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W e h a v e a n a l y z e d L u n a r L a s e r R a n g i n g (LLR) d a t a a c q u i r e d b e t w e e n 1970 a n d 
J a n u a r y , 1995 . T h e obse rva t i ons a r e t a k e n from t h e u s u a l five s i t e s : M c D o n a l d ( t h r e e 
locat ions) , G r a s s e a n d H a l e a k a l a ; some n o r m a l po in t s from Wet tze l l a r e a d d e d . All i n al l 
more t h a n 9200 LLR m e a s u r e m e n t s a r e used . 

T h e c o n s t a n t s adop t ed for t h e computa t ions a r e those of t h e IAU r e c o m m e n d a t i o n s 
resp . t h e I E R S S t a n d a r d s (McCar thy , 1992). F o r t h e 9-year, t h e a n n u a l , t h e ha l f -yea r a n d 
t h e ha l f -mon th per iod we u s e d t h e va lues of Zhu et al. (1990). 

T h e Stat ion coord ina tes h a v e been corrected for p la te mot ion ( N U V E L N N R - 1 model) ; 
t h e b a s e epoch for p l a t e mot ion is December 10, 1991 ( M J D 48600). 

T h e i n p u t E a r t h o r i en t a t i on p a r a m e t e r s a r e t a k e n from a Solut ion g e n e r a t e d by R. 
Gross cal led C O M B 9 4 ; t h e t ida l ly dr iven d iu rna l a n d s emid iu rna l U T l va r i a t i ons h a v e been 
added to t h e i n p u t U T l file (Her r ing , 1993). 

W e d e t e r m i n e d t h e p a r a m e t e r s of t h e Ea r th -Moon System by a l e a s t - s q u a r e s fit to 
w e i g h t e d o b s e r v a t i o n s . F o r t h e d e t e r m i n a t i o n of a correct ion to t h e lun i - so l a r p reces s ion 
c o n s t a n t a n d t h e four ( two i n - p h a s e a n d two out-of-phase) coefficients of t h e 18.6 year 
n u t a t i o n per iod , c o n s t r a i n t s ind ica ted in Wil l iams et al. (1991) have been used . 

Thepos t - f i t r e s i d u a l s a r e ana lyzed by t h e dai ly-decomposi t ion m e t h o d (Dickey et al., 
1985) to o b t a i n i m p r o v e d v a l u e s for UTO-UTC a n d Var ia t ion of l a t i t u d e (VOL) for e a c h 
reflector Sta t ion p a i r on every n i g h t for which sufficient d a t a a r e ava i l ab le . 1612 p a i r s w e r e 
found. After h a v i n g r emoved t h e bad ones t h e o the r s h a v e b e e n s m o o t h e d u s i n g a sp l ine 
filter. T h e se r i e s of E a r t h ro t a t i on p a r a m e t e r s (UTO-UTC a n d VOL) h a v e b e e n p rov ided to 
t he I E R S C e n t r a l b u r e a u , des igna ted EOP(FSG) 95 M Ol. 

T h e s e improved v a l u e s for t h e E a r t h ro ta t ion h a v e b e e n u s e d i n a f u r t h e r i t e r a t i o n of 
t h e global a d j u s t m e n t of t h e LLR d a t a . The final r e s u l t s for t h e S ta t ion coo rd ina t e s h a v e 
been prov ided to t h e I E R S C e n t r a l B u r e a u . I t s des ignat ion is SSC(FSG) 9 5 M Ol. 

Bes ide s t h e p a r a m e t e r s m e n t i o n e d above, re la t iv i s t i c q u a n t i t i e s h a v e b e e n d e t e r m i -
ned: t w o m e t r i c p a r a m e t e r s , t h e N o r d t v e d t p a r a m e t e r ( s t rong equ iva l ence p r inc ip le ) , t h e 
geodetic p recess ion of t h e l u n a r orbit , t h e t ime Variat ion of t h e g r a v i t a t i o n a l c o n s t a n t , one 
P a r a m e t e r for t e s t i n g Newton ' s inverse s q u a r e law, one p a r a m e t e r i n d i c a t i n g a v io la t ion of 
special r e l a t i v i t y a n d one p a r a m e t e r which indica tes t h e va l id i ty of t h e s t r o n g equ iva lence 
pr inciple in t h e coupl ing of d a r k m a t t e r to the different composi t ions of E a r t h a n d Moon. 

V a l u e s for a l l p a r a m e t e r s a r e avai lable on reques t . 

