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Ladies and Gentlrmen. I would l ike  k, welcome you a l l  t o  the  symposium 
on the Applications of Marine Geodesy. F i r s t .  I would l i ke  t o  introduce 
myself. my name is Helmut Motit. - I rm with the Technical University a t  
Graz, Austria. Originally, I was supposed to serve a s  co-chairman her :, 
t he  chairman of t he  symposium beillg Ilr. Ceorge b u r a d  f r a a  B . t t e l l e ;  but 
unfor tumtely  Caorge has not yet completely r ecove r~d  from a recent 
operation s o  he has  asked me co take over the chairmanship of this symposium. 
Perhaps i t  may be well t o  r eca l l  t he  his tory  of marine goodany and of marine 
geodesy symposia. An you well know, in 1%6 there *u, the f i r s t  marine 
gaodasy sppoeium here a t  Battalle.  It war co-spoasored by Ba t t a l l e  and 
DM. Ibe second one wan i n  1969 i n  New Orleans and organized by the  
b r i n e  Technology Society. In  1971 a t  tha IUGC General keembly i n  ascow,  
there was a l s o  a sgnposium on marine geodasji and nor i n  1974 we have a 
symposium that is cal led Applicatiolu of Harine Geodesy. So, it tha t  
msrine geodesy has reached the  s U g e  where one can r ea l ly  a l s o  present 
appl icat ions  and resul ts .  Well. t h i s  symposim wi l l  deal  with these 
subjects.  I mould a l so  l l ke  t o  transmit to you a message from George 
Nourad. Ile would l i ke  to  extend h i s  specia l  thanks to the many people who 
mode t h i s  s p p o s i m  possible. In addition to the co-sponeors, associa te  
aponsurs and the colmittee mmbera, a specia l  thank8 is dua fo r  a 0  

par t icular  nnn-coamittee member8 f o r  Chair ass is tance and who have been very 
much involved in  the  preparation o f  the symposium. lhese a r e  Capt. Jane 
.Uckenrie. Marine Consultant, end Dr. Ullton Johnson of M M A  who w i l l  be 
speaklag in Session IV. Also, from Bat te l le  Co Drs. A1 Robinson and Mike 
Fubera, who very adequately f i l l e d  in  fo r  Cwrge's absence. I would l i ke  
t o  traMmit t o  you the graecings from the Internat ional  Association of 
Geodesy. You know there is e specia l  mtudy group wlthln the  association 
o f  geodesy o f  which George b u r a d  is Chairman. And on behalf of the 
Internat ional  Association of Geodesy, and of the Internations1 Sc ien t i f i c  
Community, I would l i ke  to extend ap iu i a l  thanks and appreciation to  
Bnt te l le  Memorial I n s t i t u t e  f o r  making t h i s  symposium possible by arranging 
it. 

And now Ladies and Gentlemen. I would l i ke  to  introduce Dr .  John U. 
Bntch, Director of the Columbus Division of Be t t s l l e  Memorial I n s t i t u t e  who 
w i l l  be our host and w i l l  then give a speech of introduction. Dr. Batch 
has been ac t ive  i n  research, research management, and education s ince  1950. 
In  h i s  present position a$ Pirector ,  he is responsible for a l l  research and 
supporting a c t i v i t i e s  st the Bnt te l le  blumbur laborator ies  and eseociated 
marine f a c i l i t i e s  a t  Long Beach, California. Dayton8 Beach, Florida and 
Duxbury. Elessachusett.. Early in  h i s  career,  Dr. Batch was employed by 
General Elect r ic  Company and l a t e r  by Battelle.  H i s  mein f i e l d  of research 
and developpent was in the f i e l d  of nuclear e n g i n e a r i q  wich emphasis on 
heat  t ransfer  to nuclear reaction deslgn and safety. He is author and co- 
author of a g rea t  number of reporta and publications. Dr. Batch hsa a l r o  
been very ac t ive  i n  &ducation. He has a distinguished educational career  
beginning a s  an i ~ t r u c t o r  i n  mechanical engineering a t  Sou* Dnkota S ta t e  
Collage and Purdue University and leading up to  an adjunct associa te  
professorship s t  the  Univermlty of Weshillgton i n  Washington S ta t e  Univermity 
during the  time he was associa te  d i r ec to r  of Ba t t e l l e  IIOrthwest laboratories 
a t  Richland. Washington. Well. m y  1 a8k Dr. Batch to  give h i s  address. 



PRECEDING PAGE BLANE NOT 

Dr. John H. Batch. Director 
Battelle Columbus Lsboratories 

I t  gives me a great  deal of plealure to  be able to welcome you to 
Columbus and to Battelle Columbus Laboratories on thin real ly beautiful v 

day. I ' m  very happy that the cmi : t ee  had foresight enough to schedule 
th i s  symposium on a day when the weather was like this. 

We a t  Dattelle are  indeed grat i f ied to be able to  join with the f i r e  
co-sponsors and the s ix  associate sponsors In creating th i s  symposium on 
Applications of M r i w  Geodesy. I want to  smpbosiae that  we a re  only one 
of the co-sponsors; the co-sponsors need to  be given a l o t  of the credit.  

I would likp a be able to tour you t h r q h  the Bat tel ls  Pac i l l t i e s  
sad show you what Battalle is a l l  about. But we don't hare time. However. 
1 can give you a quick description of the Battelle Paci l l t ies .  A s  w s t  of 
you know, Battelle i s  a research ocgsnizatlon. Our to ta l  e f fo r t  in  rwearch 
i s  about 130 million dol lars  a year .ad our fac i l i t i ee  a r e  spreed through- 
out  the United Steten and also in Zurope. 

This symposium i s  beins held a t  the Battelle Columbus f a c i l i t i e s  which 
house approxtmately 2,600 people. The Battelle Northwest Loboratories 
ac t iv i t i e s  a re  very similar to Battelle Columbus rweerch althou& there 
a re  varirnces tn mphaaes. Northwest division ha8 ebout 1.700 employees. 
Battelle a180 has two f a c i l i t i e s  in  Burope which perfom contract reaeareb, 
one in Geneva. Switserland with 650 employees and the other a t  Prankfurc, 
Getmany with 850 people. 

Aa far a8 marine reseerch I# crncerned, our ac t iv i t i e s  a r e  m i n l y  
concerned with marine engineering. marine biology and various aspects of 
nvrine fouling. Out metine laboratory a t  Dunbury. Heasachumetts, which i s  
about 40 milso south of Boston, i s  involved i n  lookiry a t  the enviro-t.81 
effects  of plant and animal l i f e  l a  the ocean. Our m r l n e  laboratory e t  
Daytom Beach. Florida, i s  primarily concarnod with marins fouling. keen 
engineering reaearch i s  performed in our Long Beach, California fac i l i t i e s .  
A fourth marine laboratory i s  operated by Battelle Worthwest st 8epuim. 
Washington, very close to  the Pacific Ocean. 

R u t  1s a very ~ h o r t  description of Battelle. but it does give you m 
idea of our f u l l i t i e s  that are  specifically and direct ly cssociated with 
Mrine act ivi t ies .  

I n  a l l  our many aroas of act ivi ty ,  h t t e l l e  i e  deeply concerned with 
the u t i l i sa t ion  of science end engineering for the benefit of mankind. For 
th i s  reason ve a r e  particularly happy to  note that s large portion of the 
popera that w i l l  be given here wi l l  be devoted to  application8--that i s ,  
current and future uses of marine geodesy for praetlcal sppl icat lw.  



As f a r  a s  the implicationo of potent ia l  fu ture  uses, I would l i ke  to 
lnv i t e  a l l  of you t o  par t ic ipate  i n  a meeting which w i l l  take place tonight,  
which is not a pa r t  of t h l s  symposium but which you should find very 
in teres t ing.  Bat te l le  is Joining with the Department of Geodetic Science 
a t  the Ohio S ta t e  University i n  a study of the future  r e q u i r e e n t s  of marine 
geodesy. Tonight a t  8:00 p.m.. we a r e  Joint ly  sponsoring an open session 
i n  the th i rd  f loor  auditorium a t  the Sheraran Columbus b t e l .  At t h l s  
meeting we hope to  generate a very l ively  discussion on the  future  of marine 
geodesy. lhe  meeting w i l l  be chaired by Professor Ivan h e l l e r  from Ohio 
S ta t e  University. He joino with me i n  hoping you wi l l  be able  t o  attend the 
meeting. Along the  same l i nes ,  we hope you wi l l  complete the questionnaire 
you received along with the conference program and re turn  i t  t o  us sometime 
today. 

I f  we can a s a l s t  you i n  any way i n  making your sLay here more pleasant 
please do not hes i t a t e  t o  c e l l  on us. We wi l l  be happy t o  erraqge tours 
through the f a c i l i t i e s  here at  Ba t t e l l e  Columbus i f  you e r e  interested. 
lhere  a r e  a number of Ba t t e l l e  people who a r e  per t ic ipat ing i n  t h l s  
symposium, but we a l s o  have sane young ladies  who a r e  s i t t i n g  out a t  the 
f ron t  desk, whom you w i l l  be able t o  ident i fy  eaeily. Ask them o r  ask any 
of us and we wi l l  do anything conceivably possible t o  a s s i s t  you. 

Thanks again and welcome to  Bat te l le .  EnJoy t h i s  s)@osium. 

by 
PROF. H E W  HDRITZ 

N o w  I have the  pleasure of Lntroducing tcr yo? Dr. Frmk L. WLll i amm 
a s  representative of the  Co-Bponsors. Dr. Wllli.au i s  s graduate of Auburn 
University, Messachusatts Ina t f tu t e  of Tachnology where he graduated a s  
bachelor and mastar in aeronautical engineering. F i r s t .  he has had a period 
o f  moms seven y e a n  a s  an Air  Force Officer and then he joined W. Since 
1958, he has had a very distinguiehed career  within MSA. He worked 
together with Verner Yon Brown and s ince  July. 1972 he has sawed i n  h i s  
preeent position a s  Director of the Special Program Divirion. Office of 
Applications. In t h i s  por i t ion he is responsible for  programs ruch as  
SPASAT and CEOS-C. So. we a r e  very privileged to have DL. Prank Williarm 
t a l k  t o  us now on behalf of the Co-Sponsors. 
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POOR QUALITJ' 

MR. FRANK L. WILLIAMS 
Dlr~cLor. Special Program Division 

Office of Applications. NASA 

'lhank you. l t  1s s privilege to be a repreeentatlve spokesman, i f  you 
will .  of the Co-Sponsors and on behalf of the Co-Sponsors which a r e  l i s t ed  
An your program--The Bst te l  ;e-Columbus Irbs. The Defense Happing Agency, 
The 0fflc.- of Applications a t  NASA. The National Ocean Survey of W. The 
Office of Naval Research and The National Sclence Foundation--as well a s  
several Associate Sponsors. On behalf of a11 of us,  ve welcome you t o  the 
symposium. 

We. a s  Co-Sponsors, would l i ke  ta thank cn.. w:'.elle-Coluebue Labs for  
the work that  they have done. and i t  har been qu i t e  a chore. 1 am sure. 
to ~ k e  a l l  the arrangements for t h i s  synposium. We would l i ke  t o  thank 
the Program Cow1 t t - e .  Dr. Horltr  and Ceorge Hourad. I am cer ta inly  rorry  
George can ' t  be he I have had the personal p lesrure  of working v i t h  
C s r g e  over the l r r t  revera1 years and 1 knov hov much th i s  symposium has 
mea~it t o  him. 

Aa the Spannore and Co-Sponwrs, we a r e  pleased v i t h  the  reception 
t:.at the symposium has received, a r  i e  indlcstrd by the number of repre- 
senta t ives  from variour domestic user organizations. a s  well ar  foreign 
repreeentatives. The suhJects being covrred i s  broad. and I think we a re  
n w  rea l ly  ocvlna in to  the realm of the  s p p l i c a t l o n ~  of ocean groid avrl 
geodetlca. The papers, of which I have been able  to ge t  n advanced copy. 
I have read and I am qui te  impressed by the i r  quality. 7 think we a r e  off 
t o  an exceptionally good starL - and speaking for  the Sponsors ve  a re  qu l t e  
pleased. 

I did want Lo take advantage of thle opportunity to ta lk  b r d l l y  about 
some of the NASA a c t i v f t l e s  and hov we see N A M  f i t t i n g  ln to  the subject 
lnsttar being dtscuesed a t  the  symposium. 

A l i t t l e  over oM years ago, we a#sembled frmn what was emerging in the 
sclence and ear ly  appllcatlonr days the  Earth and Ocean Phyaico Appllcstlons 
Program commonly knmtr, a t  WPAP. Thle program wan not defined by Jus t  NASA. 
and vas not defined in  Jus t  one meeting o r  over a br ief  period, but i s  one 
that  has evolved over the years. However, f i na l ly  in a very concentrated 
e f fo r t  vbrklng v i t h  what we c a l l  our user collmmity-which conr l s t s  of o ther  
governmental auencies. industry, the acadmlc community and In some cases 
foreign Lnvolvement--led t o  the fo rm1  def ini t ion of the  UIPAP program. To 
put things ln to  parspectlve, we ac t  same long range obJectivas o r  goals for  
the WPAP program which a r e  shwn in Figure I. 

These a r e  the goals that  we s e t  and a r e  re la ted Lo the developnent and 
validation of methoda for ob~r rv lng  ear th  dynamic m t l o n  using space 
techniques. The f i r s t  obJectlve addresses tectonic p l a t e  motion and. In 
par t icular .  earthquakes. The next two objectives r e l a t e  to the oceana. 
Agaln, from a llABA sCandpoint, these focus on the  appilcutions of space 
techniques, tools. and technologies. Finally. the  l e s t  objective deals  



with  the  l o c a l  geoid. and ex tendl ly  geodetic c o n t r o l  t o  inaccessab le  a r e a s ;  
i n  t h e  a r e a s  o f  mapping and geophysics a p p l i c a t i o n a  - a g a i n  a t o p i c  under 
d l scusa ion  a t  t h i s  symposium. 

We a t  WU recognize t h a t  t h e  u l t i m t e  acc0cllplishment o f  t h e s e  o b j e c t i v e s  
i s  no t  a NASA r e s p c n s l b i l l t y .  Ultimately, t h i s  r e s p o n s i b i l i t y  l i e s  wlth 
t h e  c o l l e c t i v e  user  coanunity.  However, we f e e l  t h a t  we have a *a le  t o  
play. a c o n t r i b u t i o n  t o  make, and can  be a p a r t i c i p a n t  i n  achleveii.g these  
very worthwhile o b j e c t i v e s .  We have defined a program - aga in  a NASA 
program - but  defined i n  cooperation wl th  our  user  cmmmnity--agein, o t h e r  
government agenc ies ,  indus t ry  and t h e  academic c o m u n i t y  a s  w e l l  a s  i n t e r -  
nationa.  p a r t i c i p a n t s .  This  long range plan i s  i l l u s t r a t e d  i n  F igure  2. 
To d m e l o p  t h i s  p lan  we had a good h e r i t a g e  wi th  which to s t a r t .  The top  
t h r e e  programs have a l r e a d y  used space techniques t o  addreas t h e  subjec t .  
The e a r t h  and ocean physics a p p l i c a t i o n s  program s t a r t  wi th  t h e  1.ne 
Measurement Systcnu. Forecas t ing  Techniques 4 Modeling and N n g e  t o  Advanced 
Applications F l i g h t  Experiments (MI%) program. The remaining prodram, i n  
Figure 2 ,  a r e  a c t i v i t e s  wi th in  NASA - with  t h e  exception.  TIIIATIOta - t h a t  
a r e  complementary o r  suppurt  t h e  a c t l v i t i e s  we have i n  t h e  Earth and Ocean 
Physics Appl ica t ions  Program. 

I don ' t  plan t o  d i s c u s s  a l l  o f  them, but  t o  t a l k  about s e v e r a l  a s  time 
permits.  Measurement systams. forecas t ing  techniques,  and modeling a re .  
t o  a degree,  eupportlng research and technology a c t l v i t l e a  t h a t  address  the  
m d e l i n g  and f o r e c a s t i n g  techniques t h a t  a.sply t o  marine geodesy, a s  wel l  
a s  t e c t o n i c  p l a t e  motion, e tc .  Dam a n s l ) s i s  IS an a c t i v l t y  t h a t  is s e t  
a s i d e  s p e c i f i c a l l y  t o  ana lyze ,  u t i l i z e  the  i a t a  being c o l l e c t e d  f o r  the  
var ious  ground, a s  wel t  a s  space based experhaents t h a t  a r e  underway. These 
a r e  ongoing a c t l v i t i e s .  

Tectonic p l a t e  motion 1s  a new a c t i v i t y  t h a t  is b u i l d i n g  on some p a s t  
remearch and technology work. The Sac Andreas F a u l t  experiment and the  
VLBI-Very Long b e e l i n e  In te r fe romet ry  work address  p o s i t i o n ,  p l a t e  motion. 
UT-1 o r  e a r t h  r o r a t l o n  end p o l a r  motion. 

