d wi l l p r e s u m a b l y 
n e e d rev i s ion in 1994. In particular, it m a y not inc lude all s ignif icant c o m p o n e n t s , no t 
all its adjus tments m a y b e g e n u i n e l y significant, a n d its parameters m a y not all b e we l l 
separated , but w e be l i eve it is adequate for our purposes . 

A s part of the JPL 1993-1 catalog Solution w e es t imated coeff icients of a m o d e l 
of ERP var iat ions at near ly-diurnal a n d near ly - semidiurnal t idal frequencies . Near ly -
d iurna l polar m o t i o n var ia t ions w e r e cons tra ined to h a v e n o re trograde part, thus 
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 . 

T h e JPL 1993-1 catalog Solution h a d the fo l l owing properties: 

1. Except w h e r e o t h e r w i s e no ted , the cata log Solut ion w a s essent ia l ly identical to 
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 27, 1992, and m o s t of the 
T E M P O data through January 1 7 , 1 9 9 3 , w e r e inc luded . 

3. Information from intra-complex radio interferometry w a s u s e d to constrain the 
coord inate dif ferences b e t w e e n stat ions w i t h i n each c o m p l e x . The uncertaint ies 
u s e d for these intracomplex ties vary from Station pair to Station pair a n d from 
c o m p o n e n t to c o m p o n e n t (the local vertical uncertainty is typical ly three t imes 
the hor izonta l uncertainty) . T h e s e uncertaint ies are o u r bes t e s t imates 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 t h e s e t ies a n d r ä n g e from 5 
m m to 18 m m . 

4. For each pair of o b s e r v i n g s e s s ions that u s e d different pairs of D S N c o m p l e x e s 
(that i s , Cal i fornia-to-Spain a n d California-to-Austral ia) w i t h a t ime 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 h o u r s , the adjus tment 
( d X , d Y , d U T l ) to the initial v a l u e s of earth or ienta t 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 i e s w a s a v e r s i o n of the 
S P A C E 9 2 ser ies (Gross , 1993) m o d i f i e d to n o t u s e D S N VLBI data; it is a 
s m o o t h e d , combinat ion-of - techniques ERP series obta ined by Ka iman filtering.) 
This treatment of c lose- in- t ime pairs serves to d e t e r m i n e the a n g l e b e t w e e n the 
Cal i fornia- to-Spain and Cal i fornia-to-Austral ia base l ine vectors (and thus a l s o 
the l e n g t h of the Aus tra l i a - to -Spa in vector) . There w e r e 65 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 6 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 sess ion; and there w e r e n o such 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 ions . 

5. The terrestrial frame of the JPL 1993-1 System w a s tied to the International Earth 
Rotat ion Service Terrestrial Reference Frame ITRF-91 (IERS, 1992, Table T-3) in 
the f o l l o w i n g w a y . The coordinates of all the D S N stat ions , i n c l u d i n g all those 
in California, w e r e e s t imated in the catalog Solut ion subject to s ix constraints 
a p p l i e d to the n i n e c o o r d i n a t e 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 transformation (3 transiat ions , 3 
rotations, 1 scale) b e t w e e n the JPL 1993-1 and ITRF-91 Systems w e r e e s t imated b y 
u n w e i g h t e d least Squares appl i ed to the coordinates of DSS 15, 45, a n d 65 , then 
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the resu l t ing 3 translat ion a n d 3 rotat ion parts of the transformat ion w o u l d b e 
z e r o w h i l e the scale c o u l d be 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 Comput ing 
the cata log . ( 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 
vector w i t h the n ine Station coordinates , each constraint is 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 no t affect the resu l t ing coord inates b u t 
d o e s af fect t h e c a l c u l a t e d f o r m a l errors , g i v i n g t h e m a m o r e s p h e r i c a l 
d i s t r i b u t i o n 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 priori 
Standard d e v i a t i o n s w e r e used . ) T h e s e constraints s e r v e to d e t e r m i n e b o t h the 
trans lat ion a n d the rotat ion of t h e terrestrial c o o r d i n a t e Sys tem. T h e Station 
coord ina te s resu l t ing from 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-91. 

6. T h r e e - d i m e n s i o n a l s i te v e l o c 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 tat ions in each 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 t e v e l o c i t y . T h e v e l o c i t i e s w e r e c o n s t r a i n e d s o as to p r o d u c e n o n e t 
translat ion rate a n d n o net rotation rate, for the ne twork c o m p o s e d of the three 
D S N c o m p l e x e s , re lat ive to the net 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-91 ve loc i ty field (IERS, 1992, 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 es t imated; o n e w a y to descr ibe 
these is as the rates of c h a n g e of (1) the Cal i fornia-to-Austral ia l e n g t h , (2) the 
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 t h e C a l i f o r n i a - t o -
Austral ia and 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 uni t vector w i t h the n i n e s i te ve loc i ty c o m p o n e n t s , each 
constra int i s a s s i g n e d an a priori Standard d e v i a t i o n of 1.0 m m / y r ; this d o e s 
n o t affect the re su l t ing v e l o c i t y c o m p o n e n t s b u t d o e s affect the ca l cu la t ed 
formal errors, g i v i n g t h e m a m o r e spherical d i s tr ibut ion than w o u l d resul t if 
e ither v e r y large or very smal l a priori Standard dev ia t ions w e r e used . ) 

7. The celestial frame of the JPL 1993-1 System w a s t ied to the International Earth 
Rota t ion Serv ice Celes t ia l Reference Frame in the f o l l o w i n g w a y . T h e R ight 
A s c e n s i o n a n d Dec l inat ion of OJ 287 (0851+202) a n d the Dec l inat ion of C T D 20 
(0234+285) , w h i c h are a m o n g the best o b s e r v e d sources in the D S N catalog a n d 
are p r i m a r y s o u r c e s in the 1992 rea l i zat ion of the IERS Celes t ia l Reference 
Frame, w e r e h e l d f ixed at their v a l u e s in that frame as spec i f i ed in the set of 
radio source coordinates RSC(IERS)92 C 01 (IERS, 1992, Table C-4). T h e formal 
errors o f t h e s e three s o u r c e c o o r d i n a t e s are p r o p e r l y z e r o , b u t i n order to 
c o n v e y the qua l i ty of d e t e r m i n a t i o n of t h e s e t w o s o u r c e s w e h a v e r e p l a c e d 
these three z e r o s in our s o u r c e list RSC(JPL)93 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 imilar Solut ion that h a d three coord ina te s of 
t w o different w e l l - o b s e r v e d sources h e l d f ixed; w e h a v e s imi larly replaced the 
t w o correlat ion coeff icients 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 re ference e p o c h of t h e JPL 1993-1 ce les t ia l Sys tem w a s J2000, a n d the 
def in i t ion of s idereal t ime w a s a funct ion of the e s t i m a t e d preces s ion constant 
(Sovers , 1991, sect ions 2.6.1 and 2.9.3.3). 
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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 r e l a t i v i t y 
c a l c u l a t i o n s a c c o r d i n g t o t h e " T D T s p a t i a l c o o r d i n a t e s " C o n v e n t i o n ( S o v e r s , 1991). 
T h i s c h o i c e h a s a s m a l l effect o n t h e l e n g t h sca le of t he Set of S t a t i o n C o o r d i n a t e s . The 
r e l a t i v i t y m o d e l u s e d is e s s e n t i a l l y e q u i v a l e n t to t h e " c o n s e n s u s 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 r e su l t , t h e e s t i m a t e d Set of S ta t ion C o o r d i n a t e s h a s t h e sca le 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 c o n s i s t e n t w i t h I n t e r n a t i o n a l A t o m i c 
T i m e . 

T h e m o d e l of t h e celes t ia l m o t i o n of t h e C E P o b t a i n e d a s p a r t of t h e JPL 1993-1 
c a t a l o g So lu t ion is p r e s e n t e d b e l o w a s a d j u s t m e n t s to t h e I A U p r e c e s s i o n a n d Z M O A -
1990-2 n u t a t i o n coef f i c ien t s a l o n g w i t h t w o offset p a r a m e t e r s w h i c h r e p r e s e n t t h e 
e s t i m a t e d p o s i t i o n of t h e ( m e a n ) C E P a t e p o c h J2000 a s e x p r e s s e d in t h e c o o r d i n a t e 
S y s t e m of t h e r a d i o s o u r c e s . A p o s i t i v e X-offset r e p r e s e n t s a d i s p l a c e m e n t of t h e C E P 
t o w a r d 18 h o u r s R i g h t A s c e n s i o n , a n d a p o s i t i v e Y-offset r e p r e s e n t s a d i s p l a c e m e n t of 
t h e C E P t o w a r d 0 h o u r s R i g h t A s c e n s i o n . T h i s y e a r 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 
t e r m r e p r e s e n t i n g a s e c u l a r r a t e in o b l i q u i t y . A l s o i n c l u d e d is a n e m p i r i c a l t e r m w i t h 
a p e r i o d of -429.8 d a y s (for t h e o r ig in of th is p a r t i c u l a r v a l u e of p e r i o d , see ( H e r r i n g et 
al, 1991; H e r r i n g , 1991)). O n l y t h o s e n u t a t i o n t e r m s l i s t ed b e l o w w e r e a d j u s t e d in t h e 
c a t a l o g So lu t ion . T w o se t s of S t a n d a r d e r r o r s a r e p r e s e n t e d ; t h e " fo rma l " e r r o r s a r e 
j u s t t h e f o r m a l e r r o r s f r o m t h e c a t a l o g So lu t ion , a n d t h e " g e n e r a l i z e d " e r r o r s a r e t h e 
f o r m a l e r r o r s f r o m a s i m i l a r So lu t 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, 2 7 . 5 5 , 1 3 . 6 3 , a n d 9.13 d a y s as we l l as b o t h o u t - o f - p h a s e n u t a t i o n s 
for all t en p e r i o d s . 

T h e p a r a m e t r 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 i da l 
f r e q u e n c y v a r i a t i o n s of U T l a n d p o l a r m o t i o n o b t a i n e d a s p a r t of t h e JPL 1993-1 ca t a log 
So lu t i on 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 C o n v e n t i o n s u s e d h e r e a r e t h o s e of S o v e r s 
e t al . (1993) . T h e f o r m a l e r r o r s 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 14 to 56 m i c r o a r c -
s e c o n d s b u t rea l i s t ic u n c e r t a i n t i e s a r e p r o b a b l y a b o u t 75 m i c r o a r c s e c o n d s ( o n e S t a n d a r d 
d e v i a t i o n ) . 

S h o r t P e r i o d T ida l ERP V a r i a t i o n s 

Term 

K2 
S2 
M2 
N2 
Kl 
PI 
Ol 
Ql 

Period 

(hours) 

11.96724 
12.00000 
12.42060 
12.65835 
23.93447 
24.06589 
25.81934 
26.86836 

UTl (microseconds) 

Cosine 

- 0.1 
2.6 

-10.0 
- 1.1 
13.3 

- 5.5 
-14.4 

1.9 

Sine 

5.2 
12.9 
24.2 
2.4 
24.5 
- 4.3 
-15.2 
- 2.7 

Ampi 
Polar Motion 

itude 
(microarcseconds) 

prograde 

40 
49 
92 
34 

194 
61 

163 
15 

retrograde 

77 
151 
273 
24 
0 
0 
0 
0 

Pha ise 
(degrees 

progra 

54 
42 
121 
96 
155 

5 
311 
297 

ide ret; 
) 
rograde 

243 
310 
276 
224 
• 
• 
* 
* 
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Celest ial Ephemer i s Po le 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 

In 

Out 

In 
Out 

In 

Out 

In 

Out 

In 

Out 

In 

Out 

Component 

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 

3.30/yr 
3.26/yr 

L8.87 
4.63 

1.35 
0.07 
1.42 
0.05 

0.18 
0.91 
0.11 

0.54 
0.01 
0.66 
0.01 

0.00 
0.05 
0.20 
0.05 

0.20 
0.12 
0.44 
0.08 

0.02 
0.02 
0.62 
0.14 

Formal 

Error 

mas 

0.08/yr 
0.07/yr 

0.43 
0.91 

0.36 
0.20 
0.26 
0.33 

0.10 
0.20 
0.14 

0.09 
0.03 
0.09 
0.04 

0.07 
0.03 
0.07 
0.03 

0.06 
0.03 
0.07 
0.02 

0.08 
0.04 
0.10 
0.03 

Generalized 

Error 

mas 

0.18/yr 
0.07/yr 

1.01 
0.95 

0.93 
0.21 
0.56 
0.35 

0.10 
0.27 
0.14 

0.11 
0.04 
0.10 
0.04 

0.08 
0.03 
0.07 
0.03 

0.15 
0.05 
0.13 
0.06 

0.09 
0.04 
0.11 
0.03 

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 in t h e JPL 1993-1 ca t a log 
So lu t ion 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 re : 

Base l ine L a t i t u d e 

(°) 

L o n g i t u d e 

(°) 

A u s t r a l i a - C a l i f o r n i a - 43.97 
S p a i n - C a l i f o r n i a + 2.99 

S p a i n - A u s t r a l i a + 38.50 

+106.05 
+ 30.73 
- 18.10 
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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 to t h a n k e a c h a n d e v e r y o n e of the m a n y p e o p l e 
w h o contr ibuted 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 data . T h e w o r k 
d e s c r i b e d in 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 descr ip t ion of the terrestrial System at tached to the set of Station c o o r d i n a t e s 
S S O J P D 9 3 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 ident i f ie r : 

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

5 - Re la t iv i ty scale: 

6 - P e r m a n e n t t i da l co r rec t ion : 

7 - Tec ton i c p l a t e m o d e l : 

8 - Veloc i ty of l ight : 

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 - Refe rence e p o c h : 

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

V L B I 

JPL 

1993-1 

M O D E S T (nee Mas te r f i t ) 

LE (TDT = g e o c e n t r i c w i t h IAT) 

N o 

ITRF-91 p l u s a d j u s t m e n t s 

299 792 458 m / s 

3.9860 0448 10 1 4 m 3 s~2 

1 Jan 1988 

X0, Y0, Z 0 , X, Y, Z 

12 - 1 3 - De f in i t i on of t h e o r i g i n a n d o r i e n t a t i o n : Six 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 ) to 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 D S S 15 , D S S 4 5 , a n d 
D S S 6 5 , 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 scale) b e t w e e n t h e JPL 1993-1 a n d ITRF-91 
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 ea 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 15, 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 c a 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 . See tex t 
for de 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 : Six 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 t y p a r a m e t e r s of t h e D S N n e t w o r k so 
as 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 o f 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-91 ve loc i ty field. See t ex t for de t a i l s . 
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Distr ibut ion of the uncertainties (quadratic m e a n of o X / a y , crz) for the 10 
stat ions of the terrestrial frame SSC(JPL) 93 R Ol. 
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EOP(JPU 93 R Ol From Oct 1978 to Jul 1993 

N u m b e r of m e a s u r e m e n t s per year and m e d i a n uncertaint ies 
U n i t s : 0.001" for <p; 0.0001s for UTO 

YEAR (p UTO 
Nb Sigma Nb Sigma 

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

3 
6 

21 
17 
43 
74 
71 
19 
71 
77 
93 
93 
108 
111 
115 
47 

0. 
1. 
4. 
2. 
3, 
3, 
3. 
2, 
2. 
2, 
1, 
0. 
0, 
0. 
0, 
0, 

.43 

.82 

.04 

.69 

.57 

.23 

.43 

.19 

.55 

.07 

.54 

.67 

.90 

.44 

.41 

.90 

3 
6 

21 
17 
43 
74 
71 
19 
71 
77 
93 
93 

108 
111 
115 
47 

1. 
1, 
5, 
5, 
4, 
4. 
5, 
3, 
3, 
3, 
2, 
1, 
1, 
1. 
0, 
1. 

.15 

.88 

.78 

.62 

.44 

.75 

.35 

.93 

.38 

.35 

.22 

.71 

.81 

.03 

.70 

.00 
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T H E JPL 1993-2 REFERENCE FRAME JPL 93 R Ol 

O.J. Sovers , C S . , Jacobs, R.P., Branson, and R.F., Coker 
Jet Propu l s ion Laboratory, California Institute of T e c h n o l o g y Pasadena , 
California 91109, U.S .A. 

This co l l ec t ion of radio source coordinates is b a s e d so le ly o n VLBI data from 
t h e J P L / D S N e x p e r i m e n t s p e r f o r m e d in s u p p o r t of C a t a l o g M a i n t e n a n c e a n d 
E n h a n c e m e n t (CM&E). In contrast to the frame JPL 1993-1 , n o effort is m a d e to 
main ta in cont inui ty , for e x a m p l e b y constraining certain source pos i t i ons to v a l u e s in 
the IERS reference frame. There are a total of 286 sources in JPL 1993-2. 

S o m e detai ls of the analys is performed to genera le JPL 1993-2 are: 

1. 19,994 dua l - f requency d e l a y a n d d e l a y rate pairs from o b s e r v a t i o n s s p a n n i n g 
1978 October to 1992 December are the basic observables . The Single except ion is 
the s o u r c e 1955+335 , w h i c h is a calibrator in rad io star o b s e r v a t i o n s for the 
H i p p a r c o s l ink, a n d w h i c h h a d n o de tec tab le S-band e m i s s i o n . There are 
r o u g h l y equal n u m b e r s of Mark II and Mark III observat ions . 

2. Each o b s e r v a b l e error i n c l u d e s an addi t iona l contr ibut ion that is 0.2% of the 
tropospher ic de lay at each Station. If n e e d e d , yet another constant is a d d e d in 
quadrature in order to m a k e the reduced chi-square equal to 1 for each sess ion. 

3. The right ascens ion of 3C 273 is fixed. 
4. The Z M O A - 2 nutat ion series is u s e d , but dai ly offsets in psi a n d eps i lon are 

es t imated , w i t h a reference d a y of 1992 March 22-23. 
5. A n e w set of Station locat ions is e s t imated for each of 120 o b s e r v i n g ses s ions . 

The G o l d s t o n e coordinates are kept f ixed at ITRF91 v a l u e s , w i t h n o corrections 
for the cent imeter-order m o t i o n after the Landers earthquake in 1992 July. 

6. V a l u e s of U T l a n d polar m o t i o n are taken from the S P A C E 9 2 N D ser ies of 
Gross (this report). 

7. S h o r t - p e r i o d t ida l U T P M v a r i a t i o n s are m o d e l e d w i t h the d i u r n a l a n d 
semid iurna l a m p l i t u d e s obta ined by Sovers , Jacobs and Gross ( J. G e o p h y s . Res. 
1993, in press) . 

8. S t a n d a r d m o d e i s are u s e d for m i n o r t idal effects: p o l e t ide , K l s o l i d t ide 
correction, and ocean loading . 