IERS(199S) Technical Note No 19. 
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Technica l descr ipt ion o f Solution FSG 95 M Ol 

1 - Technique: LLR 

2 - Analysis Center : 

3 - Software used: 

4 - D a t a span: 

5 - Celes t ia l Reference F r a m e : 
a - N a t u r e : 

b - Definition of t h e Or ien ta t ion : 

6 - T e r r e s t r i a l Reference F r a m e : 
a - Relat ivi ty scale: 
b - Velocity of light: 
c - Geograv i t a t iona l cons tan t : 
d - P e r m a n e n t t i da l correct ion: 
e - Definition of t h e origin: 
f - Definit ion of t h e or ienta t ion: 

g - Reference epoch: 
h - Tectonic p l a t e model: 
i - C o n s t r a i n t for t ime evolution: 

FSG/Techn . Univ . M u n i c h 

F S G LLR Software 

April 1 9 7 0 - J a n 1995 

dynamica l ; own e p h e m e r i s p r o g r a m ( in i t ia l 
va lues from DE200) 
refer red to t h e e q u a t o r a n d equ inox of J 2 0 0 0 
t h r o u g h t h e e p h e m e r i s 

S S C ( F S G ) 9 5 M 0 1 
LE: re la t iv is t ic geocent r ic f r ame 
299792458 m/s 
adjusted: 3.98600448 m 3 / s 2 (geocentric) 
No 
by the geocenter t h r o u g h clO=0, c l l = 0 , s l l = 0 
E O P from 1970 to 1995 t a k e n from a file of 
R. Gros s (COMB94) w h i c h i s a l i g n e d w i t h 
t h e I E R S System; da i ly cor rec t ions for UTO 
a n d VOL a r e d e t e r m i n e d af ter t h e global fit 
december 10 ,1991 (MJD 48600) 
N N R - N U V E L 1 
fixed p l a t e m o t i o n mode l ( N N R - N U V E L 1 ) ; 
e s t i m a t i o n of U T l a n d p o l a r m o t i o n r a t e s 
du r ing t h e global Solution 

7 - E a r t h Orienta t ion: 
a - A pr ior i n u t a t i o n model : 

E O P ( F S G ) 9 5 M 0 1 
IAU(1980), va lues for t h e coefficients of t h e 9-
y e a r , a n n u a l , h a l f - y e a r a n d h a l f - m o n t h 
period from Zhu et al . (1990) 

Shor t -pe r iod t ida l va r i a t i ons in x, y, U T l : d i u r n a l a n d s e m i d i u r n a l t i d a l v a r i a ­
t ions (M2, S2 , N 2 , K l , O l , P I ) in U T l have 
been added (Her r ing , 1993), no t in x a n d y 

8 - E s t i m a t e d p a r a m e t e r s : 
a - Celest ial F r a m e : 

b - Te r res t r i a l F r a m e : 

c - E a r t h Or ienta t ion: 

d - Others : 

orbit of t h e E a r t h - M o o n b a r y c e n t e r (XO, YO, 
ZO, Xdot, Ydot, Zdot); l u n a r orb i t (XO, YO, ZO, 
Xdot, Ydot, Zdot) 
c a r t e s i a n c o o r d i n a t e s (XO, YO, ZO); r a t e s 
fixed (NNR-NUVEL1) 
UTO-UTC a n d Var i a t ion of l a t i t u d e V O L ; 
l u n i - s o l a r p r e c e s s i o n c o n s t a n t a n d t h e 
a m p l i t u d e s of t h e 18.6-year n u t a t i o n per iod 
(2 in -phase a n d 2 out-of-phase); r a t e s for x, y, 
a n d U T l 
l u n a r l ib ra t ions ; reflector c o o r d i n a t e s ; l u n a r 
g r av i ty ; m a s s of t h e E a r t h - M o o n S y s t e m ; 
l u n a r L o v e n u m b e r a n d d i s s i p a t i o n 
p a r a m e t e r ; l a g a n g l e ( l u n a r t i d a l 
accelera t ion) ; r e l a t iv i s t i c p a r a m e t e r s 
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EOP(FSG) 95 M Ol From Oct 1970 to Jan 1995 

N u m b e r of measurements per year and median uncertaint ies 
Uni ts : 0.001" for cp; 0.0001s for UT0 

YEAR <p UT0 
Nb Sigma Nb Sigma 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

8 
21 
62 
105 
68 
82 
77 
70 
57 
62 
68 
29 
3 
6 

77 
175 
42 
39 
49 
51 
98 
63 
81 
100 
95 
13 

15.00 
15.00 
10.31 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
7.73 
15.00 
7.91 
7.84 
4.09 
3.87 
1.27 
1.34 
1.15 
1.36 
1.69 
1.53 
1.05 
0.88 

8 
21 
62 
105 
68 
82 
77 
70 
57 
62 
68 
29 
3 
6 

77 
175 
42 
39 
49 
51 
98 
63 
81 
100 
95 
13 

10.00 
10.00 
3.77 
10.00 
10.00 
10.00 
6.84 
10.00 
10.00 
10.00 
10.00 
10.00 
3.43 
10.00 
4.61 
3.45 
1.65 
1.27 
0.86 
0.87 
0.67 
0.62 
1.14 
0.80 
0.69 
0.69 
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E A R T H R O T A T I O N (UTO-UTC A N D V A R I A T I O N O F L A T I T U D E ) F R O M L U N A R 
L A S E R R A N G I N G 