Next a r e  t h e  f l i g h t  experiments. CEOS-C is a research  ~ a t e l l l t e  t h a t  
w i l l  be launched t t h i r d  q u a r t e r  of t h l s  year.  t h a t  w i l l  c a r r y  an 
a l t i m e t e r  and,  hopefu l ly ,  v i l  addreas--in a much more p r e c i s e  way. an well  
a s  on a g loba l  ' ,asis--the geoid. The e l t imete ;  a l l  a l e 0  g ive  us  t h e  
a l t i t u d e  from the  s a t e l l i t e  t o  the  sur face  o f  t h t  ocenn a s  wel l  a s ,  we f e e l .  
t h e  wave heig.. s o  t h a t  we w i l l  ba a b l e  to g e t  s e a - s t a t e  i n f o n m t i o n  o u t  o f  
t h a t  system. lACEOS l a  a l a r g e  and very dense sphere about 2 f e e t  i n  
diameter t h a t  w l l l  be launched i n  1Y16 - end w i l l  p rovide  e p e m a n m l  
re fe rence  p lace  i n  space and a very p n c l s e  o r b i t  f o r  o u r  I . & ~ e r  .angin:  for  
geodetic work. SEASAT-A is what we a t  NASA f e e l  i m  t h e  f ~ r r t  oceanogr.bphic 
s a t e l l i t e  and 1 won't 80 i n t o  any more details. Walter  W C a n d l e ~ s  n i l  be 
giving a paper on SEASAT t h i s  afternoon. To g e t  s b e t t e r  handle 0.. t h :  
g r a v i t y  f i e l d ,  v e  a r e  planning CWPAUSE - and CRAVSAT. SPASAT-B Lo planned 
f o r  the  e a r l y  1980's. and,  being very frank,  i s  r e l a t i v e l y  undefined a t  t h i s  
p o i n t  in  time. F i r s t  we want to g e t  CEOS-C under our  b e l t  and understand 
how well  t h a t  system i s  going t o  work and develop a f l m e r  handle on 
p-ecisely what SEASAT-A w l l l  do. SUSAT-8 could be anything from a n  
advanced remearch and d w e l o p m n t  type aystem through t h e  spectrum up t o  a 
prototype o p e r a t i o n a l  system, and we. NASA a s  wel l  a s  our  u s e r  c o w r n l t y .  
w i l l  begin t o  addrers  t h a t  In  a very  d e f l n l t i v e  way s t a r t i n g  t h i s  coming 
year. Let u s  para over  Skylab r l n c e  I have a l i t t l e  b i t  of d a t a  t h a t  I am 
goin,q t o  a h w  vou i n  a moment. TIMATION 11 a Department of Defense nystem 
which pruvidrn another  re fe rence  base l a s e r  ranging. The ATS-F n a t e l l i t e - -  
Advanced Technology S a t e l l i t e  s e r i e s  ?--was j u s t  launched l a s t  w e k ,  and i s  
s u c c e s s f u l l y  i n  o r b ~ t .  Everything i s  checking o u t  and I t  re- t o  be 
opera t ing  q u i t e  r a t i s f a c t o r i l v .  I n  f a c t ,  it was a flawlems f l i g h t .  I b r i n g  
t h a t  up i n  t h a t  we w l l l  he u ng ATS-F i n  concer t  wl t t  CWS-C, which w i l l  be  
:aunched l a t e r  t h l s  year.  f o r  s a t e l l i t e - t o - s a t e l l l r .  t rack ing .  CWS-C being 
i n  lw o r b i t  and ATS-F being i n  a rynchronous o r b l t .  Also we w l l l  use t h i s  
s a t e l l i t e - r o - s a t e l l i t e  d a t a  t r m s m i r s l o n  on the ASTP o r  Apollo Soyuz Tes t  
Program--tre have No experiments t h n t  w i l l  be flown i n  chi8 j o i n t  U.S.- 
Sovie t  mission. \ # a h ,  we w i l l  be t e s l i n g  s a t e l l i t e - t o - s a t e l l i t e  t rack ing  
but  t h i s  r i m  we w l l l  have t h e  Apollc s p a c e c r a f t  t racked from the  ATS-F. 



a a uill have a hfgh w t e l l i t e  ttacklmg a low satel l i te .  After the 
k k -  d s s h  is ceplecsd.  w 6 1 1  d i m e .  o r  ardock, with the docking 
module be108 f m  the mdule to a l l w  the tun to s-rate. 
ihL d l 1  enable u t e l l i t e - ~ r u t e l l i t e  track- betwan t w  l o w r b i t i n g  
u t e l l i t a u  - to be done i n  anLsar wit& AS-?  high-lw Crackhg. Tk 
c d 1 u . U -  of hl&-la, u wll +a 1-1- trrcL-. w fee l  rill giwe us 
.n d l  lot of y pod g m l t y  f ie ld dam. Unfottacutely. it wi l l  be s 
damt b f l m  missloo bat  ra feel  tbnt it u i l l  g i ra  us good design e r i t e r t a .  
bmcd InfOllUom. POI Um fiQ.1 d e s l g ~ ~  of tBDPADSE. as  a l l  u bet ter  
lvDdle am sara o f  cha theories tht exist  today. Fbully.  d m  the shut t le  
c a a  sloeg. I WPL ra rill be cud? to h e  urLrcl u t i l i u t i o a  of it for  
cbe qplic8Cians tbt a vf l l  be d i r o c r i n g  these cbree days here a t  the 
tayqosim. 

I Ctd bring along JYt I think is *.q new data. Puure 3 s&nm a geoid 
d l  rp of cbc a r c h .  f h i s  one happens to be the Goddard Space Flight 
Center Un-6 mdel of the m i d .  SuperIqosed on Uais is the g.ooad track 
of tbe Sky- p.s nmber 49. OIlriql th i s  pass rapkr 49 ue mmed on che 
a l t h t e r  d i c h  a flying aboard the Skylab and. i n  essence, we bave a 
c a p l e c e  a l t l m e t q  map of the oceans fo r  the ooq lece  Skylab pans. Ybea 
b e  data uere taken, ue did not turn the altimeter on and l e t  it run 
c m t i m s l l y  but turned it on for s trbile a d  Lheo turned it off. i should 
point out a t  Lha resul ts  sham hers l o  Figure G a r e  qnick look data. Ibey 
b.ra m e  been refined u yet. and. therefore. a r e  subject ro sor d i f i -  
cat-. bot th i s  i s  the geoid baed on the CW-6 model (shove 8s the solid 
line i n  Figure  4 ) .  and the a l t l a t r y  &ta obuined oo pass 69 srartiql o w r  
rtw Soothern Atlantic pmeeding f l u t  off the t i p  of Africa. co South of 
8&a Gatnos. across the h c i f i c ,  then across U.S. and over the Caribbean. 
I chink yoo will see. a s  I do. L h C  particularly for  quick look data. 
witbolrt sq  proceasing to remuve potential system bias errors, chat i t  is 
s ratber r m r b b l e  s e t  of data and, to my knowledge. th i s  i s  the f i r s t  
c i m ~  tbet  w hsve in fac t  obuined. 00 s slobal scale, verification of the 
ocean geoid. I br iql  cbis up becasse I think we are  reelly. a s  I said 
ea r l i e r ,  in  che t rsnsi t ion phase f r o l  science to applications. We a t  MSA 
b.oc .ole neu tools co bring to bear. nev t chmlog ies  co of far  rrhicb cen 
be wed in c m j m e t i m  r i t h  a ~ l y t i c a l  tecimiqua sad experimmtal verifl- 
a t l o a s  to gemerate che type of data that w i l l  be discussed here st th i s  
s m s i m .  I believe that. by rrorkis  together. the processes required to 
u t i l i + e  th i s  dsu operationally wi l l  be developed. So. I think we can 
expect s l o t  f m  chis sgqosirr and s l o t  from you ladies and gen t le~an  
in th i s  f ie ld in the coming years. Thnnk you very m h .  
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ABSTRACT 

The growth in world population and industrial output is 
rapidly increasing the demands for the use of the ocean as a 
transportation medium, source of raw materials and recreation 
facilities. Orderly and efficient use of the ocean requires a 
thorough knowledge of the ocean, and it is one of the tasks of 
marine geodesy to provide this knowledge. The purpose of this 
paper is to provide an analytical framework for dealing with 
the economic aspects of marine gaodesy. Part I of the paper 
develops the concept of economic efficiency. Part I1 con- 
structs a hypothetical market for the information provided by 
marine geodesy, and examines how this market might work without 
government intervention. Part I11 examines the rationale for 
government participation in the provision of information about 
the ocean. 

EFFICIENCY IN TAB ALLOCPTiON OF MARINE INPORJ4&T1010 

This paper deals with the economic aspects of information 
about the physical characteristics of the ocean, fnfomation 
supplied by natural sciences like marine geodesy. The growth 
in the demand for this type of information comes from two 
interrelated developments: (1) the rapid expansion in the 
comercia1 exploitation of the ocean and (2)  the response of 
governmental regulation to the increasing use of the ocean. 

The growth in the caarmercial and industrial uses of the 
ocean can be illustrated in many ways. A list of some of the 
ocean-related comnorcial activities is revealing: mining of 
oil, gas, sand, gravel, and the potential mining of manganese 
modules and other minerals: recreation in different form of 
swinraing, boating, and fishing: comercia1 fishing by many 
methods ocean dumping; and many different types of transpor- 
tation.$ The above increase in the uses of ocean resources has 
occurred in part because of the rising relative prices of land- 
based substitutes. In addition, we have witnessed increased 
use of the ocean for the purposes of national defense and re- 
search and development. 

It is widely recognized that the ocean and its resources 
are colmaon property resources: because of their physical and 
biological characteristics, they cannot be privately controlled 
and so their ownership is vested in the community at large. 



Consider, for example, the problems inherent in defining 
ownership rights to a fishery resource such as the tuna. Only 
with the recent dramatic increase in the use of the ocean has 
the absence of private ownership created conflicts. Govern- 
ments at the national and international level are now engaged 
in defining more clearly the particular community to which re- 
sdu:ce rights properly belong. An example is the 200 mile 
limit controversy. It is both the increasing use of the ocean 
by private concerns and the concomitant increasing govern- 
mental regulations of the use of the ocean which has lead 
directly to the economic importance of marine geodesy. 

The purpose of this paper is to examine the basic economic 
aspects of marine geodesy. Administrators and scientists are 
constantly making decisions concerning the allocation of re- 
search effort in marine geodesy. For example, some general 
issues that must be faced are: What types of technological 
advances should be sought? What part of the ocean should be 
charted? How much of the ocean should be charted and in what 
detail? These are economic decisions in part because they 
involve the allocation of scarce resources (research funds and 
personnel) among competing uses (research projects). And in- 
creasingly, as the Office of Management and the Budget makes 
decisions using benefit-cost considerations, the allocation of 
research funds in marine geodesy and other marine-related dis- 
ciplines will have to be justified. An economic discussion 
of marine geodesy can therefore be useful in choosing among 
alternative research projects. 

I. CRITERIA FOR ECONOUIC EFFICIENCY 
Economic tools, if usefully applied to the development of 

marine resources, can provide efficient aethods of exploiting 
marine resources. An efficient allocation of resources, in 
the economist's jargon, is one such that there is no possible 
rellocation of those resources which could increase the net 
output of the economy. For example, a petroleum rcfinery is 
said to be operating efficiently if it is not possible to 
produce more refined products with the same men, machines, and 
raw materials and the same technology. Another way of stating 
that an allocation is efficient is that it maximizes the dif- 
ference between total benefits and total costs for any given 
project . 

Efficiency is of cturse only a model with which real 
situations can be comp6:ed. Under circumstances where owner- 
ship rights are clearly defined, markets function well, bene- 
fits accrue only to consumers, and costs only to producers, 
resources are considered to be allocated efficiently by the 
private sector of our ecor~omy. 

However, there are conditions when the private sector's 
allocation of resources will not be efficient. Resources are 
allocated inefficie:ltly in the private sector if any of the 
following condj-ions hold: 

1) ownership of resources is not clearly defined; 
2)  markets do not function competitively; 
3 )  the benefits gained by a consumer of a good 

differ from benefits gained by society: 
4 )  the costs to society of producing the good are 

different from the costs to the producer. 

If resources are allocated inefficiently by the private sector 
for any of the above reasons, there is a prima facie justifi- 
cation for government intervention in the economiii 

There are many examples of government intervention in 



marine resource development on the grounds that the private 
sector operates inefficiently. In the exploitation of 
fisheries, when ownership of the exloited resource, the fish 
stock, is not clearly gefined, there are many schemes for 
government regulation. Another example is the use of coastal 
waters for waste disposal by private firms, which imposes 
costs on nociety that the firms themselves do not suffer. 
Such firms are being increasingly regulated. 

One of the aims of this paper is to consider the appro- 
priate mix of governmental and private enterprise which pro- 
duces the efficient level of information about marine geodesy. 
A framework for the analysis of the efficiency of informa- 
tional systems can be derived. Such a framework, when com- 
bined with data, can aid in the economic evaluation of parti- 
cular projects as well as guide the efficient exploration of 
the oceans. 

Economists derive criteria for economic efficiency by the 
study of the private profit-seeking economy. It is therefore 
fruitful to consider the enterprise of studying marine geodesy 
as though it were an industry. It is a useful fiction because 
it will enable us to analyze the production and use of the 
"output" of marine geodesy in a familiar framework. If we 
consider mrine geodesy an industry, then it seems logical to 
let information from geodesy be the"output." Information, of 
course, can come in many forms: specific knowledge of the 
particular areas of the ocean, new technological devices such 
as types of radio signals, or new concepts. In general, the 
information provided us by the study of marine geodesy has 
economic value because it reduces the uncertainty of success 
of many ventures. The process by which information reduces 
uncertainty will be discussed more fully below. 

11. INFORMATION ABOUT THE OCEAN: DEMAND AND SUPPLY 
The demand for marine qaodesy is provided by three sets 

of institutions: (1) industrial corporations, such as petro- 
leum an3 shipping companies: ( 2 )  scientific bodies, such as 
universities or private research groups like the Battelle 
Institute: and ( 3 )  government agencies, such as the Department 
of Defense. These groups of institutions want information on 
the ocean ultimately for differ nt reasons, but the informa- 
tion they want may be the same. 0 

In the case of industrial concerns, it is easy to con- 
ceptualize (though difficult to measure) the znarket value of 
information about the ocean. Reductions in uncertainty result 
in profits for the firm. Under certain conditions, the in- 
creases in profits are a measure of the net benefits fran the 
information. For corporation, we may think of two types of 
inf~rmation:~ 

1) information reducing the uncertainty concerning 
technological future of the company, l.e., what 
are its endowments and productive capabilities. 

2) information reducing the uncertainty surrounding 
the market for its products. Such information 
would increase the firm's ability to predict its 
future prices and the future behavior of its 
competitors. 

.n the context of this paper, we are concerned only with 
the fl-st kind of information--marine geodesy produces infor- 
mation d ~ i c h  reduces uncertainty about the technological 
environme.nt of the firm. For example, a better charting of 
tho ocear, reduces the number of shipwrecks, lowering the costs 



of insurance. Information on the structure of the ocean floor 
decreases the uncertainty that extractive companies have con- 
cerning the profitability of exploiting the floor. Informa- 
tion on the structure of the ocean floor aids the firm in two 
ways: (1) it gives the firm some indication about whether the 
mineral the firm seeks exists there; and (2) it indicates to 
the firm something about the costs of extracting the material. 
More specific examples could be given. In each case, we could 
see that the industrial concern would be willing to pay for 
information derived from the study of marine geodesy because 
it enables the firm to calculate the expected returns from a 
given investment. 

Scientific concerns have an interest in obtaining infor- 
mation about marine geodesy because they use the information 
as an input for further investigation. The results of further 
investigation can be of commercial interest to private cor- 
portations marketing the output of the ocean, or they can be 
simply desired for their own sake, i.e.. pure research as an 
end activity itself. To illustrate, information to a scien- 
tific concern may come in the form of mechanical innovation 
which increases the accuracy of the description of the ocean 
floor. A scientific concern would value this innovation be- 
cause (1) it would permit scientists to describe more ac- 
curately the floor in a given location, thus decreasing the un- 
certainty about the exploitation of that location (for example, 
it would permit more accurate estimates of constructing oil 
and gas pipelines): ( 2 )  it would give scientists better insight 
into the overall structure of the geoid. 

Government demand for the information from marine geodesy 
comes from several different sources. It is an important input 
in providing national defense, though it is exceedingly diffi- 
cult to place an economic value on national defense. Govern- 
ment can also use information in dealing with issues such as 
the controversy surrounding the 200 mile limit. Positioning 
and relocation will be very important in this controversy, 
particularly when the potential boundary crosses an oil field. 
Even when countries agree in principle on the location of 
boundaries, measurements must be sufficiently accurate to pre- 
vent disputes over the ownership of specific points. Also, 
assigning liabilities for pollution outfalls entails the 
ability to locate the results of pollution accurately. All 
the above indicate why the government values the information 
provided by marine geodesy. 

On the supply side of the model, we have two institutions, 
private firms and government, providing information. Govern- 
ment information is generally provided at a zero or nominal 
price, while private industry generally attempts to supply in- 
formation approximately at the cest of producing it. In sddi- 
tion, these institutions purchase the services of research 
concerns. The structure of the supply side of marine geodesy 
information market is appropriately outlined as follows: 

Institutions providing information about marine geodesy 

1. government agencies 

a. directly, through in-house research 
b. indirectly, by contract to research 

concerns 

2. private concerns 

a. through in-house research 
b. by contract to other research concerns 
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111. MARINE GEODESY: AN EFFICIENT ALLOCATION OF RESOURCES 
As it exists, our current system of producing informetion 

about marine geodesy features significant subsidies by the 
federal government. Therefore, individual researchers, in and 
out of government, need not consider whether a particular re- 
search result will be profitable to them. Researchers do not 
even need to consider whether the information they produce 
would be saleable (although it often is). In effect, we have 
a system whereby information is a free good, except for the 
transactions costs inherent in obtaining the information. 

We can compare our current system with a system involving 
no government subsidies to gain ah idea of the efficiency of 
such an allocation, and hence a justification for government's 
role in subsidizing research. With no government subsidies, 
private industry would supply most of our information about 
the ocean. In private industry, each research proposal would 
be subjected to the screening question, "Can the information 
produced by this research project be sold to interested par- 
ties for a price sufficiently high to cover the costs of pro- 
ducing the information?" Under those circmstances, with no 
government participation on the supply side, some information 
would be produced. From an economist's point of view, would 
it be the best amount (when best means most efficient)? The 
answer i a  =the free market allocation of resources to the 
production of information about marine geodesy is not likely 
to be efficient. 

The basic cause of inefficiency in the market allocation 
of information is that the producer cannot appropriate all of 
the benefits to himself, because he cannot prevent re-use of 
the information. Information can have externalities, or bene- 
fits which accrue to parties other than those directly en- 
gaged in the transaction. For example, sllppose a private re- 
search corporation undertook a research project to chart a 
particular small portion of the ocean, with a view toward 
selling the chart to a shipping company. The research ccapany 
could be assured only of reaping the benefits from the sile 
to the shipping company, although the chart could benefit all 
users of the ocean in the area in question. The information 
might be valued by scientists and Defense Department officials, 
but no market exists for its sale. In short, total social 
benefits exceed the private returns to the research concern 
fcr the sale of the chart. From the public's point of view 
engaging in a research project may be an efficient allocation 
of resources, even thougl, a private concern might find that its 
costs for undertaking the project exceeded the appropriable 
returns. 

Hence we have in essence the justification for government 
subsidy of production of information in marine geodesy. Many 
projects with total benefits exceeding total costs will not be 
undertaken in the private sector because some of the benefits, 
in the form of spillovers or externalities, cannot be captured 
by producers of information. Thus we have government subsi- 
dies for producing information as +rt of a program for effi- 
cient allocation of resources. 

IV. LEASING POLICIES FOR OFFSHORE PETROLEUM' 
For purposes of illustration, it is useful to consider 

the problem of the appropriate government pulicy towards 
leasing of offshore petroleum sites. Many are aware of the 
preparations now under way in the development of the Georges 
Bank field, off the coast of New England. Although no one 
knows for sure there is speculation that the Georges Bank 
field may be a prolific petroleum area. 



It is obvious that in the bidding for leases, physical 
informtion about the ocean is extremely important. If the 
oil and gas are to be piped to shore, the floor must be well 
charted. And naturally Georges Bank must be well charted. 
Clearly, there is a tremendous bank of information, much of 
it geodetic, that the petroleum companies use in preparing 
their bids. 