9. N e w zen i th tropospheric de lays are es t imated at each Station e v e r y 2 to 3 hours . 

The formal uncertaint ies in dec l inat ion ränge u p w a r d from 0.1 mas . A total of 
17 infrequent ly o b s e r v e d sources h a v e decl inat ion s i g m a s e x c e e d i n g 1 mas . Rotational 
offsets from the IERS 92C01 catalog are substantial ly larger than usual (e.g. 5 and 6 m a s 
a r o u n d the X a n d Y axes , respect ively) d u e to the u s e of the Z M O A - 2 nutat ion m o d e l . 
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Distr ibut ion o v e r the sky of the 286 extragalactic radio sources of the celest ial frame 
RSC(JPL) 93 R 02. Fil led circles indicate radio sources w i t h uncertaint ies in right 
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UNCERTAINTIES IN ctcostf AND «5 (MAS) 

Distr ibut ion of the uncerta int ies in right a s c e n s i o n (füll l ine) a n d dec l inat ion 
(dashed line) of the celestial frame RSC(JPL) 92 R 02. 6 radio sources w i t h 
uncertaint ies larger than 0.003" are n o t s h o w n . 



R-47 

N O A A E A R T H O R I E N T A T I O N TIME SERIES A N D REFERENCE F R A M E S FROM 
VLBI OBSERVATIONS: 1. DESCRIPTION OF ANALYSIS P R O C E D U R E S 

E O P ( N O A A ) 93 R 04 
E O P ( N O A A ) 93 R 05 
E O P ( N O A A ) 93 R 06 
R S C ( N O A A ) 9 3 R 02 
S S C ( N O A A ) 93 R 02 

W.E. Carter, M . D . Abel l , W . H . Di l l inger, M.L. Morrison, J.R. Ray, and D.S. Robertson, 
Geosc i ences Laboratory, N / O E S 1 3 , N O S N O A A , Rockvi l le , Mary land 20852, U S A 

E s t i m a t e d v a l u e s for terrestrial 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 , ce les t ia l 
c o o r d i n a t e s , a n d a t i m e ser i e s of Earth or i en ta t ion p a r a m e t e r s (EOP) h a v e b e e n 
d e r i v e d from a c o m p o s i t e set of Mark III Very L o n g Basel ine Interferometry (VLBI) 
data co l l ec ted u n d e r the aeg i s of projects MERIT [Wilkins , 1984] , POLARIS a n d IRIS 
[Carter et al, 1985] , the N A S A Crustal D y n a m i c s Project (CDP) , a n d the U S N a v a l 
Observatory ( U S N O ) . A total of 697,629 b a n d w i d t h - s y n t h e s i s g r o u p de lay observables 
a m a s s e d d u r i n g 1183 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 S e p t e m b e r 1980 a n d 
February 1993 w e r e c o m b i n e d in a Single least -squares adjus tment to obta in an EOP 
t i m e ser ies (EOP ( N O A A ) 93 R 04 conta ins the resul t s from 757 IRIS a n d U S N O 
N A V N E T se s s ions a n d EOP ( N O A A ) 93 R 05 contains results from the remain ing 426 
s e s s ions , h o w e v e r bo th w e r e p r o d u c e d from the s a m e data reduct ion) , coordinates for 
107 radio sources (RSC ( N O A A ) 93 R 02), and coordinates a n d ve loc i t i e s for 55 VLBI 
reference p o i n t s (SSC ( N O A A ) 93 R 02). In add i t ion , a separate ser ies of da i ly U T l 
v a l u e s for the per iod Apri l - June 1984 and April 1985 through February 1993 has been 
p r o d u c e d (EOP ( N O A A ) 93 R 06 conta ins resul ts from 1961 s e s s i o n s ) . T h e s e U T l 
v a l u e s w e r e d e t e r m i n e d from a special series of x Intens ive ' 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 the Wes t ford-Wet tze l l base l ine for about o n e h o u r each d a y [Robertson et al, 
1985] , sufficient to d e t e r m i n e o n l y U T l . The EOP ( N O A A ) 93 R 06 Intensive U T l time 
ser ies is p r o d u c e d separate ly but is o t h e r w i s e ful ly cons is tent wi th the U T l v a l u e s in 
the EOP ( N O A A ) 93 R 04 series from 24-hour EOP observ ing sess ions . 

The VLBI observat ions w e r e a n a l y z e d at N O A A in general conformance w i t h 
the latest IERS Standards [McCarthy, 1992]. Be low, the specif ic approaches u s e d in the 
N O A A Solution to i m p l e m e n t these Standards are descr ibed w i t h e m p h a s i s o n areas of 
departure: 

• The r ight a scens ion (RA) or ig in of the N O A A celest ia l re ference f rame at 
e p o c h J2000.0 is spec i f ied by constra in ing the s u m of the adjusted RA v a l u e s for 3 6 
rad io sources to be equal to the corresponding v a l u e obta ined from the IERS Celest ial 
R e f e r e n c e F r a m e (ICRF-91); s e e the c o m p a n i o n report b y Di l l inger et al. [1993] for 
de ta i l s o f the constraint a lgor i thm. The procedure is the s a m e as u s e d in the pas t 
except that the set of constraining sources differs from the n ine u s e d p r e v i o u s l y ( s o m e 
of w h i c h h a v e substantial internal structures). The set of 36 constraining sources w e r e 
s e l e c t e d o n the f o l l o w i n g bases : h a v i n g a d e q u a t e n u m b e r s of VLBI o b s e r v a t i o n s 
IERS(1993) Technical Note No 14. 
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( g r e a t e r t h a n 1000 i n all c a s e s e x c e p t for t h r e e s o u r c e s ) d i s t r i b u t e d o v e r t h e h i s t o r y of 
VLBI d a t a ; p r e f e r e n t i a l l y IERS p r i m a r y s o u r c e s ( excep t for s e v e n w h i c h a r e s e c o n d a r y 
i n ICRF-91) ; f o r m i n g a g o o d d i s t r i b u t i o n a r o u n d t h e s k y ; b e i n g free of e x t e n d e d a n d 
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 s m u c h a s p o s s i b l e . M o r e t h a n ha l f of t h e 
c o n s t r a i n i n g s o u r c e s a r e o b s e r v e d i n t h e r e g u l ä r I R I S - A a n d N A V N E T E O P -
m o n i t o r i n g s e s s i o n s . T h e r a d i o s o u r c e s u s e d for t h e R A c o n s t r a i n t a r e : 

0016+731 

0048-097 

0119+041 

0229+131 

0454-234 

0528+134 

0552+398 

0727-115 

0735+178 

0823+033 

0851+202 (OJ287) 

0923+392 (4C39.25) 

• The geocentric i 

0953+254 (OK290) 

1034-293 

1055+018 

1144+402 

1308+326 

1334-127 

1354+195 

1418+546 

1548+056 

1606+106 

1622-253 

1633+382 (1633+38) 

1637+574 

1642+690 

1739+522 

1741-038 

1749+096 

1921-293 

1958-179 

2121+053 

2128-123 

2145+067 

2234+282 

2255-282 

origin of the N O A A terrestrial reference frame 

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 vec to r s u m of t h e a d j u s t e d Sta t ion 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 IERS 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-91) for 
a se t of 16 VLBI s i t e s . T h i s p r o c e d u r e differs 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 w h e r e i n 
t h e o r i g i n w a s d e f i n e d b y a d o p t i n g w i t h o u t a d j u s t m e n t a se t of c o o r d i n a t e v a l u e s for 
W e s t f o r d , M A , U S A . T h e s i t e s u s e d for t h e t e r r e s t r i a l c o o r d i n a t e f r a m e c o n s t r a i n t s 
w e r e c h o s e n o n t h e f o l l o w i n g b a s e s : h a v i n g suf f ic ien t ly l o n g m e a s u r e m e n t h i s t o r i e s 
t o e s t i m a t e r e a s o n a b l e s i t e ve loc i ty v a l u e s ; f o r m i n g a g l o b a l d i s t r i b u t i o n of s i t e s , t o t h e 
e x t e n t p o s s i b l e ; a v o i d i n g s i t es in k n o w n d e f o r m a t i o n z o n e s . T h e s i t e s c h o s e n for t h e 
t e r r e s t r i a l c o o r d i n a t e f r a m e c o n s t r a i n t a re : 

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 * 
Gi l c reek , F a i r b a n k s , AK, U S A * 
N R A 0 8 5 - 3 , G r e e n Bank , W V , U S A * 
P la t t ev i l l e , C O , U S A * 
P i e T o w n , N M , U S A 
O n s a l a , S w e d e n * 
W e t t z e l l , G e r m a n y * 
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 to 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 , C a n b e r r 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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B e c a u s e the t h r e e - d i m e n s i o n a l l inear v e l o c i t y of each VLBI s i te i s e s t i m a t e d in the 
data ana lys i s w h i l e the secular m o t i o n s of the VLBI frame itself are indeterminant , it 
is neces sary to i m p o s e addi t ional constraints to def ine the translational a n d rotational 
m o t i o n s of the ent ire terrestrial frame. This is d o n e by requiring the vector s u m of the 
t rans la t i ona l v e l o c i t i e s e s t i m a t e d for a se t of n i n e VLBI s i t e s b e e q u a l to t h e 
c o r r e s p o n d i n g vec tor s u m o b t a i n e d a s s u m i n g Station ve loc i t i e s as pred ic t ed b y the 
N N R - N U V E L 1 g l o b a 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] . The angular ve loc i ty of the frame is constrained b y requiring the vector s u m of 
the rotat ional ve loc i t i e s f o r m e d from the cross product s of e a c h site ve loc i ty w i t h its 
Earth rad ius vector b e equa l to the corresponding vector s u m obta ined from the N N R -
N U V E L 1 m o d e l for a se t of n i n e s i tes . See the c o m p a n i o n report b y Di l l inger et al 
[1993] for de ta i l s of the constra int equat ions . The n i n e s i tes u s e d for the ve loc i ty 
constraints are ind ica ted in the list a b o v e w i t h asterisks. This particular subse t w a s 
c h o s e n to obta in as large a geographica l extent as poss ib le w h i l e retaining the d o s e s t 
p o s s i b l e m a t c h to rigid p late m o d e l m o t i o n s and a v o i d i n g pecul iar local s i te m o t i o n s . 
The v e l o c i t y v a l u e s u s e d to project Station coordinate v a l u e s to arbitrary e p o c h s for 
t h o s e s i t e s w i t h brief da ta s p a n s are a d o p t e d from the N N R - N U V E L 1 m o d e l . 
( H o w e v e r , ve loc i ty parameters are adjusted in the data analys i s for all s i tes , inc lud ing 
those w i t h brief data spans . ) The ve loc i ty u s e d to project coordinates for DSS-15 and 
M o j a v e (both in the G o l d s t o n e c o m p l e x , C A , U S A ) after the Landers ear thquake o n 
1992 June 28 is the ve loc i ty e s t imated for Mojave from data prior to the earthquake. 
The site n a m e MOJAVE12 is u s e d for pre-earthquake data w h i l e MOJAVEpq is u s e d 
for data after the Landers earthquake. Altogether , coordinate projection has b e e n d o n e 
u s i n g m o d e l ve loc i t i e s for 20 of the s i tes in SSC ( N O A A ) 93 R 02, d e n o t e d b y h a v i n g 
ve loc i ty formal errors equal to zero. 

• In the t r a n s f o r m a t i o n b e t w e e n the ce les t ia l a n d terrestrial S y s t e m s , the 
convent iona l formulat ion has b e e n u s e d except that the true ob l iqui ty of date is u s e d 
in t h e e q u a t i o n of the e q u i n o x rather than the m e a n ob l iqu i ty of date . G e o d e s i c 
n u t a t i o n is no t taken i n t o account . W h i l e the e s t i m a t e d n u t a t i o n of fset v a l u e s 
r e p o r t e d here are w i t h respec t to the I A U 1980 m o d e l , the t ime Variation of the 
n u t a t i o n of f se ts b e t w e e n tabular p o i n t s in the EOP a priori file u s e d in o u r data 
a n a l y s i s i s a s s u m e d to f o l l o w the 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 nutat ion offset v a l u e s is a n a l o g o u s to 
the p r o c e d u r e d e s c r i b e b e l o w for t idal v a r i a t i o n s in the Earth's ro ta t ion . T h e 
or ientat ion of the Sys tems is speci f ied by fixing the v a l u e s for the EOP a n d nutat ion 
offsets to agree w i t h those interpolated from the EOP (IERS) 90 C 04 series (corrected 
for the offsets and drift rates reported by the IERS to g i v e cons is tency w i t h the ITRF-91 
and ICRF-91 frames) for the reference e p o c h 1991 A u g u s t 12 19:49:50; the interpolat ion 
m e t h o d is descr ibed b e l o w . This particular EOP 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 ne tworks 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 ) , Haystack (Westford, M A , U S A ) , Kash ima (Japan), and Onsa la 
( S w e d e n ) a n d together the t w o sess ions p r o d u c e d 2062 usable observat ions . The u s e of 
a Single f ixed reference e p o c h to relate the celestial and terrestrial Sys tems , together 
w i t h secular v e l o c i t y constraints for the m o t i o n of the terrestrial frame, is a c h a n g e 
f rom our p r e v i o u s p r o c e d u r e w h i c h u s e d t w o f ixed e p o c h s a n d n o secular ve loc i ty 
constra ints . 
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• 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 erm w i t h o u t a n y correc t ion to r e m o v e the z e r o - f r e q u e n c y 
"permanent tide" d i sp lacement . V a l u e s for the L o v e n u m b e r h2 and Sh ida n u m b e r I2 
are 0 .60967 a n d 0.0850, re spec t ive ly . Rotat ional 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", is a lso 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 ef 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 t h e VLBI antenna structures . Cal ibrat ion data co l l ec ted 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 variat ions in the electrical l eng th 
of the cables b e t w e e n the radio receivers and the data acquis i t ion Systems. 

• Tidal var iat ions in the Earth's rotat ion are taken in to account in forming a 
priori v a l u e s for the EOPs in the VLBI data ana lys i s . S ince an offset ad jus tment to 
each EOP is m a d e for each 24-hour o b s e r v i n g sess ion , the results are m o s t s ens i t ive to 
those tidal var iat ions w i t h p e r i o d s 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: 1) tabulated E O P v a l u e s 
are taken f r o m a p r e v i o u s N O A A Solut ion for the se t of all IRIS a n d N A V N E T 
o b s e r v i n g sess ions ; 2) k n o w n tidal contribut 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 in terpolat ion is p e r f o r m e d o n the t idal ly corrected EOP 
v a l u e s from the f ive nearest tabular e p o c h s ; 4) m o d e l tidal contr ibut ions are restored. 
The m o d e i s u s e d for the tidal contr ibut ions are: 1) UT1S tidal terms, i n c l u d i n g per iods 
u p to 18.6 years a n d correct ions d u e to oceanic t ides ( see IERS Standards, McCarthy , 
1992); 2) d iurnal a n d s e m i - d iurnal var iat ions of X, Y, a n d U T l d e r i v e d b y Herr ing 
[1992] b a s e d o n a n a l y s i s of 8.5 years of VLBI data . T o m i n i m i z e the ef fects of 
u n m o d e l l e d Earth or ientat ion var ia t ions , the VLBI a d j u s t m e n t s of EOP 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 s e s s i o n rather than at the 
interior m i d n i g h t , as w a s d o n e in the past . 

• T r o p o s p h e r i c r e f r a c t i o n 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" c o m p o n e n t s of the neutral a t m o s p h e r e has b e e n m o d e l l e d a 
priori a c c o r d i n g to S a a s t a m o i n e n [1972] u s i n g surface m e t e o r o l o g i c a l data (pressure , 
t e m p e r a t u r e , h u m i d i t y ) taken at e a c h VLBI Station d u r i n g e a c h o b s e r v i n g s e 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 -o f - s ight e l e v a t i o n s w i t h the CfA-2 .2 m o d e l 
[Davis et al, 1985] for the dry c o m p o n e n t and the C h a o [1972] m o d e l for the w e t part. 
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 r o p o s p h e r e , is treated by 
ad jus t ed p a r a m e t e r s ( see b e l o w ) u s i n g the C h a o "wet" e l e v a t i o n m a p p i n g funct ion 
a s s u m i n g a t y p i c a l w a t e r v a p o r d i s t r i b u t i o n . T h e d i s p e r s i v e p o r t i o n of the 
a tmospher i c refraction d u e to the i o n o s p h e r e is e l imina ted by the u s e of s i m u l t a n e o u s 
dual - frequency (X- and S-band) observat ions . 

• Shapiro's formulat ion for the general relativist ic effects of s ignal propagat ion 
i s u s e d (see the p r e v i o u s e d i t i o n 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 edi t ion . W e expec 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 lgori thm. 

T h e füll s e t of g r o u p d e l a y o b s e r v a t i o n s 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 R o c k v i l l e ( 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 
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a p p e n d i x in Capret te et al, 1990) to c o m p u t e the theoretical d e l a y s a n d their partial 
d e r i v a t i v e s , a n d u s i n g the SOLVE-3 p r o g r a m [Dil l inger a n d Robertson , 1986] for the 
l eas t - squares parameter adjustment . A Single least -squares Solut ion w a s per formed 
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 , 1986] a n d 
constra int a l g o r i t h m s [Fallon a n d Di l l inger , 1992; s e e a l so the c o m p a n i o n report b y 
Di l l inger et al 1993]. D e l a y rate observat ions are not inc luded . The Solution 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" p a r a m e t e r s ( t h o s e w h o s e v a l u e s are af fected 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 affected o n l y by 
da ta f r o m 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 g e o c e n t r i c c o o r d i n a t e s a n d three-
d i m e n s i o n a l l inear ve loc i t i es of the stat ions and the J2000.0 celestial coordinates of the 
radio s o u r c e s are d e t e r m i n e d g lobal ly . The o n l y constraints appl ied in the es t imat ion 
of the g loba l 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 s o c i a t e d w i t h the r ight a s c e n s i o n or ig in of the ce les t ia l f rame, 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 la t iona l a n d rotat ional 
ve loc i t i e s of the terrestrial frame. The site coordinate parameters are adjusted at the 
w e i g h t e d m e a n Observation e p o c h for each site, rather than at an arbitrary e p o c h , in 
o r d e r to r e m o v e s i n g u l a r i t i e s that can ar i se 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 
coordinates a n d ve loc i t i es for those s i tes w i th brief data spans . Site coordinate 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 pro jee 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 p r o j e e t i o n 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 ve loc i t i e s 
rather than w i t h the e s t i m a t e d v e l o c i t y v a l u e s . The s i te c o o r d i n a t e s refer to the 
in tersec t ion of the p o i n t i n g a x e s of the f ixed a n t e n n a s ( 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 ca ta loged b y the N A S A CDP) or to reference g r o u n d m o n u m e n t s in the 
case of sites o e c u p i e d b y mobi l e VLBI Systems. 

