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Geodet ic m e a s u r e m e n t s a r e a n i m p o r t a n t 
tool for u n d e r s t a n d i n g p la te b o u n d a r y zone 
d e f o r m a t i o n . T h e y p r o v i d e d a t a o n fault m o 
t ion ra tes a n d indirect ly p r o v i d e cons t ra in t s 
o n crusta l rheo logy , e a r t h q u a k e processes , 
a n d evolut ion of geologic s t ruc tu res . I n 
s o u t h e r n Cal i fornia t h e p a t t e r n of s t ra in re 
sul t ing f rom in te rac t ion of t h e Pacific a n d 
N o r t h A m e r i c a n pla tes is very c o m p l e x , a n d a 
robus t geodet ic e x p e r i m e n t r equ i r e s d e n s e 
spatial sampl ing . I n add i t i on , t h e signals of 
in teres t may have s t ra in ra tes smal ler t h a n 
10" 7/yr. T a k e n t o g e t h e r , these cond i t ions 
imply t he n e e d for geodet ic t echn iques t ha t 
a r e bo th economica l , enab l i ng l a rge n u m b e r s 
of m e a s u r e m e n t s , a n d highly accura t e . C o n 
vent ional te r res t r ia l su rvey ing t e chn iques can 
satisfy t he r e q u i r e m e n t s for s a m p l i n g dens i ty 
a n d accuracy for s o m e appl ica t ions , b u t a r e 
l imited to line-of-sight, o r d is tances less t h a n 
abou t 50 k m [e.g., Snay et al, 1983; Savage et 
al, 1986]. T h e precis ion a of these tech
n iques may be desc r ibed by 

a = (a 2 + b 2 L 2 ) L 

(1) 

w h e r e L is basel ine l eng th (station sepa ra t ion ) 
a n d a a n d b a r e cons tan t s r e p r e s e n t i n g , r e 
spectively, l e n g t h - i n d e p e n d e n t a n d l eng th -de -
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p e n d e n t sources of e r r o r [Savage and Prescott, 
1973]. Fo r h igh-prec is ion Geodo l i t e surveys, 
a = 3 m m , a n d b = 2 x 10" 7 [Savage et al, 
1987]. Very L o n g Basel ine I n t e r f e r o m e t r y 
(VLBI) , p e r f o r m e d by t h e Na t iona l A e r o n a u 
tics a n d Space Admin i s t r a t i on ' s Crus ta l 
Dynamics Project , has p r o v e n to be a h ighly 
precise geodet ic t e c h n i q u e , appl icable over 
longer dis tances w h e r e l ine of s ight tech
n iques c a n n o t be used . Fo r V L B I , a is less 
t h a n 1 cm, while b is less t h a n 1 x 10" 8; in ter 
con t inen ta l basel ines have b e e n m e a s u r e d us
ing la rge , fixed r ad io te lescopes with cen t ime
ter-level precis ion, t h a t is, b « several pa r t s in 
1 0 9 [Clark et a/., 1987]. A l t h o u g h smaller , m o 
bile V L B I systems have b e e n dep loyed suc
cessfully in s o u t h e r n Cal i fornia [Davidson and 
Trask, 1985; Kroger et al, 1987], the i r size, 
complexi ty , a n d cost still p roh ib i t c o m p r e h e n 
sive m a p p i n g of t he c o m p l e x s t ra in field asso
ciated with Pacif ic-North A m e r i c a n pla te in
terac t ion . 

Geodet ic m e a s u r e m e n t s with t h e Global Posi
t ion ing System (GPS) have t h e poten t ia l to 
del iver h igh precis ion at relatively low cost 
a n d t hus can c o m p l e m e n t o r p e r h a p s rep lace 
exist ing geode t ic t echn iques . Howeve r , r igor
ous assessment of GPS precis ion a n d accuracy 
over a r a n g e of basel ine l eng ths a n d condi 
t ions is r e q u i r e d be fo re this po ten t ia l can be 
fully real ized. For m e a s u r e m e n t of l onge r 
( > 5 0 km) baselines, t h e va lue of b in equa 
t ion (1) ideally would be m u c h less t h a n 2 x 
10" 7 ( the exact a m o u n t d e p e n d i n g o n the 
l eng th of in teres t ) to e n s u r e sufficient accura
cy in t h e resu l t ing s t ra in r a t e es t imates within 
a reasonable (several year) t ime span . 
In J u n e 1986 a n u m b e r of invest igators 
pooled the i r r e sources to c o n d u c t t he first 

Cover. P l u m b b o b a n d its s h a d o w ove r 
cover p la te for geode t ic m a r k e r 7 2 6 3 at 
the A R I E S 9 m e t e r "Mesa" site, located at 
t he J e t P ropu l s ion Labora to ry , Cal i fornia 
Ins t i tu te of T e c h n o l o g y , Pasadena . Site 
has b een used since 1975 for geode t ic 
m e a s u r e m e n t s to m o n i t o r crus ta l m o t i o n 
in s o u t h e r n Cal i fornia , initially by very 
long basel ine i n t e r f e r o m e t r y (VLBI) , a n d , 
since 1986, by t h e Global Pos i t ioning Sys
t em (GPS). P l u m b line he lps posi t ion GPS 
a n t e n n a over c e n t e r of m a r k (small circle 
at a p e x of cones) . T w o circles to left a r e 
impac t po in ts g e n e r a t e d d u r i n g ear ly d e 

p loyment s of t he first mobi le V L B I system 
built at J P L , M V - 1 . Insc r ip t ion indicates 
specific e x p e r i m e n t a n d d a t e ; " JPL 6A" is 
m a r k e r n u m b e r . T h e po in t s h e l p e d locate 
p h a s e c e n t e r of la rge (9 m) a n t e n n a with 
respect to c e n t e r m a r k , a n d was la ter r e 
placed by a laser device. T h e accuracy of 
GPS m e a s u r e m e n t s is assessed t h r o u g h 
compar i sons to V L B I d a t a in "GPS Mea
s u r e m e n t s of Regiona l D e f o r m a t i o n in 
S o u t h e r n Cal i fornia: S o m e Cons t r a in t s o n 
P e r f o r m a n c e , " by T . D ixon et al., this is
sue . P h o t o g r a p h by T . K. M e e h a n , J P L . 