JPL 95 M Ol, 02 

X X Newhal l , J.G.Will iams, and J.O.Dickey - Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, California 91109-8099 

Lunar Laser Ranging (LLR) data have been acquired and analyzed b e t w e e n April, 
1970 and February, 1995. These data are used to e s t imate Station locat ions , reflector 
locations, and lunar gravity and orbit parameters. Beginning in 1970, data acquisit ion was 
sufficiently dense to permit determinations of Earth rotation UT0 and Variation of latitude 
(VOL). V a l u e s of UTO-UTC and VOL through March 2 , 1994 have b e e n s u b m i t t e d 
previously; 67 such values were derived from subsequent data acquired in 1994, and 21 
values were obtained from early 1995 data, giving a total of 1433 values. 

The füll ränge data set comprises 9389 normal points taken from five s i tes : the 
McDonald Observatory 2.7-meter telescope; the McDonald Laser Ranging Stat ion (MLRS, 
s i tuated in separate locations before and after a move i n early 1988); the Ha leaka la 
Observatory on Maui, Hawaii; and the CERGA System in Grasse , France. T h e s e normal 
points are used to es t imate the se t of lunar and Earth-related parameters . The post-fit 
res iduals are analyzed by the daily-decomposition method (Dickey et al., 1985) to obtain 
es t imates of UTO-UTC and Variation of latitude for each station-reflector pair on every day 
for which sufficient data are available. 

Two E O P Solutions were performed, one w i th the J P L ephemeris DE247/LE247 , 
providing the se t EOP (JPL) 95 M 01; the other Solution was done with the recent ephemeris 
D E 4 0 2 / L E 4 0 2 , providing EOP (JPL) 95 M 0 2 . The lunar l ibrat ions were in tegra ted 
s imultaneously wi th the ephemerides. 

The tidally driven diurnal and semidiurnal U T l variations (M2, S2 , N 2 , K l , O l , and 
PI ) , from the measured results in Herring (1993), have been added to the input U T l file 
when fitting the ranges . Consequently, the Output table of UT0 has these fast variat ions 
removed according to that model. 

A correction to the IAU luni-solar precession constant has been so lved for. The 
correction has been made so as not to cause a rate change in U T (Wil l iams and Melbourne, 
1982; Zhu a n d Mueller , 1983). A theoretical obliquity-rate correction of -0 .24 mas /yr 
(Williams, 1994) has been applied. 

To the IAU nutat ions (Seidelmann, 1982) we have added the ZMOA corrections 
(Herring et al., 1991a; 1991b) for the in-phase 9 yr, 1 yr, and half-month term and for the in-
phase a n d out-of-phase corrections for the half-year terms. Corrections to t h e 18.6 yr 
nutation coefficients were est imated. The precession and nutation corrections are: 

Solution 1 (DE247) Solution 2 (DE402) 

Ap -3.3mas/yr 3 .1mas/yr 
Äe 1.7 cos ß + 0.2 sin ß mas 1.4 cos ß + 0.8 s in ß m a s 

s in e A\|f -1.6 s in ß + 0.2 cos ß mas -1.1 s in ß + 0.6 cos ß mas 

The constraint of the two in-phase terms (Williams etal., 1991) includes a correction 
for the precess ion change and a connection between the changes of the two components . 
The two out-of-phase components are constrained to be in the ratio of 0.78. Subject to the 
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cons t r a in t , t h e u n c e r t a i n t y i n t h e n u t a t i o n coefficients i s abou t 1 m a s , a n d t h e p r ece s s ion 
u n c e r t a i n t y is 0.3 mas /yr . Wi thou t t h e cons t ra in t t hese unce r t a in t i e s would be l a rge r . 

T h e Sta t ion locat ions r e s u l t i n g from t h e two Solutions a r e cal led S S C ( J P L ) 95 M Ol, 
for t h e case w i t h D E 2 4 7 , a n d SSC(JPL) 95 M 02, for t h e case w i t h D E 4 0 2 . T h e s e p a r a t i o n s 
b e t w e e n t h e McDona ld s i t es were cons t ra ined to survey va lues . T h e Separa t ion b e t w e e n t h e 
H a l e a k a l a t r a n s m i t t e r a n d receiver also conforms to a survey. A r ä n g e b i a s i s e s t i m a t e d for 
H a l e a k a l a b e g i n n i n g i n J a n u a r y , 1990. 

I t shou ld be no ted t h a t t h e McDonald 2.7 m telescope ceased LLR ac t iv i ty i n J u n e , 
1985. 