Are parameters are u s e d to m o d e l both nuisance effects (clock and a tmospher ic 
d e l a y s ) a n d the i m p o r t a n t EOP var ia t ions (X a n d Y p o l e p o s i t i o n , U T l , offsets in 
nuta t ion obl iqui ty and long i tude) . T i m e variations in the Station clock differences are 
treated by e s t i m a t i n g 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 econd-order 
p o l y n o m i a l S e g m e n t s 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 e s t i m a t i n g the v a l u e s of a p i e c e - w i s e linear, c o n t i n u o u s funct ion at break-
po in t s set e v e r y hour for each Station of each observ ing sess ion . A w e a k constraint is 
a p p l i e d to the Variation of the a t m o s p h e r e parameters b e t w e e n break-po int s ; s e e 
D i l l i n g e r et al [1993] . O n e offset parameter is adjusted for each Earth or ientat ion 
c o m p o n e n t p e r o b s e r v i n g s e s s i o n . The EOP a d j u s t m e n t s are c o m p u t e d at the 
w e i g h t e d m e a n Observation e p o c h of each observ ing sess ion to m i n i m i z e u n m o d e l l e d 
effects in the a priori EOP variat ions. A b o u t 50 o b s e r v i n g s e s s ions are geometr i ca l ly 
l i m i t e d to s u c h an ex tent that the e s t imat ion of all EOP c o m p o n e n t s is Singular or 
near ly so . T h e s e s e s s i o n s i n c l u d e s ing le -base l ine data sets (Hartebees thoek-Hobart ) 
a n d re la t 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 System i n v o l v e d in 
reg iona l o b s e r v i n g programs . For these cases , w e a k a priori constra ints are a p p l i e d 
( see D i l l i n g e r et al, 1993). T h e constraints u s e EOP v a l u e s in terpo la ted from the 
tabulated a priori EOP series w i t h w e i g h t s equal to 50 t imes the a priori w e i g h t b a s e d 
o n l inear interpolat ion of the formal uncertainties of the tabulated EOP v a l u e s . The 
effect of this constraint is that the formal uncertaint 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-qual i ty VLBI data 
b e c a m e rout ine . 
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T h e füll S o l u t i o n i n c l u d e d 697 ,629 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 117,695 
constraint e q u a t i o n s to a d jus t a to ta l of 156,408 p a r a m e t e r s . 

T h e S t a n d a r d e r r o r s q u o t e d h e r e a r e s t r i c t ly t h e f o r m a l v a l u e s o b t a i n e d f rom 
t h e p a r a m e t e r a d j u s t m e n t s b y t h e p r o p a g a t i o n of t h e f o r m a l o b s e r v a t i o n a l n o i s e 
t o g e t h e r w i t h a n a d d e d c o n t r i b u t i o n c a l c u l a t e d 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 ion to g i v e a n o r m a l i z e d pos t f i t r e s i d u a l of u n i t y . T h e s e S t a n d a r d e r r o r s s h o u l d b e 
u n d e r s t o o d a s l o w e r l i m i t s o n t h e a c t u a l u n c e r t a i n t y of t h e d e t e r m i n a t i o n s , t h e l imi t 
t h a t w o u l d b e a t t a i n e d i n t h e a b s e n c e of u n m o d e l l e d s y s t e m a t i c e r r o r s . B a s e d o n 
c o m p a r i s o n s w i t h G P S d e t e r m i n a t i o n s , w e e s t i m a t e t h a t s i n c e t h e W e t t z e l l 
o b s e r v a t o r y b e c a m e o p e r a t i o n a l i n J a n u a r y 1984 t h e IRIS X a n d Y c o m p o n e n t s of p o l a r 
m o t i o n h a v e h a d u n c e r t a i n t i e s n o w o r s e t h a n 0.5 m i l l i s e c o n d s of a r e [ H e r r i n g et al, 
1991] . C o m p a r i s o n of VLBI S ta t 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 l a se r r a n g i n g i n d i c a t e s t h a t t h e f o r m a l S t a n d a r d e r r o r s a r e p r o b a b l y 
o p t i m i s t i c b y a factor of a b o u t t w o [Ray et al, 1991]. 

T h e I n t e n s i v e U T l o b s e r v a t i o n s u s e a Single b a s e l i n e 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 1991 , 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 fou r 
d i f fe ren t 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 p e r w e e k . 
S i n c e t h a t t i m e , t h e o b s e r v i n g m o d e h a s b e e n u p g r a d e d to p e r m i t t w i c e as 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 . T h e o b s e r v a t i o n s a r e a n a l y z e d i n a So lu t ion 
u s i n g 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 ence 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 offset , 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 se s s ion . 

A d i s c u s s i o n of t h e r e s u l t s o b t a i n e d f rom th i s So lu t ion se t is p r e s e n t e d b y R a y 
et al in a c o m p a n i o n r e p o r t . 

O n b e h a l f of t h e 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 (IRIS) Jo in t 
s u b c o m m i s s i o n of t h e I n t e r n a t i o n a l A s s o c i a t i o n of G e o d e s y ( IAG) a n d t h e C o m m i t t e e 
o n S p a c e R e s e a r c h ( C O S P A R ) , N O A A d i s t r i b u t e s t h e m o n t h l y IRIS Bu l l e t i n A , Earth 

Orientation Bulletin, a n d m a i n t a i n s e l e c t r o n i c files c o n t a i n i n g t h e s a m e d a t a o n t h e 
N O A A C o m p u t e r s w h i c h can b e a c c e s s e d b y u s e r s w h o p r e f e r a m a c h i n e - r e a d a b l e 
f o r m . A d d i t i o n a l I n f o r m a t i o n o r a s s i s t a n c e c o n c e r n i n g t h e d a t a p r e s e n t e d h e r e , o r t he 
d a t a a v a i l a b l e t h r o u g h I N T E R N E T , IRIS Bu l l e t i n A , o r t h e N O A A C o m p u t e r S y s t e m 
m a y b e o b t a i n e d b y c o n t a c t i n g t h e a u t h o r s . 

References : s e e p. R-69. 
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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 A N D REFERENCE F R A M E S FROM 
VLBI OBSERVATIONS: 2. C O N S T R A I N T ALGORITHMS 

E O P ( N O A A ) 93 R 04 
E O P ( N O A A ) 93 R 05 
E O P ( N O A A ) 93 R 06 
R S C ( N O A A ) 93 R 02 
S S C ( N O A A ) 93 R 02 

W . H . Di l l inger , D.S. Robertson, and J.R. Ray, 
Geosc i ences Laboratory, N / O E S 1 3 , N O S N O A A , Rockvi l le , Maryland 20852, U S A 

The m e t h o d s and m o d e i s u s e d to ana lyze VLBI observat ions to extract g e o d e t i c 
Informat ion h a v e e v o l v e d s igni f icant ly in recent years [Robertson, 1987; Ray, 1991] . 
Genera l descr ip t ions of the ana lys i s procedures u s e d b y N O A A h a v e b e e n g i v e n b y 
Carter et al. [ 1985 ,1989] , Di l l inger and Robertson [1986], and Fallon and Dil l inger [1992]. 
T h e p u r p o s e of this report is p r o v i d e further detai l c o n c e r n i n g the ana lys i s resul ts 
p r e s e n t e d in the c o m p a n i o n report b y Carter et al. [1993] , e s p e c i a l l y r egard ing the 
constraint a lgor i thms e m p l o y e d . 

The least -squares adjustment program u s e d to process the VLBI data is cal led 
S O L V E - 3 , w h i c h w a s d e v e l o p e d at 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 ) [Di l l inger a n d R o b e r t s o n , 1986] . SOLVE-3 u s e s eff ic ient 
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 to p e r f o r m a s i m u l t a n e o u s l e a s t - s q u a r e s 
a d j u s t m e n t of the near ly 1200 24-hour VLBI data se ts co l l ec ted o v e r m o r e than a 
d e c a d e . Format ion of the ind iv idua l Observation equat ions fo l l ows usua l practice [e.g., 
Rober t son , 1975] u s i n g the m o d e i s descr ibed in Carter et al. [1993]. The theoretical 
d e l a y v a l u e s a n d their partial der ivat ives w i t h respect to geophys ica l , astrometric, and 
v a r i o u s n u i s a n c e p a r a m e t e r s are c o m p u t e d u s i n g the N A S A - d e v e l o p e d p r o g r a m 
C A L C - 7 . 6 ( see the a p p e n d i x in Capret te et al, 1990). SOLVE-3 can p r o v i d e l inear 
correct ions to the C A L C - s u p p l i e d theoretical de lay va lues at the discretion of the user, 
for e x a m p l e to u p d a t e a priori Information. The VLBI analys is prob lem is compl icated 
s o m e w h a t b y the occurrence of rank deficiencies result ing largely from the fact that the 
observab le s m e a s u r e p u r e differences. There is n o sensi t iv i ty to the Earth's center of 
m a s s , for instance , to p r o v i d e a "fixed" reference po int for the origin of the terrestrial 
coord inate frame. N o r is there any abso lute reference against w h i c h the ve loc i t ies of 
the VLBI sites can b e m e a s u r e d . O n e approach that can be u s e d to a v o i d s ingularit ies 
in the leas t - squares adjus tment is to reduce the n u m b e r of d e g r e e s of f reedom b y not 
adjus t ing a suff ic ient n u m b e r of parameters . Thus , the or ig in of the VLBI terrestrial 
frame can b e speci f ied b y fixing the coordinates of o n e s i te to an a d o p t e d set of v a l u e s 
a n d the m o t i o n of the frame can be set by fixing ve loc i ty v a l u e s for t w o sites . Fixing 
m o r e than a m i n i m a l set of parameters is an over-constraint of the System that can 
result in d is tort ions of the results. 

A n a l ternat ive a p p r o a c h to e l iminat ing the rank def ic ienc ies is to i n t r o d u c e 
c o n s t r a i n t e q u a t i o n s , e s s e n t i a l l y a d d i t i o n a l o b s e r v a t i o n a l e q u a t i o n s c o n t a i n i n g 
IERS(1993) Technical Note No 14. 
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e n o u g h a priori I n f o r m a t i o n t o r e m o v e t h e s i n g u l a r i t i e s . S O L V E - 3 h a s s e v e r a l 
m e t h o d s for d o i n g t h i s . T h e p r i m a r y r e a s o n for p r e f e r r i n g c o n s t r a i n t e q u a t i o n s o v e r 
f i x ing parameter v a l u e s i s to p r o v i d e i m p r o v e d l o n g - t e r m s t a b i l i t y for t h e r e f e r e n c e 
f r a m e b y a v o i d i n g p o t e n t i a l p r o b l e m s o r p e c u l i a r i t i e 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 s i t es 
o r s o u r c e s . T h e c o n s t r a i n t p r o c e d u r e s u s e d for t h e a n a l y s i s p r e s e n t e d b y C a r t e r et al 
[1993] a r e d i s c u s s e d b e l o w . 

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 ce l e s t i a l r e f e r e n c e f r a m e is s p e c i f i e d b y 
i n t r o d u c i n g a p s e u d o - o b s e r v a t i o n e q u a t i o n w h i c h s e t s t h e s u m of t h e r i g h t a s c e n s i o n 
a d j u s t m e n t s for a se l ec t ion of r a d i o s o u r c e s e q u a l t o a c o n s t a n t ; t h a t is 

E a« , • c . 0 ) 

w h e r e 

Aai = R i g h t A s c e n s i o n a d j u s t m e n t for s o u r c e i = a; - aifpTior (2) 

C a r t e r et al. [1993] h a v e c h o s e n t h e c o n s t a n t o n t h e r i g h t - h a n d - s i d e of E q n . (1) t o b e 
e q u a l t o t h e s u m of t h e r i g h t a s c e n s i o n d i f fe rences b e t w e e n ICRF-91 a n d t h e N O A A a 

priori v a l u e s for a s e t of 36 r a d i o s o u r c e s in o r d e r to b r i n g t h e s e t w o ce les t ia l f r a m e s 
i n t o c l o s e a l i g n m e n t : 

o "" zL/ V ijcrf /,prior' /o\ 

w h i c h m e a n s t h a t t h e c o n s t r a i n t in th i s case is e q u i v a l e n t to 

E «/ = E ° W (4) 

W h e n a p s e u d o - o b s e r v a t i o n e q u a t i o n is u s e d as a c o n s t r a i n t in th i s m a n n e r a w e i g h t 
m u s t b e a s s i g n e d a s w i t h a n y n o r m a l Obse rva t ion e q u a t i o n . T h e v a l u e of t h i s w e i g h t , 
r e l a t i v e to t h e d a t a w e i g h t s , w i l l d e t e r m i n e t h e i m p o r t a n c e of t h e c o n s t r a i n t in t h e 
l e a s t - s q u a r e s a d j u s t m e n t . A s l a r g e a w e i g h t v a l u e a s p o s s i b l e is s o u g h t w h i c h d o e s n o t 
i n t r o d u c e n u m e r i c a l i n s t a b i l i t i e s . F o r t h e r i g h t a s c e n s i o n c o n s t r a i n t , a w e i g h t h a s 
b e e n u s e d w h i c h c o r r e s p o n d s t o a S t a n d a r d e r r o r of .06 m i l l i a r c s e c o n d s ( m a s ) for t h e 
r i g h t a s c e n s i o n a d j u s t m e n t s . 

T h e o r i g i n for t h e t e r r e s t r i a l c o o r d i n a t e r e f e r e n c e f r a m e is d e f i n e d t h r o u g h 
t h e u s e of s i m i l a r p s e u d o - o b s e r v a t i o n e q u a t i o n s . In th i s case , o n e e q u a t i o n is u s e d for 
e a c h of t h e t h r e e g e o c e n t r i c c o o r d i n a t e s a n d t h e c o n s t a n t s a r e c h o s e n b a s e d o n 
d i f f e rences for 16 s i t es c o m p a r e d w i t h t h e ITRF-91 v a l u e s in o r d e r to b r i n g t h e N O A A 
f r a m e i n t o c l o s e a l i g n m e n t . T h u s , t h e c o n s t r a i n t e q u a t i o n s , a p p l i e d a t t h e e p o c h 
1988.0, a r e 

^ ' m (5) 

w h e r e 

AR. = vector position adjustment for site i = R. - R. . SQ 

a n d for t h e c h o i c e 

c* = £ ( * W - J W ( 7 ) 
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is e q u i v a l e n t to 

E Ri = Y,Ri,iirf (8) 

T h e w e i g h t a s s i g n e d to each c o m p o n e n t constraint equat ion corresponds to a Standard 
error of 0.32 m m . 

I n c l u d i n g v e l o c i t y p a r a m e t e r s as u n k n o w n s for e a c h s i t e i n t r o d u c e s a 
requ irement for s ix addi t iona l constraints . Three of t h e s e are necessary to def ine the 
translational ve loc i ty of the terrestrial frame. This requirement can b e a c c o m m o d a t e d 
b y f ixing a l inear combinat ion of site ve loc i ty vectors Vj s u c h that 

E v, - ct (9) 

w i t h the c o m p o n e n t s of the constant vector se lec ted to be equa l to the s u m of s i te 
ve loc i t i e s p r e d i c t e d by the N N R - N U V E L 1 g lobal p la te m o t i o n m o d e l [DeMets et al, 
1990; A r g u s a n d G o r d o n , 1991]. Thus , the frame wi l l h a v e n o translational ve loc i ty 
re lat ive to the plate m o d e l except to the extent that the o b s e r v e d VLBI m o t i o n s for the 
constraint s i tes d e v i a t e from the predicted veloci t ies . By us ing m o r e than o n e site in 
t h e constraint , the effect of such local pecul iar m o t i o n s wil l b e reduced . Carter et al 
[1993] h a v e se lected n ine VLBI sites , s ix of w h i c h are o n the N o r t h A m e r i c a n plate , to 
m i n i m i z e non-p la te effects and h a v e u s e d a constraint w e i g h t w h i c h corresponds to a 
Standard error of .032 m m / y r . 

A n o t h e r se t of three cons tra ints m u s t b e s u p p l i e d to r e m o v e the perfect 
corre lat ion b e t w e e n Vj a n d the secular c h a n g e in the Earth or ientat ion parameters , 
c o r r e s p o n d i n g to an a m b i g u i t y in the rotational ve loc i ty of the terrestrial frame. This 
i s a c c o m p l i s h e d by se t t ing the net rotation of a g r o u p of s ites equal to a constant by 
[Fallon and Di l l inger , 1992] 

E ( " > * , ) - C , (10) 

w h e r e the constant vector C r is chosen equal to the corresponding vector cross-product 
u s i n g ve loc i t i e s from the N N R - N U V E L 1 plate m o t i o n m o d e l for the s a m e set of n ine 
VLBI s i tes u s e d for the translat ional v e l o c i t y constraint . E x p a n s i o n of the a b o v e 
constraint equat ions g i v e s a s u m of terms all of w h i c h are of the form of c o m p o n e n t s 
of V t i m e s c o m p o n e n t s of R. U s i n g the re lat ionship for the variance of a produc t to 
descr ibe the e l e m e n t s of the variance of this equat ion g i v e s 

o2 = o]r2 + 2vrovr • o2
rv

: 

w h e r e 

v = a component of V 
r = a component of R 

( i i ) 

o2
v = variance of v Q2) 

or = variance of r 
= correlation of v, r 
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T h e first term of this s u m is of order ( .002) 2 (6378137 . ) 2 in uni t s of ( m 2 / y r ) 2 w h i l e the 
last term is of order ( .005) 2 ( .01) 2 . A t the m e a n e p o c h of the observa t ions of each site, 
the e p o c h at w h i c h the s i te c o o r d i n a t e s are c o m p u t e d ( see b e l o w ) , the corre lat ion 
b e t w e e n V a n d R is z e r o a n d the s e c o n d term v a n i s h e s . C lear ly the first term 
d o m i n a t e s this equat ion , s o the w e i g h t a s s igned is control led b y the uncerta inty in the 
ve loc i ty parameters . For this analys is , the w e i g h t u s e d corresponds to a Standard error 
of .016 m m / y r . 

A d o p t i n g a rotat ional constra int of this form forces the secular drift of the 
Earth or ientat ion parameters to adjust in a w a y that preserves the ve loc i ty constraint. 
U s i n g this constraint a l o n g w i t h the correspond ing ve loc i ty translat ion constraint in a 
m i n i m a l l y c o n s t r a i n e d a d j u s t m e n t a l l o w s u s to re la te t h e VLBI r e s u l t s t o the 
f ramework of any general m o d e l for "absolute" site m o t i o n s , as c lose ly as the data wi l l 
a l l o w w i t h o u t d i s tor t ing the relat ive m o t i o n s of the s i tes as d e t e r m i n e d b y the VLBI 
data . A d o p t i n g a part icular g loba l p la te m o t i o n m o d e l a n d set of s i t e s for the 
constra int cons tant s d ictates the resu l t ing secular Earth or ientat ion rates. Different 
real izat ions of the VLBI reference frames u s i n g different choices of constraint sites wi l l 
result in differing secular rates for the Earth orientat ion parameters d e p e n d i n g o n the 
extent of pecul iar, non-p la te m o t i o n at the sites u s e d in the constraints . 