major survey of s o u t h e r n Cal i fornia with GPS 
e q u i p m e n t . T h e e x p e r i m e n t involved occupa
t ion of m a n y fixed a n d mobi le V L B I sites, as 
well as add i t iona l sites no t previously accessi
ble for space geode t ic m e a s u r e m e n t s . T h e 
large n u m b e r of V L B I sites occup ied in t h e 
e x p e r i m e n t m e a n s t ha t d i rec t GPS-VLB I 
compar i sons can be m a d e o n n u m e r o u s base
lines of vary ing l eng th a n d o r i en ta t ion , p r o 
viding an u n p r e c e d e n t e d o p p o r t u n i t y to as
sess t he p e r f o r m a n c e of GPS t h r o u g h com
par i son to a n o t h e r t e c h n i q u e . W e p r e s e n t 
resul ts f rom this e x p e r i m e n t , as well as s o m e 
l imited resul ts f rom la ter e x p e r i m e n t s , assess
ing GPS p e r f o r m a n c e by analysis of day- to
day a n d l o n g e r - t e r m repeatabi l i ty , a n d com
par i son to V L B I . Davis et al. [1989] review 
GPS p e r f o r m a n c e o n s h o r t e r ( < 5 0 km) base
lines, a p p r o p r i a t e , for e x a m p l e , for s tudies of 
t he e a r t h q u a k e process a n d crusta l rheo logy . 
In this p a p e r , we e m p h a s i z e GPS p e r f o r m 
ance o n longe r (50—500 k m o r longer ) base
lines, a l eng th r a n g e useful for m e a s u r e m e n t 
of regional d e f o r m a t i o n a n d fault block ve
locities. W e t h e n assess t h e impl icat ions of 
this level of p e r f o r m a n c e for m e e t i n g longer -
t e r m scientific objectives. O u r major conclu
sion is tha t GPS t echn iques can yield resul ts 
c o m p a r a b l e to those achieved with mobi le 
V L B I t echn iques in Cal i fornia , a s s u m i n g tha t 
a p p r o p r i a t e n e t w o r k des ign a n d analysis 
t echn iques a r e u sed ; GPS can t h u s p r o v i d e 
i m p o r t a n t cons t ra in t s o n reg iona l d e f o r m a 
tion in Cal i fornia with 5 years o r less of mea
s u r e m e n t s . 

Scientific Objectives and 
Accuracy Requirements 

Relative mo t ion be tween t h e Pacific a n d 
N o r t h A m e r i c a n plates in s o u t h e r n Cal ifornia 
is a c c o m m o d a t e d at t h e surface a n d in t he 
bri t t le , u p p e r c rus t by a series of faults tha t 
in teract in a c o m p l e x way (F igure 1). A useful 
mode l for u n d e r s t a n d i n g s o m e of this com
plexity, a n d for initial p l a n n i n g of geodet ic 
e x p e r i m e n t s , is o n e w h e r e faults d iv ide t he 
u p p e r ( 1 0 - 1 5 km) c rus t in to blocks tha t be
have elastically ove r sho r t t ime scales. D e e p e r 
layers may d e f o r m in a m o r e viscous m a n n e r . 
T r a n s i e n t mo t ions n e a r t he b o u n d i n g faults 
may occur d u e to b u i l d u p a n d re lease of elas
tic s train e n e r g y associated with t he ea r t h 
q u a k e cycle, while t h e " in t e r io r s " of t he u p 
p e r crustal blocks, t ha t is, locations m o r e t h a n 
several elastic layer th icknesses ( roughly 50 
km) away f rom the fault b o u n d a r y , m o v e 
m o r e o r less steadily with respec t to each o th
er . High-prec i s ion geode t ic m e a s u r e m e n t s 
a r e useful in cha rac te r i z ing a n d u n d e r s t a n d 
ing bo th types of mo t ion , d e p e n d i n g o n spa
tial coverage , prec is ion a n d accuracy, a n d the 
t ime span of t h e e x p e r i m e n t s . Howeve r , be
cause of the g r e a t e r d is tances involved, accu
ra t e d e t e r m i n a t i o n of t h e "far field" s teady 
velocity of fault blocks may be m o r e difficult 
with GPS, because of t he l eng th d e p e n d e n c e 
of several e r r o r sources . 

T h e far-field m o t i o n obse rved by geodet ic 
m e a s u r e m e n t s be tween sites o n d i f ferent 
fault blocks may be very similar to t h e geo
logic ra te , the l o n g - t e r m ave rage r a t e of m o 
t ion d e t e r m i n e d by m e a s u r e m e n t of displace
m e n t of a geologic un i t of k n o w n age . 
W h e t h e r d e t e r m i n e d geologically o r geodet i -
cally, knowledge of these ra tes , w h e n coup led 
with knowledge of t h e total p la te r a t e f rom 
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global models [Demets et al, 1990] can lead to 
d e v e l o p m e n t o f in ternal ly consis tent k inemat 
ic block mode l s [Bird and Rosenstock, 1984; 
Weldon and Humphreys, 1986]. T r a n s i e n t elas
tic effects close to faults a r e neg lec ted in such 
mode ls . A n i m p o r t a n t aspect of t h e J u n e 
1986 e x p e r i m e n t is tha t for t h e first t ime, 
space geodet ic t e chn iques w e r e e x t e n d e d off
sho re to t he s o u t h e r n Cal i fornia b o r d e r l a n d , 
a key a rea in any k inemat ic m o d e l of t h e r e 
gion. 

Bird and Rosenstock [1984] sugges t t he preci 
sion of the i r block ra te es t imates f rom geo
logic da ta is 3 m m / y r . GPS eva lua t ion of such 
mode l s would r e q u i r e a similar level of prec i 
sion. Jordan and Minster [1988] review var ious 
types of secular p la te m o t i o n a n d sugges t tha t 
space geodet ic m e a s u r e m e n t s in t h e wes te rn 
U.S. could g e n e r a t e geologically useful con
straints if fault m o t i o n ra tes w e r e d e t e r m i n e d 
to be t te r t h a n 5 mm/y r . It is a p p a r e n t tha t 
the accuracy of GPS geodet ic m e a s u r e m e n t s 
mus t be r igorously assessed be fo re this a p 
p r o a c h to block m o d e l eva lua t ion can be fully 
exploi ted . T h e s u b s e q u e n t discussion will 
p rov ide some ins ight in to this topic . 

GPS Background 
GPS satellites t r ansmi t signals o n two carr i 

e r f requencies (about 1.23 a n d 1.58 G H z ) 
m o d u l a t e d with lower- f requency codes , in
c lud ing the P-code at 10.23 M H z , con t a in ing 
t iming in fo rma t ion used for clock synchron i 
zation a n d meter- level pos i t ion ing . Ce r t a in 
GPS receivers a r e capab le of ex t r ac t ing bo th 
g r o u p delay i n fo rma t ion ( f rom t h e P-code) 
a n d phase delay i n fo rma t ion ( f rom the carr i 
e r itself) with m e t e r a n d s u b c e n t i m e t e r preci
sion, respectively. It is possible to d o h igh-
precis ion geodesy with only ca r r i e r p h a s e 
m e a s u r e m e n t s , a l t h o u g h t h e r e a r e advan tages 
to i n c o r p o r a t i n g t h e less precise P-code (often 
t e r m e d p s e u d o r a n g e ) d a t a [Tralli and Dixon, 
1988; Dong and Bock, 1989; Blewitt, 1989]. Us
ing k n o w n d i spers ion re la t ions , c a r r i e r p h a s e 
m e a s u r e m e n t s at t h e two f requenc ies enab le 
accura te cal ibrat ion of t h e t ime-vary ing com
p o n e n t of i onosphe r i c delay [Spilker, 1978]. 