T h e S ta t ion loca t ions were der ived us ing t h e formula t ion of t h e r e l a t i v i s t i c s o l a r -
Sys tem b a r y c e n t r i c f r ame of reference . T h e t r ans fo rma t ion to t h e r e l a t i v i s t i c geocen t r i c 
fo rmula t ion r e q u i r e s t h e appl icat ion of a scale factor. 

A c k n o w l e d g m e n t s 
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H a l e a k a l a n o r m a l po in t s independen t ly . C. Veillet provided n o r m a l p o i n t s for t h e C E R G A 
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E q u i n o x Correc t ions on t h e Te r re s t r i a l Reference F r a m e , Bull. Geod., 5 7 , 2 9 - 4 2 . 
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Technica l descr ipt ion o f Solution J P L M Ol 

1 - Techn ique : 

2 - Analys i s cen te r : 

3 - Software used : 

4 - D a t a s p a n : 

5 - Celes t ia l re ference f rame: 
a - N a t u r e : 
b - Definit ion of or ienta t ion: 

6 - T e r r e s t r i a l reference f rame: 
a - Rela t iv i ty scale: 
b - Velocity of l ight: 
c - Geograv i t a t iona l cons tan t : 

d - P e r m a n e n t t i da l correct ion: 
e - Definit ion of t h e origin: 
f - Definit ion of t h e or ien ta t ion : 

g - Reference epoch: 
h - Tectonic p l a t e model : 
i - C o n s t r a i n t for t i m e evolution: 

LLR 

J P L 

J P L LLR Software 

Apr 70 - Feb 95 

D y n a m i c a l 
DE 247 orbit 

S S C ( J P L ) 9 5 M 0 1 
SSB 
c = 299792458 m/sec 
GMO = 3.986004427 1 0 1 4 m 3 / s 2 v a l u e is f rom 
e p h e m e r i s Solution a n d h a s b e e n conver ted 
to local e a r t h f rame. GMO does no t inf luence 
t h e LLR Station radi i . 
Y e s 
Geocenter (center of m a s s ) 
I n p u t E a r t h r o t a t i o n v a l u e s f rom 1970 to 
early 1995 t a k e n from a file from R. Gross (a 
vers ion of COMB-94 g e n e r a t e d w i t h o u t LLR 
d a t a ) a l igned w i t h I E R S System. Res t r i c t ed 
by t h e u n c e r t a i n t i e s on t h e file, s m o o t h e d 
Var ia t ion of l a t i t u d e a n d UTO co r r ec t i ons 
were m a d e from LLR d a t a d u r i n g t h e global 
So lu t ion for s t a t i o n s , o r b i t , p r e c e s s i o n / 
n u t a t i o n , e tc . , b u t f ina l UTO/VOL v a l u e s 
gene ra t ed after t h e global fit. 
J a n u a r y 1,1991 (JD 2448257.5) 
N N R - N U V E L 1 
P l a t e mot ion w a s n o t a d j u s t e d . So lved for 
overa l l co r r ec t ions t o t h e U T l a n d p o l a r 
m o t i o n r a t e s w i t h r e s p e c t to t h e i n p u t 
U T l / p o l a r mot ion file. 

E a r t h or ien ta t ion : 
a - A pr ior i n u t a t i o n model 

E O P ( J P L ) 9 5 M 0 1 
IAU (1980) p l u s cor rec t ions from ZMOA for 
i n - p h a s e 9.3 yr , a n n u a l , a n d s e m i - m o n t h l y 
coefficients p l u s s e m i a n n u a l in- a n d out-of 
p h a s e cor rec t ions . 

b - Shor t -per iod t ida l va r i a t ions i n x, y, U T l : Dai ly a n d subda i ly v a r i a t i o n s i n U T l for 
M 2 , S 2 , N 2 , K l , O l , a n d P I t i d e s f rom 
H e r r i n g (1993). T h e s e fas t v a r i a t i o n s a r e no t 
in E O P file. 

8 - E s t i m a t e d p a r a m e t e r s 
a - Ce les t i a l f r ame: 
b - T e r r e s t r i a l f r ame: 

c - E a r t h o r i en ta t ion : 

d - O t h e r s : 

Orbi t p a r a m e t e r s . 
S p h e r i c a l S ta t ion c o o r d i n a t e s ( r a t e s fixed) 
from füll d a t a s p a n . Di f fe rences b e t w e e n 
t h r e e M c D o n a l d s i t e s a r e c o n s t r a i n e d to 
s u r v e y s . 
P r e c e s s i o n r a t e a n d 1 8 . 6 y r n u t a t i o n 
coefficients e s t i m a t e d . Da i ly UTO a n d V O L 
va lues a r e g e n e r a t e d af ter global Solution. 
L u n a r o r i e n t a t i o n , t i d a l a c c e l e r a t i o n , 
obliquity. 
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Technical de8cript ionof Solution J P L 9 5 M 0 2 