T w o practical numer ica l difficulties can occur w h e n s i m u l t a n e o u s l y adjust ing 
s i te coord ina te s a n d ve loc i t ies : 1) W h e n adjust ing all s i te c o o r d i n a t e s at a c o m m o n 
e p o c h , t h o s e s i t es h a v i n g o b s e r v a t i o n a l data o v e r short t i m e s p a n s c a n p r o d u c e 
s ingular i t i e s in the v e l o c i t y parameters , part icular ly if the o b s e r v a t i o n s are d i s tant 
f rom the e p o c h of the adjustment . 2) If constra ints are a p p l i e d to the ve loc i t i e s of 
t h o s e s i t e s to r e m o v e the s ingu lar i t i e s , u n d e s i r a b l e d i s t o r t i o n s of the r e m a i n i n g 
n e t w o r k can occur. To a v o i d these prob lems , w e s o l v e for the coordinates of each site 
at the w e i g h t e d m e a n e p o c h , T m e a n , of the observat ions for that site as de f ined b y 

Yvt.t. 

mean £ w ( (13) 

w h e r e WJ is the w e i g h t of each VLBI Observation i n v o l v i n g the s i te a n d tj i s the e p o c h 
of the Observat ion. H a v i n g s i te coord inates at dif ferent e p o c h s is i n c o n v e n i e n t for 
m a n y o ther p u r p o s e s . Mathemat i ca l ly , the p r o b l e m of project ing the c o o r d i n a t e s R 
a n d their a s s o c i a t e d var iances in t i m e is n o t diff icult . For a g i v e n s i te u s i n g the 
def ini t ion X = [ R V ] , the projected coordinate v a l u e s are c o m p u t e d b y 

/?(*,) = X^ FT (14) 

<?(',) =FQ(t()F
T (15) 

w h e r e 

F = 
1 0 0 At 0 0 
0 1 0 0 At 0 
0 0 1 0 0 At 

At = ti - 1 0 

(16) 
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w h e r e to is set equal to the m e a n Observation e p o c h for the site a n d Q is the covariance 
matrix assoc ia ted w i t h X. 

A n o t h e r p r o b l e m arises for those data sets lacking adequate geometr ic s trength 
to d e t e r m i n e reasonable v a l u e s for the Earth orientat ion parameters (EOPs). For these 
c a s e s , w e h a v e e l ec t ed to p r o v i d e the adjus tment w i t h a priori In format ion in the 
form of w e i g h t e d constraint equat ions for the EOPs. The v a l u e s u s e d in the constraint 
e q u a t i o n s are in terpo la ted from the tabular a priori EOP series in a m a n n e r descr ibed 
b y Carter et al [1993]. The EOP constraint equat ions h a v e the s i m p l e form x = c, w h e r e 
x is the EOP b e i n g constra ined and c is the interpolated va lue . The w e i g h t as s igned to 
th is p s e u d o - o b s e r v a t i o n e q u a t i o n is the l inear ly i n t e r p o l a t e d var iance from the a 
priori EOP series , mul t ip l i ed by a user-specif ied scale factor here set to 50. 

T h e a t m o s p h e r e z e n i t h d e l a y p a r a m e t e r s are treated as a series of equa l ly 
s p a c e d , c o n t i n u o u s l inear s e g m e n t s . T h e u n k n o w n s in the a d j u s t m e n t are the 
e n d p o i n t v a l u e s of each s e g m e n t . G i v e n that data g a p s and variable a m o u n t s of data 
o c c u r in s o m e p a r a m e t e r s e g m e n t s , this p r o c e d u r e , b y itself, is insuff ic ient . T o 
o v e r c o m e th i s p r o b l e m , cons tra ints are a p p l i e d requ ir ing the s l o p e s of adjacent 
s e g m e n t s b e equal . D e n o t i n g A | as the a t m o s p h e r e offset parameter at e p o c h tj, the 
constraint can be expres sed as 

Ai+i - Ai = Ai+2 - Ai+i 

or in the equ iva lent form actual ly u s e d in SOLVE-3 

Ai - 2 A i + i + Ai+2 = 0 . 

If the constraint e q u a t i o n s w e r e r ig id ly enforced the result w o u l d b e a s i m p l e l inear 
m o d e l for the a t m o s p h e r i c Variation w i t h t ime. To a c h i e v e a m o d e l w h i c h permit s 
greater variabil i ty , the constraints are enforced w i t h a w e i g h t based u p o n a variance 
cons idered appropriate for the actual behavior of the a tmosphere here taken to b e h a v e 
as a r a n d o m w a l k process: 

w e i g h t = ( o 2 t)"1 

w h e r e a is the Standard dev ia t ion of the a tmospher ic Variation and t is the l ength of 
e a c h t i m e s e g m e n t . O n e constraint is app l i ed for each s e g m e n t except the last o n e , 
w h i c h is a lready i n c l u d e d in the p r e v i o u s segment . The w e i g h t s u s e d in this analys is 
a s s u m e d a Standard dev iat ion for the a tmosphere of 50 p s / h r 1 / 2 -

References : s e e p. R-69. 
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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 A N D REFERENCE F R A M E S FROM 
VLBI OBSERVATIONS: 3. DISCUSSION O F RESULTS 

E O P ( N O A A ) 93 R 04 
E O P ( N O A A ) 93 R 05 
E O P ( N O A A ) 93 R 06 
R S C ( N O A A ) 93 R 02 
S S C ( N O A A ) 93 R 02 

J.R. Ray, W . H . Di l l inger, a n d D.S. Robertson 
G e o s c i e n c e s Laboratory, N / O E S 1 3 , N O S N O A A , R o c k v i l l e , Mary land 20852, U S A 

A n u m b e r of important c h a n g e s h a v e b e e n m a d e in the data ana lys i s proce-
dures u s e d b y N O A A for the current Submiss ion. Mos t of these c h a n g e s are d e s i g n e d 
to br ing the N O A A System into c loser a g r e e m e n t w i t h the Standards and reference 
frames of the IERS. Apart from s i m p l e cons i s tency , the c h a n g e s are a l so e x p e c t e d to 
i m p r o v e the long- term stabil ity of the N O A A results as n e w data and observ ing s ites 
are incorporated . O n e very s ignif icant c h a n g e is an ex tens ion to the IERS Standards 
[McCarthy, 1992]: u s e of Herring's [1992] m o d e l for diurnal and semi -d iurna l varia­
t ions of X a n d Y polar m o t i o n a n d U T l in the a priori m o d e l l i n g of Earth or ientat ion 
variat ions . This report d i s cus se s the m o t i v a t i o n s for the c h a n g e s m a d e and eva luates 
the results as presented in the a c c o m p a n y i n g report b y Carter et al [1993]. 

C e l e s t i a l R e f e r e n c e Frame T h e current N O A A ce les t ia l re ference frame 
c o n s i s t s of 107 r a d i o sources , v e r s u s 84 s o u r c e s reported last year , a p p r o x i m a t e l y 
un i formly dis tr ibuted about the sky. Of these sources , 50 are des ignated "primary" in 
the IERS Celest ial Reference Frame, ICRF-91. The right ascens ion or ig in of the N O A A 
frame is de f ined b y a constraint to match ICRF-91 for a subset of 36 sources; see Carter 
et al. [1993] . By d is tr ibut ing the or ig in constraint o v e r as m a n y different sources as 
poss ib le , it is expec ted that systematic errors associated wi th indiv idual objects, such as 
t i m e - v a r y i n g br ightnes s s tructures a n d variat ions in the his tory of VLBI o b s e r v i n g , 
w i l l b e s ignif icantly reduced affording enhanced long- term stability of the System. The 
m e a n a n d r o o t - m e a n - s q u a r e d (rms) d i f ferences b e t w e e n the RSC ( N O A A ) 93 R 02 
celestial frame reported b y Carter et al [1993] and the ICRF-91 are s h o w n in Table 1 for 
t w o s u b s e t s of rad io sources . These rms di f ferences are cons is tent w i t h the leve l of 
scatter expec ted for the ICRF-91 pr imary sources themse lves . 

Table 1. Differences b e t w e e n RSC ( N O A A ) 93 R 02 and ICRF-91 

ÄRA 
(*ias) 

50 primary sources in common: 
mean -30.6 
rms 298.0 

36 constraint sources: 
mean 1.2 
rms 323.3 

ÄRA cos 
(̂ as) 

-39.7 
228.5 

-22.3 
213.6 

(dec) Adec 
(Jias) 

129.9 
382.4 

88.5 
342.8 

IERS(1993) Technical Note No 14. 
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Terrestrial Re ference 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 the 
coord inate or ig in of the N O A A terrestrial reference frame is c o m p l e t e l y a n a l o g o u s to 
the celest ial reference frame d i s c u s s e d above . A s descr ibed by Carter et al [1993] , the 
N O A A s i te p o s i t i o n s are adjus ted s o that the or ig in m a t c h e s the IERS Terrestrial 
Reference Frame , ITRF-91, for a s u b s e t of 16 o u t of the füll set of 55 VLBI s i tes . 
Primari ly , i m p r o v e d long- term stabil ity is expec ted b y r e d u c i n g the sens i t iv i ty to data 
p r o b l e m s , pecul iar i t ies , a n d c o v e r a g e assoc ia ted w i t h a Single f ixed site . In addi t ion , 
c o n n e c t i o n of e a c h VLBI stat ion's p o s i t i o n to the or ig in constra int 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 pos s ib l e . This is part icularly 
benefic ial cons ider ing the dis tr ibut ion of observat ional data in t ime at i n d i v i d u a l s i tes 
i s g e n e r a l l y n o t u n i f o r m a n d there is n o Single Station that h a s regular ly o b s e r v e d 
w i t h all the o ther s ta t ions . U n l i k e the ce les t ia l o r i g i n cons tra in t , h o w e v e r , the 
rea l i za t ion of the terrestrial o r i g i n cons tra int is 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 i s t r ibut ion of VLBI s i tes . A r o u g h l y un i form, g loba l d i s t r ibut ion of 
constraint s i tes w o u l d be preferred but the actual distr ibution, e spec ia l ly for sites 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 restricted. For these reasons , together w i t h the 
fact that terrestrial p o i n t s m o v e w i t h respect to o n e another , w e d o not e x p e c t the 
long- term stabil ity of the terrestrial reference frame to rival that of the celestial frame. 

T h e u s e of the n e w c o o r d i n a t e or ig in constra int p r o d u c e s a c h a n g e in the 
d is tr ibut ion of formal errors for the Station pos i t ions . P r e v i o u s l y , w h e n the pos i t i on 
of W e s t f o r d w a s f ixed to def ine the coord inate or ig in , Station p o s i t i o n uncerta int ies 
increased w i t h d i s t a n c e from West ford . U s i n g a d i s tr ibut ion of s i tes for the or ig in 
constraint r e m o v e s this effect a n d p r o d u c e s a m o r e near ly un i form error d is tr ibut ion 
a m o n g s i tes w i t h s imi lar data spans . Furthermore , the error e l l ip se s for i n d i v i d u a l 
Station p o s i t i o n s are less eccentric rather than b e i n g e l o n g a t e d in the d irect ion of the 
local vertical , at least for s tat ions w i t h mature histories. 

The overa l l translat ional a n d rotational ve loc i t i e s of the N O A A terrestrial 
reference frame are spec i f ied through a set of constraints s imilar to the specif icat ion of 
the c o o r d i n a t e o r i g i n e x c e p t that o n l y n i n e VLBI s i t e s are u s e d in t h e v e l o c i t y 
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 global p late 
m o t i o n m o d e l ( s e e Carter et al, 1993 a n d Di l l inger et al, 1993) . There are t w o 
i m p o r t a n t d i s t i n c t i o n s in the a p p l i c a t i o n of t h e s e cons tra in t s c o m p a r e d w i t h the 
ce lest ia l a n d terrestrial coord inate or ig in constraints: 1) The e s t i m a t e d s i te ve loc i ty 
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 the s e c u l a r drif ts in the Earth o r i e n t a t i o n 
parameters (EOPs) w h i c h p r o d u c e s a smal l , but s ignif icant non- l inear d e p e n d e n c e o n 
t h e a priori EOP series u s e d in the data analys is . If the a priori EOP t ime series is not 
a l ready cons i s tent w i t h the reference frames , i terat ion of the Solut ion is required to 
p r o d u c e a fu l ly se l f -cons is tent , s table Solut ion. 2) The external a priori In format ion 
u s e d in the f rame v e l o c i t y cons tra ints — the N N R - N U V E L 1 m o d e l for r ig id p la te 
m o t i o n s [ D e M e t s et al, 1990; A r g u s and G o r d o n , 1991] - is an idea l i zed representat ion 
of re lat ive terrestrial m o t i o n s that is totally i n d e p e n d e n t of VLBI results . O n the other 
h a n d , the ICRF-91 a n d ITRF-91 coord inate v a l u e s u s e d in the or ig in constra ints 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 r e s u l t s . T h u s , t h e m a t c h of t h e 
observat ional results to the constraint is unl ike ly to b e as c lose for ve loc i t ies . 
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T h e s e d i s t inc t ions m a k e the ana lys i s resul t s s o m e w h a t m o r e s e n s i t i v e to 
t h e se lect ion o f 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 general , o n e set of ve loc i ty constraint s i tes wi l l p r o d u c e a frame w i t h 
s igni f icant ly different translational a n d rotational rates c o m p a r e d w i t h a different set 
of constraint sites. The resul t ing secular rates for the EOPs wi l l a lso differ (typically, by 
100-200 p a s / y r ) . W h i l e the speci f icat ion of these rates is arbitrary, s o m e cho ices are 
preferred for practical reasons . For o n e , the N O A A frames are d e s i g n e d to match the 
IERS frames a s c lose ly as poss ib le , part ly to better mainta in long- term stability. A l s o , 
s ince t h e coordinates for s i tes w i t h brief VLBI occupat ions are projected in t ime us ing 
N N R - N U V E L 1 m o d e l ve loc i t i e s , w e prefer to match the p la te m o t i o n s m o s t c lose ly 
o v e r those port ions of the Earth's surface w h e r e these s ites are concentrated, primarily 
N . Amer ica a n d Europe . ( H o w e v e r , for the s a m e reason, coord inate v a l u e s for sites 
projected 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 regarded wi th s o m e 
s u s p i c i o n , part icular ly s ince the projeet ion is d o n e a s s u m i n g n o uncerta inty in the 
ve loc i ty va lues . ) Empirical ly w e h a v e found that these objeet ives are reasonably wel l 
sat isf ied by o u r choiee of n ine ve loc i ty constraint s ites w i t h six in N . America , t w o in 
Europe , and o n e in H a w a i i . W h e n test ing a ve loc i ty constraint w i t h the 16 sites used 
for the coord inate or ig in specif icat ion, for instance , w e h a v e f o u n d that the result ing 
terrestrial frame translated wi th respect to ITRF-91 by about 4-5 m m / y r . 

Table 2 s h o w s the topocentric veloci t ies for the 35 VLBI s i tes h a v i n g sufficient 
data s p a n s , re lat ive to the ve loc i t ies pred ic ted from the N N R - N U V E L 1 plate m o t i o n 
m o d e l . The n i n e s i tes u s e d to constraint the terrestrial frame ve loc i ty c o m p o n e n t s are 
ind ica ted by asterisks. The rms ve loc i ty res idual for the constraint sites is 2.0 m m / y r 
for the hor izonta l c o m p o n e n t s and 1.7 m m / y r for the vertical. The res idual veloci t ies 
in Table 2 i l lustrate the diff iculty encountered in a t t empt ing to select a set of ve loc i ty 
constraint s i tes w h o s e m o t i o n s are cons is tent wi th the plate m o t i o n m o d e l . The m o r e 
g loba l the d i s tr ibut ion of constraint s i tes , genera l ly the m o r e difficult it b e c o m e s to 
sat isfy cons i s t ency . There are several other aspects of the results in Table 2 w o r t h 
n o t i n g . There appear to b e i n d i c a t i o n s of d e p a r t u r e s from N U V E L m o t i o n s for 
Austra l ia and Africa relative to N . Amer ica if DSS45, HOBART26, and H A R T R A O are 
representat ive of their plates . L ikewise , s izable vertical m o t i o n s are observed , contrary 
to the a s s u m p t i o n of r igid, n o n - d e f o r m i n g plates . The m o s t significant e x a m p l e s are 
P I E T O W N (-22.4 ± 1.4 m m / y r ) , WETTZELL (-2.9 ± 0.4 m m / y r ) , LA-VLBA (-14.5 ± 2.1 
m m / y r ) , DSS45 (17.4 ± 2.5 m m / y r ) , M A T E R A (-14.4 ± 2.2 m m / y r ) , O N S A L A (2.3 ± 0.4 
m m / y r ) , and HATCREEK (-10.6 ± 2.1 m m / y r ) . N o t e that WETTZELL and O N S A L A 
are u s e d in t h e frame v e l o c i t y constraint . W h e t h e r these vertical d e t e r m i n a t i o n s 
r e p r e s e n t s y s t e m a t i c VLBI errors , local m o t i o n s of the VLBI a n t e n n a s , r eg iona l 
m o t i o n s (for e x a m p l e , d u e to subs idence) , or geophys ica l mot ions (for example , d u e to 
pos t -g lac ia l r e b o u n d ) r e m a i n s to b e u n d e r s t o o d . It is l ike ly that a c o m b i n a t i o n of 
factors i s respons ib le . S o m e indicat ion of the level of systemat ic ve loc i ty error can be 
h a d b y c o m p a r i n g determinat ions for the three pairs of antennas located very near o n e 
another: H A Y S T A C K a n d W E S T F O R D agree w i t h i n o n e Standard d e v i a t i o n for all 
three v e l o c i t y c o m p o n e n t s ; N R A O - 1 4 0 and N R A 0 8 5 - 3 d i sagree b y 4 a in the east but 
agree w e l l in north a n d up; G O L D V E N U and MOJAVE12 disagree b y 3.4 a in the north 
a n d eas t but are cons is tent in u p . 
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Table 2. Dif ferences b e t w e e n N O A A Site Veloc i t ies a n d N N R - N U V E L 1 
(all uni t s m m / y e a r ) 

Eurasia: 
DSS65 
EFLSBERG 
MATERA 
MEDICINA 
NOTO 
ONSALA60 
SESHAN25 
TROMSONO 
WETTZELL 

* 

* 

N. America, 
ALGOPARK 
GILCREEK 
GORF7102 
HAYSTACK 
WESTFORD 

HRAS 085 
LA-VLBA 
MARPOINT 
NRAO 140 
NRA085 3 

PIETOWN 
PLATTVIL 
RICHMOND 
YLOW7296 

* 
* 

• 

• 

* 
* 

N. America, 
GOLDVENU 
MOJAVE12 

HATCREEK 
OVRO 130 
VNDNBERG 

Pacific: 
KAUAI 
KWAJAL26 

Australia: 