S imu l t aneous p h a s e m e a s u r e m e n t s f rom at 
least two satellites with at least two g r o u n d re 
ceivers allow r emova l of e r r o r s associated 
with satellite a n d rece iver h a r d w a r e (mainly 
clock a n d i n s t r u m e n t de lay e r ro r s ) by com
m o n m o d e cancel la t ion (often t e r m e d " d o u 
ble di f ferencing") , e n a b l i n g precise t r ack ing 
of the different ial r a n g e c h a n g e to t h e satel
lites [Remondi, 1985]. T h e absolu te receiver-
satellite r a n g e in t he p h a s e a p p r o a c h is a m 
b iguous by an in t ege r n u m b e r of ca r r i e r 
wavelengths . Never the less , vector basel ines 
be tween receivers can b e es t imated to a preci 
sion of a few cen t ime te r s o r be t t e r us ing the 
observed t ime evolu t ion of t h e d i f fe renced 
satellite r anges , t o g e t h e r with mode l s of t he 
forces ac t ing o n t h e satellites, k n o w l e d g e of 
the Ear th ' s o r i en t a t ion in iner t ia l space d u r 
ing the e x p e r i m e n t , a n d mode l s for E a r t h 
t ides a n d a t m o s p h e r i c delay. Basel ine preci 
sion d e g r a d e s with inc reas ing basel ine l eng th , 
the exact a m o u n t d e p e n d i n g s t rongly o n t h e 
quality of t he G P S orb i t m o d e l a n d the geo
metr ic s t r e n g t h of t he da ta . W e will suggest 
that for basel ines 500 k m o r l onge r ( a d e q u a t e 
for d e t e r m i n a t i o n of far-field block veloci
ties), subcen t ime te r prec is ion in hor izon ta l 
c o m p o n e n t s is possible, d e p e n d i n g o n expe r i 
m e n t des ign a n d analytical t echn iques . S o m e 
aspects of e x p e r i m e n t des ign will be briefly 
discussed. 

Experiment Description and 
Data Analysis 

T a b l e 1 s u m m a r i z e s site a n d e q u i p m e n t in
fo rma t ion for t h e J u n e 1986 e x p e r i m e n t , 
which is r ep re sen ta t i ve of t h e scope of several 
subsequen t e x p e r i m e n t s . A total of 21 sites 
were occupied be tween J u n e 17 a n d 20, 
1986, with u p to 16 sites occup ied s imulta
neously. T e n sites were occup ied for 3 o r 4 
days, while mos t of t he r e m a i n i n g sites were 
occupied for 2 days each , e i t he r J u n e 1 7 - 1 8 
o r J u n e 1 9 - 2 0 . Data w e r e collected for a b o u t 
7 - 8 h o u r s p e r day at each site. T h e n e t w o r k 
h a d basel ine l eng ths f rom 18 k m to m o r e 
t h a n 1000 km. T e n sites were occup ied previ 
ously by V L B I t echn iques . G P S observa t ions 

at t h r e e of these "fiducial" sites (Haystack, 
Mass., R i c h m o n d , Fla., a n d For t Davis, Tex . ) 
were used to cons t ra in t he e p h e m e r i d e s of 
t he GPS satellites a n d def ine a r e f e r ence 
f rame. GPS basel ine es t imates be tween the re
m a i n i n g seven V L B I sites give an i m p o r t a n t 
c o m p a r i s o n da t a set with which to assess GPS 
p e r f o r m a n c e . O f these seven sites, fou r were 
mobi le V L B I sites, a n d t h r e e ( V a n d e n b e r g , 
Mojave a n d H a t Creek) were fixed V L B I 
sites. O n e a d v a n t a g e of t he mobi le V L B I sites 
for such c o m p a r i s o n s is tha t t he GPS a n t e n n a 
can be located direct ly over t he s ame m a r k as 
tha t used for t he V L B I m e a s u r e m e n t s , el im
ina t ing uncer ta in t i e s associated with site ties 
connec t ing p h a s e cen te r s of t h e la rge fixed 
a n t e n n a s a n d the g r o u n d m a r k s used for 
GPS e x p e r i m e n t s . T I - 4 1 0 0 GPS receivers 
were used at all sites discussed in this r e p o r t , 
p rov id ing d u a l f requency ca r r i e r p h a s e a n d 
p s e u d o r a n g e da t a types . W a t e r v a p o r rad i 
o m e t e r (WVR) da ta for cal ibrat ion of wet t ro -
posphe r i c effects w e r e available f rom s o m e 
sites, i nc lud ing the h u m i d R i c h m o n d , Fla., 
site. 

Data for this r e p o r t we re analyzed at t h e 
J e t P ropu l s ion Labora to ry , Pasadena , Calif., 
us ing the GIPSY (GPS I n f e r r e d Posi t ioning 
System) software, desc r ibed by Blewitt [1989] 
a n d Lichten [1990] . GIPSY enables s imulta
n e o u s es t imat ion of satellite state vectors 
( th ree spatial coo rd ina t e s a n d t h r e e velocity 
c o m p o n e n t s ) , t h r e e spatial coo rd ina t e s for 
each g r o u n d stat ion (except t h e t h r e e fiducial 
stations), s tat ion a n d satellite clocks ( m o d e l e d 
as white noise), a n d a t r o p o s p h e r e p a r a m e t e r 
for each g r o u n d stat ion. T h e wet t r o p o s p h e r -
ic p a t h delay can be ca l ibra ted with wa te r va
p o r r a d i o m e t e r s , with surface meteoro log ica l 
m e a s u r e m e n t s a n d an a t m o s p h e r i c m o d e l , o r 
es t imated ent i re ly f rom the GPS d a t a wi thou t 
p r io r cal ibrat ion [Tralli et al, 1988; Dixon et 
al, 1990]. For this s tudy , wa te r v a p o r rad i 
o m e t e r da t a were u sed w h e r e available, with 
es t imat ion of a cons t an t res idua l delay. At 
o t h e r sites, sur face meteoro log ica l da t a com
b ined with a m o d e l w e r e used , with est ima
tion of a stochastic res idua l delay. F ixed pa
r a m e t e r s in t he analysis i nc luded t h e t h r e e fi
ducial stat ion posi t ions , t h e d r y t r o p o s p h e r i c 
pa th delay (based o n surface p r e s s u r e mea
s u r e m e n t s at each s ta t ion) , a r e f e r ence clock 
at For t Davis, a n d p a r a m e t e r s necessary to 
def ine t he Ear th ' s o r i en t a t ion in space at t h e 
t ime of satellite observa t ion (pole posi t ion, 
a n d U T 1 - U T C for a c o m m o n t ime s t a n d a r d , 
bo th de r ived f rom V L B I ) . Stat ion posi t ions 
were loosely cons t r a ined with a p r io r i u n c e r 
tainties of 2 k m . A pr io r i uncer ta in t i e s for 
o t h e r es t imated p a r a m e t e r s , d a t a weights for 
ca r r ie r p h a s e a n d p s e u d o r a n g e observables , 
a n d add i t iona l analytical detai ls a r e given by 
Lichten and Border [1987] a n d Blewitt [1989] . 