1 - Technique: LLR 

2 - Analysis center: JPL 

3 - Software used: JPL LLR Software 

4 - Data span: 

5 - Celestial reference frame: 
a - Nature: 

b - Definition of orientation: 

6 - Terrestrial reference frame: 
a - Relativity scale: 
b - Velocity of light: 
c - Geogravitational constant: 

d - Permanent tidal correction: 
e - Definition of the origin: 
f - Definition of the orientation: 

g - Reference epoch: 
h - Tectonic plate model: 
i - Constraint for time evolution: 

A p r 7 0 - F e b 9 5 

Dynamical , but oriented to IERS ce lest ia l 
frame. 
DE 402 orbit is oriented to IERS frame. 

SSC(JPL)95M02 
SSB 
c = 299792458 m/sec 
GMO = 3.986004425 1 0 1 4 m 3 s 2 va lu e is from 
ephemeris Solution and h a s been converted 
to local earth frame. GMO does not influence 
the LLR Station radii. 
Y e s 
Geocenter (center of mass ) 
Input Earth rotat ion v a l u e s from 1970 to 
early 1995 taken from a file from R. Gross (a 
version of COMB-94 generated without LLR 
data) al igned wi th IERS System. Restr icted 
by the uncertaint ies on t h e file, smoothed 
Variation of la t i tude and UTO correct ions 
were made from LLR data during the global 
Solution for s t a t i o n s , orbit , p r e c e s s i o n / 
nutat ion, etc, but f inal UTO/VOL v a l u e s 
generated after the global fit. 
January 1,1991 (JD 2448257.5) 
N N R - N U V E L 1 
Plate motion w a s not adjusted. So lved for 
overall corrections to the U T l a n d polar 
mot ion rates w i t h re spec t to t h e i n p u t 
UTl/polar motion file. 

7 - Earth orientation: 
a - A priori nutation model: 

E O P ( J P L ) 9 5 M 0 2 
IAUQ980) plus corrections from ZMOA for 
in-phase 9.3 yr, annual , a n d semi -month ly 
coefficients plus s e m i a n n u a l in- a n d out-of 
phase corrections. 

b - Short-period tidal variations in x, y, U T l : Daily and subdaily variations in U T l for 
M 2 , S 2 , N 2 , K l , O l , a n d P I t i d e s from 
Herring (1993). These fast variations are not 
in EOP file. 

8 - Est imated parameters 
a - Celestial frame: 
b - Terrestrial frame: 

c - Earth orientation: 

d - Others: 

Orbit parameters. 
Spherical Station coordinates ( ra te s fixed) 
from füll data span . Dif ferences b e t w e e n 
three McDonald s i t e s are c o n s t r a i n e d to 
surveys . 
P r e c e s s i o n ra te a n d 1 8 . 6 yr n u t a t i o n 
coefficients est imated. Dai ly UTO and VOL 
values are generated after global Solution. 
L u n a r o r i e n t a t i o n , t i d a l a c c e l e r a t i o n , 
obliquity. 
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EOP(JPL) 9 5 M 0 1 EOP(JPL) 9 5 M 0 2 

From Apr 1970 to Feb 1995 

Number of measurements per year 
and median uncertainties 
Units : 0.001" for <j>; 0.0001s for UTO 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

Nb 

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

26 
111 
28 
19 
71 
42 
89 
56 
53 
82 
87 
21 

<P 
Sigma 

13.91 
12.55 
8.24 
13.95 
11.21 
10.31 
8.44 
6.61 
8.20 
6.67 
5.90 
8.24 
8.30 

4.29 
5.72 
3.40 
2.78 
1.97 
1.50 
1.42 
1.31 
1.23 
1.42 
0.91 
1.01 

Nb 

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

26 
111 
28 
19 
71 
42 
89 
56 
53 
82 
87 
21 

UTO 
Sigma 

9.81 
7.38 
5.06 
7.51 
6.40 
6.87 
5.10 
4.02 
5.75 
4.73 
4.09 
4.26 
4.97 

2.26 
2.49 
1.60 
1.06 
1.01 
0.92 
0.90 
0.73 
0.82 
1.15 
0.80 
0.80 

Number of measurements per year 
and median uncertainties 
Units : 0.001" for <p; 0.0001s for UTO 

YEAR 
Nb Sigma 

UTO 
Nb Sigma 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

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

26 
111 
28 
19 
71 
42 
89 
56 
53 
82 
87 
21 

13.93 
12.56 
8.25 
13.96 
11.22 
10.32 
8.45 
6.62 
8.21 
6.68 
5.91 
8.25 
8.30 