We can imagine two basic approaches by governmental 
agencies (specifically the Bureau of Land Management) towards 
gathering information about Georges Bank. On the one hand, 
government could let each firm interested in the bidding 
gather its oun information. On the other hand, the government 
could compile all relevant data concerning Georges Bank (geo- 
logic, geodetic, and other) and make it available to all 
interested bidders. Which system would be more efficient, in 
the sense that it provides the same information at minimum 
costs7 

It seems clear that if the information gathering on 
Georges Bank is left to the market as it curret.?ly exists, it 
will be incfficient. There are no mechanisms for the private 
exchange of information. Hence, when one firm gathers infor- 
mation, it can not sell it to another, even though both would 
willingly participate in such an exchange. Each firm would 
have to do its own exploring, and it seems quite likely that 
the same information could be gathered more cheaply by govern- 
ment provision. Gathering information for bids on Georges 
Bank seems clearly to be an activity which ?reduces benefits 
in excess of the benefits enjoyed by the firm which gets the 
information. Hence it seems appropriate to consider some form 
of government regulation. 

CONCLUSION 

This paper has applied the tools of economics to an ex- 
amination of marine geodesy. We have developed the idea that 
it is in the interests of economic efficiency to have govern- 
ment participate in the supplying of marine geodesy research. 
This paper has necessarily been an initial look at the general 
problem of the allocation of research effort. It is an in- 
teresting economic problem in general, an? researchers and 
administrators have many specific problems to solve in parti- 
cular, eo that it seems a fruitful area for applied research. 

FOOTNOTES 

1. This paper is offered without any pretenses of expertise 
in Marine Geodesy. Basic sources on marine geodesy used in 
the preparation of this paper are proceeding; of the First 
Symposium on Marine Geodesy ( 7 )  ana Marine Geodesy - A Praz 
tical V:ew ( 5 ) .  

2. Statistics on the use of ocean resources are not collected 
in any uniform way. A useful source of data concerning energy 
in Rash et al., Ener Under the Oceans ( 4 ) .  Fisheries data 
is avail~lefrom thzYBureau of Commercial Fisheries. L i t t l e  
is known of the total recreational use of the ocean. 

3. International schemes for the efficient use of fisheries 
have attempted to set quotas for each nation. Quotas have 
been particularly controversial and difficult to enforce. 

4. Information theory is a relatively new and promising area 
in economics. A good introduction can be found in Hirschleifer 
( 3 ) .  

5. Economists are giving increasing attention to leasing and 
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the development of offshore petroleum. The economic problem of 
exploratory drilling is the subject of a paper by Peterson ( 6 ) .  
Gtigalunas (2) has examined the likely impact of the develop- 
ment of Georges Bank on New England. The study by the Council 
of Environmental Quality (1) will give a detailed evaluation 
of Atlantic OCS petroleum. 
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ABSTRACT 

Ocean scientists are concerned with geodetic positioning 
at sea in three different areas: The inherent requirements of 
the science they are doing: the legal requirements surrounding 
science at sea; and as a special case of safety and prudent 
navigation. The requirements of ocean science vary widely, from 
the order of tens of meters to kilometers. Repetition rate of 
fixing is also highly variable. A relatively new concern is the 
legal aspects: what was formerly a free high seas is likely to 
become strictly nationalized and often privately owned. Ocean- 
ographers will need to be able to know geodetic positions to 
respond to these new requirements in carrying out their work. 
Finally, since most scientists are not seamen, special attention 
must be given to prudent and safe scientific operations. Due 
to unfamiliarity and enthusiasm, work can be endangered or put 
in legal jeopardy. There are severaldistinctproblems related 
to geodesy which concern the ocean scientist: Absolute posi- 
tioning: relative positioning; navigation: tracking: and recov- 
ery. Varying amounts of progress have been made in all these 
fields, but in each one considerable is left to do to provide 
the oceanographer with reliable, precise and reasonably-priced 
data. 

The title of this Flper is vague, and deliberately so, 
since I will touch briefly on the needs in general, of ocean- 
ographers at sea, both for the present and the future. Some of 
these needs are being discussed in greater detail by other 
speakers at this symposiwo, but some are not -- perhaps because 
the solutions to them are far from obvious. 

The needs of ocean scientists for geodetic information at 
sea fall into several categories, with widely varying ranges of 
needs as far as accuracy, frequency, and methodology are con- 
cerned. Slicing the pie in one direction, one can divide their 
needs as follows: -- the demands of science, per se -- the legal requirements -- the requirements for safety and prudent 

navigation 

In the first category, the needs of science itself, accu- 
racy requirements can range from extremely 100Se to 
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extremely tight. On the one hand, many biological and chemical 
studies can get by with positioning accuracy even less than that 
needed for ordinary navigation. This is the case when one is 
investigating properties or phenomena which are of a broad 
homogeneous nature. If measurements are being made of the trace 
elements in sea water, for example, and these are homogeneous 
over rather large areas, then a scientific need for precise po- 
sition location does not exist. If one is studying animal or 
plant populations which are scattered with little variation over 
broad areas, again even the most general knowledge of the ship's 
position is more than adequate. Many of these phenomena vary 
far more with depth, or with time, than they do with latitude 
and longitude. so those factors are the controlling ones rather 
than horizontal measurements. 

On the other hand, many oceanic research projects require 
very tight accuracies. This is particularly true in the case 
of geological and physical investigations. Much of geological 
oceanography is hard to distinguish from straight bathymetric 
charting -- and I will avoid thf semantic hang-up concerning 
what is "research" and what is surveys". Perhaps the old saw, 
that "If it's useful, it's a survey; if it's uselass, it's re- 
search" is as good as any. Gathering data in pursuit of a 
scientific hypothesis in research is often indistinguishable 
from what many of us would call surveys, and in any case, fre- 
quently grades into a problem-oriented mode as the research pro- 
gresses. 

In any event, doing good bathymetry demands positioning 
accuracies which are rather well-known and accepted. They are 
a function of the scale, precision of depth determination, data 
density, and other factors, but in any case, accuracy require- 
ments range from moderate to very tight. It is indeed surpris- 
ing, though how many reputable geological oceanographers do not 
recognize this fact, or at least do not give it adequate atten- 
tion. It is appalling to consider how much ship-time and man- 
years have been absolutely wasted in the laet twenty-five years 
in quasi-scientific bathymetric surveys. All too frequentiy, 
because of inadequate positioning, the results are not even in- 
ternally consistent, much less of a quality that can be fitted 
with other data into a coherent composite picture. 

At worst, such floating data are not only useless, but 
actually damaging and misleading. To take a single example, 
because of inconsistent bathymetric data a submarine canyon, 
complete with name -- Alaminos Canyon -- was for years on the 
charts of the northwestern Gulf of Mexico. Recent studies have 
shown that the area is far more complex bathymetrically; a 
series of hills, ridges, basins, and valleys, which were erro- 
neously forced into the format of a submarine canyon. 

In the ~nvestigation of the materials and structure of the 
sea-bed, also, precision is needed if a true picture is to be 
obtained. Here, as in many of these marine problems, one can 
draw a parallel with their land equivalents. Making a geologi- 
c-1 or geophysic~l map on land requires certain well-known 
standards; should we settle for less, out in the open ocean? 
These problems are being faced up to, I think, rather better by 
scientists and engineers in industry than the academic scien- 
tists. When one is considering a commitment to drill an off- 
shore oil well, at costs in the range of tens of millions of 
dollars, or dredging for ~hosphorite or manganese nodules at a 
tremendous investment, there is very little margin for error. 

Yrt all too often the marine geologist will dredge or core 
or run .eophysical lines at sea, doing a fine job of it except 
for the lack of positioning accuracy. In the early days of 
marine geology, this led to some startling conclu#icns; 
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according to some reports, the entire Paci ' r  Ocoan was blank- 
eted with manganese nodules. Maybe it is, - the precision 
customarily associated with a land geologic* survey was often 
lacking, and some doubt persists. I am reminu.d of the old 
story of the pocket kingdom, with a smallish army, which would 
march its few soldiers round and round the castle, to give the 
impression of a large fighting force. Is it possible that we 
were counting the same nodules over and over again? Only by the 
use of adequate positioning accuracies can we determine the true 
extent of sea-bed resources, and I am encouraged to see that 
another section at this symposium is discussing this topic. 

In much of physical oceanography, too, positioning is 
critical. The tracking of current floats; the location of the 
margins of water bodies; the investigation of localized pnenom- 
ena such as upwelling, all require rather tiqht horizontal con- 
trol to be meaningful. 

The frequency with which accurate positions are needed also 
varies considerably. In the case of single-point, one-shot sta- 
tions, a single fix may do the job. For most moving operations, 
however, one would optimally desire continuous precision, or at 
least a repetition rate sufficient to allow adequately precise 
interpolations between fixes. This is why satellite navigation, 
even with its high precision at any particular fix, is not suit- 
able by itself for most oceanographic research operations. A 
fix interval of roughly an hour is too long for many larqe-scale 
investigations. 

To s m a r i z e  the scientific requirements, they are extrente- 
ly variable in regard to accuracy, frequency, and method. It 
is entirely likely that other requirements for precise position- 
ing at sea will be more demanding than the intrinsic needs of 
the science being done there. 

Turning next to the legal r~lquirements which cceirn scien- 
tists !and nthrra) face, we have all entirely different set of 
p ~ ~ b l e m s .  History amply demonstia-as that the face of the 
eart'i has been progressively divided up just as soon as it be- 
came worth sonething: as soon as it became economically and, 
therefore, politically desirable. First, national areas o f  
sovereignty are established: these are subdivided into the jur- 
.;.sdiction of smaller political units, and (ordinarily) into in- 
dividual ownership. As a result of this evolution of ownership, 
there are now only two areas on the alobe's surface which re- 
main unassigned: the Antarctic and the sea. If something of 
value were discovered in the Antarctic, I suspect that its in- 
ternationality would go down thc drain overnight. 

In the ocean, we are already seeing the evolutionary pro- 
cess of jurisdiction in a rapidly-accelerating fashion. The 
continental shelf araas are either proven or highly-likely re- 
source areas for both living and non-living resources, in addi- 
tion to their historical significance and importance to shipping, 
warfare, and recreational usages. In line with this growing 
awareness of value, nations have already begun to extend the 
limits of their jurisdictior. out onto the shelves and into the 
oceav. Traditional national seaward limits of three miles have 
been progressively stretched to twelve, 60, and even 200 miles. 

It seems entirely likely that this trend will continue: I 
for one fully expect to ss? the demise of the concept of "Free- 
dom of the Seas" withir. the next very few years. The only real 
question to be rnsolved is how this will be accomplished: what 
the administrati~e machinery will be. An earlier international 
convention has already given the coastal states the riqht to 
control and exploit the seabed off their coasts to a depth of 
200 meters (essentially, the edge of the continental shelf), 
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and, as far beyond that as they have the capability of exploit- 
ing the ocean floor. While this is ambiguous at best, and ntu- 
pefying if interpreted literally, it is indicative of the trend. 
We are in for more extension of national lines of jurisdiction, 
rather than less. 

A group of international experts will meet this summer in 
South America to have a cut at the problem, and try to shape up 
some kind of administrative scheme that can be made to work. 
Regardless of what they come up with, ocean scientists are faced 
right n w  with problems involving geodetic positioning at S L A  in 
this connection -- of knowing when they are within the lecjal 
boundaries of a coastal state. 

This is not an academic matter, in more ways than one; most 
scientists know little about international law and politics and 
the economic and social and military forces that drive them; and 
it is definitely not academic, since it is something that we 
must live with almost every research cruise; we must get por- 
mission from the coastal state to work near it, and must ~ l s o  
know when we are indeed within its jurisdiction. Most s'iates, 
by the way, are being very sticky about these things; raquests 
for permission to conduct research in coastal waters post be 
submitted months in advance, and permission to work there al- 
most always involves 5.onditions *uch as sharing data and taking 
local scientists aboard. 

I am not at all sure about how to handle t h ~ s  sort of legal 
positioning problem. It does not seem too practical to think of 
the dry-land equivalents of fences and markers; yet we must come 
to something of this kind of thing sooner or later. Scientists 
may be able to live with some looseness and ambiguity; but when 
the chips are down, as in the case of comnercial minerals and 
fish, the least one can ask for is precision of positioning 
(both for the property lines and for the ncientists or commer- 
cial operators) adequate to cope with ~tential cases at law. 

Oceanographers in gereral, by the way, are fighting a des- 
perate and doubtless losing rear-guard action to try to maintain 
freedom of the seas. Most of the developing countries il~volved 
in the exploitation of the seas off their coasts simply do not 
understand the concept of baric research: they regard the scien- 
tist as a harbinger of commercial fishing fleets and offshore 
drilling rigs. Unfortunately. while the link between university 
scientist and comnercial venture is not often a strong and di- 
rect one, the basic premise is correct: Research customarily 
draws economic exploitation after it. Oceanographers, I am 
afraid, are goinq to be dragged kicking and screaming, into the 
coming system, and it may be a traumatic experience. 

The final need for ocean scientists is a special case of 
the general requirement for positioning as a matter of safe 
navigation and prudent ship operations. I will not go into the 
general need: it is reasonably well known. What makes the case 
of scientists special is that they are for the most part not 
mariners. It may sound paradoxical to say that a man may Lc 
an excellent ocean scientist and at the same time be a poor 
sailor, Int that is nv thesis. Scientists are, with few excep- 
tions, passengers; .:~e.'r traininq has not been in mritime af- 
fairs. Science is thci- first love and their drivinq force. It 
is all too tempting for them to %ry things thdt no prudc~tc sea- 
man would consider. They have a long history tco of pressurlny 
:kippers to do unwise thinqs: often ships personnel will !n 

along against their better judqment because they are persuau-d 
that t% science involved justifies the hazard. 

This involves positioning in many aspects. One is the 
possible infringement on national jurisdictions noted abov~: a 
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s c i e n t i s t  might be prone to run c l o s e  to t h e  boundary, w h i l e  a  
p r o f e s s i o n a l  seeman would g i v e  it a p r u d e n t l y  w i d e  b e r t h .  As 
another  c a s e ,  the u s e  of  s p e c i a l  equiplagnt, such  a s  r e s e a r c h  
s u b e r s i b l e s .  may be o p e r a t e d  i n  a marg ina l ly  s a f e  way due  t o  
c a r e l e s s n e s s  o r  l ack  o f  k n w l e d g e  about  t h e  c r i t i c a l i t y  o f  po- 
s i t i o n i n g .  I n  any c a s e ,  ocean r e s e a r c h e r s  w i l l  need m r e r a t h e r  
than less. o f  t h i s  sort of in format ion  and a s s i s t a n c e .  

Let m e  t u r n  f i n a l l y  to a s t a t i s t i c a l  summary of t h e  k i n d s  
of  s p e c i f i c  problems ocean s c i e n t i s t s  f a c e ,  and t h e  s t a t e  of t h e  
a r t  f o r  coping w i t h  each.  

The q u e s t i o n  o f  p o s i t i o n i n g  is o f t e n  poor ly  understood by 
oceanographers,  due to '_he confus ion  of  'navigation",  ' pos i t ion-  
ing', ' t racking'  and 'recovery'. The oceanographer. however, is 
invclved i n  a l l  of  them t o  some e x t e n t .  

Absolute P o s i t i o n i n  , i n  t h e  c l a s s i c  g e o d e t i c  s e n s e ,  in-  
vo lves  t h e  i d e n t i f i c a t i o ;  o f  a  p o i n t  i n  r c i e r e n c e  t o  g e o d e t i c  
c o o r d i n a t e s  o f  l a t i t u d e ,  l o n g i t u d e ,  and mean sea  l e v e l  ( o r  o t h e r  
v e r t i c a l  r e f e r e n c e  datum). I n  p r a c t i c e  on land ,  t h i s  i n v o l v e s  
t h e  e s t a b l i s t m e n t  o f  a  g r i d  of  a  r e l a t i v e l y  few primary qeodet-  
ic p o s i t i o n s .  whose l o c a t i o n  is determined to v e r y  g r e a t  accura-  
cy -- dec imals  o f  meter and better. Based o n  t h i s  high-preci-  
s i o n  g r i d  a r e  a m u l t i t w t e  o f  secondary g r i d s  and o f f s h o o t s ,  
whose accuracy  is o f  t h e  o r d e r  o f  a  meter. Other d e t a i l ,  such  
a s  t h a t  s h a m  on  a t o p o g r a p h ~ c  c h a r t ,  is hung around t h e s e  p r i -  
mary and secondary frameworks and is of a c c u r a c i e s  o f  t e n s  o f  
meters. A l l  primary and many secondary and t e r t i a r y  p o i n t s  on  
land a r e  c a r e f u l l y  and permanently marked on t h e  ground, s o  t h a t  
one can recover  them and u s e  them a s  s t a r t i n g  p o i n t s  f o r  f u r t h e r  
surveys.  

Following a l s o  from t h e s e  p r e c i s i o n  g r i d s  a r e  t h e  l e g a l  
surveys  which d e l i m i t  t h e  land  i t s e l f ;  e s t a b l i s h  i t s  ownership,  
and t h a t  of o t h e r  r i g h t s ,  such  a s  minera l s ;  mark s t a t e  and na- 
t i o n a l  boundaries;  l a y  o u t  highways and r a i l r o a d s  and p i p e l i n e s  
and o t h e r  developments. 

Unfor tuna te ly ,  few of t h e s e  e x i s t  a t  s e a  a t  t h e  p r e s e n t ,  
and a d i s c u s s i o n  of  p r e c i s e  surveys,  g e o d e t i c  p o i n t s ,  o r  l e g a l  
boundaries t h e r e  does n o t  a t  t h i s  moment c a r r y  t h e  same p r a c t i -  
c a l  meaning a s  it does  on land.  F u r t h e r ,  I a m  n o t  aware of  any 
method t o  ach ieve  t h e  same accuracy,  d e n s i t y ,  and marking of  
p o i n t s  a t  sea  a s  is a v a i l a b l e  on land.  One might conce ivably  
improve e x i s t i n g  e l e c t r o n i c  p o s i t i o n i n g  equipment so t h a t  t h e  
requi red  accuracy could  be obta ined  a t  t h e  s e a  s u r f a c e ;  b u t  we 
a r e  then  faced w i t h  t h e  problem of  permanent marking of  t h e  po- 
s i t i o n .  The sea-bed is  t h e  o n l y  t r u l v  permanent p l a c e  t o  p u t  
markers, and t h e  gap betweel, t h e  s e a  s u r f a c e  and sea  f l o o r  h a s  
proven impossible t o  b r i d g e ,  i n  t h e  s e n s e  of t r a n s f e r e n c e  of 
g e o d e t i c  a c c u r a c i e s .  