T h e initial p h a s e m e a s u r e m e n t u p o n acqui
sition of the ca r r i e r signal is biased by an u n 
k n o w n n u m b e r of cycles, t ha t is, only t h e 
fractional p a r t of t h e initial p h a s e m e a s u r e 
m e n t is mean ing fu l . If a receiver can subse
quen t ly ma in ta in lock o n t h e signal a n d k e e p 
c o u n t of t h e n u m b e r of cycles a c c u m u l a t e d 
since signal acquisi t ion, t h e r a n g e c h a n g e be
tween the receiver a n d satellite can be de t e r 
m i n e d , a n d t h e initial r a n g e ( the cycle ambi 
guity) can be es t imated a long with p a r a m e t e r s 
such as satellite s tate , clocks, a n d t h e geode t ic 
p a r a m e t e r s of in teres t . H o w e v e r , this resul ts 
in rough ly a factor o f t h r e e d e g r a d a t i o n in 
basel ine accuracy relat ive to t he case w h e r e 
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t h e cycle ambigui ty is k n o w n , a critical differ
ence in t e r m s of accura te fault block velocity 
d e t e r m i n a t i o n . T e c h n i q u e s have b e e n devel
o p e d to resolve this ambigu i ty , a n d genera l ly 
rely o n the fact t ha t given e n o u g h da ta , t h e 
r a n g e ambigui ty can be es t ima ted to be t t e r 
t h a n half a ca r r i e r wave leng th (cycle), af ter 
which it is fixed to t h e nea re s t i n t ege r value . 
Unfo r tuna te ly , i onosphe r i c activity a n d o t h e r 
e r r o r sources can c o r r u p t GPS signals such 
tha t phase e r r o r s b e c o m e significant relat ive 
to o n e half wave leng th . O n e a p p r o a c h is to 
first resolve t he ambigu i t i es o n s h o r t e r (less 
t han abou t 100 k m ) basel ines w h e r e these er
ro r s t end to be co r r e l a t ed at t h e two stat ions 
[Abbot and Counselman, 1987; Dong and Bock, 
1989]. T h e m e t h o d used h e r e addi t ional ly ex
ploits t he fact tha t t h e i onosphe r i c g r o u p de 
lay of t he P-code m o d u l a t i o n is t h e s ame 
m a g n i t u d e , t h o u g h oppos i t e sign, as t he 
phase delay, p r o v i d e d t h e co r rec t n u m b e r of 
cycles is associated with t h e p h a s e m e a s u r e 
m e n t [Blewitt, 1989]. 

Results 

Repeatability 

A s s u m i n g tha t each day of observa t ion is 
t r ea ted i n d e p e n d e n t l y , t h e day- to-day r epea t 
ability of basel ine c o m p o n e n t s for a n expe r i 
m e n t s p a n n i n g several days gives s o m e indi
cat ion of GPS precis ion. W e used only single-
day orbi tal arcs to r e d u c e possible statistical 
cor re la t ions be tween successive days . T h e ex
ten t to which day- to-day repeatabi l i ty is a val
id m e a s u r e of p e r f o r m a n c e is a d d r e s s e d in 
t h e nex t two sect ions. F i g u r e 2 shows n o r t h , 
east a n d vertical repeatabi l i t ies (1 - a devia t ions 
f rom the we igh ted m e a n ) for all s ta t ions oc

cup ied for 3 o r 4 days in J u n e 1986, p lo t ted 
as a funct ion of basel ine l eng th . T h i s cr i ter i 
on resu l ted in 21 basel ines u p to 620 k m long 
a m o n g the seven nonf iducia l sites in Califor
nia a n d Ar izona . Repeatabi l i ty in t h e n o r t h 
c o m p o n e n t is near ly i n d e p e n d e n t of l eng th 
a n d is always less t h a n 1 cm, with a m e a n val
u e for all basel ines of 3.8 m m . East r epea t 
ability is m o r e d e p e n d e n t o n basel ine l eng th , 
bu t is less t h a n 1 cm for mos t basel ines, with 
a m e a n of 8.0 m m . Vert ical repeatabi l i ty is 
u n c o r r e l a t e d with basel ine l eng th , a n d is 
worse t h a n the hor izon ta l c o m p o n e n t s , be
tween 1.1 a n d 4.7 cm, with a m e a n of 2.9 cm. 
T h e di f ference be tween hor izon ta l (east a n d 
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Fig. 2. Basel ine repeatabi l i ty ( rms scat
te r a b o u t t h e we igh ted m e a n ) for all G P S 
sites in s o u t h e r n Cal i fornia occupied 3 o r 
4 days in J u n e 1986, for n o r t h , east, a n d 
vertical c o m p o n e n t s . Best fit curves (un
weigh ted da ta ) of t he f o r m descr ibed by 
equa t ion (1) a r e shown for t he hor izon ta l 
(east a n d n o r t h ) c o m p o n e n t s . 

n o r t h ) a n d vertical repeatabi l i ty is similar to 
results ob t a ined with V L B I a n d reflects t he 
geomet r i c l imitat ion tha t t h e sky can only be 
observed in o n e h e m i s p h e r e , coup led with 
sensitivity of t h e vertical c o m p o n e n t es t imate 
to the accuracy of t he t r o p o s p h e r e cal ibrat ion 
[Herring, 1986]. 

Equa t ion (1) p rov ides a useful s t a n d a r d for 
c o m p a r i n g t h e repeatabi l i ty of hor izonta l 
c o m p o n e n t s of G P S - d e t e r m i n e d baselines 
with o t h e r geode t ic t echn iques . A best fit 
cu rve of t h e fo rm descr ibed by equa t ion (1) 
t h r o u g h t h e n o r t h c o m p o n e n t repeatabi l i t ies 
gives a = 4 m m a n d b = < 1 x 10" 9, while t he 
c o r r e s p o n d i n g values for t h e east c o m p o 
nen t s a r e a = 5 m m a n d b = 2.2 x 10 (Fig
u r e 2). T h e g r e a t e r d e p e n d e n c e of east com
p o n e n t repeatabi l i ty o n basel ine l eng th re 
flects orbi tal g e o m e t r y , as t he satellites have 
dominan t l y n o r t h - s o u t h g r o u n d t racks. Ambi 
guity reso lu t ion i m p r o v e d the repeatabi l i ty of 
t he hor izonta l c o m p o n e n t es t imates by factors 
of 2-3, bu t d id no t significantly affect vertical 
repeatabi l i ty [Blewitt, 1989]. 