DSS45 
HOBART26 

S. Africa: 
HARTRAO 

Japan: 
KASHIMA 
KASHIM34 

• 

AV n 

-1.2 
0.8 
3.9 
1.8 
5.2 
0.1 
-6.0 
-1.9 
0.3 

stable: 
-0.8 
0.3 
3.5 
0.0 
0.1 
0.2 
3.3 
1.0 
-0.1 
-0.8 
-1.6 
-3.1 
0.3 

-3.0 

, California: 
5.7 
7.7 
5.7 
6.3 

-3.2 

0.1 
-2.5 

6.8 
8.7 

-10.7 

2.5 
4.0 

AV e 

3.5 
2.4 
4.2 
4.0 
1.5 
0.4 
7.0 
12.3 
1.8 

1.6 
-0.6 
4.0 
1.9 
1.5 
0.3 
0.8 

-1.0 
0.8 

-0.7 
-1.8 
-0.7 
1.5 

-3.7 

-2.8 
-4.3 
-7.4 
-6.4 
-0.6 

-3.8 
-2.0 

-3.6 
-2.9 

-3.5 

-22.6 
-22.8 

AV U 

3.6 
-4.4 

-14.4 
-5.7 
-6.4 
2.3 
-0.8 
-4.1 
-2.9 

2.5 
-1.0 
-7.3 
0.4 
1.1 
0.2 

-14.5 
0.6 

-1.0 
-0.4 

-22.4 
1.1 
1.5 

25.4 

-6.5 
-4.8 

-10.6 
1.4 

-2.5 

0.9 
-1.9 

17.4 
9.5 

-1.9 

-1.2 
-9.7 

<*Vn 

0.5 
0.3 
0.5 
0.3 
0.5 
0.2 
1.2 
1.0 
0.2 

0.2 
0.2 
1.1 
0.2 
0.2 
0.4 
0.7 
0.9 
0.3 
0.4 
0.5 
0.8 
0.4 
1.8 

0.5 
0.3 
0.5 
0.4 
0.5 

0.5 
1.7 

1.7 
1.8 

1.6 

0.5 
1.0 

Gve 

0.6 
0.4 
0.6 
0.4 
0.7 
0.3 
1.4 
1.0 
0.3 

0.2 
0.3 
0.9 
0.3 
0.2 
0.2 
0.7 
0.6 
0.2 
0.3 
0.3 
0.5 
0.3 
1.7 

0.4 
0.2 
0.4 
0.3 
0.5 

0.8 
1.6 

2.3 
2.4 

1.5 

0.9 
1.3 

OVu 

3.1 
1.1 
2.2 
1.2 
2.4 
0.4 
4.1 
5.8 
0.4 

1.0 
0.6 
5.9 
0.8 
0.7 
1.1 
2.1 
4.6 
1.0 
1.2 
1.4 
5.0 
0.9 
6.9 

2.5 
1.0 
2.1 
1.5 
2.0 

0.9 
6.1 

2.5 
2.5 

1.9 

1.0 
2.8 

Sites u s e d in t h e ve loc i ty c o n s t r a i n t s for f r a m e t r a n s l a t i o n a n d r o t a t i o n . 
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Table 3 . C o m p a r i s o n of VLBI U p Rates w i t h Post-Glacial R e b o u n d 

— U p C o m p o n e n t of Local Veloci ty ( m m / y r ) — 

VLBI Adj. VLBI VLBI PGR b 

Rate Rate a S igma 

ONSALA 
WETTZELL 

ALGOPARK 
HAYSTACK 

WESTFORD 
NRAO 140 

NRA085 3 
RICHMOND 
GILCREEK 

+2 .3 
- 2 . 9 

-»-2.5 
+ 0.4 
+ 1.1 
- 1 . 0 
- 0 . 4 
+ 1.5 
- 1 . 0 

N o r t h e r n Europe 
+ 0 .9 
- 4 . 2 

N o r t h A m e r i c a 
+ 0 .2 
- 1 . 9 
- 1 . 2 a 
- 3 . 3 
- 2 . 7 
- 0 . 7 
- 2 . 6 

0 .4 
0 .4 

1.0 
0 .8 
0 .7 
1.0 
1.2 
0 .9 
0 .6 

+ 1.3 
+0 .3 

+ 3 .2 
- 1 . 2 
- 1 . 2 
- 1 . 2 
- 1 . 2 
+ 0.1 
- 0 . 8 

a VLBI U p rates adjusted for net translational mot ion of the frame 
so that Westford. U p rate agrees wi th ICE-3G post-glacial rebound mode l . 
b Post-glacial rebound (PGR) rates from ICE-3G m o d e l by T u s h i n g h a m 
and Peltier [1991]. 

In Table 3 , our o b s e r v e d VLBI vertical rates are c o m p a r e d w i t h the expec ted 
rates d u e to post -g lac ia l r e b o u n d (PGR) for a set of w e l l - m e a s u r e d s i tes surround ing 
the retreated F e n n o s c a n d i a n and Laurent ide ice sheets . The PGR rates are from the 
ICE-3G m o d e l of T u s h i n g h a m and Peltier [1991]. Because of the inherent ambigu i ty in 
t h e net translat ional m o t i o n of the VLBI terrestrial frame, an adjus tment has b e e n 
a p p l i e d to the o b s e r v e d ve loc i t i e s to facil itate c o m p a r i s o n . Al l vert ical rates are 
a d j u s t e d s o that the rate for W E S T F O R D agrees w i t h the ICE- 3G rate. In this 
f r a m e w o r k , all of the l i s ted s i tes e x c e p t WESTFORD h a v e uplift rates smal ler than 
pred ic t ed but the largest d i screpancy is for WETTZELL. The relat ive uplift b e t w e e n 
O N S A L A a n d WETTZELL, w h i c h is i n d e p e n d e n t of the frame translational ambigui ty 
a n d is d e t e r m i n e d at a 10-a level of s ignif icance, is f ives t imes as large as the predicted 
upl i f t . The d i s c r e p a n c i e s a m o n g the N . A m e r i c a n s ta t ions are s m a l l e r a n d less 
s ignif icant b u t un i formly favor l o w e r uplift rates than predicted. This cou ld indicate 
that the pred ic ted rate for WESTFORD s h o u l d be greater than the -1.2 m m / y r v a l u e 
from ICE-3G. In any event , the VLBI results h a v e certainly approached a level w h i c h 
s h o u l d b e use fu l in ref ining m o d e i s for the PGR effect p r o v i d e d that p o s s i b l e local 
m o t i o n s are proper ly accounted for. 

T w o se t s of c o o r d i n a t e v a l u e s are r e p o r t e d for the M o j a v e ( G o l d s t o n e , 
C A / U S A ) VLBI reference po int 7222. The site n a m e MOJAVE12 refers to data col lected 
prior to the Landers earthquake o n 1992 June 28 w h i l e MOJAVEpq refers to the m u c h 
m o r e l imi ted data col lected after that t ime. The coordinates for MOJAVEpq h a v e b e e n 
projected to e p o c h 1988.0 u s i n g the MOJAVE12 ve loc i ty . T h u s , the di f ference in the 
coord inate v a l u e s g i v e s a direct m e a s u r e of the d i sp lacement detected by VLBI at that 
site. T h e d i sp lacement vector, a little m o r e than 2cm in m a g n i t u d e , is g i v e n in Table 4. 
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Table 4. Landers Earthquake D i s p l a c e m e n t O b s e r v e d at Mojave 7222 

C o m p o n e n t 

X 
Y 
z 

N 
E 
u 

E a r t h O r i e n t a t i o n R e s u l t s T h e 

V a l u e 
( m m ) 

- 2 0 . 6 
- 5 . 8 
- 1 . 9 

- 9 . 9 
- 1 5 . 8 
+ 1 0 . 7 

t w o m o s t s igni f i 

E r ro r 
( m m ) 

3 .6 
4 . 5 
4 . 7 

3 . 5 
3 . 3 
5 .4 

c a n t c h a n g e s m a d 
a n a l y s i s p r o c e d u r e s for E O P r e s u l t s a r e : 1) A n e w r e f e r e n c e e p o c h w a s s e l e c t e d for 
w h i c h E O P v a l u e s a r e f ixed to e s t a b l i s h the r e l a t i v e o r i e n t a t i o n s of 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 . 2) H e r r i n g ' s [1992] m o d e l for 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 t h e p o l a r X a n d Y c o o r d i n a t e s a n d in U T l is n o w a p p l i e d i n t h e 
m o d e l l i n g to i n t e r p o l a t e a priori E O P v a l u e s . T h e c o n s e q u e n c e s of t h e s e c h a n g e s a r e 
c o n s i d e r e d b e l o w . 

T h e n e w E O P 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) w a s s e l e c t e d b e c a u s e 
t w o l a r g e , i n d e p e n d e n t VLBI n e t w o r k s r a n s i m u l t a n e o u s l y t h a t d a y ; s e e C a r t e r et al. 
[1993]. A to ta l of n i n e VLBI a n t e n n a s w e r e u s e d p r o d u c i n g 2062 u s a b l e o b s e r v a t i o n s . 
S ix of t h e s t a t i o n s a r e ( o r h a v e b e e n ) e l e m e n t s of t h e r e g u l ä r E O P - m o n i t o r i n g 
n e t w o r k s a n d m o s t of the s t a t i o n s r o u t i n e l y p r o d u c e h i g h - q u a l i t y d a t a . T h e c o m b i n e d 
d a t a s e t s h o u l d y i e ld E O P e s t i m a t e s of u n s u r p a s s e d q u a l i t y . T h i s fac tor i s i m p o r t a n t 
b e c a u s e t h e f o r m a l e r r o r s of t h e r e f e r e n c e d a y p r o p a g a t e t h r o u g h o u t t h e So lu t i on to 
i n f l u e n c e t h e f o r m a l e r r o r d e t e r m i n a t i o n s o n all o t h e r d a y s . L i k e w i s e , t h e n e t w o r k 
i n t e r c o n n e c t a b i l i t y is i m p o r t a n t t o e n s u r e t h a t all s t a t i o n s a n d n e t w o r k s a r e a d e q u a t e l y 
r e l a t e d t o t h e E O P v a l u e s a t t h e r e f e r e n c e e p o c h . T h e p a r t i c u l a r c h o i c e for f ixed E O P 
r e f e r e n c e d a y is b e t t e r in t h e s e r e s p e c t s t h a n a n y o t h e r t ha t w e a r e a w a r e of. 

F i g u r e 1 s h o w s t h e e v o l u t i o n of t h e E O P f o r m a l S t a n d a r d e r r o r s for U T l , X 
p o l e p o s i t i o n , a n d t h e n u t a t i o n offset i n o b l i q u i t y f r o m t h e c o m b i n e d E O P ( N O A A ) 93 
R 04 a n d 05 d a t a se t s . T h e t r e n d s a r e s imi l a r in all t he E O P c o m p o n e n t s . T h e d e n s e 
b a n d of p o i n t s c o r r e s p o n d s l a r g e l y t o m e a s u r e m e n t s b y t h e r e g u l ä r I R I S - A a n d 
N A V N E T E O P - m o n i t o r i n g n e t w o r k s t o g e t h e r w i t h N A S A g l o b a l s e s s i o n s . T h e r e is a 
d r a m a t i c d r o p i n t h e u n c e r t a i n t i e s d u r i n g 1984 w i t h t h e e s t a b l i s h m e n t of t h e fou r -
s t a t i o n IRIS-A E O P n e t w o r k , w h i c h o p e r a t e d a t f i v e - d a y i n t e r v a l s , a n d w i t h t h e 
i n s t a l l a t i o n of c r y o g e n i c a l l y c o o l e d FET-ampl i f i e r r e c e i v e r s . Af te r t h a t , t h e d e c l i n e in 
f o r m a l u n c e r t a i n t i e s is g r a d u a l b u t s t e a d y u n t i l m i d - 1 9 8 9 w h e n H R A S - 0 8 5 w a s 
r e p l a c e d b y M O J A V E 1 2 in IRIS-A, e x p a n d i n g t h e g e o m e t r i c e x t e n t of t h e n e t w o r k . 
S ince t h e d r o p in 1989, t h e e r r o r s h a v e d e c l i n e d o n l y s l igh t ly . T h r o u g h o u t t h e p e r i o d 
t h e r e h a v e b e e n o c c a s i o n a l O b s e r v a t i o n s e s s i o n s w i t h s m a l l e r n e t w o r k s t h a t a r e n o t 
r o b u s t for E O P d e t e r m i n a t i o n s , p r i m a r i l y i n v o l v i n g t h e m o b i l e VLBI S y s t e m s e n g a g e d 
i n r e g i o n a l m e a s u r e m e n t c a m p a i g n s . T h e r e is a l so a se t of p o i n t s f o r m i n g t h e Tower 
e n v e l o p e of t h e t r e n d ( e spec ia l ly e v i d e n t in t h e p l o t of U T l f o r m a l e r r o r s ) , b e g i n n i n g 
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Fig. 1. EOP formal errors for U T l (top), X (middle) , and nutat ion obl iquity (bottom). 
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in 1984, that c o m e s from the N A S A POLAR series , w h i c h u s e s a c ircum-polar n e t w o r k 
of northern h e m i s p h e r e s tat ions . The fact that the P O L A R resul ts are constant o v e r 
the ent ire p e r i o d i m p l i e s that the overal l dec l in ing trend of the other n e t w o r k s is n o t 
l ike ly to b e an artifact of increas ing prox imi ty to the EOP reference date , s h o w n in 
Figure 1 b y a smal l tic mark a long the t ime axis . T h e current rout ine EOP prec i s ions 
are about 150-250 | ias for X a n d Y p o l e pos i t ion , 5-10 p,s for U T l , and 100-150 jias for 
obl iquity . 

G i v e n m e a s u r e m e n t prec i s ions of this leve l , it is e x p e c t e d that account ing for 
d iurnal a n d s e m i - d i u r n a l t idal EOP var iat ions , w h i c h h a v e a m p l i t u d e s of 0.5-1 m a s 
[Herr ing , 19921, s h o u l d p r o d u c e sma l l but n o t i c a b l e i m p r o v e m e n t s . O u r a n a l y s i s 
i n c l u d e s Herring's m o d e l for these effects as part of the interpolat ion p r o c e d u r e u s e d 
to form a priori EOP v a l u e s , in add i t ion to the tidal m o d e i s r e c o m m e n d e d in the IERS 
Standards ( see Carter et al, 1993). W e observe an i m p r o v e m e n t in the g lobal fit of the 
VLBI d e l a y data by 2.4% u s i n g that m o d e l . In addi t ion , w e h a v e f o u n d in test Solut ions 
that a l iased U T l p o w e r is r e m o v e d w h e n Herring's m o d e l is app l i ed . The tests w e r e 
d o n e w i t h a n d w i t h o u t the a d d i t i o n of a U T l - r a t e (or l ength-of -day) parameter ( the 
ad jus tment s b e i n g d o n e at c o n v e n t i o n a l m i d n i g h t e p o c h s ) a n d the s p e c t r u m of the 
re su l t ing U T l d i f ferences w a s a n a l y z e d . Dis t inct p e a k s s h o w u p in the d i f ference 
s p e c t r u m near fortnight ly ( - 1 4 | is a m p l i t u d e ) , w e e k l y ( - 1 0 (is), a n d a n n u a l (~7 (is) 
per iods . A p p l y i n g Herring's m o d e l r e m o v e s these p e a k s w h e n the d i f ference test is 
repeated. 

T h e N O A A EOP v a l u e s report total quant i t ies (except for the nuta t ion 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 iurnal a n d s emi -d iurna l EOP var iat ions , together w i t h adjus t 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 s e s s ion , these t ime ser ies s h o u l d ful 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 hours . Res idual 
u n m o d e l l e d var ia t ions wi l l occur , pr imari ly d u e to e x c h a n g e of angu lar m o m e n t u m 
w i t h the a tmosphere . These incoherent variat ions are very effect ively a v e r a g e d o u t in 
o u r ana lys i s for t h o s e c o m p o n e n t s w i t h t ime d e p e n d e n c i e s propor t iona l to tn for n 
o d d o v e r the 24 -hour o b s e r v i n g se s s ions ; s u c h var iat ions wi l l b e a t t e n u a t e d but not 
fu l ly a v e r a g e o u t for those c o m p o n e n t s h a v i n g t ime d e p e n d e n c i e s proport iona l to t n 

w i t h n e v e n o v e r 24 -hour p e r i o d s . T h u s , there is n o a d v a n t a g e to u s i n g EOP rate 
p a r a m e t e r s i n a d d i t i o n to the of fset p a r a m e t e r s a l r e a d y i n c l u d e d . I n d e e d , s u c h 
parameters wi l l d e g r a d e the precis ion of the results s ignif icantly. 
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I n t e n s i v e U T l Resu l t s . Early s t u d i e s of the U T l resu l t s o b t a i n e d from the 
1-hour s ing le -base l ine IRIS Intens ive s e s s ions es t imated their accuracy to b e about 100 
p,s [Robertson et al, 1985]. A major port ion of the error w a s attributed to inaccuracies 
in the a priori v a l u e s for X and Y po le pos i t ion . (The Intens ives t h e m s e l v e s w e r e not 
i n t e n d e d to p r o v i d e i n d e p e n d e n t es t imates of the po le posi t ion.) It is n o w poss ib l e to 
e v a l u a t e the accuracy of the Intens ives in a m o r e direct w a y than w a s poss ib le then by 
c o m p a r i n g U T l d e t e r m i n a t i o n s w i t h e s t i m a t e s f rom c o i n c i d e n t VLBI o b s e r v i n g 
s e s s i o n s . A l t o g e t h e r there are 320 Intens ive se s s ions b e t w e e n 1985.5 a n d 1993.0 that 
o v e r l a p w i t h a 2 4 - h o u r m u l t i - b a s e l i n e VLBI s e s s i o n . T h e t i m e s e r i e s of U T l 
d i f f e r e n c e s o b t a i n e d f r o m t h e s e c o i n c i d e n t s e s s i o n s is s h o w n in F igure 2. T h e 
w e i g h t e d rms ( w r m s ) U T l difference is 65.1 JIS w i t h a w e i g h t e d m e a n of 6.3 jis. To 
quant i fy the m a g n i t u d e of errors i n d u c e d b y interpolat ion of X a n d Y va lues , w e h a v e 
a l s o e x a m i n e d the subse t of 60 Intens ives co inc ident w i t h U S N O N A V N E T s e s s i o n s 
( b e t w e e n 1991.4 a n d 1993.0). In this c o m p a r i s o n , X a n d Y interpolat ion errors are 
n e g l i g i b l e b e c a u s e the N A V N E T s e s s i o n s t h e m s e l v e s are c o n t a i n e d in our a priori 
EOP series , w h i c h is not true of the remain ing c o m p a r i s o n set. The w r m s difference 
in U T l v a l u e s for this subset is 56.4 \xs w i th a m e a n of 12.4 (is. S ince the prec is ion of 
the N A V N E T U T l de terminat ions is about 10 |is or better, w e infer that the intrinsic 
a c c u r a c y of t h e I n t e n s i v e U T l d e t e r m i n a t i o n s is a b o u t 55 | i s . Errors in the 
interpolat ion of X a n d Y v a l u e s contribute rough ly 30-40 | is of addi t ional (quadratic) 
uncertainty in the typical case. 