I n  view of t h e s e  problems, a c t i v i t i e s  req i l i r inq  accuracy  a t  
sea have o f t e n  gone t o  a system of r e l a t i v e .  r a t h e r  t h a n  a- 
l u t e ,  p o s i t i o n i ~ i q .  I f  one needs reasonably q w d  accuracy  w i t h i n  - 
a r a t h e r  smal l  a r e a ,  i t  is  p o s s i b l e  t o  e s t a b l i s h  and mark a 
l o c a l  datum. This  can be a c t u a l  markers,  such a s  a c o u s t i c  bea- 
cons, o r  t h e  l i k e ,  whose g e o d e t i c  p o s i t i o n  is o n l y  known approx- 
imately.  P o s i t i o n s  o f  o b j e c t s  can be f i x e d  r e l a t i v e  tc t h i s  lo -  
cal  datum w i t h  f a i r  accuracy ,  u s u a l l y  of  t h e  o r d e r  of  r. e r s  o r  
t e n s  of meters .  Of course  t l i i s  has no a c c u r a t e  r e l r t i o ~  . i p  t o  
a  world-wide g e o d e t i c  datum, and twr o r  more Inca1 d a t ~ ? .  w i l l  
no t  n e c e s s a r i l y  match up w i t h  each o t h e r .  Rel: . i v e  po' 'oning 
may m e e t  t h e  needs of  s m a l l ,  l o c a l  i n v e s t i g a c .  r.ti  when . r c i s e  
l a t i t u d e  and longi tude  is n o t  important;  but  1t  w i l l  b* i n s u f f i -  
c i e n t  f o r  e s t a b l i s h i n g  such t h i n g s  a s  boundar ies  rf na.;ions, o r  
of  mineral  l e a s e s .  
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Navigation is simply fixing the psition of a vessel or 
other moving object. It can range from relatively high-preci- 
sion, such as satellite navigation, Loran C, and ~ c m e  other 
electronic positioning systems, down to dead reckoning or plain 
guessing. Accuracy at best is of the order of tens of meters, 
and at worst in tens of kilometers. At present, these systems 
are largely limited to use on the ocean's surface, and not read- 
ily transferable to the sea bed. Frequency of position-fixing 
is also involved: the sa:ellite navigation system produces good 
accuracy, but only provides it every hour or so, which for most 
survey purposes leaves a lot to be desired. 

Tracking is but a special case of relative positioning, in 
which one vehicle or fixed station keeps track of another ve- 
hicle. A typical oceanoqraphic case is that in which a surface 
vessel acoustically tracks a research submarine. In tracking. 
since the tracking vessel is using (ordinarily) routine navi- 
qation to position itself, th:n it necessarily follows that the 
plot ur' the object bein; tracked is of considerably less pre- 
cision -- a chain of progressively weak links. 

Recover (or repeatability) is another special case of rel- 
ative positi:ning, in which the object is to simply return to a 
given point repeatedly, regardless of the ab-rolute location of 
the homing object. or the object be:ng horned on. This is par- 
ticularly applicable in such cases as homing on oil field well- 
heads, or finding a distressed submarine. Obviously accuracy 
is either perfect or non-existent -- either you succeed or you 
don't -- so speculation as to precision is meaningless. 'Jsing 
acoustic methods, good success can be had with simple recovery 
problems in most cases. 

I have tried to emphasize in the foregoing that from the 
point of view of the oceanographer, the positioning of things at 
sea, in whichever of the several contexts one wants to consider, 
is a severe and in many cases unsolved problem. We have made 
progress in the field of short-range, srnz.11 area relative po- 
sitioning. and in recovery. But in the true meaning of posi- 
tioning, and in the transference of positions to the field of a 
sounding cone, or to the end of a wire strung with instr ents, 
we still have a long way to go. Finally, the determine on, 
marking, and recovery of accurate geodetic positions at sea, in 
the legal sense used by land geodesists, simply does not exist. 
We oceanographers are customers, and not specialists in this 
field, and hope that soon there will be reliable, precise. and 
cheap methods available to provide the information we need. 
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This paper explores  what u r i n e  geodesy h a s  t o  o f f e r ,  and its p r a c t i c a l  
relewancy to var ious  opera t ions  i n  the  oce.?na. On t h e  basis of s e v e r a l  
previous s t u d i e s ,  d e s i r a b l e  accuracy and p r e c i s i o n  a r e  assessed  f o r  t h e  
var ious  opera t ions .  W r i n e  geodesy -1s and ~echnlqurs - -and  rhc s a t e l l i t e  
technology and classical s y s t a  required t o  implement t h e s e  techniques-- 
a r e  discussed.  F i n a l l y ,  i t  is s h o m  t h a t  the  p r a c t i c a l  a p p l i c a t i o n s  o f  
marine geodesy t o  opera t ions  i n  t h e  oceans have m n y  unanswered challenge.3 
that r r i t  i m e d i a t e  a c t i o n  i n  view of t h e  many p r a c t i c a l  and s c i e n t i f i c  
needs f o r  what u r i n e  geodesy has  t o  o f f e r .  

W r l n e  geodesy i s  the branch of geodesy f o r  de te rmina t ion  o f  marine 
geographic p o s i t i o n s ,  geode t ic  c o n t r o l s .  and t h e  geoid ( t h e  equlpotenc ia l  
s u r f a c e  that can be approximated wi th  mean sea  leve l ) .  Determination of 
these  parameters i s  n o t  an end i n  i t s e l f  b u t  a m a n s  t o  so lv ing  var ious  
p r a c t i c a l  problema i n  man's i n e v i t a b l e  a c t i v i t i e s  i n  t h e  oceans, such a s  
engineer ing  surveying f o r  mapping and char t ing ,  resources  explora t ion .  t e s t  
rauge and ground t r u t h  es tab l i shment ,  oceanographic and o t h e r  e a r &  and 
w e a n  physics a p p l i c a t i o n s  research ,  and some b a s i c  s c i e n t i f  l c  o b j e c t i v e s  
of geodesy and geophysics. 

The accomplishment of marine geodesy o b j e c t i v e s  r e q u i r e s  unique t w l s  
and techniques and s p e c i a l  a d a p t a t i o n  of proven geodet ic  s y s t e m  such a s  
s a t e l l i t e  technology, e l e c t r o n i c  d i s t a n c e  messuremnt (Em), geodet ic  
astronomy, g r a v i w t r i c  geodesy and the p o t e n t i a l l y  usab le  very  long b a s e l i n e  
in te r fe romet ry  ( V t B I ) .  Zha uses  o f  these  var ious  o p t i o n s  a r e  d i scussed  
b r i e f l y .  Eoch o f  the marine geodesy de te rmina t ions  and its p r a c t i c a l  and 
s c i e n t i f i c  a p p l i c a t i o n s  have d i f f e r e n t  accuracy andlor  p r e c i s i o n  requi re -  
ments which a r e  assessed  i n  the  paper,  based on the r e s u l t s  of s e v e r a l  
s t u d i e s  and publ ica t ions .  The assessed  accuracylprec is ion  requirements a r e  
no t  e r r o r l e s s  es t imates .  They a r e  g r e a t l y  influenced by accuracylprec is ion  
l l m i u t l o n a  of e x i s t i n g  system8 and techniques a s  wel l  a s  c o s t - b e n e f i t  
cons idera t ions  without compromising s a f e t y  in  marine opera t ions .  

In  o r d e r  t o  ach ieve  the  var ious  marine geodesy o b j e c t i v e s  and t h e i r  
p r a c t i c a l l s c i e n t i f i c  a p p l i c a t i o n s ,  there  a r e  many unanswered cha l ienges  
which the paper l i s t s .  I t  i s  concluded these  o b j e c t i v e s  and a p p l i c a t i o n s  
a r e  necessary f o r  man's success fu l  bu t  nondes t ruc t ive  and sys temat ic  
e x p l o i t a t i o n  of the  oceans- -safe ly  and with a minimum of boundary r i g h t s '  
c o n f l i c t s .  The e x p l o i t a t l o n  of the  oceans i s .  of  course ,  a n  undeniable 
necess i ty .  



W I N E  CEODESY UELEVIU(CY APB) ACCUBACY aeWramElm 

Figure 1 is a sumary of marine geodesy objectives and the various 
pract ica l  and s c i e n t i f i c  appl icat ions  in the  oceans t o  which these 
objectives a r e  relevant. Table 1 shows the degree of r ?ievancy of parine 
geodesy (determination of geographic positions, geodetic cootrols ,  a d  the 
geoid) t o  the scared pract ica l  and s c i e n t i f i c  app1icacio.w areas. Detailed 
discussions on these issues a r e  i n  References 17 1 ,  113). and 1181. 

F i r s t ,  it is necessary to polnt out the interdepedency beeveen deter-  
mination of the geoid and establishment of geodetic controls  and positloas. 
Ihc geoid i s  required for def ini t ion of the  f igure  of the ea r th  and the 
reference surface for  geodetic cmpuLations. the reduction of geodetic 
oesgurrments, and a reference datum for  height measurements 181. I t  defines 
a w d e l  of the ea r th ' s  gravity f i e ld  required for  o r b i t  cmpuurtion which is 
necessary for the use of s a t e l l i t e  technology for  e s t a b l i s h e n t  of geodetic 
controls  a d  positions. Zhe earth's gravity model o r  geoid is needed for  
improved eff ic iency of i n e r t i a l  navigation system.  and a l so  in aeveral 
national defense roles.  m e  oceanographic need to i n t e rp re t  sea  surface 
departures from an equipotential surface requires highly accurate datermina- 
t ion of the geoid. Several geophysical phenomena tha t  urgently need to be 
fu l ly  understood. e.g., p l a t e  tectonics,  have strong corre la t ion with 
geofdal var ia t ions  and therefore, require the deterbination of the geoid. 
Details of the various applications of the geoid a re  given in  References 
18j a d  191. It is fur ther  shwn chat determination. with high accuracy 
(very shor t  uavelength through the long uavelength). of the seoid from 
s a t e l l i t e  a l t imetry  is potent ia l ly  adaptable to synthesls of gravity 
anomalies which a r e  needed for various purposes, including geophysical 
prospecting. 

Zhe role  of the geoid in  systems and techniques for es tabl ishins  
geodetic controls  and surface positions has been specified. Determination 
of marine geodetic controls  andlor surface positions i s  required for mapping. 
charting. and the  establishment of t e r r i t o r i a l  boundaries and t e s t  ranges 
for ca l ibra t ion of navigation systems and s a t e l l i t e  a l t imetry  data. Effor ts  
for  d i r ec t  measurement of sea f loor  spreading and other  a c t i v i t i e s  i n  
resources exploration, e.g., gravitylmagneticlseismic auweys. gfologic 
surveys, pipelineslcable laying. search/rescue/salvage, and vasrr  disposal,  
a l l  require determination of positions andlor geodetic control  a s  shwn  
i n  Table 1. Table 2 i s  the  basis f o r  the assessment of the  accuracy 
requirements for the various application a c t i v i t i e s  a s  shown i n  Table 3. 

M I N E  GWDESY TOOLS AND TOCHNIQUES 

Plllri~ie geodesy a c t i v i t i e s  f a l l  in to  two major categories-'the ocean 
surface and the ocean bottom. Geodetic s a t e1  l i ce  systems, c lasa ical  
physical geodesy system.  Em, and acoustic sys tem a r e  the main tools.  
while the techniques a re  modified conventional geodetic techniques adapted 
for use in the marine enviromenc. 

Ocean Surface Geodetic Ac t iv i t i e s  

Ihe ocean surface a c t i v i t i e s  involve ( a )  position and ( b )  geoid 
determinations. A d i s t inc t ion  i s  made between (1) position determination 
in marine geodeny, which requires accuracy betveen 10 to  100 meters in 
support of requirements of specif ic  marine a c t i v i t i e s  (see Table 3).  and 
( 2 )  position determination fo r  general navigation purposes. which can 
to l e ra t e  an e r ro r  of one to several kilometers, depending on geographic 
location. Ihe l a t t e r  i s  not a geodetic problem except in the area of 
establishing t e s t  ranges for tes t ing and cal ibra t ion of navigation syscem. 
and so  wi l l  not be discussed further.  

Surface position determination in marine geodesy branches in to  nm 
categories: one i s  fo r  geographic or r e l a t ive  position location of r i t e s  
or routes of nc t iv i t i e s  shwn in Tables 1 and 3; the other ,  which has the 
highest accuracy demand, i s  used a s  staging positions for t ransferr ing 
geodetic coordinates to ocean bottom markers. Ih is  l a t t e r  case, the 
establishment of marlne geodetic control ,  i s  discussed l a t e r .  Because of 
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TABLE 1. DEGREE OF R B L B V M C Y ( ~ )  OF WINE 
GEODESY TO SOME o c m  xnvxneS 

Uorine Geodesy Areas - 
Control Surface H.S.L. Surveying 
Points Positioninn (Ceoid) 6 Nap~ing 

Pract ical  Geodetic 
Applications 

Bathymetric mapping 
and char t ing I 

Boundaries 1 
Ground t ruch/ tes t  range 1 
Gravity ocasureplent 1 
Search, rescue, and salvage 1 

Envirormental Red ic t ion  
6 Ocean Physics 

Air-sea in teract ion P 3 
Tides and pcan sea  level 1 1 
Ocean currents  and t ranspor t  3 2 
Waste disposal 2 1 
Ice-sheets motion P 1 

CeoIof~lCeo~hvsics  
6 Resources 

Cravicy l se i~ ic l~ l lgnet i c  2 1 2 2 
Geologic surveys 2 I 2 
Pipelines and cable laying 3 1 1 
Petroleum and gas 2 1 P 1 
Solid minerals 1 2 P 2 

A ~ e l i c a t  ions 

Figure of t h e  ea r th  1 1 1 1 
Ocean spreading P 1 3 1 
Sh ip l sa t e l l i t e  tracking 

and o r b i t  determination 1 1 1 1 
I n e r t i a l  navigation P 1 1 

(a)  Degree of Relevancy 

1 - Pr tmry  
2 - Secondary 
3 - Tertiary 
P - Potential U t i l i t y  
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TABLE 3. POSlTIONAL ACCURACY REQUIFSMENTS 

Desired Relative* Desired Absolute* 
Accuracy (m) Accuracy (m) 

WINE ACTIVITIES yl A H '0 A H 

Geodetic Operations 

Control points 1 1 1 10 10 5 
Geoid - 0.1 - 0.5 
Calibration t e s t  ranges 1 1 0.3 10 10 5 
Gravity base s ta t ions  10 10 1 10 10 5 

Ocean Physics and Oceanography 

Mean sea level l t ides  - 50-100 50-100 0.1 
Ice sheet motion 1-5 1-5 - ? ? - 
Stationary buoys location 10 LO - 10 10 - 
Drifting buoys location 50-100 50-100 - 50-100 50-100 - 

Ocean Trackiw Station& 10 10 5 

Search and Rescue and S a l v s  1-10 1-10 - 20-100 20-100 - 
Ocean Resources 

Geophysical surveys 10-100 10-100 5 ? ? ? 
Dri l l ing 1-5 1-5 1-5 ? ? ? 
Pipelineslcable laying 1-10 1-10 - ? ? 7 
Dredging 2-10 2-10 - ? ? 7 - - 

Relative - Repeatability 
* Absolute - Referenced to  down geodetic system 

the brevity of t h i s  revior,  we w i l l  merely list some of the various systems 
applicable t o  marine geodesy surface position de t en ina t ion .  Currently. 
these include e lect ronic  systems such a s  Lorac, Loran, Shoran, Hirsn, 
Raydist, Hydrodist. Autotape. Decca HI-FIX and U M ,  RAW. Toran; and 
s a t e l l i t e  system8 using Doppler (e.g., Geoceiver), ranging (e.g., C-band 
radar,  laser)  and VLBI principles.  Sometimes, several of these systems a r e  
used simultaneously with least-squares processing or simple averaging of the 
d i f f e ren t  coordinates indicated by each system. Such hybrid systems 
integration should be approached cautiously, because each system usually i s  
based on a d i f f e ren t  coordinate o r  geodetic reference system. For geodetic 
purposes, such an in tegrat ion should never include aetronomic-cwrdinate- 
based systems of the i n e r t i a l  navigation type, such a s  SINS (ship i n e r t i a l  
navigation system). Civi l ian  standardization of these various systems o r  
operarional performance accuracy establishment fo r  them i s  lacking, because 
there a r e  nei ther  the necessary c i v i l i a n  t e s t  ranges nor the support for  
such ac t iv i t i e s .  

Marine geoid deteminat ion is st i l l  mostly dependent on measured 
gravi ty  data,  supplemented i n  recent times with sa te l l i te-der ived geopoten- 
t i a l  coeff ic ients  transformed into  gravity anoml ie s  o r  geoid heights 112. 
20, 221. Sometimes. purely sa te l l i te-der ived data a r e  used 1191. Astro- 
geodetic techniques have had limited use and success 1231, due co the 
nonexistence of adequately accurate (1 to  2 a rc  aec rms o r  be t t e r )  marine 
geodetic astronomy Inecrurents. Sate1 11 te-derived X. Y, Z geodentric 
Cartesian coordinates have been transfonned in to  geodetic l s t i tude.  
longitude, and height a s  a means of deriving geoid heights. l h i s  is done 
by alruming tha t  the  geoid and the sea surface nearly coincide. so that  the 
orthometric h e i ~ h t ,  H, i s  zero and, hence, the geodetic height,  h, equals 
the geoid height,  N 118. 211, based on the r e l a t ion  that  

Further d e t a i l s  about various pract ica l  and theoret ica l  de t a i l s  of the 
marine geoid a re  discussed i n  Reference 14). 



Ocean Bottom Geodetic Control  

I t  i s  nor the i n t e n t i o n  h e r e  to review t h e  concepts of ocean bottom 
c o n t r o l s  and the  var ious  experiments conducted so  f a r .  Ihese  have been 
extcns'..-lv publicized i n  l i t e r a t u r e ,  inc lud ing  about t e n  p u b l i c a t i o n s  of 
the  duthcl References I l l ,  131. 151, 161, (101, (111, 1151, 1161 and 1171 
and t h e i r  o ib l 'ographies  may be  r e f e r r e d  t o  f o r  f u r t h e r  d e t a i l s .  Ihe  r e s t  
o f  the  t e x t  is r e s t r i c t e d  t o  r e s u l t s  of  some o f  the  l a t e s t  i n v e s t i g a t i o n s  
of t h e  auck.c.rru. 

A geodetic c o n t r o l  po in t  i s  a phys ica l ly  marked p o i n t  whose th ree-  
dimensional ~ c u d e t i c  coord ina tes  a r e  known In  a chosen geodet ic  datum. In 
the  case  of trie ocean bottom c o n t r o l ,  t h e  marker bas u s u a l l y  been an 
a c o u s t i c  transponder o r  hydrophone. One of t h e  most p r a c t i c a l  uses  o f  
geode t ic  c o n t r o l  is f o r  f u t u r e  r e l o c a t i o n  of pos i t ion  whose coord ina tes  a r e  
known. For obvious reasons,  a minimum of t h r e e  and an optLmum of four  o r  
more ocean bottom markers i n  a previously surveyed a r r a y  a r e  used a t  sea.  
Pos i t ion  r e l o c a t i o n  f r m  a func t ion ing  a r r a y  i s  easy and involves the 
survey p r i n c i p l e  o f  "resection". The exac t ing  p a r t  of the  t a s k ,  e s p e c i a l l y  
i n  terms of accuracy,  is the  i n i t i a l  process of determining the  geodet ic  
coord ina tes  of each marker of the  a r ray .  