H o w well does repeatabi l i ty over a few days 
pred ic t the l ong - t e rm p e r f o r m a n c e of GPS? 
Is day to day repeatabi l i ty a valid m e a s u r e of 
precis ion, a n d if so, wha t is t h e re la t ion be
tween precis ion a n d accuracy? C o m p a r i s o n of 
t h e results p r e s e n t e d in this section to mea
s u r e m e n t s ob t a ined by an i n d e p e n d e n t tech
n ique , a n d r e p e a t e d m e a s u r e m e n t s over a 
longer in terval , give i m p o r t a n t clues to these 
ques t ions , a n d a r e a d d r e s s e d below. 

Comparison to VLBI 

T h e accuracy of any long basel ine m e a s u r e 
m e n t is difficult to d e t e r m i n e r igorously since 
complete ly i n d e p e n d e n t t echn iques of k n o w n 
accuracy a r e no t available for compar i son . 
However , if two i n d e p e n d e n t t echn iques p r o 
vide similar resul ts , we can be m o r e conf ident 
in each. V L B I m e a s u r e m e n t s us ing la rge ra
d io a s t r o n o m y a n t e n n a s a r e n o w widely ac
cep ted as a h ighly precise geodet ic t echn ique , 
r epea tab le at t h e c e n t i m e t e r level o r be t t e r 
for bo th in t ra- a n d in te r -con t inen ta l basel ines 
[Clark et al, 1987] . Mobile V L B I m e a s u r e 
men t s , us ing smal ler , po r t ab l e a n t e n n a s , have 
been p e r f o r m e d extensively in s o u t h e r n Cali
fornia a n d have p r o d u c e d resul ts near ly as 
precise, r ough ly a cen t ime te r o r be t t e r p lus 1 
pa r t in 10 8 of basel ine l eng th o r be t t e r [Da
vidson and Trask, 1985; Clark et al, 1987; 
Kroger et al, 1987; Ma et al, 1989]. V L B I 
t h u s p rov ides a n i m p o r t a n t da t a set for as
sessment of GPS p e r f o r m a n c e ove r a l a rge 
r a n g e of l eng th scales a n d to s o m e ex t en t is a 
m e a s u r e of G P S accuracy. H o w e v e r , it shou ld 
be no t ed tha t V L B I a n d GPS t echn iques a r e 
no t comple te ly i n d e p e n d e n t , sha r ing , for ex
a m p l e , a similar level of sensitivity to t r o p o -
spher ic effects. Also, GPS relies o n E a r t h or i 
en ta t ion p a r a m e t e r s p r o v i d e d by V L B I , as 
well as V L B I locat ion da t a for t h e fiducial 
sites, so tha t V L B I def ines t h e r e f e r ence co
o r d i n a t e system for GPS. Never the less , we be
lieve tha t V L B I - G P S c o m p a r i s o n s allow t h e 
best available s t a n d a r d for G P S accuracy as
sessment for basel ines l onge r t h a n a b o u t 50 
k m , a n d in t h e fol lowing discussion we will 
use t he t e r m accuracy to desc r ibe t h e resul ts 
of GPS-VLB I c o m p a r i s o n s , r ecogn iz ing t h e 
l imitat ions m e n t i o n e d above. 

I n m a n y cases, t h e his tory o f V L B I mea
s u r e m e n t s is l o n g e n o u g h to def ine tectonic 
mo t ion be tween two sites. F i g u r e 3 shows a 
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T A B L E 1. Sites and Equipment U s e d in the J u n e 1986 GPS Exper iment 

Site Receiver W V R 

Fiducial Sites 
Ft. Davis, T e x . T I - 4 1 0 0 — 
R i c h m o n d , Fla. T I - 4 1 0 0 R-05 
Haystack, Mass. T I - 4 1 0 0 R-08 

Other Sites (California, unless noted) 
Mojave T I - 4 1 0 0 R-07 
H a t c r e e k § T I - 4 1 0 0 — 
Boucher-2** T I - 4 1 0 0 — 
Cuyumaca** T I - 4 1 0 0 — 
Lajol la** T I - 4 1 0 0 — 
M o n u m e n t Peak T I - 4 1 0 0 — 
N i g u e f T I - 4 1 0 0 — 
Otay* T I - 4 1 0 0 — 
Palos V e r d e s T I - 4 1 0 0 J -01 
Pinyon Flat* T I - 4 1 0 0 — 
San C l e m e n t e Is . : 

Boulder* T I - 4 1 0 0 — 
Bluff** T I - 4 1 0 0 — 

San Nicolas Is. T I - 4 1 0 0 SCAM 
Santa Catal ina Is. T I - 4 1 0 0 — 
Santiago** T I - 4 1 0 0 — 
Soledad* T I - 4 1 0 0 — 
Vandenberg*** T I - 4 1 0 0 R-04 
Y u m a , Ariz. T I - 4 1 0 0 — 

All sites obse rved J u n e 17-20, 1986, except : 
*June 17-18 

**June 19-20 
***June 18-20 

§ O n l y J u n e 20 da t a a r e used 



Eos, Vol. 71, No. 35, August 28, 1990 

20 

E 10 

_i 
0 O 

-20 : 

1983 

MOJAVE TO MONUMENT PEAK (274 km) 
I • VLBI 

A GPS 

i I 

F N * 

I I I 

MOJAVE TO PINVON FLAT (195 km) 

• VLBI 
A GPS 

1 4 1 i 

i ' i ! * 

I i Hi1 

1984 1985 1986 
YEAR 

1987 1988 1983 1985 1986 
YEAR 

Fig. 3. C o m p a r i s o n of G P S a n d V L B I es t imates o n two r ep re sen ta t i ve basel ines. 
F o u r i n d e p e n d e n t G P S basel ine es t imates for Mojave to M o n u m e n t Peak (left side) ac
q u i r e d J u n e 1 7 - 2 0 , 1986, a n d two i n d e p e n d e n t GPS basel ine es t imates for Mojave to 
P inyon Flat ( r ight side) acqu i r ed J u n e 1 7 - 1 8 , 1986, a r e shown in o p e n t r iangles , dis
placed slightly in t ime for clarity. V L B I d a t a for t h e p e r i o d 1983-1987 a r e shown in sol
id circles (M. Abel , Na t iona l Geode t i c Survey , wr i t ten c o m m u n i c a t i o n , 1987). E r r o r ba rs 
for b o t h G P S a n d V L B I a r e 1-CT fo rmal (da ta noise) e r r o r s only a n d d o no t indicate sys
temat ic e r r o r s . Es t imates a r e shown relat ive to a n a rb i t r a ry initial value. 