UTl QiH«r«nc«» (Inltnuvn - MuH'- Bo««ti"«) 

Fig. 2. Di f ferences in U T l from IRIS Intens ives a n d co inc ident mul t i -base l ine VLBI 

s e s s i o n s . 
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Sys temat ic Errors. There are t w o basic approaches u s e d to as ses s the accuracy of 
VLBI results: 1) e x a m i n a t i o n of the cons i s t ency of repeated de terminat ions of g e o d e t i c 
q u a n t i t i e s ; 2) c o m p a r i s o n of VLBI d e t e r m i n a t i o n s w i t h t h o s e f r o m i n d e p e n d e n t 
t e c h n i q u e s . Repeatabi l i ty s t u d i e s are e s p e c i a l l y w e l l s u i t e d to e s t i m a t i n g the VLBI 
Per formance for terrestrial p o s i t i o n de terminat ions . MacMi l lan a n d Ray [19911 h a v e 
taken this a p p r o a c h to infer l o n g - t e r m repeatabi l i t ies for v a r i o u s t y p e s of o b s e r v i n g 
s e s s i o n s . Their resul ts are s h o w n in Table 5 for three subse t s of o b s e r v i n g s e s s ions . 
T h e füll se t of Mark III VLBI data i n c l u d e s m a n y m o b i l e VLBI base l ines f rom smal l 
reg ional n e t w o r k s w h i c h are s e v e r e l y l imi ted in l o w - e l e v a t i o n a n g l e coverage . This 
factor a c c o u n t s for the p o o r e r vert ical P e r f o r m a n c e for the füll da ta se t . S in ce 
re lat ively f e w m o b i l e VLBI s e s s i o n s are i n c l u d e d in our ana lys i s , the IRIS-A v a l u e s in 
Table 5 s h o u l d b e r o u g h l y representa t ive of our results . The formal errors for the 
Station p o s i t i o n s u n d e r e s t i m a t e the o b s e r v e d repeatabi l i t ies by a factor of 2.5 for the 
vert ical c o m p o n e n t s of the N A S A R & D s e s s i o n s , k n o w n as the A T D ser ies , but b y 
o n l y a b o u t 35% for the hor izonta l c o m p o n e n t s . This is cons i s t ent w i t h the genera l 
v i e w that uncal ibrated errors in m o d e l l i n g the tropospher ic p r o p a g a t i o n effect, w h i c h 
primari ly d e g r a d e vertical de terminat ions , d o m i n a t e the VLBI error b u d g e t . In their 
c o m p a r i s o n of 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 geocentr i c Station c o o r d i n a t e s for 18 
pa irs of VLBI a n d sate l l i te laser r a n g i n g s ta t ions , Ray et al. [1991] f o u n d w r m s 
di f ferences of 15-22 m m per c o m p o n e n t (after a s e v e n - p a r a m e t e r frame adjustment) . 
Their results are cons is tent w i t h the overall formal errors of both techniques b e i n g too 
small by a factor of about 2. 

Table 5. VLBI Posit ion Repeatabilit ies b y Sess ion T y p e 3 

o v 

(mm) 

OH 

(mm) 

O L 

1000 k m 
(mm) 

5000 k m 
( m m ) 

Average of all 
Mark III data 26.4 

IRIS-A (1990) 13.3 

NASA R&D (ATDs) 11.0 

4.9 

3.5 

2.3 

7.5 

5.1 

3.5 

16.0 

8.6 

6.8 

a L o n g - t e r m repeatabi l i t ies of Station vertical and hor izonta l p o s i t i o n 
c o m p o n e n t s and of base l ine l ength for t w o d is tances , from 
MacMil lan and Ray [1991]. 

U s i n g a t h r e e - d i m e n s i o n a l Station p o s i t i o n accuracy of 15 m m from the 
o p e r a t i o n a l VLBI E O P - m o n i t o r i n g n e t w o r k s , the a s s o c i a t e d a c c u r a c y for the E O P 
es t imates is about 480 | ias, approx imate ly 2-3 t imes the formal uncerta inty level . This 
l eve l is cons i s t en t w i t h c o m p a r i s o n s of 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 X a n d Y p o l e 
p o s i t i o n m a d e u s i n g GPS o b s e r v a t i o n s [Herr ing et al, 1991] . There are reasons to 
expec t poorer Per formance in s o m e cases , h o w e v e r . For e x a m p l e , w e h a v e o b s e r v e d 
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that w h e n o n e or m o r e VLBI s t a t i o n s of a three-s ta t ion n e t w o r k ( the m i n i m u m 
n u m b e r n e e d e d to d e t e r m i n e all EOP c o m p o n e n t s i n d e p e n d e n t l y ) suffers a sus ta ined 
l o s s of data, the EOP v a l u e s can be in error by m o r e than 1 m a s (based o n c o m p a r i s o n 
w i t h G P S es t imates ) e v e n t h o u g h the formal uncertaint ies are affected o n l y s l ight ly . 
In pract ical t e r m s , this S i tuat ion can be large ly a v o i d e d b y d e s i g n i n g o b s e r v i n g 
n e t w o r k s w i t h suf f i c i ent r e d u n d a n c y to m i n i m i z e the e f fec ts of d a t a o u t a g e s . 
N e v e r t h e l e s s , it is clear that a better unders tand ing of the sys temat ic errors i s n e e d e d . 
O n e particularly w e l l d o c u m e n t e d e x a m p l e of a long-term sys temat ic error is the n o n ­
l inear m o t i o n of the H R A S 8 5 - 3 VLBI s i te at Ft. D a v i s , TX, U S A [e.g., H e r r i n g a n d 
D o n g , 1991]. Since our data analys is a s s u m e s linear site mot ions , the dev ia t ions ( u p to 
several c m at the Ft. D a v i s site, m o s t l y in the local vertical) wi l l be partial ly absorbed 
in to the EOP es t imates . Unfortunate ly , the effect of the Ft. D a v i s m o t i o n is e spec ia l ly 
p r o n o u n c e d b e c a u s e that s i te w a s the w e s t e r n m o s t e l e m e n t in the IRIS-A n e t w o r k for 
about e ight years . W h i l e this appears to be the m o s t o b v i o u s case, smal ler non- l inear 
m o t i o n s are l ikely at other sites [Herring and D o n g , 1991]. 

W e apprec iate the Cooperation and ass is tance of the IERS/Central Bureau staff 
in e v a l u a t i n g earlier N O A A test Solutions. 
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S u m m a r y descr ip t ion of the 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 the set of Station c o o r d i n a t e s 
S S C ( N O A A ) 93 R 02 

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 la t 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 S ta t ion : 

7 - Tec ton 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 : 

B a n d w i d t h - s y n t h e s i s M a r k III VLBI 

N O A A VLBI A n a l y s i s C e n t e r , N / O E S 1 3 
11400 R o c k v i l l e P i k e R o c k v i l l e , M D , 
U S A 20852 

Solut ion r u n d a t e = 0 9 / 0 3 / 9 3 17:23:57 

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 
co r r e l a t i on ; DE200 e p h e m e r i d e s , C A L C -
7.6, a n d SOLVE-3 for d a t a a n a l y s i s 

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 in s o l a r 
S y s t e m b a r y c e n t r i c S y s t e m ; T e r r e s t r i a l 
s i te 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 ) 

N o c o r r e c t i o n is a p p l i e d to 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 id E a r t h t i d e m o d e l . 

N N R - N U V E L 1 is 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 
n i n e VLBI s i t es (see tex 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 to 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 es 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 . 

299792458. m / s 

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

10 - Re fe rence 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 fixed e p o c h 1991 A u g u s t 12 19:49:50 U T 
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11 - Adjus ted Parameters: XYZ geocentr i c Station 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 o n 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 all s i t e s at the ir 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 al l 
sources; p o l e X a n d Y coord inates , U T l , 
nutat ion l o n g i t u d e a n d ob l iqu i ty offsets 
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 
s e s s i o n ; U T l is the o n l y EOP adjus ted 
for 1 -hour I n t e n s i v e s e s s i o n s ; c l o c k 
p o l y n o m i a l coeff ic ients adjus ted for all 
b u t o n e Stat ion in e a c h o b s e r v i n g 
s e s s i o n ; a t m o s p h e r e of fset p a r a m e t e r s 
for each h o u r interval for e a c h Station 
for each 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 in 
the a n a l y s i s of t h e 1 -hour I n t e n s i v e 
s e s s i o n s ) 

12 - Def ini t ion of the Origin: T h e c o o r d i n a t e or ig in of the terrestrial 
re ference frame is spec i f i ed b y se t t ing 
t h e v e c t o r s u m of t h e a d j u s t e d 
c o o r d i n a t e s for 16 VLBI s i tes e q u a l to 
the c o r r e s p o n d i n g vector s u m for ITRF-
91 (see text); the r ight a s c e n s i o n or ig in 
of t h e c e l e s t i a l r e f e r e n c e f r a m e i s 
s p e c i f i e d b y s e t t i n g t h e s u m of t h e 
a d j u s t e d r ight a s c e n s i o n s for 36 r a d i o 
sources equal to the c o r r e s p o n d i n g s u m 
for ICRF-91 (see text) 

13 - Def ini t ion of the Orientation: T h e r e l a t i v e o r i e n t a t i o n o f t h e 
terrestrial a n d celestial reference frames 
is speci f ied b y f ixing the EOP v a l u e s to 
those interpolated from the EOP (IERS) 
90 C 04 series (corrected for the offsets 
a n d drift rates reported b y the IERS to 
g i v e c o n s i s t e n c y w i t h the ITRF-91 a n d 
ICRF-91 frames) for the reference e p o c h 
1991 A u g u s t 12 19:49:50; the i n t e r p o ­
lat ion m e t h o d is descr ibed in the text. 

14 - Constraint for T i m e Evolut ion: The secu lar trans la t iona l v e l o c i t y a n d 
r o t a t i o n a l v e l o c i t y of t h e terres tr ia l 
re ference f rame are s p e c i f i e d t h r o u g h 
constraints; see i t em 7 a b o v e a n d text. 
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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 in r i g h t a s c e n s i o n (füll l ine) a n d dec l inat ion 
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E O P ( N O A A ) 93 R 04 From Sep 1980 to Jul 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 uncertainties 
Uni t s : 0.001" for X, Y, 8y, 8e; 0.0001s for U T l 

YEAR 

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

Nb 

16 
6 

10 
17 
70 
71 
73 
73 
73 
72 
72 
89 

100 
46 

X 
Sigma 

0.67 
1.03 
1.13 
0.98 
0.68 
0.42 
0.41 
0.40 
0.34 
0.30 
0.22 
0.21 
0.22 
0.16 

Nb 

16 
6 

10 
17 
70 
71 
73 
73 
73 
72 
72 
89 

100 
46 

Y 
Sigma 

0.70 
1.14 
1.00 
1.77 
0.73 
0.44 
0.39 
0.39 
0.34 
0.28 
0.23 
0.22 
0.23 
0.17 

Nb 

16 
6 
10 
17 
70 
71 
73 
73 
73 
72 
72 
89 

100 
46 

UTl 
Sigma 

0.32 
0.56 
0.46 
0.73 
0.36 
0.21 
0.19 
0.18 
0.16 
0.14 
0.10 
0.10 
0.10 
0.06 

Nb 

16 
6 
10 
17 
70 
71 
73 
73 
73 
72 
72 
89 

100 
46 

6\|/ 
Sigma 

1.00 
1.32 
1.79 
1.60 
1.03 
0.60 
0.59 
0.57 
0.50 
0.43 
0.35 
0.33 
0.34 
0.28 

Nb 

16 
6 

10 
17 
70 
71 
73 
73 
73 
72 
72 
89 

100 
46 

Se 
Sigma 

0.34 
0.47 
0.52 
0.50 
0.36 
0.22 
0.21 
0.21 
0.19 
0.17 
0.15 
0.13 
0.14 
0.12 

E O P ( N O A A ) 93 R 05 F r o m Jul 1984 to D e c 1992 

N u m b e r of m e a s u r e m e n t s p e r yea 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, 5y, &; 0.0001s for U T l 

YEAR 
Nb Sigma Nb Sigma 

UTl 
Nb Sigma 

6y 
Nb Sigma Nb Sigma 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

8 
12 
19 
34 
38 
67 
80 
75 
93 

0.47 
0.34 
0.33 
0.35 
0.35 
0.31 
0.26 
0.19 
0.22 

8 
12 
19 
34 
38 
67 
80 
75 
93 

0.50 
0.32 
0.28 
0.32 
0.34 
0.30 
0.23 
0.17 
0.24 

8 
12 
19 
34 
38 
67 
80 
75 
93 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

,30 
,16 
.17 
.25 
.18 
.17 
.12 
.09 
.09 

8 
12 
19 
34 
38 
67 
80 
75 
93 

0.56 
0.42 
0.40 
0.50 
0.40 
0.44 
0.36 
0.32 
0.39 

8 
12 
19 
34 
38 
67 
80 
75 
93 

0, 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

.18 

.15 

.16 

.17 

.17 

.20 

.14 
,14 
,16 
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E O P ( N O A A ) 93 R 06 From Apr 1984 to A u g 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 U T l 

YEAR UTl 
Nb Sigma 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

64 
159 
237 
245 
255 
234 
261 
247 
222 
151 

0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0, 

.73 

.41 

.42 

.41 

.41 

.43 

.42 

.40 

.29 

.27 
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A N A L Y S I S O F THE IRIS VLBI INTENSIVE SESSIONS E O P ( O P A ) 9 3 R 0 1 

A.-M. Gontier , E. Eisop, M. Feissel 
Observato ire d e Paris - 61 A v e n u e d e l 'Observatoire 
75014 Paris, France 

T h e VLBI o b s e r v a t i o n s o b t a i n e d o v e r 1985-1992 o n the Wettze l l -West ford 
base l ine in the frame w o r k of the IRIS project h a v e b e e n analysed . The lat i tudes of the 
t w o s tat ions are respec t ive ly 49° a n d 43° N . The observat ions consis t of t w o scans of 
each of the four radio sources in the program (four scans s ince October 1991), repeated 
o n all d a y s w h e n n o 24 h rout ine IRIS-A is s c h e d u l e d . The Observation list inc ludes 
t w o h i g h dec l inat ion sources (0212+735, 1803+784), and t w o l o w e r dec l inat ion sources 
w h i c h are c h a n g e d about e v e r y three m o n t h s . This s c h e d u l i n g results in three-month 
batches w i t h constant g e o m e t r y and sidereal t ime of Observation. It w a s con ce ived as a 
c o m p r o m i s e b e t w e e n constra ints o n tropospher ic propagat ion errors, m o n i t o r i n g of 
the Station c locks a n d pract icabi l i ty of da i ly o b s e r v a t i o n s . It is o p t i m i s e d for the 
d e t e r m i n a t i o n of un iversa l t ime. F igure 1 s h o w s the d is tr ibut ion o n the sky of the 
p r o g r a m sources o v e r 1985-1992. 

90' 

24h 

Figure 1. Program sources in the IRIS intens ive 
observat ions . P : permanent ly observed, 
1, 2 , 3 , 4 : observed dur ing the correspon­
d i n g trimester. 

W i t h t h e o b s e r v a t i o n s 
ava i lab le , the o n l y parameters 
w h i c h can b e es t imated together 
w i t h U T 1 - U T C from o n e s e s ­
s ion are the clock difference and 
the clock difference rate be tween 
the t w o stations. The three para­
meters are a s s u m e d to be cons ­
tant o v e r the 45 m i n u t e s of Ob­
servat ion. The space- t ime struc-
ture of the scans result in a h igh 
n e g a t i v e c o r r e l a t i o n b e t w e e n 
U T 1 - U T C a n d the c lock dif fe­
rence (-0.8 in the bes t c a s e s ) , 
a n d a satisfactory decorre lat ion 
( smal l er than 0.6 in a b s o l u t e 
v a l u e ) for the o t h e r pa ir s of 
parameters . 

A s a result of the year ly return of a similar source program (see Fig. 1), the 
correlation s c h e m e is r o u g h l y reproduced wi th a yearly cycle. 

IERS(1993) Technical Note No 14. 
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The data analys i s inc ludes the adopt ion of f ixed v a l u e s for the coordinates of 
s tat ions a n d sources , for the p o l e coordinates (x, y) a n d the celestial po l e offsets (dy , de). 
Al l v a l u e s w h e r e a d o p t e d from h o m o g e n e o u s IERS r e s u l t s : SSC(IERS) 9 2 C Ol 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) 92 C Ol for t h e ce les t i a l 
f r a m e , a n d EOP( IERS) 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 
( c o r r e c t e d for the b i a s r e c o m m e n d e d in t h e 1991 I E R S A n n u a l R e p o r t , p . 11-13). 
C o n s i d e r i n g an a c c u r a c y of ±0.5 m a s o n e a c h of t h e a prioris, H e f t y a n d G o n t i e r (1993), 
h a v e s t u d i e d the e r r o r p r o p a g a t i o n a n d t h e effect of t h e q u a r t e r l y s t r u c t u r e d p r o g r a m . 
T h e y c o n c l u d e t h a t the h i g h e s t s e n s i t i v i t y of U T 1 - U T C is w i t h r e s p e c t t o t h e s o u r c e 
p o s i t i o n s and the ce les t ia l p o l e offsets , at t h e level of 0.03 m s t o 0.05 m s . 

M o d e l l i n g of o b s e r v a t i o n s i s m a d e w i t h the F r e n c h - d e v e l o p p e d S o f t w a r e 
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 pecu 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 les 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 (or 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 is 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 ences in 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 BDL2000 e p h e m e r i s ( C h a p r o n t - T o u z e a n d C h a p r o n t 1983 , 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 w a s p e r f o r m e d b y u s i n g a n Li 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 to b e l e s s s e n s i t i v e to 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). 

T h e r e s u l t s i n c l u d e 1837 i n d i v i d u a l d e t e r m i n a t i o n s of U T 1 - U T C w i t h 9 5 % 
of f o r m a l u n c e r t a i n t i e s s m a l l e r t h a n 0.07 m s . T h e a c t u a l e x i s t e n c e of d i s c o n t i n u i t i e s 
c o r r e s p o n d i n g to t h e q u a r t e r l y c h a n g e of t h e o b s e r v i n g p r o g r a m w a s i n v e s t i g a t e d b y 
c o m p a r i s o n w i t h E O P ( G S F C ) 93 R 01 ( M a et al, 1993). T h e q u a r t e r l y d i f f e rences f o u n d 
a r e l i s t ed in T a b l e 1. M o s t of t h e c h a n g e s a r e s ign i f ican t a t t h e 3a leve l , t h e i r r m s v a l u e 
is ±0.03 m s , c o n s i s t e n t w i t h t h e Hef ty a n d G o n t i e r (1993) e x p e c t a t i o n . 