The geodetic p r i n c i p l e  adapted f o r  marine geodetic c o n t r o l  p o i n t  
es tab l i shment  i s  based on the c l a s s i c a l  surveying technique of " in te r -  
section".  Each surveying s u r f a c e  s h i p  p o s i t i o n  i s  the  "instrument s tacfon"  
from which t h e  s p a t i a l  range o r  d i s t a n c e  between t h e  instrument s t e t i o n  and 
t h e  bottom c o n t r o l  marker i s  made. In three-dimensional  space,  the  
necess i ry  and s t ~ f f i c l e n t  condi t ion  f o r  unique pos i t ion  loca t ion  by 
i n t e r s e c t i o n  i s  th ree  s p a t i a l  ranges measured from three  noncolinear 
preknarn s t a t i o n s  t o  the  marker being located 16. 181. Ihe  accuracy of 
t h e  new p o s i t i o n ' s  coord ina tes  i s  dependent on the (1) coord ina te  accuracy 
of the  instrument s t a t i o n s ,  ( 2 )  s p a t i a l  d i s t r i b u t i o n  of both the  instrument 
s t a t i o n s  and the new p o i n t  being located--the in f luence  of geometric 
conf igura t ion ,  and ( 3 )  accuracy of the  measured ranges. Ihese  sources  o f  
e r r o r s  a r e  no t  unique to  marine geodet ic  c o n t r o l  establishment.  Each time 
t h e  c o o r i i n a t e s  of a ~iew p o i n t  a r e  determined from the coord ina tes  of 
p rev ious ly  e s t a b l i s h e d  re fe rence  p o i n t s  o r  s t a t i o n s ,  e i t h e r  by " i n t e r -  
sec t ion"  o r  "resection",  t h e s e  t h r e e  sources of e r r o r  come i n t o  play. 
Sometimes, f o r  p r a c t i c a l  expendiency, t h e  coord ina tes  o f  the re fe rence  
s t a t i o , r s  a r e  t r e a t e d  a s  i f  they were e r r o r l e s s .  Examples a r e  (1) s t a r  
c o r i d ~ n a t e s  used i n  geodet ic  astronomy, (2 )  s a t e l l i t e  ephemeris used i n  
s a t e l l i t e  geodesy, ( 3 )  t rack ing  s t a t i o n  coord ina tes  f o r  o r b i t  d e f i n i t i o n .  
and (4) t e r r e s t r i a l  geode t ic  netvork coordinaLes used i n  network extension 
and/or d e n s i f i c a t i o n .  Iheorer i . ca l ly ,  t h i s  assunption of e r r o r l e s s n e s s  
should be avoided. In  practice. t h e  in f luence  r,f e r r o r s  in the  re fe rence  
s t a t i o n  coord ina tes  cannot be completely r i i . . .~na ted  but  can be s t a t i s t i c a l l y  
minimized by well-known e r r o r  modeling techniques.  However, t h i s  merely 
g ives  a be- te r  propagation of  est imated e r r o r s  of the  re fe rence  coord ina tes  
and a more r e l i a b l e  variance-covariance es t imate  of the new coord ina tes .  
In  an a b s o l u t e  sense,  the accuracy of coord ina tes  of t h e  new s t a t i o n  can 
never be super ior  t o  t h a t  of  the  re fe rence  po in ts .  

The r e s u l t s  of  a l imi ted  i n v e s t i g a t i o n  of accuracy c r i t c r i a  in  marine 
geodet ic  c o n t r o l  es tab l i shment  a r e  given below. and Referenc 151 conta ins  
f u r t h e r  d e t a i l s .  Table 4 shows r e s u l t s  concerning e r r o r s  i n  the  re fe rence  
o r  instrument s t a t i o n s  ( s u r f a c e  s h i p  p o s i t i o n s ,  i n  t h i s  case)  from a 
nimulatlon computation. The s h i p ' s  coord ina tes ,  t h e  transponder (ocean 
bottom marker) coord ina tes ,  and the  corresponding exac t  r a t g e  from s h i p  to  
transponder were simulated.  Random e r r o r s  of  p r a c t i c a l  mag#.+ tude were 
added t o  thc s h i p ' s  coord ina tes  and the simulated ranges. These modified 
d a t a  were then used t o  compute the new coord ina tes  o t  the  transponder and 
t h e i r  vnriances.  The a b s o l u t e  e r r o r  of recovery,  1.e.--the d i f f e r e n c e  
between the  exact  coord ina te  va lue  and t h a t  cunputed from t h e  m d i  f l e d  
d a t a - - i s  given f o r  the cases  i n  which s h i p  w a i t i o n  e r r o r s  a r e  "modeled" o r  
"not modeled". The r e s u l t s ,  a s  t o  be expected.  show t h a t ,  by assuming 
e r r o r l e s s n e s s  when the s h i p  p o s l t l o n r  have e r r o r s ,  m i ~ l e a d i n g  var iance  
es t imates  of the transponder coord ina tes  a r e  obtained.  By applying e r r o r  



Recovery of t r u e  Coordinates of Transponder i n  Meters 
Ship Pos i t ion  Ship  Pos i t ion  

Er rors  Not M ~ d e l e d ' ~ )  e r r o r s  Hodeled (') 

Absolute 
Er ror  o f  
Recovery of 

Transponder Transponder 
Coordinates Coordinates 

X -22.8 

Prec is ion  o f  
Recovery-lhe 
Square Root of 
the  Variance 
Ind ica ted  by 
Weight Co- 
e f f i c i e n t  
Matrix .-- 

23.6 

22.1 

23.3 

Absolute 
Er ror  o f  
Recovery o f  
Transponder 
Coordinates 

-1.9 

-0.2 

1.4 

R e c i s i o n  of 
Recovery-lhe 
Square Root of 
the  Variance 
Ind ica ted  by 
Weight Co- 
e f f i c i e n t  
Matrix 

+20.5 - 
+20.0 - 
+20.1 - 

( a )  The stmulacions involved the  following e r r o r s :  
Sh ip  P o s i t i o n s  - 220 m i n  each of X, Y ,  Z 
S l a n t  Ranges - 23 x (a function o f  S l a n t  Ranges). 

(b )  "Not modeled" assumes e r r o r l e s s  s h i p  coordinates.  

( c )  "Uodeled" cakes i n t o  account e r r o r s  i n  s h i p  coord ina tes .  

modeling, t h e  v a r i a ~ ~ c e  es t imate  g ives  a b e t t e r  i n d i c a t i o n  of abaol  l t e  
accuracy. However, Columns 2 and 5 of Table 4 i n d i c a t e  t h a t  abso lu te  
accuracy o f  the new coord ina tes  i s  bounded by e r r o r s  i n  the re fe rence  
s t a t i o n  coordinates.  A8 i n  a11 geodetic i n t e r s e c t i o n  o r  r e s e c t i o n  computa- 
t ions ,  the coord ina tes  of the  ocean bottom transponders a r e  au tomat ica l ly  
i n  the  same geodetic datum a s  t h e  s u r f a c e  coordinates.  

I n  marine geodet ic  c o n t r o l  po in t  es tab l i shment ,  t h e  i s s u e  o f  s p a t i a l  
d i s t r i b u t i o n  of p o i n t s  o r  geometric conf igura t ion  can be  analyzed i n  t e r m  
o f  s l a n t  range ( sh ip  t o  transponder d i s tance)  versus  ocean depth r a t i o .  
F igure  2 shown t h e  r e s u l t s  o f  a s h u l r t i o n  s tudy  ir .  term o f  accuracy o f  
p o s i t i o n  recovery a s  a func t ion  of the s l a n t  rangetocean depth r a t i o .  I t  
appears  t h a t  the  optimum r a t i o  l i e s  between 1.2 and 1-9. Problems assoc ia -  
Led wi th  t h e  t h i r d  accuracy c r i t e r i a - - t h e  measured a c o u s t i c  ranges and t h e  
r o l e s  of v e l o c i t y  of sound, systems de lays ,  e t c . .  have been d iscussed  i n  
Reference Ib].On the  i s s u e  of using an ocean bottom c o n t r o l  a r r a y  t o  t rack  
o r  r e l o c a t e  s h i p s  and o t h e r  ocean s u r f a c e  o r  subsur face  o b j e c t s  by 
"resection",  t h r e e  transponders g ive  ~ n i q u e  relocation ~ o l u t i o n .  More 
than t h r e e  i s ,  however, d e s i r a b l e  l o r  p r a c t i c a l  expedienc ies ,  such as f o r  
improved p o s i t i o n  r e l o c a t i o n  accuracy and accmmodation of transponder 
f a l l u r e s  1171. An i n  a l l  t echnica l  a r e a s ,  necessary and sound mathemaLica1 
m d c l a  a r e  a v a i l a b l e ,  but  adequate s t a t i s t i c a l  m d e l s  a r e  s u b j e c t s  f o r  
research.  

The r e a u l t s  of a c t u a l  measurements achieved i n  t h e  p a s t  a r e  b r i e f l y  
sulmurized. In  the P a c i f i c  experiment, a 8tandard p o i n t  e r r o r  of f 16 m t o  
_+ 18 was achieved i n  determining the h o r i z o n t a l  geode t ic  coord ina tes  of  a 
marine geodetic c o n t r o l  po in t  with reapect  t o  t h e  U.S. geodetic datum 
(NAD 27). llle p o i n t  was about 200 b from shore a t  dep ths  of about 2000 m. 
Each l i n e  between t h e  U.S. land cont ro l  p o i n t  and the sh ip  was independently 
measured 16 times using a i r c r a f t  WRAC l i n e  c o r s s i n g  technique 12,  141. 
In  t h e  Bahamas experiment,  s tandard e r r o r 8  of 2 6 to f 7 m were achieved i n  
determining the  h o r i z o n t a l  geode t ic  coordinates and e r r o r s  of _+ 2 t o  2 3 m 
i n  determining the  depth. Most important ,  however, was the  achievement of 





a _+ 1'6 standard deviation in  recovery of ship heights above the trans- 
ponders uslng independent acoustic range measurement from the ship  to the 
ocean bottom transponders (asa Figure 3). 
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FIGURE 3. YREClSlON OF SHIP HEIGHT DETERnImTlON 
FROM OCEAN BOTTOM WINE CEODETIC CONTROL 

CONC WSION 

b r i n e  geodesy has been shown to be higtt!v relevant to ran 's  vsrioua 
pract ica l  and s c i e n t i f i c  operations a t  sea, includlns those on the  
continenLs1 shelves. Being a new geodetic venture. it has many unsnswred 
challenges that  should be adequately addressed t o  p e m l t  f u l l  r e s l i t a t i on  
of its great  potential.  Ihe following i s  an ex t r ac t  from Resolution No. I, 

of XM during the IUU; Ceneral Assrably in Moscow i n  1971. Ihe Inter-  
national Aasoclation of Geodesy rec-nds that  (1) the following s c t l v i t l e s  
be encouraged: (a)  esrabllshment of ''marine t e s t  r l t e r "  o r  "marine gcodetir 
ranges", (b) conduct of "contro';ed condltlon" experiwents t o  detrrmlne the 
beat accuracy attainable..  .; (2) determination of the  form of the geold by 
ea t e l l  t t e  e l t imetry;  ( 3 )  design and conduct of apoclflc marine geode:ic 
exper lmntr ,  and developent  JE improved data-analysis techniques and (I,) 

d w e l o p a n t  of astrorurmic Instruments t ha t  a r e  usable a t  sea and capable 
o: obtelnlng 1 second of a r c  o r  be t t e r  In position determination. This 
remlut lon is s recognition of the  potential pract ica l  end sc l en t l f i c  
applications af marine geodesy, but  i t  ' . .r largely r e m i n d  an unanswered 
challenge. 

The 1nfoec.atlon i n  Chis paper I s  bered on r e s u l t s  of research over 
several years. supported in par ts  by NhSA/HQ. tWSA Wallop# Fl ight  Center 
and Bat te l le ' s  Columbua laboratories.  Ihe cuthors a r e  indebted t o  various 
NASA personnel, especially Mr. D. Rosenberg, Dr. U. Swatnick and M r .  H. Ray 
Stanley for vsrlous roles  i n  research support. 
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BOUNDARY AND POSITIONING PROBLEMS IN OPPSHORE NORWAY 
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Geographical Survey of Norway 
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ABSTRACT 

The discovery of natural resources in Offshore Norway ham aade it 
necessary to improve the existing navigational systems: Decca 
Rain Chain. Decca Hi Fix and Loran C. In the near future a Navi- 
gation Comittee will be given the mandate to explore and propose 
possible changes that will improve the systems. The Geographical 
Survey of N o m y  (NGO), rho has the responsibility for the geode- 
tic control, will be represented in this cornittee. This paper 
presents a preliminary review of the existing systems, and some 
proposals for new systems. In addition, the geodetic network 
will be discussed, and a presentation is given of some boundary 
delineation problen~s on the Norwegian continental shelf. 

DENANDS ON GEODESY IN OPPXVORE NORWAY - THE OBLIGATIONS OF NGO 
The Geographical Survey of Norway (NGO) is the official cartogra- 
phic institution of Norway. One of its duties according to the 
directives governing its work, is to provide the geodetic control 
of official maps and charts. The NO0 has taken it for granted 
that these duties include an obligation to possess adequate know- 
ledge of geodetic theory, and of methods ar.4 use of instruments. 
equipment - and the organization needed to undertake neu official 
geodetic assignments. Determination of boundaries in the North 
Sea, search for exploitable resources on the seabed and its sub- 
soil, and the discovery of oil and gas deposits in the North Sea. 
faced the NO0 with new demands for its services. The NGO found 
it important to get to understand the nature of this new activity. 
and - above a11 - acquire some idea of what this would imply with 
regard to navigation and positiosing aids, to accuracy of posi- 
tion and boundary determination, all with the aim to make the NO0 
able to anticipete future assignnents in Offshore No-way. 

The Norwegian Telecommunication Directorate alsr had to face very 
much the same prnblems a3 the NGO. On its initiative a meeting 
was called between representatives of interested authorities and 
government agencies. The outcome of this meeting was a proposal 
to appoint a co~nmittee - the Navigation Committee - which is to 
make an appraisal of what kind of services are needed, and of how 
these are best organized. The draft of the mandate to the Navi- 
gation Comittee reads as follows: 

1. Appraise the requirements and demands of the oil industry as 

*on leave to NTNP. Conti~ental Shelf Division. 



B a k k e l i d  

t o  p o s i t i o n i n g  a n d  a c c u r a c y  o f  n a v i g a t i o n  on t h e  Norwegian 
c o n t i n e n t a l  s h e l f  - i n c l u d e d  t h e  r e q u i r e n e n t s  f c r  a  common re- 
f e r e n c e  sys t em.  

2. C l a r i f y  what known s y s t e m s  - o r  c o m b i n a ' i ~ n s  of sys t em?  - do  
b e s t  meet t h e s e  r e q J i r e m e n t s .  P r i m a r i l y  is t o  be  considered 
t h e  deve lopmen t  which h a s  a l r e a d y  t a k e n  p l a - e  i n  t h e  a r e a s  o f  
a c t u a l  i n t e r e s t .  S e c o ~ d a r i l y  is t o  b e  c l a r i f i e d  t h e  q u e s t i o n  
o f  i m p l e m e n t a t i o n  o f  new s y s t e m s  - i f  e x i s t i n g  s y s t e m s  g i v e  
~ n s a t  i s f a c t o r y  r e s u l t s .  

3 .  A p p r a i s e  t h e  s u i t a b i l i t y  and r e q u i r e m e n t s  f o r  u s i n g  pe rmanen t  
i n s t a l l a t i o q s  on  t h e  c o n t i n e n t a l  s h e l f  a s  a  c o m p o s i t e  p a r t  o f  
n a v l g a t i o n l ~ o s i t i o n i n g  s y s t e m s ,  and - i f  p o s s i b l e  - e l u c i d a t e  
t h e  pr ;blems o f  l e g a l  r i g h t s  and p r a c t i c a l  consequences .  

4. G ive  ari o u t l i n e  o f  t h e  c o s t s  e n t a i l e d  by t h e  i z p l e m e n t a t i o n  
and o p e r a t i o n  o f  t h e  d i f f e r e r t  a l t e r n a t i v e s  - ir: .? ing u s e r  
e x p e n s e s .  

5 .  The p r o p o s a l s  f rom t h e  commi t t ee  s h o u l d  i n  p a r t i c u l a r  c l a r i f y  
p rob lems  c o n c e r n i r a  
a )  Use of  Norwegian g s o d s  and  s e r v i c e s  i n  c o n n e c t i o n  w i t h  ex -  

t e n s i o n s  o r  r e c o n s t r u c t i o n s .  
b) P r a c t i c a l  and  economic v a l u e  o f  u s e  f r r  u s e r s  n o t  :onnected 

w i t h  o r  p a r t  c f  t h e  o i l  i n d u s t r y ,  a s  t h e  F i s h e r y  I n s p e c t i o n .  
Hydrograyhy.  S e a  Bescue.  S h i p p i n g .  S c i e n t i f i c  R e s e a r c h  e t c .  

6. The work o f  t h e  c o m n i t t e e  s h a l l  i n  i t s  c o n c l u s i o n  i n c l u d e  s p e -  
c i f i c a t i o n  o f  a l t e r n a t i v e  s o l u t i o n s  a r r a n g e d  a c c o r d i n g  t o  
p r i o r i t y  d e t e r m i n e d  by t h e  C o p s l i t t e e  i t s e l f .  

The Commit tee  has  n o t  y e t  s t a r t e d  i t s  work. P o i n t s  o f  v i ew and 
a p p r a i s a l s  e x p r e s s e d  i n  t h i s  p a p e r , b r e t h e r e f o r e  o n l y  t h o s e  o f  
t h e  a u t h o r s .  