c o m p a r i s o n of t h e available 4 days of G P S 
da t a f rom the J u n e 1986 e x p e r i m e n t for t h e 
Mojave to M o n u m e n t Peak basel ine (224 km) 
with t he r ecen t his tory of ind iv idua l V L B I 
observa t ions ( 1 9 8 3 - 1 9 8 7 ) . T h e scat ter ( l a ) of 
t he four daily G P S es t imates in b o t h n o r t h 
a n d east c o m p o n e n t s is a b o u t 1 cm, no t sig
nificantly d i f ferent f rom t h e scat ter of t h e 
V L B I d a t a itself a b o u t t h e best fit s t ra igh t 
l ine. T h e scat ter of t h e G P S vertical c o m p o 
n e n t es t imates is actually lower t h a n t h e cor
r e s p o n d i n g V L B I scat ter . Fo r sites occup ied 
with G P S less t h a n 3 days , basel ine repea tab i l 
ity is less useful as an ind ica to r of p e r f o r m 
ance (for t he 2-day occupa t ions) o r is u n d e 
fined (for s ingle-day occupa t ions) , b u t com
par i sons to V L B I aga in allow a n assessment 
of p e r f o r m a n c e . F i g u r e 3 also shows V L B I 
es t imates for t h e Mojave to P inyon Flat base
line (195 km) for t h e p e r i o d 1984-1987, a n d 
the two available GPS es t imates f rom the 
J u n e 1986 e x p e r i m e n t . T h e G P S resul ts 
a g r e e with t h e V L B I resul ts a t t h e c e n t i m e t e r 
level. T h e scat ter in t h e east c o m p o n e n t of 
t he GPS es t imates is c o m p a r a b l e to V L B I , 
while t h e scat ter in t h e n o r t h a n d vertical 
c o m p o n e n t s of t h e GPS es t imates is actually 
be t t e r t h a n V L B I . T h e r e a r e n o out l iers in 
t he e n t i r e s a m p l e of basel ine es t imates , a n d 
we conc lude tha t t h e n e t w o r k a n d da t a analy
sis s t ra tegy w e r e very robus t , even w h e n sites 
were occup ied for only 1 o r 2 days . 

F igu re 4 shows t h e d i f ference be tween 
m e a n V L B I a n d GPS solut ions p lo t t ed as a 
funct ion of basel ine l eng th for all available 
GPS d a t a ( inc luding the 1- a n d 2-day occupa
tions) at sites w h e r e V L B I locat ions a r e well 

d e t e r m i n e d . T h i s c r i t e r ion r e su l t ed in 14 
baselines a m o n g six V L B I sites with l eng ths 
be tween a b o u t 80 a n d 1100 km. Palos V e r d e s 
was no t u sed because t h e V L B I d a t a set at 
this site is sparse . N o t e tha t this is a d i f fe ren t 
set of GPS basel ines relat ive to those u sed in 
F igure 2 because V L B I d a t a a r e only avail
able for s o m e sites, while o t h e r sites w e r e 
only occup ied for o n e day , p r e c l u d i n g calcu
lat ion of repeatabi l i ty . Fo r c o m p a r i s o n with 
t he hor izonta l c o m p o n e n t repeatabi l i ty da t a , 
we have also p lo t t ed t he best fit cu rves (equa
t ion (1)) f rom F igu re 2. 

T h e roo t m e a n s q u a r e (rms) d i f ference be
tween the GPS a n d V L B I es t imates for all t h e 
baselines is 8.0 m m (no r th ) , 9.7 m m (east) 
a n d 4.0 cm (vertical). T h e wors t vertical r e 
sults occur for basel ines w h e r e d a t a a r e avail
able for only 1 day , sugges t ing t h e i m p o r 
tance of ave rag ing several days of observa
t ions. C o n s i d e r i n g only basel ines 620 k m o r 
s h o r t e r (for c o m p a r i s o n with repeatabi l i ty 
da t a shown in F igu re 2), these values a r e 4.9 
m m (nor th ) , 5.5 m m (east) a n d 2.3 c m (verti
cal). Recall t ha t m e a n repeatabi l i t ies over 3 - 4 
days were 3.8 m m (no r th ) , 8.0 m m (east) a n d 
2.9 cm (vertical). T h i s similarity be tween the 
GPS repeatabi l i ty d a t a a n d t h e G P S - V L B I 
c o m p a r i s o n d a t a is an i m p o r t a n t resul t . I t 
suggests tha t t h e accuracy of GPS basel ine es
t imates (def ined by V L B I c o m p a r i s o n ) does 
no t differ significantly f rom t h e prec is ion of 
these es t imates (def ined by day to day r epea t 
ability w h e n at least 3 days of d a t a a r e avail
able) for t h e cond i t ions of t he J u n e 1986 ex
p e r i m e n t . W e will a r g u e below tha t s imilar 
p e r f o r m a n c e can be ob t a ined rou t ine ly ove r 
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Fig. 4. G P S basel ine d a t a collected 
J u n e 1 7 - 2 0 , 1986, p lo t t ed as d i f ferences 
f rom V L B I solut ions at H a t C r e e k , Van -
d e n b e r g , Mojave, P inyon Flat, M o n u m e n t 
Peak a n d Y u m a , f rom G L B 2 2 3 GSFC 
global solut ion (J. W. Ryan , C. Ma a n d E. 
Himwich , wr i t ten c o m m u n i c a t i o n , 1988) 
m a p p e d to GPS e x p e r i m e n t e p o c h . Fo r 
c o m p a r i s o n , curves desc r ib ing repeatabi l i 
ty for hor izon ta l ( n o r t h a n d east) c o m p o 
nen t s a r e also shown , f r o m F i g u r e 2. N o t e 
similarity of repeatabi l i ty cu rves (a m e a 
s u r e of precis ion) a n d G P S - V L B I differ
ences (a m e a s u r e of accuracy) for ho r i zon 
tal c o m p o n e n t s . 

l onge r pe r iods , p r o v i d i n g ce r ta in key cond i 
t ions a r e met . 

T h e s e resul ts a r e cons is ten t with o t h e r p u b 
lished resul ts o n GPS p e r f o r m a n c e . Dong and 
Bock [1989] discuss repeatabi l i ty for G P S 
basel ine es t imates u p to 500 k m in l eng th 
f rom a n e x p e r i m e n t in J a n u a r y 1987, a n d 
n o t e t h e i m p o r t a n c e of c a r r i e r p h a s e cycle 
ambigui ty reso lu t ion . T h e y sugges t tha t re 
peatabil i ty a n d accuracy a r e c o m p a r a b l e , 
based o n V L B I da t a for a s ingle base l ine be
tween O V R O a n d Mojave. T h e significance 
of t h e work r e p o r t e d h e r e is t ha t t h e assess
m e n t of GPS accuracy is based o n a l a rge r 
n u m b e r of basel ines (14) of va ry ing l eng ths 
( u p to 1100 km) a n d o r i en t a t ions . Davis et al. 
[1989] r e p o r t GPS prec is ion of 1-18 m m in 
hor izonta l c o m p o n e n t s for n u m e r o u s base
lines below 50 k m in l eng th a n d a single long
e r (223 km) basel ine, for e x p e r i m e n t s span
n i n g several years . C o m p a r i s o n of these d a t a 
to Geodol i te a n d V L B I d a t a also sugges ts 
rough ly c o m p a r a b l e prec is ion a n d accuracy. 