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 to 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 to J. S o u c h a y ( P a r i s O b s e r v a t o r y ) for t h e Li 
n o r m e s t i m a t i o n Sof tware . 
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Table 1. Quarterly U T l differences of EOP(OPA) 93 C Ol with EOP(GSFC) 93 R Ol 
Unit: 0.0001 s 

Date 

1985.36 
1985.64 
1985.91 

1986.13 
1986.37 
1986.66 
1986.91 

1987.12 
1987.37 
1987.65 
1987.90 

1988.13 
1988.37 
1988.62 
1988.88 

bias 

-0.92 
-0.58 
-0.51 

-1.74 
-0.63 
-0.95 
-0.50 

-1.34 
-0.89 
-2.24 
-0.62 

-1.45 
-1.00 
-2.11 
-1.69 

± 
± 
± 

± 
± 
± 
+ 

± 
± 
± 

± 
± 
± 
± 

0. 
0, 
0. 

0, 
0. 
0, 
0. 

0, 
0. 
0, 
0. 

0. 
0. 
0. 
0. 

.14 

.09 

.10 

.08 

.07 

.09 

.11 

.12 

.08 

.07 

.06 

,08 
,05 
.08 
.11 

rms 
resid 

0.94 
0.72 
0.70 

0.56 
0.57 
0.84 
0.77 

0.89 
0.63 
0.62 
0.42 

0.65 
0.43 
0.67 
0.81 

Date 

1989.13 
1989.38 
1989.62 
1989.88 

1990.16 
1990.41 
1990.62 
1990.88 

1991.13 
1991.39 
1991.62 
1991.87 

1992.13 
1992.37 
1992.62 
1992.89 

-1, 
-0, 
-1, 
-2 

-1. 
-1, 
-0, 
-1, 

-1, 
-1, 
-0. 
-1. 

-1, 
-0. 
-0, 
-1. 

b 

.64 

.91 

.25 

.09 

.42 

.09 

.73 

.26 

.32 

.19 

.87 

.31 

,40 
.41 
.89 
.20 

las 

± 
± 
± 
± 

± 
± 
± 

± 
± 
± 

+ 
± 
± 
± 

0, 
0, 
0. 
0. 

0, 
0, 
0, 
0. 

0. 
0. 
0. 
0. 

0. 
0, 
0. 
0. 

.08 

.03 

.07 

.12 

.05 

.06 

.11 

.09 

.06 

.09 

.09 
,09 

,06 
.07 
.08 
.08 

rms 
resid 

0.63 
0.27 
0.54 
0.79 

0.48 
0.43 
0.89 
0.72 

0.46 
0.65 
0.77 
0.62 

0.44 
0.52 
0.55 
0.55 
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EOP(OPA) 93 R Ol From April 1985 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 and m e d i a n uncertaint ies 
U n i t s : 0.001" for U T l 

YEAR UTl 
Nb Sigma 

1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

157 
236 
245 
255 
233 
261 
239 
211 

0.34 
0.31 
0.32 
0.28 
0.27 
0.27 
0.25 
0.21 
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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 VLBI M E A S U R E M E N T S 

S H A 9 3 R Ol 

Z h a o M i n g , Y a n g Z h i g e n , W a n g G u a 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 e s e A c a d e m y of Sc iences , S h a n g h a i 200030, P .R .Ch ina 

I n 1992 t h e VLBI a n a l y s i s c e n t e r a t t h e S h a n g h a i O b s e r v a t o r y of C h i n e s e 
A c a d e m y of Sc iences 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 t h e d a t a of 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 f i v e - d a y i n t e r v a l b e f o r e A u g u s t 1991 a n d a t s e v e n - d a y 
i n t e r v a l a f te r S e p t e m b e r 1991 u n d e r t h e I R I S - A ( 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 - A t l a n t i c p ro j ec t ) . T h e S t a n d a r d c o n f i g u r a t i o n of t h e IRIS-A VLBI n e t w o r k 
c o n s i s t s of 7 s t a t i o n s , i.e. W e s t f o r d , H R A S , R i c h m o n d , W e t t z e l l , M o j a v e , O n s a l a , a n d 
A l g o p a r k O b s e r v a t o r y . T h e g e o d e t i c VLBI d a t a s ince 1984 h a v e b e e n k e p t in a r c h i v e s . 
H o w e v e r , o n l y t h e d a t a s i nce O c t o b e r 1989 ( i n c l u d i n g t h e d a t a of VLBI e x p e r i m e n t s of 
s o m e o t h e r VLBI n e t w o r k ) c a n b e r e a d o u t b y t h e m a i n C o m p u t e r ( s u n 4 7 0 ) of 
S h a n g h a i O b s e r v a t o r y . It is i m p o s s i b l e to c a l c u l a t e t h e ce les t ia l a n d t e r r e s t r i a l f r a m e s 
b y u s i n g o n l y t h e s e d a t a w i t h t h e a d e q u a t e accu rac i e s . T h e r e f o r e , in th i s a n a l y s i s , t h e 
ce les t ia l f r a m e w a s t a k e n f rom t h e r e s u l t s of a g loba l VLBI Solu t ion of t h e VLBI g r o u p 
a t N A S A G o d d a r d S p a c e F l igh t C e n t e r w h i c h c o n t a i n s all M a r k III S / X e x p e r i m e n t s 
f r o m A u g u s t 1979 to Ju ly 1990 ( M a et al, 1990). T h e Sta t ion p o s i t i o n s w e r e a l so t a k e n 
f r o m t h e s e r e s u l t s w h i c h i n c l u d e c o n t i n e n t a l drif t p a r a m e t e r s for e a c h Sta t ion. 

T h e d a t a of d u a l - f r e q u e n c y M a r k III d e l a y s w e r e u s e d t o e s t i m a t e t h e 
c o o r d i n a t e s of t h e p o l e a n d U T l f rom O c t o b e r 1989 to J u n e 1992 w i t h t h e C A L C 7.1 
S O L V K S o f t w a r e S y s t e m . In a d d i t i o n t o 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 , t h e 
e s t i m a t i o n s of n u t a t i o n a n g l e s a n d t h e d r y a t m o s p h e r i c z e n i t h t i m e d e l a y for e a c h s i te 
w e r e a l so o b t a i n e d . T h e b e h a v i o r of t h e s i te c locks for e a c h d a y w a s s imi l a r ly e s t i m a t e d 
u s i n g K a i m a n F i l t e r ing . 

T h e b a s i c m o d e i s u s e d to ca l cu la t e t h e VLBI d e l a y s a r e c o n s i s t e n t w i t h t h e IERS 
S t a n d a r d s w h i c h i n c l u d e I A U (1980) n u t a t i o n , so l id e a r t h t i d e (h2 = 0.60967, 12 = 0.085) 
c o r r e c t i n g t h e K l t e r m b u t n o t 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 , p o l e - t i d e , ve r t i ca l 
o c e a n l o a d i n g b u t n o t h o r i z o n t a l t e r m s , C h a o d r y a n d w e t t r o p o s p h e r e m a p p i n g , 
D E 2 0 0 s o l a r S y s t e m e p h e m e r i d e s , a n d a m o d i f i e d Y a n g a n d Z h a o (1992) VLBI t i m e 
d e l a y w i t h 1 p s a c c u r a c y w h i c h differ f rom S h a p i r o et al (1989) a n d H e l l i n g s (1986) t i m e 
d e l a y i n s o m e a d d i t i o n a l t e r m s c a u s e d b y t h e g e o c e n t r i c v e l o c i t y V. T h e N N R -
N U V E L 1 p l a t e m o d e l w a s a d o p t e d i n s t e a d of AMO-2 a n d n o m o d e l for a t m o s p h e r i c 
l o a d i n g is u s e d . T h e a priori p o l e p o s i t i o n for e a c h Obse rva t i on w a s i n t e r p o l a t e d w i t h 
a s p l i n e m e t h o d f r o m t h e f i v e - d a y GLB621 se r i e s . T h e a priori U T l v a l u e for e a c h 
O b s e r v a t i o n w a s d e r i v e d f r o m t h e f i ve -day IERS c o n c r e t e se r ies b y first r e m o v i n g t h e 
IERS S t a n d a r d t i d a l m o d e l , i n t e r p o l a t i n g w i t h a s p l i n e to t h e e p o c h of Obse rva t ion , a n d 
t h e n r e s t o r i n g t h e S t a n d a r d t ida l m o d e l . 

IERS(1993) Technical Note No 14 
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T h e c o m p l e t e Earth Orientat ion P a r a m e t e r s and adjus tment of n u t a t i o n a n g l e s 
t ime series is d e s i g n a t e d S H A 93 R Ol. 

A c k n o w l e d g m e n t s . The g e o d e t i c VLBI data from D e c e m b e r 1992 to A u g u s t 1992 is 
s u p p l i e d b y Dr. S. M a n a b e , Nat iona l Astronomica l Observatory , M i z u s a w a - s h i , Japan. 
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E O P ( S H A ) 93 R 01 F r o m O c t 1989 to J u n 1992 

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 

1989 
1990 
1991 
1992 

Nb 

15 
70 
36 
31 

X 
Sigma 

0.21 
0.16 
0.15 
0.18 

Nb 

15 
70 
36 
31 

Y 
Sigma 

0.20 
0.17 
0.16 
0.19 

Nb 

15 
70 
36 
31 

UTl 
Sigma 

0.12 
0.09 
0.08 
0.09 

Nb 

15 
70 
36 
31 

8\|/ 
Sigma 

0.35 
0.28 
0.29 
0.31 

Nb 

15 
70 
36 
31 

8e 
Sigma 

0.16 
0.13 
0.11 
0.13 
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E A R T H O R I E N T A T I O N RESULTS FROM THE U.S. N A V A L OBSERVATORY VLBI 
P R O G R A M U S N O 93 R Ol 

T.M. Eubanks , B.A. Archinal , M.S. Carter, F.J. Josties, D . N . Matsakis , 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 

A s part of its part ic ipat ion in the Nat iona l Earth Orientat ion Service (NEOS) 
t h e 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 Very L o n g Base l ine 
Interferometry (VLBI) to moni tor c h a n g e s in the orientat ion of the Earth o n a regulär 
bas i s . N E O S is a Joint coopera t ive effort of the U S N O and the Nat iona l Ocean ic and 
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 this VLBI p r o g r a m is d e s i g n e d to 
c o m p l e m e n t the observa t ions coord inated b y the N O A A as part of the International 
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 (IRIS) s u b c o m m i s s i o n . T h e N a v a l R e s e a r c h 
Laboratory (NRL) a n d the Crustal D y n a m i c s Project VLBI g r o u p at the N a t i o n a l 
A e r o n a u t i c s and Space Admin i s t ra t ion ( N A S A ) G o d d a r d Space Flight Center (GSFC) 
a l s o a s s i s t e d in t h e d e v e l o p m e n t of the p r o g r a m . 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 ienta t ion of the Earth in s p a c e from Mark III VLBI 
observat ions . Current N A V N E T Operations consist of o n e 24-hour durat ion o b s e r v i n g 
s e s s i o n per w e e k , a t w o - h o u r dura t ion N A V N E T I N T e n s i v e ( N A V I N T ) o b s e r v i n g 
se s s ion o n another day of the w e e k , and special N A V N E T EXperimental (or N A V E X ) 
s e s s i o n s o n an irregulär basis . These data are u s e d to es t imate U T l , polar m o t i o n and 
n u t a t i o n for i n c l u s i o n in the Internat ional Earth Rotat ion Serv ice (IERS) c o m b i n e d 
Solut ions . Al l of the currently avai lable 24-hour-durat ion N A V N E T and N A V E X data 
are p r o v i d e d in this report in a un i form reduct ion u s i n g the N a v y 1993-9 reference 
frame, w h i c h wi l l a l so be described. 

T h e U S N O VLBI p r o g r a m b e g a n observat ions in June, 1987, w i th a series of 
8 -hour G N U T ( G o d d a r d - N a v y UT) 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 basis u s ing the Maryland, Alaska, H a w a i i and 
Florida antennas . O n e 24-hour G N U T w a s o b s e r v e d in September , 1988; m o n t h l y 24-
h o u r N A V N E T s c o m m e n c e d in Apri l , 1989, and all of the w e e k l y N A V N E T s h a v e 
b e e n n o m i n a l l y 24 h o u r s in durat ion s ince June 27, 1989. The operat ional N A V N E T 
current ly i n c l u d e s the VLBI stat ions at Gi lmore Creek, Alaska , K o k e e Park, H a w a i i , 
a n d Green Bank, W e s t Virginia. In the past , the s tat ions at R i c h m o n d , Florida a n d 
M a r y l a n d Point , Mary land , partic ipated in the operat ional N A V N E T , and the s tat ions 
at Wet tze l l , G e r m a n y , a n d Matera, Italy, h a v e been u s e d operat iona l ly w h e n o n e or 
m o r e of the regulär s ta t ions w e r e unava i lab le . At present , o n e 24 - h ou r N A V N E T 
e x p e r i m e n t is s c h e d u l e d every week; starting in May , 1991, the N A V N E T s c h e d u l e s 
w e r e coordinated w i t h the s c h e d u l e s of the IRIS-A exper iments arranged b y N O A A s o 
that the IRIS-A o b s e r v i n g ses s ions nomina l ly Start o n the M o n d a y , and the N A V N E T 
s e s s i o n s o n the Thursday , of each w e e k . The N A V N E T data are red u ced and re leased 
to N E O S and the IERS o n a regulär basis; typical process ing t imes are n o w o n the order 
of 5 d a y s from the acquis i t ion of data to re lease of the final resul ts for the regulär 
N A V N E T data. 

IERS(1993) Technical Note No 14. 
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U n t i l A u g u s t , 1992 , o p e r a t i o n a l N A V N E T o b s e r v i n g s e s s i o n s r o u t i n e l y 
i n c l u d e d the R i c h m o n d , Florida, Station. Short ly after N A V N E T - 1 9 0 (20-21 A u g u s t ) 
t h e R i c h m o n d t e l e s c o p e w a s d e s t r o y e d b y H u r r i c a n e A n d r e w , r e d u c i n g the 
operat ional N A V N E T to 3 s tat ions . Short ly after N A V N E T 193 (10-11 September) the 
i s land of Kauai w a s Struck b y Hurr icane Iniki. A l t h o u g h the VLBI antenna w a s not 
s er ious ly d a m a g e d i n this Hurr icane , all commerc ia l p o w e r w a s lost , a n d the Kauai 
Station d i d not r e s u m e Operations until N A V N E T 202 (12-13 N o v e m b e r ) . D u r i n g this 
e x t e n d e d p e r i o d N A V N E T Operations c o n t i n u e d u s i n g the Matera a n d Wet tze l l VLBI 
stat ions together w i t h the regulär West Virginia and Alaska N A V N E T stat ions . 

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 di G e o d e s i a 
S p a z i a l e , the N A V N E T p r o g r a m in i t ia ted in October , 1991 , a s er i e s of m o n t h l y 
N A V N E T exper imenta l (NAVEX) observ ing 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 Alaska, H a w a i i and 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 in 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 , 
H a r t e b e e s t h o e k , S o u t h Afr ica , S a n t i a g o , C h i l e , a n d K a s h i m a , Japan, h a v e a l s o 
part i c ipated in N A V E X o b s e r v a t i o n s . The major g o a l s of these e x p e r i m e n t s are to 
s t u d y the sources of sys temat ic error in VLBI Earth orientat ion m e a s u r e m e n t s and to 
inves t iga te the o b s e r v e d sub-diurnal variat ions in orientat ion. To facilitate these goa 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 by the U.S. Nat iona l Geodet i c Survey. D u r i n g the EPOCH'92 c a m p a i g n (July 
27th - A u g u s t l l t h , 1992) the U S N O c o m p l e m e n t e d the nearly c o n t i n u o u s E x t e n d e d 
Research and 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 by the N A S A / G S F C VLBI g r o u p b y 
o r g a n i z i n g at se t of 4 N A V E X - G l o b a l s e s s i o n s u s i n g Green Bank, Matera, A l g o n q u i n 
Park, Hartebees thoek , Sant iago and Kashima. All of these N A V E X results are inc luded 
w i t h the other N A V N E T Earth orientat ion data p r o v i d e d to IERS. 

T h e N A V N E T VLBI data are acquired u s i n g Mark III VLBI data acqui s i t ion 
t ermina 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 and p h a s e de lay rate. The 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 are spread across 85 M H z 
at S band and 350 M H z at X band , u s i n g the "Narrow" Channel frequencies s h o w n in 
Table 1. 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 nearly d o u b l e d a n d a series of 
tests w e r e p e r f o r m e d to prepare for the operat iona l u s e of this Upgrade u s i n g the 
"Wide" Channel f r e q u e n c i e s s h o w n in Table 1. T h e s e tests ( o n 8 / 2 6 / 9 1 , 9 / 2 4 / 9 1 , 
1 / 1 4 / 9 2 , 1 / 2 1 / 9 2 a n d 1 / 2 8 / 9 2 ) w e r e success fu l , a n d opera t iona l u s e of the w i d e r 
s p a n n e d b a n d w i d t h b e g a n o n February 1, 1992. At present , the operat ional N A V N E T 
o b s e r v i n g s e s s i o n s m o s t l y u s e the W i d e b a n d w i d t h s e t u p , a n d the N A V E X s e s s i o n s , 
the N a r r o w b a n d w i d t h se tup. 

T h e N A V N E T VLBI data are correlated at the W a s h i n g t o n Correlator, w h i c h is 
located at the N a v a l Observatory a n d run by a consor t ium a m o n g the U S N O , N O A A , 
N R L , a n d N A S A . The correlator p r o v i d e s es t imates of the 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 the p h a s e d e l a y rate from the radio no i se recorded at the s tat ions , together 
w i t h es t imates of the r a n d o m (thermal) no ise assoc ia ted w i t h each m e a s u r e m e n t a n d 
a qual i ty factor descr ib ing the reliabil ity of the m e a s u r e m e n t . O n l y observa t ions w i t h 
quality factors of 5 or h igher are u s e d in the U S N O reduct ion of the N A V N E T data. 
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O b s e r v a t i o n s w i t h letter q u a l i t y factors 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 the correlated data, are a lso not u s e d in the U S N O reduct ion. 