DELIMITATIOK OP THE NORYEGIAN CONTINENTAL SHELF 

The NGO was a c q u a i n t ~ 3  w i t h  some o f  t h e  prob!ems a s s o c i a t e d  w i t h  
t h e  d e t e r m i n a t i o r .  -f t e r r i t o r i a l  b o u n d a r i e s  a t  z e a  i n  1064 ,  when 
t h e  boundary l i n e  between t h ?  UK and  Norway u a s  d e l i n e a t e d .  The 
A r t i c l e  5 o f  t h e  Geneva Conven t ion  on  t h e  C o n t i n e n t a l  S h e l f .  and 
t h e  Geneva Conven t ion  on  t h e  T e r r i t o r i a l  S e a  and t h e  C o n t i g u o u s  
Zone. l a y  down t h e  p r i n c i p l e s  f o r  d e t e r m i n i n g  t h e  t e r r i t o r i a l  
b o u n d a r i e s  i n  t h e  c o n t i n e n t a l  s h e l f  a r e a s .  The C o n v e n t i o n s  came 
i n t o  f o r z e  s n  J u n e  10, 1964.  I n  a c c o r d a n c e  w i t h  t h e  d e c i s i o n s  i n  
t h e  C o n v e n t i o n s ,  Norway h a s  c o n c l u d e d  a g r e e m e n t s  a b o u t  t h e  i e l i -  
m i t a t i o n  o f  i t s  c o n t i n e n t a l  s h e l f  w i t h  G r e a t  B r i t a i n  (March 10, 
1 9 6 5 ) .  Denmark (December 8 ,  1 9 6 5 ) .  and  w i t h  Sweden ( J u l y  2 h ,  
1 9 6 8 ) .  

In  a l l  t h r e e  a g r e e m e n t s  i t  i s  s t a t e d  t h a t  t h e  d e ? i m i t a t i o n  s h o u l d  
b e  based  on t h e  median o r  e q u i d i s t a n c e - l i n e  p r i n c i p l e ;  1 .e .  t h a t  
e v e r y  p o i n t  o f  t h e  bounda ry  s h o u l d  b e  e q u i d i s t a n t  f rom t h e  
n e a r e s t  p o i n t s  o f  t h e  b a s e l i n e s  f rom which t h e  b r e a d t h  o f  t h e  
t e r r i t o r i a l  s e a  o f  e a c h  s t a t e  i s  measu red .  The p r i n c i p l e s  f o r  
d rawing  t h e  b a s e l i n e s  a r c g l v e n  by t h e  C o n v e n t i o n  on t h e  T e r r i t o -  
r i a l  Sea  and t h e  C o n t i g u o u s  Zone. 

The i m p l e m e n t a t i o n  o f  t h e s e  p r i n c i p l e s  i n  r a t h e r  d i f f i c u l t ,  and 
h a s  been v e r y  much d e b a t e d  - and  w i l l  c o r . t i n u e  t o  b e  d e b a t e d .  
Due t o  t h e  i n c r e a s i n g  i m p o r t a n c e  o f  t h e  c o r ' i n e n t a l  s h e l f  a r e a s ,  
we might  f o r e s e e  t h a t  b a s e l i n e s  w i l l  become t h e  s u b j e c t  o f  nepo-  
t i a t i o n s ,  a n d / o r  w i l l  need b i - l a t e r a l  o r  i n t e r n a t i o n a l  ( m u l t i l a -  
t e r a l )  r e c o g n i t i o n  - l i k e  b c u n d a r i e s  on l a n d .  The c o r n e r  p o i n t s  
o f  t h e  b a s e l i n e s  s h o u l d  b e  marked where  p o s s i b l e ,  and g e o d e t i c a l  
p o s i t i o n e d .  And t h e  " s t r . a i g h t  l i n e s "  be tween  them s h o u l d  b e  de -  
f i n e d  a s  a r c s  o f  G r e a t  C i r c l e s .  

P rov ided  t h a t  t h e  fundamen ta l  r e q u i r e m e n t  i s  f u l f i l l e d ,  s o  t h a t  
t h e  c o r n e r  p o i n t s  of t h e  b a s e l i n e s  o f  a n y  two c o u n t r i e s  a r e  po- 
s i t i o n e d  w i t h i n  t h e  same g e o d e t i c  f r a m e ,  t h e  median l i n e  be tween  



t h e  two c o u n t r i e s  can  be  determined mathemat ica l ly .  The median 
would be  a  s u c c e s b i o n  o f  g r e a t  c i r c l e  a r c s  and segments  o f  p a r s -  
b o l a s ,  which cou ld  be  d e p i c t e d  wi th  a n  a d e q u a t e  d e g r e e  o f  accu-  
r a c y  on c h a r t s  i n  any s c a l e  and p r o j e c t i o n .  

The boundar ies  between U K  and Norway and Denmark and Norway, were 
deter .nined g r a p h i c a l l y  on s p e c i f i e d  c h a r t s  on a  s m a l l  s c a l e  ( c a  
l : 1 M ) ,  i n c o n s i s t e n t  g e o d e t i c  frames - and not  on s h r i n k p r o o f  
paper .  The s o  de te rmined  median l i n e s  were a d j u s t e d  s l i g h t l y  t o  
meet a d m i n i s t r a t i v e  reau i rements .  Both b o u n d a r i e s  a r e  d r a m  as 
g r e a t  c i r c l e  a r c s  betwe.,!, e i g h t  c o r n e r  p o i n t s ,  t h e  p o s i t i o n s  o f  
which a r e  d e f i n e d  by l a t i t u d e  and l o n g i t u d e  on  European Datun 
( 1 s t  Adjustment 1950).  and g i v e n  wi th  a  p r e c i s i o n  o f  one second- 
o f -a rc  on t h e  UK-Norwegian boundary. and w i t h  one t e n t h  o f  a  s e -  
cond on t h e  Danish-Norvegian boundary. Before  t h e  Danish-Norwe- 
g i a n  agreement was amended i n  1974, t h e  segments  o f  t h e  boundary 
were d e f i n e d  a s  compass l i n e s ,  and t h e  p r e c i s i o n  o f  t h e  c o r n e r  
p o i n t s  was 0.1 minu tes -of -a rc .  Computer checks  of  s p h e r i c a l  d i s -  
t a n c e s  from a few p o i n t s  on e i t h e r  boundary t o  p o i n t s  on t h e  
b a s e l i n e s  agreed  w i t h i n  550 m f o r  t h e  UK-Norwegian boundary,.and 
w i t h i n  1070 m f o r  t h e  Danish-Norwegian one,  which. however. i s  
c o n s i s t e n t  wi th  c h a r t  e r r o r s .  

The boundary between Sweden and Norway i n  t h e  Skager rak ,  was 
f i r s t  d e t e m i n e d  mathemat ica l ly  a s  t h e  median l i n e  o f  t h e  base -  
l i n e s .  L a t i t u d e  and l o n g i t u d e  of  t h e  b a s e l i n e  c o r n e r p o i n t s  were. 
however, p o o r l y  de te rmined  on t h e  European Datum (- 100 m:. Next, 
t h e  mathemat ica l  median l i n e  was approximated by two compass 
l i n e s  and two g r e a t  c i r c l e  a r c s  u s i n g  t h e  e q u a l  a r e a  "g ive  and 
t a k e "  p r i n c i p l e .  The agreed  g e o g r a p h i c a l  c o o r d i n a t e s  of  t h e  cor -  
n e r  p o i n t s  a r e  d e f i n e d  t o  be  on European Datum 1950 and g i v e n  
w i t h  a  p r e c i s i o n  of 0.1 second-of-arc.  It i s  argued t h a t  t h i s  
p r e c i s i o n  ( t 2  m) is i n  accordance  w i t h  p r c b a b l e  f u t u r e  needs  a s  ' 

t o  p o s i t i o n i n g  accuracy .  

N e g o t i a t i o n s  between t h e  S o v i e t  Union and Norway ahout  t h e  d e l i -  
m i t a t i o n  of t1.e c o n t i n e n t a l  s h e l f  i n  t h e  B a r e n t s  Sea is schedu- 
l ed  t o  s t a r t  t h i s  y e a r .  P r e l i m i n a r y  t a l k s  took  p l a c e  two y e a r s  
ago. 

The o u t e r  boundary o f  t h e  Norwegian c o n t i n e n t a l  s h e l f  i n  t h e  Nor- 
wegian Sea  is n o t  de te rmined .  The p r i n c i p l e s  o f  d e l i n i t a t i o n  o f  
c o n t i n e n t a l  s h e l f  a r e a s  towards t h e  h igh  s e a  w i l l  be on t h e  
agenda of t h e  Confe rence  on t h e  Law of  t h e  Sea  a t  i t s  meeting i n  
Caracas.  Venezuela i n  J u n e  t h i s  y e a r .  

POSITIONING RELATIVE TO 4 MARINE BOUNDARY 

Marine b o u n d a r i e s ,  s u c h  a s  f i s h i , ~ g  limits, c o n t i n e n t a l  s h e l f  d e -  
l i m i t a t i o n s ,  t e r r i t o r i a l  wa te r  d e v i d i n g  l i n e s ,  o r  c o n s e s s i o n  li- 
m i t s ,  a r e  mos t ly  g i v e n  a s  a  g r e a t  o r  s m a l l  c i r c l e  a r c ,  a  loxodro-  
mic l i n e  o r  even more commonly a s  a " s t r a i g h t  l i n e "  between g i v e n  
p o i n t s  i n  terms of g e o g r a p h i c a l  c o o r d i n a t e s .  

A g r e a t  c i r c l e  a r c  i s  a  good apprux imat ion  t o  t h e  s h o r t e s t  l i n e  
between two p o i n t s  on t h e  s u r f a c e  of  t h e  e a r t h ,  and i s  i n c r e a -  
s i n g l y  used a s  boundary d i v i d i n g  l i n e .  On o r d i n a r y  n a u t i c a l  
c h a r t s  o n  t h e  Mercator  p r o j e c t i o n ,  a  compass l i n e  i s  a lways a  
s t r a i g h t  l i n e .  A g r e a t  c i r z l e  a r c ,  however, w i l l  o r d i n a r i l y  be  
d e p i c t e d  a s  a  curve .  

The maximum s e p a r a t i o n  o f  t h e  p o r t r a y e d  d i v i d i n g  l i n e  and t h e  
s t r a i g h t  l i n e  between c o r n e r  p o i n t s  on a  c h a r t ,  is dependent  on 
t h e  d e f i n i t i o n  o f  t h e  l i n e ,  t h e  az imcth ,  t h e  l e n g t h  and t h e  mean 
l a t i t u d e  of t h e  c u r v e  segment ,  and on t h e  ~ r o j e c t i o n  of t h e  c h a r t .  
The segments  of t h e  boundar ies  of  t h e  Norwegian c o n t i n e n t a l  s h e l f  
s o  f a r  e s t a b l i s h e d ,  a r e  "grea t  c i r c l e  a r c s "  between a  sequence  of  
c o r n e r  p o i n t s .  



To demorutrate the size of maximum separation of the boundary and 
the rtratht line between corner points, we give the values for 
the sements of the Danish-Norwegian and the British-Norwegian 
boundaries with the greatest and snallest separation on a chart 
on Uercator projection: 

Segment Sph.dist Azimuth Latitude Separation 
(-1 (O) (O) (m) 

Denrark- 27.1 70.0 57.7 2 1 
Norway 95.0 61.0 56.9 228 

UK- 147.9 165.0 57-3 98 
N o r w ~  { 44.1 164.0 61.5 2 2 

Navigation and positioning relative to a boundary requires there- 
fore. either tabulated coordinates of points on the boundary. 
lying close enough to permit inkerpolation with adequate accuracy, 
or charts with the boundary oepi~ted. For actual needs charts on 
scale 1:25 000 to 1:50 000 would do. 

POSlTIONINO REQUIREMENTS 

In 1960 the Ministry of Defence and the Ministry of Fisheries 
jointly appointed a Committee to Investigate tr.e Demands for 
Electronic Navigational Aids for the fishing fleet and other 
users. The Committee collected reports from the Fishing Fleet, 
the Fishery Inspection, the Hydrographic Office, the Polar In- 
stitute, the Oceanographic Research Institute, the Sea Rescue 
Service, the Navy, the Merchant Marine, and the Directorate of 
Aviation on their needs with regard to range and accuracy of na- 
vigational aids. 

We have to assume that the requirements of these users, are the 
same to-day, and certainly not less, and should be satisfied 
also in the future, and not sacrified for the benefit of new 
users with different requirements. 

Designation of desired accuracy as "very high", "highest degree 
of accuracyn. "exact" and "best possible" is vague and does not 
mean the same from one user to the other. The different users 
realize they will have to make do with what is available at any 
time. Improvements will be helpful and even necessary and will 
be used, but they are limited to what is technical possible and 
justifiable from an economic point of view. For most users it 
was and is quite impossible to state either the upper limit for 
the accuracy that can be used to advantage, or the lower limit 
where the navigational aid ceases to be of any use at all. 

The Committee analyzed the requirements of the different users 
and concluded that 5 Decca Main Chains along the west coast of 
Norway and three Consol stations to a large extent would cover 
the registered requirements. The proposed installations were 
established. 
The Committee did not consider the requirements of the oil in- 
dustry. This activity had only made a feeble start in the North 
Sea at thsL time, and only in areas outside Norwegian waters. 

REQUIREMENTS OF THE OIL INDUSTRY 

Systematic hydrocarbon exploration of the North Sea began in 1961. 
The first legislation relating to Exploration and Exploitation of 
Submarine Natural Resources on the Norwegian Continental Shelf 
was enacted in 1963. 

The first reconnaissence licence and the first production licence 
was issued in 1963 and 1965 respectively. Since then it has been 



a  r a p i d  i n c r e a s e  i n  e x p l o r a t i o n  and e x p l o i t a t i o n  a c t i v i t i e s ,  so 
f.r. mainly r e s t r i c t e d  t o  t h e  Worth Sea s o u t h  62' N. 

The o i l  i n d u s t r y  i n c a r p o n t e s  a v a r i e t y  of  a c t i v i t i e s ;  explora-  
t i o n .  surveying  and e n g i n e e r i n g  work, where r e l a t i v e  o r  a b s o l u t e  
p o s i t i o n i n g  is a n  impor tan t  f a c e t .  Such a s  - without  p r e t e n d i n g  
t o  be  exhaus t ive ,  
1. The need t o  c o r r e l a t e  sub-bottom se i smic  surveys  w i t h  d r i l l i n g  

h o l e s ,  s i n c e  t h e s e  o p e r a t i o n s  cannot  be c a r r i e d  o u t  s imul tane-  
ous ly .  

2. The n e c e s s i t y  of  r e t u r n i n g  t o  and r e c o v e r i n g  t h e  unmarked w e l l  
head. 

3. The surveying  o f  p i p e l i n e  r o u t e s ,  and t h e  subsequent  l a y i n g  o f  
p i p e l i n e s  a long  t h e  s e l e c t e d  rou te .  

4. The need t o  survey in d e t a i l  on a l a r g e  s c a l e ,  and p i n p o i n t  
r i g  p o s i t i o n i n g ,  f i x e d  p la t forms ,  o r  s e a  bed s t r u c t u r e s ,  and 
l i k e w i s e  r e t u r n  t o  e x a c t l y  t h e  same p o i n t  f o r  c o n s t r u c t i o n  
work. 

5. To be a b l e  t o  d e f i n e  wi th  accuracy  boundar ies  of  concess ion  
and median l i n e s .  

The r e q u i r e d  o r  optimum accuracy  v a r i e s  of ? o u r s e  somewhat from 
one a p p l i c a t i o n  t o  t h e  o t h e r .  For e x p l o r a t i o n  work a n  accuracy  
o f  30-50 m r e l a t i v e  t o  a  s p e c i f i e d  r e f e r e n c e  frame. is a c c e p t a b l e .  
For o t n e r  a p p l i c a t i o n s  a h i g h e r  accuracy can  be used  t o  advantage,  
and i n  some c a s e s  w i l l  be  a  n e c e s s i t y .  P o s i t i o n s ,  however, a r e  
determined a t  t h e  s u r f a c e  of  t h e  s e a  and a  very  h igh  accuracy  
would be i n v a l i d a t e d  by p r o j e c t i o n  o f  t h e  p o s i t i o n  t o  t h e  s e a  bed. 
It seems t h a t  a  r e p e a t a b i l i t y  o f  10-15 m would d o  w e l l  f o r  most 
a p p l i c a t i o n s ,  and t h a t  wi th  presen t  t e c h n i q u e s  i t  is p o s s i b l e  t o  
achfeve  t h i s  accuracy i n  p o s i t i o n i n g  i n  l a r g e  p a r t s  o f  t h e  North 
Sea. S p e c i a l  c o n d i t i o n s ,  however, a s  p r e v a i l i n g  adverse  weather 
and s e a  c o n d i t i o n s ,  might be d e t r i m e n t a l  t o  i t s  implementat ion.  
High l a t i t u d e  has i t s  advantages:  Navy Navigation S a t e l l i t e  
p a s s e s  a r e  more f r e q u e n t ,  making Doppler p o s i t i o n i n g  more a p p l i -  
cable f o r  upda t ing  of i n t e g r a t e d  p o s i t  ions .  

EXISTING POSITIONING SYSTEMS 

The Norwegian Decca r a i n  Chain, composed of f i v e  s i n g l e  c h a i n s  
e s t a b l i s h e d  1967-1969, covers  t h e  o f f s h o r e  a r e a s  of t h e  western 
and nor thwes te rn  c o a s t  o f  Norway. Decca cha ins  i n  t h e  o t h e r  
c o u n t r i e s  around t h e  North Sea ,  cover t h e  remaining p a r t  of t h e s e  
w a t e r s .  The Norwegian Defence Communications Adminis t ra t ion  in -  
s p e c t s  and moni tors  t h e  Norwegian chain on a n  assignment from t h e  
M i n i s t r y  of  F i s h e r i e s .  The B r i t i s h  c h a i n  is opera ted  by Decca 
Navigator  Co Ltd. On e s t a b l i s h i n g  t h e  Norwegian c h a i n ,  t h e  spe- 
c i a l  Norwegian topography made i t  d i f f i c u l t  t o  f i n d  s u i t a b l e  
s t a t i o n  s i t e s ,  c o n s i d e r i n g  such t h i n g s  a s  a c c e s s ,  ground p lane  
c o n d i t i o n s ,  groundpath l e n g t h ,  and l i g h t n i p 4  danger .  

Antenna p o s i t i o n s  were determined g e o d e t i c a l l y ,  p a r t l y  by NO0 
and p a r t l y  by p r i v a t e  surveyicg  companies. NO0 assunes  t h a t  t h e  
r e l a t i v e  s t a n d a r d  accuracy of  any two s t a t i o n s  c f  a Decca cha in  
i n  c o n t i n e n t a l  Norway, is b e t t e r  than  f2 m.  The Ves t lande t  cha in  
has  one of  i t s  s l a v e  s t a t i o n s  i n  She t land .  Chains i n  UK and Nor- 
way a r e  a l l  r e f e r r e d  t o  European Datum, but  due t o  e r r o r  propaga- 
t i o n  i n  t h e  g e o d e t i c  g r i d ,  t h e  c h a i n s  on each s i d e  of  t h e  North 
Sea  w i l l  be on d i f f e r e n t  l o c a l  g e o d e t i c  f rames ,  which in t roduce  
ambiquity o r  t h e  p o s i t i o n s .  The amount i s  d i f f i c u l t  t o  a s s e s s ,  
bu t  is  es t imated  by Decca Navigator  Co t o  be not  more t h a n  120 m. 
C o r r e c t i o n s  a r e  a p p l i e d ,  l e a v i n g  i10  t o  t 3 3  m a s  a  p robable  r e s i -  
d u a l  ambiguity.  