Longer-Term Comparisons 
A n i m p o r t a n t ques t ion is w h e t h e r t h e close

ly c o m p a r a b l e resul ts f rom G P S a n d V L B I 
shown in F igures 3 a n d 4 a r e indicat ive of t he 
long- t e rm repeatabi l i ty a n d accuracy of GPS . 
W e r e t he cond i t ions of t h e J u n e 1986 expe r i 
m e n t special in some way such t h a t s imilar re 
sults will be difficult to achieve aga in? N u 
m e r o u s r e p e a t e d e x p e r i m e n t s o n all o r mos t 
of t he V L B I sites u sed in 1986 wou ld be nec
essary to answer this ques t i on definitively, 
a n d these have no t yet b e e n c o n d u c t e d . How
ever , t he resul ts of several s u b s e q u e n t expe r i 
m e n t s e m p l o y i n g s o m e of these sites convince 
us tha t it is possible to achieve similar resul ts 
o n a r o u t i n e basis, a s s u m i n g m i n i m u m ex
p e r i m e n t s t a n d a r d s (discussed below) a r e 
met . Results f rom o n e r e p r e s e n t a t i v e basel ine 
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a r e discussed below, b u t a c o m p l e t e discus
sion is b e y o n d t h e scope of this r e p o r t , a n d is 
the subject of o n g o i n g r e sea rch (see, for ex
a m p l e , Agnew et al. [1988] , Dong and Bock 
[1989]). 

Most of t he resul ts s h o w n in F igu re 4 w e r e 
ob ta ined us ing mobi le V L B I sites, a n d t h u s 
d o no t suffer f rom possible e r r o r s in local 
surveys tying t h e GPS m a r k s a n d t h e t heo re t 
ical p h a s e cen te r s of l a rger , fixed V L B I an
t ennas . T h i s can h a m p e r i n t e r p r e t a t i o n of 
V L B I - G P S c o m p a r i s o n s f r o m a single expe r i 
m e n t involving fixed V L B I sites b u t shou ld 
no t be p rob lemat i c w h e n d a t a f rom several 
e x p e r i m e n t s a r e available because ra tes , u n 
like posi t ions, a r e insensi t ive to such cons t an t 
offsets. F igu re 5 shows t h e resul ts of seven 
e x p e r i m e n t s for t he M o j a v e - V a n d e n b e r g 
basel ine c o n d u c t e d b e t w e e n 1986 a n d 1988. 
A l t h o u g h b o t h sites a r e fixed V L B I sites a n d 
h e n c e may suffer f r o m t h e p r o b l e m n o t e d 
above, a sufficient n u m b e r of GPS expe r i 
m e n t s have b e e n c o n d u c t e d h e r e to enab le 
r a t e compar i sons . T h e G P S resul ts (F igure 5) 
a r e aga in closely c o m p a r a b l e with V L B I , ex
cep t for a nea r - cons t an t offset, which we as
s u m e is re la ted to t h e site tie p r o b l e m n o t e d 
above. A l t h o u g h ident ical d a t a analysis tech
n iques w e r e used for t h e seven e x p e r i m e n t s , 
t he actual GPS ne tworks d i f fered, a n d in fact 
n o two e x p e r i m e n t s h a d ident ical fiducial ne t 
works . Also, a total of t h r e e d i f ferent g r o u n d 
m o n u m e n t s w e r e used at Mojave, possibly ex
ace rba t ing t he site tie p r o b l e m . Despi te these 
compl ica t ions , t he s lopes of best fit s t ra ight 
lines t h r o u g h t h e GPS a n d V L B I da t a sets, 
ind ica t ing t he ra t e of m o t i o n be tween t h e two 
sites, as well as t he scat ter a b o u t t h e lines, a r e 
very similar. T h e similarity in s lopes is en 
cou rag ing , cons ide r ing t h e fact tha t t h e G P S 
da t a span a m u c h s h o r t e r t ime in terval com
p a r e d to t h e V L B I da ta . As n o t e d by Davis et 
al. [1989] , t he r m s scat ter of ind iv idua l mea 
s u r e m e n t s s p a n n i n g several years a b o u t t h e 
best fit s t ra ight l ine t h r o u g h t h e da t a is a 
g o o d m e a s u r e of precis ion. T h e r m s devi
a t ions of t he G P S poin t s f rom the i r best fit 
l ine a r e 6.3 m m (nor th ) , 10.0 m m (east) a n d 
34 m m (vertical), s imilar to t h e V L B I devi
a t ions , which a r e 7.8 m m ( t ransverse) , 7.1 
m m ( length) , a n d 37.5 m m (vertical) [Ma et 
al, 1989]. T h e t r ansve r se a n d l eng th V L B I 
c o m p o n e n t devia t ions c o r r e s p o n d a p p r o x i 
mately (within a b o u t 1 m m ) to t h e n o r t h a n d 
east GPS c o m p o n e n t devia t ions , respectively, 
for this basel ine. T h e scat ter of t h e GPS com
p o n e n t s a b o u t t he best fit l ines over 2 years is 
very similar to t he day to day scat ter ove r 3-4 
days obse rved in o u r 1986 e x p e r i m e n t for 
basel ines of this l eng th (F igure 2). T h e grea t 
e r unce r t a in ty in t he east c o m p o n e n t GPS es
t imates f rom s o m e e x p e r i m e n t s p robab ly r e 
flects weak fiducial con t ro l , which p r e s u m 
ably can be i m p r o v e d in t h e fu tu r e . A full 
discussion of these d a t a is p r e s e n t e d in t h e 
work of Larson [1990] . 

Discussion and Conclusions 
T h e n e t w o r k covered in J u n e 1986 was ide

al for tes t ing GPS accuracy because a relat ive
ly la rge n u m b e r of V L B I sites (10) w e r e occu
pied , p r o v i d i n g n u m e r o u s c o m p a r i s o n base
lines of vary ing l eng ths a n d o r i en ta t ions . 
Inspec t ion of F igures 2-5 sugges ts t ha t GPS 
da ta is c o m p a r a b l e to V L B I d a t a in its ability 
to accurately def ine fault m o t i o n ra tes over 

lengths u p to at least 600 k m . Excel lent 
a g r e e m e n t be tween t h e hor i zon ta l c o m p o 
nen t s of V L B I a n d GPS basel ine es t imates at 
mobi le V L B I sites is f o u n d even if only 2 
days of GPS d a t a a r e available. A l t h o u g h off
sets a r e somet imes obse rved be tween GPS 
a n d V L B I es t imates w h e n fixed s ta t ion V L B I 
sites a r e used , these offsets can be exp la ined 
by site tie unce r t a in t i e s a n d d o n o t bias fault 
mo t ion ra te es t imates . It shou ld be n o t e d tha t 
for t he GPS e x p e r i m e n t s desc r ibed h e r e , a 
"day" of GPS d a t a is actually l imited to 7 - 8 
h o u r s of satellite visibility, ref lect ing t h e pa r 
tial d e p l o y m e n t of t h e G P S constel la t ion, 
while a V L B I observa t ion typically spans 
abou t 24 h o u r s . As add i t iona l satellites a r e 
l aunched , as new receivers capab le of t rack
ing m o r e t h a n fou r satellites b e c o m e avail
able, a n d as t h e use of new, low m u l t i p a t h an
t e n n a s becomes c o m m o n , it is likely tha t t he 
quality of GPS basel ine es t imates will b e c o m e 
even be t te r . 