4.29 
5.72 
3.40 
2.78 
1.98 
1.50 
1.42 
1.31 
1.23 
1.42 
0.91 
1.01 

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

26 
111 
28 
19 
71 
42 
89 
56 
53 
82 
87 
21 

9.82 
7.39 
5.06 
7.52 
6.41 
6.87 
5.11 
4.03 
5.76 
4.74 
4.09 
4.27 
4.98 

2.26 
2.49 
1.60 
1.06 
1.01 
0.92 
0.90 
0.73 
0.82 
1.15 
0.80 
0.80 
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D E T E R M I N A T I O N O F U N I V E R S A L T I M E B Y L U N A R L A S E R R A N G I N G 

S H A 9 5 M 0 1 

J i n Wenj ing , Xu H u a g u a n , H u a n g Chengl i , S h a n g h a i Obse rva to ry , C h i n a 

L u n a r L a s e r R a n g i n g (LLR) d a t a h a v e b e e n a n a l y z e d d u r i n g J D 2 4 4 7 1 8 7 . 0 - J D 
2449709.0. T h e s e d a t a se t of McDonald (71111, 71112), G r a s s e (1910) a n d H a l e a k a l a (56610) 
con ta in 4 1 1 1 n o r m a l po in t s reflected from four reflectors. 

Theore t i ca l mode is a n d as t ronomica l cons t an t s (solid e a r t h t ide a n d ocean t i de , etc) 
w e r e a d o p t e d from I E R S S t a n d a r d s (1992). T h e inf luence of p l a t e m o t i o n i s t a k e n in to 
accoun t w i t h N U V E L mode l . T h e b a s e epoch for p l a t e m o t i o n is J a n u a r y 1,1993. T h e 
re la t iv i s t i c effects (p ropaga t ion correct ion, scale factor a n d L o r e n t z effect) a r e cons ide red . 
T h e p l a n e t a r y e p h e m e r i s DE245 /LE245 a n d t h e l u n a r l ib ra t ions i n t e g r a t e d s i m u l t a n e o u s l y 
wi th t h e e p h e m e r i s we re u s e d for ca lcu la t ing t h e theore t ica l d i s t ances from t h e obse rv ing 
s t a t ions to t h e reflectors on t h e Moon. I n th i s global Solution, more t h a n 50 p a r a m e t e r s l ike 
Sta t ion a n d re t ro- re f lec tor coord ina tes , t h i r d degree a n d o rde r l u n a r p o t e n t i a l , a n d orbit 
p a r a m e t e r s of t h e E a r t h - M o o n System were es t imated . 

T h e post-fi t r e s i d u a l s a r e a n a l y s e d to ob ta in 449 v a l u e s of UTO-UTC d u r i n g t h i s 
period. D u e to t h e n e e d of solving t h e n o r m a l equa t ion , t h e s p a n b e t w e e n t h e first a n d l a s t 
n o r m a l p o i n t s s h o u l d be g r e a t e r t h a n 1.5 h o u r a n d m o r e t h a n two p o i n t s p e r d a y a r e 
needed . T h e cyl indr ical Stat ion coordinates produced a r e des igna ted SSC(SHA) 95 M Ol. 

T h e m a t h e m a t i c a l model is descr ibed in J i n et al. (1985). UTO is ca lcula ted in one day 
in te rva l . T h e precis ion of t h e n o r m a l point is t a k e n as t h e weight of observa t iona l equa t ion . 

A c k n o w l e d g m e n t s 

W e w i s h to t h a n k Dr . Myles S t a n d i s h a n d Dr. Veil let who s u p p l i e d t h e p l a n e t a r y 
e p h e m e r i s D E 2 4 5 / L E 2 4 5 a n d t h e global d a t a of l u n a r l a se r r ang ing . 

References 

McCar thy , D.D. (ed.), 1992: I E R S S tandards (1992), IERS Technical Note 13, O b s e r v a t o i r e de 
P a r i s , P a r i s . 

J i n Wenj ing , W a n g Qiangguo , 1985: D e t e r m i n a t i o n of E R P w i t h l u n a r l a s e r r a n g i n g a n d 
d i s c u s s i o n of t h e i n f l u e n c e of t h e a d o p t e d p a r e m e t e r s , Proceedings of the 
international Conference on earth rotation and the terrestrial reference frame. 
p . 287. 

IERS(1995) Technical Note No 19. 
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Techmca lde9cr ip t i (mof9o lu t i (MiSHA95M01 

1 - Technique: 

2 - Analysis Center : 

3 - Software used: 

4 - D a t a s p a n : 

5 - Celes t ia l Reference F r a m e : 
a - N a t u r e : 
b - Definit ion of t h e or ienta t ion: 

6 - Te r r e s t r i a l Reference F r a m e : 
a - Relativity scale: 
b - Velocity of l ight: 
c - Geograv i t a t iona l cons tan t : 
d - P e r m a n e n t t ida l correction: 
e - Definition of t h e origin: 
f - Definit ion of t h e orientat ion: 

g - Reference epoch: 
h - Tectonic p la te model: 
i - C o n s t r a i n t for t ime evolution: 