The d i f f e r e n t  cha ins  have throughout i ts  a r e a  of coverage a vary- 
i n g  f i x e d  e r r o r ,  which is t h e  d i f f e r n n c e  between p a t t e r n  and De- 
cometer p o s i t i o n ,  and is caused by i n s t r u m e n t a l  d e f i c i e n c i e s  and 
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e f f e c t s  of  ground c o n d u c t i v i t y  on propaga t ion .  
Superimposed is t h e  v a r y i ~  o r  r e p e a t a b i l i t y  e r r o r  caused by 
i n s t r u m e n t a l  i n s t a b i l i t y ,  and v a r y i n g  a tmospher ic  and ionosphe- 
r i c  c o n d i t i o n s .  Uaps showing r e p e a t a b i l i t y  accuracy  a r e  a v a i l -  
a b l e  f o r  t h e  d i f f e r e n t  cha ins .  Ye can r e a d  from t h e s e  t h a t  t h e  
a t t a i n a b l e  r e p e a t a b l e  p o s i t i o n i n g  accuracy  u s i n g  Decca f o r  t h e  
two impor tan t  a r e a s  Ekof i sk  (e = 56,s0 N, A ; 30 E) and P r i m  
iw = 6;" N, A = 2' E) are 200 a and 50 m r e s p e c t i v e l y .  

Adverse p h y s i c a l  performance c h a r a c t e r i s t i c s  o f  t h e  Decca Naviga- 
t o r  System is its s u s c e p t i b i l i t y  t o  skywave i n t e r f e r e n c e .  

Loran C was e s t a b l i s h e d  t o  cover  m i l i t a r y  requi rements  i n  t h e  
Oorth-Atlantic. For n a v i g a t i o n  i n  Offshore  Norway t h e  s t a t i o n s  
Sandur ( I c e l a n d ) .  &4 and J a n  Mayen (Norway) an3 S y l t  (Germany) 
a r e  a v a i l a b l e .  wi th  t h e i r  Master s t a t i o n  a t  E ide  (Paeroe I s l a n d s ) .  
Asvantages of t h e  system a r e :  L i t t l e  skywavt i n t e r f e r e n c e  and 
e x t e n s i v e  coverage.  Disadvantages a r e  u n s a t i s f a c t o r y  geometry 
f o r  g r e a t e r  p a r t s  of t h e  Norwegian s h e l f .  
The e x i s t i n g  Loran C c h a i n  covers  on ly  a  p a r t  of  t h e  Baren ts  S e a  
and wi th  poor  geomet r ic  f i x i n g  accuracy.  
Loran C is used e x t e n s i v e l y  i n  Offshore  Norway by e x p l o r a t i o n  
companiee f o r  lane i d e n t i f i c a t i o n  by concur ren t  a p p l i c a t i o n  of 
Decca, and a s  a  composite  p a r t  of  integrate; ;  systems f 3 ~  luRe. 
i d e n t i f i c a t i o n  and f o r  continuous speed and heading  de te rmina t ion  
alone.  o r  a s  a  back-up f o r  Doppler Sonar.  

Decca Main Chain, Loran C and t h e  o t h e r  e l e c t r o n i c a l  a i d s  t o  na-  
v i g a t i o n  such a s  MRAN A and Consol t h a t  e x i s t e d  i n  t h e  e a r l y  
s i x t i e s  d i d  n o t  s a t i s f y  t h e  requi rements  of  t h e  o i l  indus t ry .  
The r e s e a r c h  and engineer ing  work on t h e  c o n t i n e n t a l  s h e l f  t h a t  
was i n i t i a t e d ,  r e q u i r e d  t h e  development and wider use  of e l e c t r o -  
n i c  p o s i t i o n i n g  systems designed s p e c i a l l y  f o r  survey work r a t h e r  
than  n a v i g a t i o n .  
T h i s  requirement was more p e r c e p t i b l e  i n  t h e  North Sea  t h a n  f o r  
most o f f s h o r e  a r e a s  o f  t h e  world w i t h  s i m i l a r  a c t i v i t y .  where t h e  
e x p l o r a t i o n  and product ion  s t a r t e d  c l o s e  t o  t h e  s h o r e ,  and was 
s u c c e s s i v e l y  developed i n  a r e a s  more d i s t a n t  from t h e  s h o r t .  

I n  t h e  North Sea. and i n  p a r t i c u l a r  on t h e  Norwegian s h e l f ,  t h e  
a c t i v i t y  s t a r t e d  100-200 m i l e s  o f f s h o r e  and i s  s t i l l  l o c a l i z e d  t o  
such  a r e a s .  To meet t h e  f u r t h e r  requi rements  of  t h e  o i l  i n d u s t r y .  
Decca e s t a b l i s h e d  Decca Hi-Fix c h a i n s  on e i t h e r  a  semi-permanent, 
o r  a  "on c a l l n  b a s i s .  Permanent c h a i n s  i n  t h e  Norwegian p a r t  of 
t h e  North Sea a r e :  Hordaland, Rogaland, Cromarty, Forth.  Mobile 
Hi-Pix systems,  which can be e s t a b l i s h e d  t o  meet a  temporary need. 
a r e  a l s o  a v a i l a b l e .  I n  Offshore  Norway t h e s e  a r e  used by t h e  
Hydrographic O f f i c e  and t h e  P o l a r  I n s t i t u t e  f o r  hydrographic s u r -  
veying.  

According t o  s t a t e m e n t s  by major csmpanies ~ p e r a t i n g  i n  t h e  o f f -  
s h o r e  i n d u s t r y  and from o t h e r  s o u r c e s ,  i t  has become c l e a r  t h a t  
because o f  shortcomings o f  t h e  e x i s t i n g  sys tems ,  t h e r e  is an u r -  
g e n t  need f o r  more a c c u r a t e  p o s i t i o n  f i x i n g  systems.  This  app- 
l i e s  not  only t o  t h e  o i l  i n d u s t r y ,  bu t  t o  some e x t e n t  a l s o  t o  
hydrographic surveying  o f  f i s h i n g  grounds,  minelaying and mine- 
sweeping, and f o r  t h e  s u r v e i l l a n c e  of  t h e  f i s h i n g  l i m i t ,  espe- 
c i a l l y  i f  a  50 o r  200 mi le  l i m i t  is in t roduced .  

For implementat ion of  t h i s ,  t h r e e  roads  a r e  Dpen: 
1. Improvements and o p t i m i s a t i o n  of t h e  e x i s t i n g  systems. 
2 .  Establishement of new systems g i v i n g  adequate  o v e r a l l  coverage 

and accuracy  f o r  a l l  u s e r s .  
3. Establishment of new systems f o r  p a r t i c u l a r  a r e a s  o r  f o r  p a r -  

t i c u l a r  engineer ing  t a s k s .  
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IMPROVERENTS AND OPTIMISATION OF THE EXISTING SYSTEMS 

There  is  probably l i t t l e  t o  be done t o  improve t h e  r e p e a t a b i l i t y  
accuracy o f  a  p a r t i c u l a r  system. The f i x e d  e r r o r  r e l a t i v e  t o  a 
s p e c i f i e d  Datum can t o  some e x t e n t  be  determined.  Such de te rmi-  
n a t i o n s  are c u r r e n t l y  done by t h e  Hydrographic O f f i c e  f o r  Decca 
Main Chain on t h e  Norwegian Coast ,  u s i n g  t h e  well e s t a b l i s h e d  
method of  observ ing  t h e  p o s i t i o n  of t h e  s h i p ' s  r e c e i v i n g  a n t e n n a  
by hydrodis t  , t h e o d o l i t e ,  o r  a  combination of t h e s e ,  cemput in& 
t h e  geoid  c o o r d i n a t e s  o f  t h i s  i n t e r s e c t e d  o r  r e s e c t e d  p o s i t i o n .  
c o n v e r t i n g  t o  hyperbol ic  p a t t e r n  c o o r d i n a t e s ,  and comparing t h e s e  
w i t h  t h e  observed p a t t e r n  read ings .  By t h i s  method t h e  f i x e d  
e r r o r  can be de te rmined  only  f o r  p o i n t s  r e l a t i v e l y  c l o s e  t o  shore .  

The Dccca Survey Limited have a l s o  made e x t e n s i v e  d e t e r m i n a t i o n s  
o f  t h e  f i x e d  e r r o r  w i t h i n  1 5  km o f  t h e  c o a s t .  The c a l i b r a t i o n  
d a t a  s o  o b t a i n e d ,  were used t o  determine t h e  f i x e d  e r r o r  Por f a r  
o f f s h o r e  a r e a s  by e x t r a p o l a t i o n .  The unusual  advantage of t h e  
North Sea is t h a t  phase comparison s i g n a l s  c a n  be rece ived  from 
o p p o s i t e  shores ,  and from widely d i f f e r i n g  d i r e c t i o n s ,  p rovid ing  
observed d a t a  w i t h  which t o  t e s t  t h e s e  e x t r a p o l a t i o n s .  A network 
of t r a v e r s e s  was observed i n  each  of which s imul taneous  r e c o r d s  
o f  a s  much a s  n i n e  o r  more p a t t e r n s  a t  each s t a t i o n  and a t  f r e -  
quent  i n t e r v a l s  

Over-land r a d i o  propaga t ion  can o f t e n  n o t  be avoided f o r  Decca 
p o s i t i o n  f i x i n g  n e a r  t h e  c o a s t .  The v e r y  low c o n d u c t i v i t y ,  and 
t h e  rugged, lnountaineous topography c o n t r i b u t e  t o  an ex t remely  
complex p a t t e r n  of  f i x e d  e r r o r s .  I n  f a c t ,  it i s  very  d i f f i c u l t  
t o  c h a r t  t h e s e  e r r o r s ,  but  very roughly,  l e t  a l o n e  t o  p u b l i s h  
c o r r e c t i o n s  i n  a r a t i o n a l  and meaningful way. Attempts t o  d e f i n e  
t h e  f i s h e r y  b o r d e r s  i n  te rms  of  Decca c o o r d i n a t e s  have t h e r e f o r e  
been somewhat d i scourag ing .  Never the less ,  t h e  v a r i a b l e  e r r o r s  
a r e  g e n e r a l l y  smal l  enough t o  make t h e  c h a i n s  u s e f u l  f o r  many 
purposes i n  near -shore  naviga t ion .  

Mathematical formulas developed t o  t a k e  propaga t ion  v a r i a t i o n s  
i n t o  account when computing r a d i o  p o s i t i o n  l i n e s ,  can only be 
used with advantage i n  c a s e s  of  very s imple  topography.  I n  t h e  
case  of t h e  Norwegian c 2 a s t .  i t  is v i r t u a l l y  imposs ib le  t o  f i n d  
a t e r r a i n  model t o  f i t  t h e  formulas.  

For s p e c i a l  purposes,  such a s  o f f s h o r e  surveying  e t c . ,  more accu- 
racy could be a t t a i n e d  when u s i n g  Decca main c h a i n s  i n  a d i r e c t  
ranging  mode. T h i s  n e c e s s i t a t e s  t h a t  t h e  c h a i n ' s  frequency is 
c o n t r o l l e d  by an atomic f requency  s t a n d a r d ,  and a l s o  t h a t  an a t o -  
mic frequency s t a n d a r d  i s  c a r r i e d  on board t h e  survey v e s s e l .  
The c o s t  of equipment and m o d i f i c a t i o n s  i s  moderate compared wi th  
many o t h e r  systems proposed f o r  such purposes .  By t h i s  procedure,  
overland propaga t ion  p a t h s  could be avoided o r  minimized, and LOP 
p a t t e r n  geometry could be improved. T h i s  would r e s u l t  i n  reduc ing  
both  f i x e d  and v a r i a b l e  e r r o r s .  However, the day-to-night  r a t i o  
of v a r i a b l e  e r r o r s  would n o t  be app.seciably improved. 

ESTABLISHMENT OF NEW SYSTEMS 

To d i s c a r d  t h e  e x i s t i n g  systems and r e p l a c e  them by new systems 
is  a n  economic i m p o s s i b i l i t y .  There a r e  t o o  many u s e r e  and t o o  
b ig  investment made, s o  i t  i s  reasonable  t o  assume t h a t  supple-  
mentary systems w i l l  be  e s t a b l i s h e d  a s  t h e  need a r i s e s .  The num- 
ber of  systcms,  however, must be kept a t  a  minimum, c o n s i d e r i n g  
both economic a s p e c t s  and t h a t  a modest u s e  o f  f r e q u e n c i e s  should 
be persued.  A l l  r e l e v a n t  p o s i t i o n i n g  sys tems ,  Hi-Fix, Taran,  Lo- 
ran e t c . ,  o p e r a t e  i n  t h e  frequency band 1.6-3.3 MHz, which i n t e r -  
n a t i o n a l l y  is a l l o c a t e d  t o  radiocommunications. There i s  no i n -  
t e r n a t i o n a l  p r o v i s i o n  in  t h i s  band f o r  f r e q u e n c i e s  f o r  u s e  of na- 
v i g a t i o n .  Furthermore,  t h i s  band is f o r  i n t e r n a t i o n a l  use.  Allo-  
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c a t i o n s  o f  f r e q u e n c i e s  are t h e r e f o r e  s u b j e c t  t o  n e g o t i a t i o n s  and 
neighbourly s h a r i n g  of f r e q u e n c i e s  w i t h  neighbour.ing c o u n t r i e s .  

S e v e r a l  ins t rument  f i r m s  have submi t ted  p l a n s  t o  t h e  Norwegian 
government f o r  e s t a b l i s h m e n t  o f  new systems i n  t h e  100 KHz band: 
Decca Survey Limited U K ,  and Kongsberg Vhpenfabrikk (ITIF), Norway. 
have a p p l i e d  f o r  concession f o r  Mini Loran C systems.  The Decca 
v e r s i o n  is named Pulse  8 and t h e  KVF (Mega Pulse)  v e r s i o n  is na- 
med Accufix. The systems w i l l  be o p e r a t e d  s e p a r a t e l y  u r  more 
l i k e l y  i n  coopera t ion  by t h e  two f i rms .  
Offshore  Navigation has a l s o  a p p l i e d  f o r  concession f o r  a  Mini 
Loran C system (Accufix) .  
Kelvin Hughes h a s  proposed t h e  e s t a b l i s h m e n t  o f  a  Toran system. 

It seems r e a s o n a b l e  t o  choose systems t h a t  have a h igh  r e p c a t a b i -  
l i t y  accuracy ,  and t o  de te rmine  t ! ~ e  f i x e d  e r r o r  by g e o d e t i c  me- 
t h o d s  c l o s e  o f f s h o r e .  To t e s t  t h e  e x t r a p o l a t e d  o r  mathemat ica l ly  
d e r i v e d  f i x e d  e r r o r s  throughout t h e  p a t t e r n ,  every  o p p o r t u n i t y  t o  
e s t a b l i s h  t e s t  p o i n t s  should be made t h e  most o f .  Such opportu-  
n i t i e s  w i l l  be provided by permanent o r  semipermanent product ion  
p la t forms .  I n  t h e  absence of  such,  bottom t racsponder  system6 o r  
s u r f a c e  buoys could be used a s  e x c e p t i o n a l  checkpoin ts .  Ruoys 
could a l s o  c a r r y  i n s t r u m e n t s  f o r  r e c o r d i n g  of  p a t t e r n  v a r i a t i o n s .  
Permanent c o n s t r u c t i o n s  a s  t h e  Ekofisk-tank,  can provide  a s i t e  
f o r  a  s t a t i o n  f o r  p o s i t i o n i n g  system. 

OEODEX'IC FRAME AND REQUIRED IMPROVEMENTS 

Determination of  boundar ies ,  e s t a b l i s h m e n t  o f  t h e s e  on t h e  ground 
and es tab l i shment  of  adequate  a i d s  f o r  nav iga t ion  and p o s i t i o n i n g .  
r e q u i r e ,  a s  we have seen ,  a  g e o d e t i c  frame.  C o n t i n e n t a l  Norway 
is completely covered by g e o d e t i c  h o r i z o n t a l  c o n t r o l  on t h e  Euro- 
pean Datum 1950, and s o  a r e  t h e  o t h e r  land and i s l a n d  a r e a s  sur -  
rounding t h e  North Sea. 
The adjustment of t h e  f i r s t - o r d e r  t r i a n g u l a t i o n  network of c o n t i -  
n e n t a l  Europe was i n i t i a t e d  i n  19h5 and f i n i s h e d  i n  1951. T h i s  
f i r s t  adjustment was n o t  cons idered  t o  be t h e  f i n a l  one by any of  
t h e  c o u n t r i e s  involved ,  and it was dec ided  a s  e a r l y  a s  1956 a t  a  
meeting i n  Munich, t h a t  a  new adjustment (RETrig) should be made. 
T h i s  w i l l  probably be done i n  t h e  n e a r  f u t u r e .  

S i n a e  t h e  f i r s t  adjustment t h e r e  has  been a s t e a d y  work t o  i m -  
prove t h e  networks and t h e  d a t a .  I n  Norway t h e  f i r s t  o r d e r  ne t -  
work has been extended t o  cover  t h e  whole rnlrntry - s i n g  t r i l a t e -  
r a t i o n .  Two d i s t a n c e s  a c r o s s  Skagerrak were measured i n  1972 
u s i n g  a s l i g h t l y  modified commercial microwave rangef inder .  The 
method has been developed a t  t h e  Technica l  Univers i ty  c f  Hannover, 
and i s  based upon s u p e r r e f r a c t i o n  i n  t h e  mari t ime s a r f a c e  l a y e r .  
The method a l lows  measuring of more t h a n  150 km long d i s t a n c e s  
when an evapora t ion  duc t  is p r ~ s e n t  above a s u ~ f a c e  of  water .  In  
1963 a new connection between t h e  B r i t i s h  and t h e  French t r i a n g u -  
l a t i o n  was added t o  t h e  former.  A recomputat ion of  t h e  Shoran 
t r i a n g u l a t i o n  i s  f o r e s e e n ,  and w i l l  probably be i n c o r p o r a t e d  i n  
t h e  new RETrig. Data ftom Oeoceiver o b s e r v a t i o n s  a t  two Shoran 
s t a t i o n s  i n  UK and t h r e e  Shoran s t a t i o n s  i n  Norway w i l l  a l s o  
probably be a v a i l a b l e  and incorpora ted  i n  t h e  RETrig. 