D u r i n g t h e course of o u r analyses, several 
factors in GPS e x p e r i m e n t des ign w e r e iden
tified tha t may h e l p to e n s u r e similar o r bet
te r GPS p e r f o r m a n c e in f u t u r e surveys . Fore 
most a m o n g these is n e t w o r k des ign . A net 
work with similar o r g r e a t e r s ta t ion densi ty 
relative to t h e J u n e 1986 e x p e r i m e n t , a n d 
with equiva len t o r be t t e r qual i ty of fiducial 
cont ro l , tha t is, n u m b e r a n d g e o m e t r y of fi
ducial sites, as well as da t a quali ty at these 
sites, is i m p o r t a n t , par t icu lar ly for l o n g e r 
( > 5 0 km) basel ines d e s i g n e d to m o n i t o r block 
velocities. A mix of basel ine l eng ths is neces
sary for ca r r i e r p h a s e cycle ambigu i ty resolu
t ion over all basel ines [Dong and Bock, 1989; 
Blewitt, 1989], while a d e q u a t e fiducial con t ro l 
will e n s u r e accura te satellite e p h e m e r i d e s . At
m o s p h e r i c cal ibrat ion, while a p p a r e n t l y no t a 
critical factor in t h e resul ts p r e s e n t e d h e r e , 
may be m o r e i m p o r t a n t in some f u t u r e ex
pe r imen t s . Zeni th wet t r o p o s p h e r i c p a t h de 
lays were genera l ly low ( < 1 0 cm) a n d a t m o 
spher ic condi t ions w e r e b e n i g n in t h e J u n e 
1986 e x p e r i m e n t , sugges t ing tha t az imu tha l 
a symmet r i e s in t h e wet a n d d ry c o m p o n e n t s 
of t he t r o p o s p h e r e w e r e p robab ly low. I n 
such cases, t h e precis ion a n d accuracy of GPS 
results a r e relatively insensit ive to a t m o s p h e r 
ic cal ibrat ion [Tralli et al, 1988]. M o r e severe 
wea the r cond i t ions cou ld d e g r a d e GPS resul ts 
o r necessi tate use of W V R ' s for wet t r o p o 
spher ic cal ibrat ion. Ident ica l r ece ive r - an t enna 
combina t ions min imize t h e possibility of n o n 
s t a n d a r d da t a sets b u t may be difficult to 
achieve in t he fu tu r e as d i f ferent rece iver sys
tems b e c o m e m o r e w i d e s p r e a d . Different an
t ennas may be par t icular ly t r o u b l e s o m e , as 
the i r p h a s e c e n t e r behav io r can vary signifi
cantly [Kleusberg, 1986]. If d i f ferent a n t e n n a s 
a r e used , it will be i m p o r t a n t to cal ibrate 
these p h a s e c e n t e r effects. 

T h e t r e n d s shown in F igures 3 a n d 5 re 
flect pa r t of t h e relat ive m o t i o n b e t w e e n the 
Pacific a n d N o r t h A m e r i c a n plates over t he 
t ime span of t h e e x p e r i m e n t s . T h e V L B I 
da t a in this r eg ion a n d its geological signifi
cance have b e e n discussed by Lyzenga and Go-
lombek [1986] , Kroger et al. [1987] , Clarke et al 
[1987] a n d Ward [1988] a n d will n o t be elabo
ra t ed h e r e . A s s u m i n g a similar level of pe r 
f o r m a n c e in f u t u r e GPS e x p e r i m e n t s , it is 
clear tha t GPS can m o n i t o r tectonic mo t ion in 
s o u t h e r n Cal i fornia with accuracy c o m p a r a b l e 
to mobi le V L B I systems, sugges t ing tha t GPS 
can densify a n d c o m p l e m e n t exis t ing V L B I 
m e a s u r e m e n t s in t h e wes t e rn U.S. G P S cam-
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Fig. 5. Similar to F i g u r e 3 , for t he Mo
j a v e - V a n d e n b u r g basel ine , excep t individ
ual V L B I da ta po in t s a r e omi t t ed for clar
ity; solid l ine is V L B I global solut ion 
G L B 2 2 3 . Results f rom seven GPS exper i 
m e n t s (1986-1988) a r e shown, f rom Larson 
[1990] . Est imates a r e s h o w n relative to an 
a rb i t r a ry initial value . N o t e similarity in 
slopes de r ived f rom G P S a n d V L B I posi
t ion es t imates ; scat ter a b o u t the best fit 
lines t h r o u g h each d a t a set is also similar 
(see text) . 

pa igns s u b s e q u e n t to t h e J u n e 1986 exper i 
m e n t have a l ready e x t e n d e d coverage to t he 
C h a n n e l I s lands a n d C e n t r a l California [Dong 
and Bock, 1989], a n d c o n t r i b u t e d to m o r e de 
tailed surveys of pa r t s of t h e San A n d r e a s 
fault [Davis et al, 1989; Feigl et al, 1990]. It 
was previously sugges ted tha t i m p r o v e m e n t s 
to block tectonic mode l s in s o u t h e r n Califor
nia r e q u i r e d d e t e r m i n a t i o n of ra tes to an ac
curacy of 3 - 5 mm/y r . Cons ide ra t i on of t he 
major fault blocks s h o w n in F igu re 1 suggests 
tha t this r equ i r e s a geode t ic n e t w o r k with sta
t ion sepa ra t ions in t h e r a n g e 5 0 - 3 0 0 km. As
s u m i n g 1-cm hor izon ta l accuracy can be 
achieved with such a n e t w o r k for a par t i cu la r 
GPS e x p e r i m e n t (as sugges ted by F igure 4), 
ra te es t imates with this level of accuracy 
could be achieved in less t h a n 5 years , assum
ing yearly e x p e r i m e n t s . 
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man activities. T h e IGAC Programme is 
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accomplished, even though they involve large 
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O n e of the six initial IGAC foci is the natu
ral variability and anthropogenic perturba
tions of the marine atmosphere. Since the 
oceans cover about 70% o f the planet and act 
as both a source and sink o f many important 
atmospheric constituents, it is an essential 
area in which to study source, sink, and 
transformation processes in detail. IGAC 
therefore proposed a project to study Marine 
Aerosol and Gas Exchange, Atmospheric 
Chemistry and Climate (MAGE). 
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