7 - E a r t h Orientat ion: 
a - A pr ior i n u t a t i o n model: 
b - Shor t -per iod t ida l var ia t ions in x, y: 

8 - E s t i m a t e d p a r a m e t e r s : 
a - Celest ia l F r a m e : 
b - Ter res t r i a l F r a m e : 

c - E a r t h Orienta t ion: 
d - O t h e r s : 

LLR 

SHA 

SHA LLR Software 

Dynamica l 

S S C ( S H A ) 9 5 M 0 1 
SSB 
299792458 
3.986004418 101 4 

No 
Geocenter (center of m a s s ) 
E O P from 1988 to 1994 t a k e n f rom I E R S 
Circular B 
1993.0 
N U V E L 
Cons t ra ined to N U V E L 

E O P ( S H A ) 9 5 M 0 1 

Cy l ind r i ca l c o o r d i n a t e s of s t a t i o n s ( r a t e s 
fixed) 
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EOP(SHA) 95 M Ol From Jan 1988 to Dec 1994 

Number of measurements per year and median uncertaint ies 
Units : 0.0001s for UTO 

YEAR 

1988 
1989 
1990 
1991 
1992 
1993 
1994 

UTO 
Nb 

58 
55 
87 
56 
45 
75 
73 

Sigma 

1.40 
1.40 
1.40 
1.25 
1.00 
1.40 
1.20 
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UTO A N D V A R I A T I O N O F L A T I T U D E D E T E R M I N A T I O N F R O M L U N A R L A S E R 
R A N G I N G O B S E R V A T I O N S F O R 1 9 6 9 - 1 9 9 4 

U T X M O 9 5 M Ol 

A. L. Whipple, J. Gyorgyey Ries, R. L. Ricklefs, P. J. Shelus , J. R. Wiant 
McDonald Observatory / Department of Astronomy 
The Universi ty of Texas at Austin - Austin, Texas 78712 (USA) 

We have analyzed the total set of lunar laser ranging data avai lable to u s to 
determine UTO-UTC. These data were acquired between September, 1969 and March, 1995. 
A total of 9751 normal points, from the McDonald Observatory 2.7m telescope (which ceased 
Operation in 1985), the McDonald Laser Ranging Station (saddle s i te and Mt. Fowlkes site) 
near Fort Dav i s , Texas , the Haleakala Observatory on Maui , H a w a i i (wh ich c e a s e d 
Operation in 1990), the CERGA Station in Grasse, France, and the Wettzel l Laser Ranging 
Station in Germany were used in this Solution. The data were edited and weighted us ing an 
automated and objective scheme which identifies suspected outl iers and adjusts Station 
assigned weights to yield consistent distributions of the weighted residuals for all stat ions. 
There were sufficient data for 976 station/reflector pair est imations of UTO-UTC inc lud ing 
81 UTO est imates , on 69 nights, in 1994. This is about the same as for last year. 

Our method of analysis was similar to that described by Langley et al. (1981). We first 
used the MIT Planetary Ephemeris Program (PEP) to es t imate corrections to the global 
parameters. We es t imated a piecewise l inear spline for the polar motion components and 
U T l to model long period deficiencies in the series. Following the global Solution, we ana­
lyzed the post-fit residuals in the usual fashion (e.g., Stolz et al., 1976) to determine nightly 
corrections to UTO and Variation of latitude. The nightly corrections were then added to the 
EOP corrections contained in the spl ines , and the a priori EOP series to obtain the final 
values of UTO-UTC and Variation of latitude. A minimum of three normal points for each 
station/reflector pair and at least a 1.5 hour span of coverage were the criteria we adopted 
for the night ly UTO est imations. The weighted root mean Square of the final post-fit r ä n g e 
residuals, for the entire span of data, was 4.6 cm. The weighted rms of the post-fit residuals 
for the 822 normal points obtained by the three active stations during 1994 was 2.8 cm. 

We have compared our UTO and Variation of latitude series with the N A V N E T VLBI 
series. We calculated the bias, slope and weighted rms about the l inear fit of the differences 
between our UTOR and Variation of latitude est imates and those implied by the N A V N E T 
U T l and polar motion values . Interpolation of the N A V N E T series w a s performed us ing a 
four point Newton interpolation scheme. Table 1 gives the results of this comparison for the 
period where all stations operated with short pulse lasers (1986.5 to 1995.2). 

Table l .Comparison between University of Texas McDonald Observatory LLR UTOR and 
Variation of lat i tude (DPhi) and NAVNET VLBI values. The period of comparison is 1986.5 
to 1995.2. The epoch of the linear fit is 1990.8. 