Table 1 : N A V N E T Channe l Frequencies 

Channe l 
N u m b e r 

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 

N a r r o w Band 
Frequency 

Setup, M H z 

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 

W i d e Band 
Frequency 
Setup, M H z 

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 

After correlat ion, fringe fitting, and the remova l of any remain ing 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 , data f rom the N A V N E T , N A V E X a n d G N U T mul t i -
base l ine s e s s i o n s w i t h durat ions of 16 hours or longer are u s e d in a series of w e i g h t e d 
l eas t - squares Solut ions to def ine a U S N O VLBI reference frame and to e s t imate the 
Earth o r i e n t a t i o n w i t h i n that re ference frame. T h e data are p r o c e s s e d w i t h IERS 
Standard m o d e i s to the m a x i m u m extent poss ib le . The GSFC C A L C 7.6 Software is 
u s e d in the data reduc t ion process . The N u v e l l p late m o t i o n m o d e l is u s e d w i t h o u t 
adjus tment to descr ibe the tectonic m o t i o n s of the stat ions. The CFA 2.2 tropospheric 
m a p p i n g funct ion is u s e d to relate l ine of s ight tropospheric propagat ion de lays to the 
t r o p o s p h e r i c z e n i t h d e l a y . D u e to a So lut ion s e t - u p error, p r e v i o u s N A V N E T 
Solut ions d i d not m o d e l o c e a n tidal loading; starting w i t h the N a v y 1993-9 reference 
frame Solut ions , a n d the operat ional Earth orientat ion Solutions b a s e d o n that frame, 
the N A V N E T data reduct ion appl ies the IERS Standard m o d e l for both horizontal and 
vert ica l d e f o r m a t i o n s d u e to o c e a n tidal l o a d i n g . G r o u n d d e f o r m a t i o n s d u e to 
a tmospher i c l o a d i n g are currently not m o d e l e d . 

U n m o d e l e d variat ions in the tropospheric propagat ion d e l a y s a n d the relat ive 
t ime offset b e t w e e n the Station clocks are a significant source of error in geod e t i c VLBI. 
T h e surface pressure , t emperature and relative h u m i d i t y are recorded at each Station 
a n d u s e d to e s t imate the variat ions in the hydrostat ic zen i th tropospher ic propagat ion 
de lay . Further variat ions in these quantit ies are treated b y the es t imat ion of p i e c e w i s e 
l inear m o d e i s direct ly in the least Squares Solutions. A n e w p i e c e w i s e l inear funct ion 
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 the zeni th tropospher ic propagat ion a n d e v e r y 90 
m i n u t e s for the relat ive Station clocks. 
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N A V N E T data 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 is d e r i v e d f r o m 
t h e N A V N E T data a n d i s i n t e n d e d to a l i g n t h e N A V N E T E a r t h o r i e n t a t i o n r e s u l t s a s 
c lose ly a s is p o s s i b l e w i t h b o t h t h e t e r res t r i a l a n d celes t ia 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 N A V N E T r e f e r e n c e f r a m e is o b t a i n e d 
f r o m t h e U S N O VLBI d a t a in a t w o So lu t ion p r o c e s s . In t h e f i rs t So lu t ion , t h e IERS 
R a p i d S e r v i c e (Bu 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 m e a s u r e m e n t s a n d t h e n u t a t i o n i n l o n g i t u d e a n d o b l i q u i t y is f ixed a t t h e IERS 
R a p i d S e r v i c e v a l u e s . T h e m e a n of t h e R i g h t A s c e n s i o n s of t h e 49 r a d i o s o u r c e s g i v e n 
in T a b l e 2 is h e l d f ixed a t t h e v a l u e g i v e n i n t h e IERS c o m b i n e d ce les t i a l r e f e r e n c e 
f r a m e for 1991 (RSC(IERS) 91 C Ol). All o t h e r s o u r c e c o o r d i n a t e p a r a m e t e r s , a n d al l of 
t h e S ta t ion c o o r d i n a t e s e x c e p t for t h o s e of t h e G r e e n B a n k N R A 0 8 5 3 S ta t ion , a r e 
a d j u s t e d in t h i s So lu t i on . T h e p u r p o s e of t h i s f irst S o l u t i o n is t o a l i g n t h e ce les t i a l 
r e f e r e n c e f r a m e w i t h t h e ce les t i a l p o l e i m p l i e d b y t h e I E R S R a p i d S e r v i c e n u t a t i o n 
s e r i e s . T h e d e c l i n a t i o n s of t w o s o u r c e s , 0202+149 a n d 0 7 4 2 + 1 0 3 , a r e t h e n f ixed i n a 
s e c o n d S o l u t i o n to t h e v a l u e s o b t a i n e d in t h e f irs t S o l u t i o n . T h i s s e c o n d S o l u t i o n 
g l o b a l l y a d j u s t s t h e c o o r d i n a t e s of all of t h e o t h e r s o u r c e s ( subjec t to t h e s a m e R i g h t 
A s c e n s i o n c o n s t r a i n t a s b e f o r e ) a n d al l of t h e S ta t ion c o o r d i n a t e s e x c e p t for t h e 
N R A 0 8 5 3 t o g e t h e r w i t h a n a d j u s t m e n t for U T l , P o l a r M o t i o n , b o t h c o m p o n e n t s of 
n u t a t i o n p l u s t h e p i e c e w i s e l i n e a r c lock a n d t r o p o s p h e r e m o d e i s s e p a r a t e l y for e a c h 
e x p e r i m e n t . T h e IERS R a p i d S e r v i c e 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 m e a s u r e m e n t s in t h i s So lu t i on . T h e p o s i t i o n of t h e N R A 0 8 5 3 
Sta t ion a t t h e e p o c h 1980 O c t o b e r 17 is f ixed at t h e v a l u e g i v e n b y t h e ITRF-90 a d j u s t e d 
t o t h a t e p o c h u s i n g t h e N u v e l l m o d e l , a n d al l s t a t i o n s a r e a l l o w e d t o m o v e a t t h e 
N u v e l l r a t e . T h e M o j a v e l 2 VLBI S ta t ion d o e s n o t m o v e a t t h e N u v e l l r a t e , a n d i ts 
p o s i t i o n c o m p o n e n t s w e r e t r e a t e d as "are" p a r a m e t e r s in t h e So lu t ion , w i t h a s e p a r a t e 
p o s i t i o n b e i n g e s t i m a t e d for e a c h e x p e r i m e n t in w h i c h t h e y w e r e o b s e r v e d . F o u r 
r a d i o s o u r c e s (3C84, 3C273B, 3C345 a n d 3C454.3) w e r e j u d g e d to h a v e t o o m u c h s o u r c e 
s t r u e t u r e to b e u s a b l e for g e o d e t i c w o r k a n d a r e n o l o n g e r o b s e r v e d ; t h e c o o r d i n a t e s of 
t h e s e " r e m o v e d " s o u r c e s w e r e a l so t r e a t e d as "are" p a r a m e t e r s in t h e So lu t ion . 

T a b l e 2 : S o u r c e s u s e d to c o n s t r a i n R i g h t A s c e n s i o n in t h e N a v y 92-3 
r e f e r ence f r a m e : 

0016+731 
0229+131 
0528+134 
1055+018 
OQ208 
1611+343 
2121+053 
3C279 
2243-123 

0048-097 
0234+285 
0552+398 
1123+264 
1418+546 
1633+38 
2145+067 
3C418 

0106+013 
0235+164 
0727-115 
1144+402 
1502+106 
NRAO530 
2216-038 
CTA26 

0119+041 
0300+470 
OJ287 
1222+037 
1510-089 
1739+522 
2234+282 
CTA102 

0133+476 
0420-014 
4C39.25 
1308+326 
1519-273 
1741-038 
2253+417 
NRAO14 0 

0201+113 
0434-188 
0814+425 
1334-127 
1548+056 
1749+096 
2345-167 
2128-123 

T h e n e w N A V N E T r e f e r e n c e f r a m e , N a v y 1993-9, w a s p r e p a r e d u s i n g 100,533 
d e l a y a n d d e l a y r a t e Obse rva t i on p a i r s f r om 221 o b s e r v i n g s e s s i o n s ( c o m p l e t e t h r o u g h 
D e c e m b e r 30, 1992), w i t h a w e i g h t e d r m s r e s i d u a l s ca t t e r of ± 38.5 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 ± 1 0 7 . 2 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 . T a b l e 3 
d e s c r i b e s t h e s t a t i o n s u s e d in N A V N E T O p e r a t i o n s . T h e S ta t ion c o o r d i n a t e s for t h e 
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e p o c h 1980 October 17, as w e l l as the source pos i t ions , are avai lable o n request from 
the Central Bureau of IERS. T h e "Source Type" descr ibes the qual i ty of the p o s i t i o n 
w i t h Reference ("R") sources b e i n g 0202+149 and 0742+103, the Primary ("P") sources 
h a v i n g the m o s t accurate p o s i t i o n s and the Secondary ("S") s o u r c e s h a v i n g pos i t i on 
formal errors larger than a mi l iarcsecond. 

Table 3 : Stations Participating in the U.S. N a v y VLBI Program 

S t a t i o n Location Station ID C o d e 

GILCREEK 
K A U A I 
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 
ALGOPARK 
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 
KASHIM34 
K A S H I M A 

Fairbanks, Alaska 
Kokee Park, Kauai, Hawai i 
Richmond, Florida 
Green Bank, West Virginia 
Maryland Point, Maryland 
Mojave, California 
Westford, Massachusset ts 
A l g o n q u i n Park, Canada 
M e d i a n a , Italy 
N o t o , Italy 
Matera, Italy 
Hartebeesthoek R.A.O., 
South Africa 
Wettzel l , Germany 
Santiago, Chile 
Kashima, Japan (34 meter) 
Kashima, Japan (26 meter) 

A L 
K U 
RI 
GB 
M D 
M O 
W F 
A P 
M E 
N O 
M A 

H T 
W Z 
S T 
KB 
K A 

T h e N A V N E T 24-hour e x p e r i m e n t s are n o m i n a l l y p e r f o r m e d o n T h u r s d a y 
a n d Fr iday of e a c h w e e k . Earth or ientat ion resul ts from these data are genera l ly 
avai lable w i th in f ive d a y s after the e n d of the experiment , by the Thursday of the w e e k 
after the e x p e r i m e n t . The N A V N E T Earth orientat ion results are obta ined from the 
2 4 - h o u r e x p e r i m e n t s in a mul t i -parameter least Squares ad jus tment for U T l , polar 
m o t i o n and both c o m p o n e n t s of nutat ion , together w i t h the p i e c e w i s e l inear clock 
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 f se ts are a d d e d 
w h e n e v e r the non-c losure of the clock es t imates around Station triangles is j u d g e d to 
b e s igni f icant . 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 an 
o b s e r v i n g s e s s i o n can be significant, espec ia l ly g i v e n the typical rapid turn a r o u n d of 
the N A V N E T data , as e x p e r i m e n t s are frequent ly p r o c e s s e d u s i n g U T l predic t ions . 
T h e o p e r a t i o n a l N A V N E T 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 Solut ion u s e d a total of 103,723 
Observation pairs (de lay and de lay rate) and produced w e i g h t e d rms residual scatters of 
± 38.0 p i c o s e c o n d s for the de lay observat ions and ± 106.4 f e m t o s e c o n d s per s e c o n d for 
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the d e l a y rate data. (This Solut ion i n c l u d e d s o m e e x p e r i m e n t s f rom 1993 w h i c h w e r e 
n o t u s e d in t h e r e f e r e n c e f r a m e Solut ion . ) T h e Stat ion c o o r d i n a t e s a n d s o u r c e 
pos i t i ons 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 1993-9 reference frame; the 
p o s i t i o n s of t h e s e c o n d a r y s o u r c e s a n d the r e m o v e d s o u r c e s are t rea ted as are 
p a r a m e t e r s , w i t h a separate p o s i t i o n b e i n g e s t i m a t e d for each e x p e r i m e n t in w h i c h 
they w e r e observed . T h e tie to the 1993-9 reference frame is thus ob ta 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 variat ions 
in the re ference f rame u s e d in 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 n o t ful ly reflect errors i n t r o d u c e d 
b y uncerta int ies in the Station coord inates 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 
s ignif icant ly increase the resul t ing Earth orientat ion parameter formal errors. 

N A V N E T Earth o r i e n t a t i o n resu l t s s u b m i t t e d to the IERS Centra l Bureau 
i n c l u d e s the Earth or ientat ion parameter v a l u e s and their formal errors together w i t h 
the w e i g h t e d root m e a n Square d e l a y error, the e x p e r i m e n t durat ion , the n u m b e r of 
de lay observat ions , a n d a subset of the Earth orientat ion parameter correlat ion matrix. 
T h e füll c o v a r i a n c e matr ix for each 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 ten corre la t ion coe f f i c i ent s b e t w e e n the f i v e Earth o r i e n t a t i o n 
p a r a m e t e r s is a l s o ava i lab le . N o t e that the parameter formal errors h a v e all b e e n 
sca led to m i l l i s e c o n d s of are o n the g r o u n d or in the sky , s o that the relat ive abil ity to 
d e t e r m i n e these parameters can be ascertained easi ly. 

T h e errors p r e s e n t e d in this report are formal errors o b t a i n e d f r o m the 
c o v a r i a n c e matr ix of the least Squares adjus tment . The 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 d e l a y 
and d e l a y rate observables p r o v i d e d by the correlator. The total res idual scatter is m a d e 
to agree 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 imates t h r o u g h add i t i on 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 var iances to the Square of the correlator 
formal error e s t i m a t e s . T h e s e a d d i t i v e var iances are d e t e r m i n e d separate ly for e a c h 
exper iment ; different constants are u s e d for the d e l a y a n d d e l a y rate data from each 
base l ine u s e d in an exper iment . 

T h e opera t iona l N A V N E T 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 d u r i n g e a c h exper iment . T h e s e U T l rate e s t imates c o n v e r t e d to e s t i m a t e s of the 
Length of the D a y (LOD) dur ing the observ ing s e s s ion (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 ) are avai lable o n request from the IERS Central Bureau. They are 
c o m p a r a b l e in accuracy to those obta inable 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 imates , a n d thus m a k e an interest ing data product in t h e m s e l v e s . 

Q u e s t i o n s , c o m m e n t s or reques t s to b e p l a c e d o n the N A V N E T dis tr ibut ion 
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, by p h o n e at (202) 653-1501, o n S P A N at 
C D D I S : : U S N O or U S N O 0 1 : : T M E , a n d o n Internet at t m e @ c a s a . u s n o . n a v y . m i l or 
t m e @ u s n o 0 1 . u s n o . n a v y . m i l . 

mailto:tme@casa.usno.navy.mil
http://usno.navy.mil
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S u m m a r y descr ip t ion of the terrestrial System attached to the set of Station c o o r d i n a t e s 
S S C ( U S N O ) 9 3 R Ol ( U S N O 1993-9) 

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 ier : 

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

5 - Re la t iv i ty scale: 

6 - P e r m a n e n t t ida l co r rec 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 ight : 

10 - Re fe rence e p o c h : 

VLBI 

U S N O 

1993-9 

Calc 7.6 

G e o c e n t r i c 

N o 

N u v e l l 

299 792 458 m / s 

17 Oc tobe r 1980 

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 t h e o r ig in : 

13 - Def in i t ion 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 : 

see text 

N R A 0 8 5 3 Sta t ion p o s i t i o n in ITRF-90 

M e a n 49 s o u r c e s in 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 , 
Po la r a n d ( ind i rec t ly ) N u t a t i o n 

N u v e l l m o d e l 
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90« 

24h Oh 

- 9 0 ° 

D i s t r i b u t i o n o v e r t h e s k y of t h e 123 ex t r aga l ac t i c r a d i o s o u r c e s of t h e celes t ia l f r a m e 
R S C ( U S N O ) 9 3 R 0 1 . F i l l ed c i rc 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 u n c e r t a i n t i e s i n r i g h t 
a s c e n s i o n (<xcos8) a n d d e c l i n a t i o n s m a l l e r t h a n 0.0003". 

UNCERTAINTIES IN ocos<J AND <5 (MAS) 

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 in r i g h t 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 les t ia l f r a m e R S C ( U S N O ) 93 R 0 1 . 4 r a d i o s o u r c e s w i t h 
u n c e r t a i n t y l a r g e r t h a n 0 .003" a r e n o t s h o w n . 



R-91 

o 
m 

o 

o 
m 
1 

. . , i 

•-x 

— 

. 

> I 1 

I T —1 ] 1 1 1 | • • | • • | 
*<%£. ..>.••;•»- '••• - -

\ C : «*>... 
"•%.•••••-

*" * "»* 
i s * 
» 
• ,• 

• 
• . 

, * * 
„• 

1 • 1 1 1 t • I 1 

* * »» *. 

1 
l% 

* 

;• 

• • 

i 

* * .*. 

• I I , , - , 

. . . . . . . .»*-"... 

* f.:-
~y\ - .-' 

i .> . 
: > 

• .' 

. . , . I . 

i i 

'• 

•-.. 

• • 
• 

>. 
* #* 

t 

• 1 

—i 1 1 1 1— 

. - •: * 

\ *• 
•-.' A 

"'•.: :•'>•'••••'•. • .. 

• » , 
* " '. 

** * ' ' " 7. 

. . . . 1 

—i V •' 

• . i - - ' 

. 
• 

— 
'< 

V 

. 

11.. . . . 
- 1 5 0 - 1 0 0 - 5 0 0 50 100 150 

Distr ibut ion of the 14 sites of the terrestrial frame SSC(USNO) 93 R Ol. 

CO 
z 
o 

1 
CO 
b_ o 
QL 
Lü 
OD 
2 
D 
Z 

m 

o 

o 

o 
CS 

o 

i-"i 

— i 1—i—i—i—|—i—i—i—|—i—i—i—|— 

-
. 
, 
-

• 
-

• 
. 
• 
• 

• 
• 

i—i i . . . i 

— i — i — i — | — i — i — i — 

• 

-
• 
• 
• 
. 
-

• 
-
_ 
• 
-
-

-

• 

i 
2 4 6 

UNCERTAINTIES (cm) 

8 10 
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E O P ( U S N O ) 93 R Ol From Sep 1988 to Jul 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, SV / 8e; 0.0001s for U T l 

YEAR X Y UTl 8y 5e 
Nb Sigma Nb Sigma Nb Sigma Nb Sigma Nb Sigma 

1988 
1989 
1990 
1991 
1992 
1993 

2 
28 
53 
66 
71 
33 

1.80 
0.51 
0.26 
0.23 
0.16 
0.14 

2 
28 
53 
66 
71 
33 

2.17 
0.71 
0.26 
0.23 
0.17 
0.14 

2 
28 
53 
66 
71 
33 

0. 
0. 
0. 
0. 
0. 
0. 

.89 

.30 

.16 

.15 

.10 

.08 

2 
28 
53 
66 
71 
33 

1. 
0. 
0. 
0. 
0. 
0, 

.42 

.61 

.41 

.39 

.28 

.23 

2 
28 
53 
66 
71 
33 

0. 
0. 
0, 
0, 
0, 
0, 

.55 

.24 

.18 

.16 

.12 

.09 