Station 
CERGA DUTOR: 

DPHI: 

MLRS DUTOR: 
DPHI: 

Maui DUTOR: 
DPHI: 

Bias (mas) 
1.26 + /- 0.10 
-1.54 +/- 0.10 

0.52 +/- 0.41 
0.46 +/- 0.46 

3.31 + /- 0.73 
2.78 +/- 0.98 

IERS(1995) Technical Note No 19. 

Slope (mas/yr) 
0.77 +/- 0.05 
2.31 +/- 0.04 

-1.53 +/- 0.14 
0.04 +/- 0.15 

0.79 +/- 0.26 
0.62 +/- 0.36 

WRMS (mas) 
3.04 
3.36 

3.36 
2.83 

3.10 
3.50 

N 
362 

83 

43 
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Technical descr ip t iono f Solution UTXMO 95 M Ol 

1 - Techn ique : 

2 - Ana lys i s Cen te r : 

3 - Sof tware used : 

4 - D a t a s p a n : 

5 - Celes t ia l Reference F r a m e : 
a - N a t u r e : 

b - Definit ion of t h e or ientat ion: 

Te r r e s t r i a l Reference F r a m e : 
a - Rela t iv i ty scale: 
b - Velocity of l ight : 
c - Geograv i ta t iona l cons tant : 
d - P e r m a n e n t t i da l correction: 
e - Definit ion of origin: 
f - Definit ion of or ien ta t ion : 

g - Reference epoch: 
h - Tectonic p l a t e model : 
i - C o n s t r a i n t for t ime evolution: 

LLR 

U T X M O 

P E P 

Sep 69 - Mar 95 

Dynamica l . The E M b a r y a n d l u n a r e p h e m e -
r ides were e s t ima ted . 
The node of t h e E M b a r y orbit w a s fixed to t h e 
MIT ITR-78 ephemer i s to t ie t h e long i tude of 
t he celest ia l reference f rame . 

S S C ( U T X M O ) 9 5 M 0 1 
SSB 
299792458 
3.986004415 (geocentric) 
No 
Geocpnter 
Fixed to CSR EOP(CSR) 94 L Ol se r i e s a t 11 
J a n 1985 
1984.0 
AMO-2 
Cons t r a ined to AMO-2 

E a r t h or ienta t ion: EOP(UTXMO) 95 M 01 
a - A pr ior i n u t a t i o n model : IAU(1980) 
b - Shor t -per iod t ida l var ia t ions in x, y, U T l : No 

8 - E s t i m a t e d P a r a m e t e r s : 
a - Celes t ia l F r a m e : 

b - Te r r e s t r i a l F r a m e : 
c - E a r t h Or ien ta t ion : 

d - O t h e r s : 

EMbary o rb i t (node fixed), l u n a r o rb i t , G M , 
l u n a r l i b r a t i o n s , t h i r d o r d e r 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 m o o n , r e t r o - r e f l e c t o r 
coord ina te s 
Cyl indr ica l Sta t ion coord ina tes 
P r e c e s s i o n c o n s t a n t , 14d, 183d, 365d , a n d 
18.6 yr n u t a t i o n a m p l i t u d e s , UTO, dq> 
R a n g e b i a s e s for M c D o n a l d 2 .7m, C E R G A , 
M a u i , a n d Wet tze l l s t a t i ons 
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Distribution of the 4 sites of the terrestrial frame SSC(UTXMO) 95 M Ol 

4 6 

UNCERTAINTIES (cm) 

10 

Distribution of the uncertaint ies (quadratic mean of o x , Oy, o z ) for the 6 s tat ions of the 
terrestrial frame SSC(UTXMO) 95 M 01. 1 Station with uncertainty larger than 10 cm is not 
s h o w n . 
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EOPtfJTXMO) 95 M Ol From Oct 1970 to Jul 1995 

Number of measurements per year and median uncertainties 
Units : 0.001" for <p; 0.0001s for UTO 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

Nb 

5 
11 
48 
56 
28 
41 
41 
29 
22 
23 
6 
4 
0 
6 

35 
103 
24 
21 
56 
43 
77 
57 
51 
87 
81 

<P 
Sigma 

46.90 
15.30 
8.50 
16.20 
7.60 
8.10 
7.60 
7.10 
8.30 
6.90 
6.25 
18.25 

5.10 
4.80 
7.50 
6.50 
8.70 
4.80 
4.10 
4.10 
3.60 
4.00 
3.90 
2.50 

Nb 

5 
11 
48 
56 
28 
41 
41 
29 
22 
23 
6 
4 
0 
6 

35 
103 
24 
21 
56 
43 
77 
57 
51 
87 
81 
64 

UTO 
Sigma 

6.61 
5.39 
5.61 
5.53 
4.59 
5.54 
5.20 
4.42 
4.70 
4.54 
3.75 
4.02 

4.20 
4.07 
3.97 
3.22 
2.91 
2.67 
2.84 
2.79 
2.37 
2.60 
3.37 
2.81 
2.60 