The accuracy of  t h e  p r e s e n t  h o r i z o n t a l  c o n t r o l  has been s a t i s f a c -  
t o r y  f o r  most p r a c t i c a l  needs,  s o  f a r .  For p o i n t s  on e i t h e r  s i d e  
of Skagerrak t h e  e s t i m a t e d  r e l a t i v e  accuracy i s  1:100 000. For 
t h e  r e l a t i v e  accuracy of p o i n t s  on e i t h e r  s i d e  of  t h e  North Sea,  
i n  U K  and Norway, t h e  a v a i l a b l e  e s t i m a t e s  a r e  l e s s  r e l i a b l e .  F i -  
g u r e s  of  110 t o  t 3 0  m a r c  quoted,  probably based on t h e  r e s u l t s  
of t h e  Shoran connection.  An ambiguity of  t h i s  s i z e  does prob- 
a b l y  not s a t i s f y  p r e s e n t  requi rements ,  and even less t h o s e  of t h e  
f u t u r e .  

The North Sea,  200-400 m i l e s  a c r o s s ,  i s  surrounaed by land and 



i s l a n d s  s e p a r a t e d  by narrow s t r a i t s .  The RETrig, being a product  
of  s o p h i s t i c a t e ( '  s t a t i s t i c a l  t e s t s  and adjustment procedures ,  w i l l  
h o p e f u l l y  provide  a c o n . i s t e n t  g e o d e t i c  network throughout t h i s  
a r e a ,  and throughout Scandinavia .  I t  is reasonable  t o  a n t i c i p a t e  
t h a t  t h e  r e l a t i v e  accuracy  between p o i n t s  i n  U K  and Norway w i l l  
be b e t t e r  t h a n  1:100 000, and t h i s  should be a f u l l y  adequate  
ac-uracy f o r  a l i  f o r s e e a b l e  a p p l i c a t i o n s  anywhere i n  t h e  North 
Sea .  

Going northwards we come i n t o  t h e  Norwegian Sea.  Geodetic con- 
t r o l  on t h e  s h e i f  i n  t h i s  a r e a  has  t o  be extended from t h e  c o a s t  
of  Norway by c l a s s i c  o r  Doppler s a t e l l i t e  methods. J a n  Mayen was 
p o s i t i o n e d  by Doppler i n  1968. 

I n  t h e  e x t r e n e  n o r t h  we have t h e  Barents  Sea and t h e  s h e l f  sur -  
rounding t h e  i s l a n d s  o r  t h e  S t e l b a r d  a rch ipe lago .  The B a r e r t s  
Sea is l e s s  confined t h a n  t h e  North Sea.  The i s l a n d s  t h e r e  have 
a wider s e p a r a t i o n ,  which i s  difficult t o  b r i d g e  u s i n g  c l a s s i c  
g e o d e t i c  ze thods .  
New-Alesund on West-Spitsbergen and s i x  o t h e r  p o i r t s  i n  t h e  Sva l -  
bard a r c h i p ~ l a g c  were determined in  1971 by Doppler t r a n s l o c a t i o n .  
An a d d i t i o n a l  t i e  between t h e  a rch ipe lago  and c o n t i n e n t a l  Norway 
should be contemplated.  The s t a t i o n  i n  Nth-Alesund i s  a l s o  de- 
;ermined by t h e  s a t e l l i t e - t r i a n g u l a t i o n  method. 

The d e l i m i t a t i o n  o f  ,,.e s h e ' f  between d ~ v i e t  and lorway presuppo- 
s e s  t h a t  t h e  land a.,d i s l a n d  a r e a s  o f  t h e  two c o u n t r i e s  surroun- 
d i n g  t h e  a r e a  t o  be p a r t i t i o n e d ,  a r e  brought i n t o  t h e  same geode- 
t i c  frame, which one,  i s  of no  consequence f o r  t h i s  p a r t i c u l a r  
purpose.  This  can only be accomplished a t  r e q u i r e d  s t a n d a r d  by 
t h e  use  of g e o d e t i c  Doppler p o s i t i o n i n g  procedures.  

Knowledge of  e o i d a l  h e i g h t s  i s  necessary f o r  t h e  t r a n s f e r r i n g  o f  
two-dimentiontl  Dopplercoord ' inafes t o  European Datum. 
I n e r t i a l  n a v i g a t i o n - n e e d s  t o  know t h e  d e f l e c t i o n  of  t h e  v e r t i c a l .  
I n t e g r a t e d  n a v i g a t i o n  should a l s o  b e n e f i t  from a b e t t e r  knowledge 
of t h e  geoid a s  i t  would reduce  t h e  s t a n d a r d  e r r o r  of  geographi-  
c a l  coord ina tes .  Our p r e s e n t  knowledge, nowever, of  t h e  d e t a i l s  
of t h e  l o c a l  geo id  is poor.  Est imated h e i g h t s  might be i n  e r r o r  
by more t h a n  10 m.  
S e v e r a l  methods can be a p p l i e d  f o r  t h e  de te rmina t ion  of t h e  geoid  
i n  o f f s h o r e  a r e a s .  They a l l  e i t h e r  depend on t h e  knowledge of 
t h e  geoid  i n  sur rounding  land a r e a s ,  o r  b e n e f i t  from such know- 
ledge.  Knowing t h e  geoid  on land it can be extended o f f s h o r e  by 
Doppler t r a n s l o c a t i o n  o r  i n e r t i a l  nav iga t ion  between p o i n t s  of 
known p o s i t i o n s .  Conversion of  g e o i d a l  h e i g h t s  and d e f l e c t i o n s  
of  t h e  v e r t i c a l  determined g r a v i m e t r i c a ? l v /  o r  by a l t i m e t r y  on a 
d i f f e r e n t  datum t o  European Datum, can be based on t h e  knowledge 
of t h e  geoid  i n  a d j a c e n t  a r e a s .  

We conclude t h a t  i t  should be t o  t h e  purpose of  t h e  NO0 t o  puroue 
de te rmina t ion  of  t h e  geoid  i n  Norwegian o f f s h o r e  a r e a s  more vigo- 
r i o u s l y ,  and t h a t  dynamic s a t e l l i t e  p o s i t i o n i n g  w i l l  be an i n d i s -  
pensable  t o o 1 , f o r  g e o d e t i c  pos iLioning  o f f s h o r e  a s  f o r  t h e  e s t a b -  
l ishment of t h e  g e o d e t i c  frame f o r  such work. 

I t  is t h e  op in ion  of t h e  a u t h o r s  t h a t  i t  i s  impera t ive  t h a t  t h e  
NO0 has t h e  knowledge end f a c i l i t i e s  t o  c a r r y  ou t  such work t o  
g e o d e t i c  s tandard .  

Tamsborg. Milan. Geodetic Hydrography a s  r e l a t e d  t o  Maritime 
Boundary Problems. 

( i n  The I n t e r n a t i o n a l  Hydrographic Review. Vol.LI(1974) No 1 . )  

Beazly, P.B. T e r r i t o r i a l  See Base l ines .  
( i n  The I n t e r n a t i o n a l  Hydrographic Review. Vol.XLVIII(1971) No 1) 
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Figure  1 .  

Europe 
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Figure  5 .  Geodet i c  Corinections a c r o s s  t h e  Nortt, See 

F igure  4 .  Decca H i  P i x  Covering o f  t h e  North Sea  
(with r e p e a t a b i l i t y  a c c u r a c i e s  g i v e n  by 
Decca Survey L t d . )  
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The paper discucses the navigation and position fixing 
requirements for exploration and mining of manganese nodules. 
Pour types of surveys are conducted reparatory to actual 
mining  operation^--prospecting , prelfminary survey, evaluation 
survey and detail survey. Accuracy requirements for position 
fixing become progressively more stringent with each advance 
in stage of survoy. The goal is to gather data suitable for 
ahoraside analysis and decision making with regard to the 
ongoing program. 

Exploration and mining in the deep ocean requires the 
ability to continuously plot the position of survey vessel or 
mining ship and to trt-.': an instrument package or dredge device 
on the sea floor. Pos,cioning data must be recorded to 
generate maps of ore bodies, obmtructionm and claim boundaries. 
Accuracy of location is of paramount importance for safe 
operation and to assure efficiency by not reworking areas 
already mined. Highly accurate and reliable positioning must 
be achievable over a wide range of environmental and operating 
conditions. 

INTRODUCTION 

The subject of navigation and position fixing is basic to 
the potential ocean miner, just as it is to most other maritime 
activities. The degree of accuracy and the efficiency with 
which these functions a n  accomplished is, however, as varied 
as the types of maritime activities. The normal merchant ship, 
while far at sea on a transoceanic voyage, will keep track of 
its position on a geodetic basis, primarily by referehce to 
celestial bodies, only recently supplemented by long range 
radio navigation systems. Por this portion of the voyage, 
accuracies on the order of a few miles will suffice. As the 
ship approaches the wart, the lir'ted range radio navigation 
aids kcom available. The mates nil1 take advantage of these 
systems and will obtain position with accuracios of one mile or 
better. The final phase of the voyage will be made within the 
harbor of the damtination port. Positions will now be deter- 
mined within a matter of feet by means of visual reference to 
fixed objects. 

This increase in accuracy, as the ship approaches and gainm 
the land masm, is to be completely expected, as man ham spent 
most of his history ashore. Techniques for the mapping of tne 
land surface have been dewloped over centuries of practice and, 
References and illustrations at end of paper. 
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in the recent past, precision, accuracy, and reliability have 
been snarply upgraded. The degrees of proficiency and the 
accuracy of the results of these surveys have been carefully 
analyzed. The surveys themselves are classified as to precision 
and the means to conduct surveys within clearly defined limits 
of accuracy have come to be everyday happenings. 

The extensions of these standards to the ocean, beyond 
where a bottom-mounted platform can be erected or line of sight 
signals can be received from a shore station, is yet to be 
achieved for commercial programs. In mid-ocean the survey 
platform is, for practical purposes, continuously in motion, 
both horizontally and vertically, and there is no easy means to 
mark and identify a giver1 site. This is the problem which is 
presented to the potential ocean miner. 

THE PROBLEM 

In a situation somewhat analogous to that of the conven- 
tional ocean transit, the ocean miner's navigational require- 
ments change, not, however, as a function of the phase of the 
voy-ge, but rather as a function of the current phase of 
activity in which he is then involved. 

The phases of a commercial mineral exploration program 
leading to full scale ocean mining have been identified variou.3- 
ly. One such scheme groups the activities into four principa~ 
areas: 

Prospecting - Seeking of nodule deposits of potential 
commercj.al interest. 

Preliminary Survey - Coarse Grid surveys to define the suit- 
ability of the topography for further 
activity. 

Evaluation Survey - Sampling surveys to delineate the extent 
of the deposit and confirm the deposit 
aa an ore body. 

Detail Surveys - Sine Crid surveys to develop mining plans 
for cre acquisition. 

As with the merchant ship, the ocean miner's navigati,)nal 
requirements become more demanding as he approaches his goal, 
the end of his voyage. Unfortunately for the ocean miner this 
is not the familiar and hospitablc land mass, but rather, the 
deep and unfamiliar mid-ocean regions. 

One of the major aims of each of these surveys is to 
produce a chart or map. These are graphic presentations Of 
features in respect to their position on earth, or relative L.0 
each other. Problems regarding the production of maps have long 
been with us, but only in the recent past has the need ari8en to 
accurately map features of the ocean floor in great depths of 
water and at great distances from shore. Each of these factorsr 
accuracy desired, water depth,and remoteness from shore, add to 
the complexity of map generation. Combined. they represent a 
fundamental problem for the potential ocean miner. 

OBJECTIVES 

The generation of a topographic map has traditionally been 
one of the early steps in mineral exploration and development. 
The extenrion of this requirement to manganese nodule resource 
evaluation !.s premised on the need to find areas of acceptable 



r e l i e f  and roughness. These condi t ions  assure  su rv iva l  o f  the 
bottcm t ravers ing devices rd p e m i t  t h e i r  e f f i c i e n t  o p r a t i o l l .  

the &veloprmt of a b a t h y m t r i c  map. of the ruimm 
a r m r a w  feas ib l e  within tho cons t r a in t s  of  t i r  ud cost. is 
t h e r e f o k  of  f i r s t  orrdar irport.ncc i n  th mid-oaaa  explora t ion 
p m q r r .  Thr da ta  f o r  t h i s  rap a l s o  forus  the b a s i s  of  the topo- 
graphic nrp. *is work w i l l  be i n i t i a t e d  during the preliminary 
survey phase of the  operation. 

P r i o r  t o  t h i s  time. reasonable rams t o  produce a contour 
u p  of l u g e  areas  ( i n  t h e  o rde r  of 15-20 thousand square m i l e s )  
of t he  s e a  f loo r  have mt been avail&hle. The i n t en t ion  now is 
t o  equip ocean e q l o r a t i o n  vessels with the n e a s s a r y  equipment 
t o  a l l w  a w n t i n w w  p l o t  of  t he  vessel's pos i t ion  within 
spec i f i ed  limits, and record this da ta  i n  conjunction with 
in fomat ion  obtained f roa  a p rec i se  narrou be- bathynetr ic  
system. 

The accuracy with which pos i t ion  (x,y data '  must be known 
i n  order  t o  g e m r a t e  a s a t i s f a c t o r y  bathymetric (S da ta )  u p  
depends on a wide n u J n r  of var iables .  Included i n  these  
va r i ab le s  arc: the  purpose f o r  which the map is tu be generated, 
the  v u i a b i l i t y  of t he  topography, a d  the accuracy with which 
the  depth can be rcasured. 

For the ocean m i n e r  the bas i c  purpose of the  ba thyae t r i c  
and subsequent topographic raps has  a l ready been iden t i f i ed .  I t  
is t o  iden t i fy  a reas  of s u f f i c i e n t l y  low r e l i e f  over l u g e  
enough ex ten t  s o  as t o  provide a reasonable p robab i l i t y  t h a t  the 
necessary ocean f loo r  mining e q u i w n t  w i l l  not only survive,  
but w i l l  i n  f a c t  perform i ts  required function with an acceptable 
e t f ic iency.  Ye have previously identified the acceptable depth 
va r i a t ion  wi thin  a given loca l  a rea  a s  being m the  or&r of 
t l O O  f e e t  with s lopes  not  exceeding 10 degrees.(3) 

A s  the  program continues. it w i l l  be- necessary to  
iden t i fy  and locate  obst ruct ions  of  considerably smaller dimen- 
s ions  than t l O O  f e e t  and s o  it is reasonable t o  expect t h a t  
g rea t e r  w s i t i n n a l  accuracies w i l l  be required. 

The v a r i a b i l i t y  of *be topography is general ly  l i t t le  known 
during the  i n i t i a l  phases of t he  survey, i n  f a c t ,  determination 
of the  v a r i a b i l i t y  is the  reason t h e  survey is being conducted. 
Surveys conducted using wide beam bathymetric systems tend to 
mask so= of  the  v a r i a b i l i t y .  p a r t i c u l a r l y  the narrower val leys .  

In  tne  present d iscuss ioa  the  only "2' vaziable  considered 
is water depth, howcve~aups  must a l s o  be developed based on 
n u a r o u s  other  quan t i t i e s  such a s  nodule concentration and 
mineral assty.  The v a r i a b i l i t y  of these  q u a n t i t i e s  may be q u i t e  
d i f f e r e n t  than the  v a r i a b i l i t y  of topogr8p.v and may cause 
chtng+a i n  the required pasit icr: l  accuracie-.  An expe r i en t i a l  
judgment w i l l  be required Fn the  b a s i s  of the r e s u l t s  of saw 
of the i n i t i a l  survey w r k .  

?he accuracy with which d r i f h  can be measured is pr imar i ly  
a function of t h e  e q u i ; m n t  k i n g  u-ad. Conventionat wide beam 
a e o u t i c  systems, wlrict.-insonify a reas  of the  ocean f loo r  i n  
c,ceas of f ive  square miles when operat ing i n  water depths of  
15,000 f e e t ,  can hardly j u s t i f y  &n u l t r a  p rec i se  navigation 
syrtem, o r  form the bas i s  cf  a d e t a i l e d  topoqr-phic map. For 
t h i r  reason narrow beam s y s t e m  incorporating s t a b i l i z e d  t rans-  
ducers and Other advanced f ea tu res  must be considered. Such a 
tystem u t i l i z i n g  a 2-2/3 degree barn width w i l l  insonify  en area  
of l e s s  than 1/100 squmre mile and can measure d i f f e rences  i n  
depth of l e s s  than two fathams. 



The navigational accuracy which w feel is required tor the 
prelirimry m y s ,  as outlined earlier, is the ebility te 
&fins the ship position wntintmusly. durlng transit or wide 
area survey, within fO.2 m. 3lm vessel operational charxter- 
istin associated with this requirement are q m d a  in tba order 
of seven knots while taring a near surface submtrped body in 
seas up to five feet. The surveying will be matinwms on track 
lines up to 150 miles long. 

EXISTT*C SURVEY SZAMMms 

A review of the existing staadardo for hydrographic surveys 
mas mde in orb: to dotexmine the reasonablemss of the crbon, 
operational requireant. Z h r w  -standards' uere identified. 
each m t  different in staterrnt and requitornt. 

The first of these is the International Accuracy Standard 
for Hydrographic Surveys adopted at the 7th Cartographic C m -  
sultatioa of the Pan Amrican Institute of Geography and History 
meeting in Mexico City in 1955. (2) The same standards uere 
recmmen&d by the United States for adoption by tka Inter- 
national flydmgraphic Bureau States kabala at the 7th Inter 
national Hydrographic Conference in mnaco in Hay 1957. For 
depth. the mutirum error increases from one f a t h  in depths 
to 11 fathoms up to one percent of the depth in areas 55 fathom 
and deeper. Spacing of sounding lines. interval of plotted 
soundings, f m n c y  of position fixes and accuracy of fixes. 
are all defined in texas  of masurewnts made on the final chart 
and are therefore a funeticm of the resultant chart scale. 

The second of the standards is that listed in the lKUA 
surveyores 'bible', Publiirtion 20-2, The Hydrographic Iliurual 
of the Coast and Geodet c Survey of the U. S. Departimnt Of 
C m r c e .  (2) Survey line spacing, frequency of sounding. 
freqwncy of position fixing and accuracy of sounding are 
identified both with relation to the final chart scale as well 
as the general depth in the area for which the chart is being 
developed. There is no absolute stateaent of positional 
accuracy required, rather, specific procedures are identified 
for determining position wt.ich it must be presuracd will yield 
adequate contml. It must be noted, however, chat most of the 
work covered by this manual is close to shore where visual or 
highly precise radio navigation systems are available. 

The third standard is that of the U. S. Uavy Rydrographic 
Office as stated in Special Publication SP-4, Technical Speci- 
f ications for U. S. Naval Surveys. (1) These are stated in the 
same manner as the International Standards and generally agree 
with them, however, the line spacing is halved and fifty percent 
more cross lines are required. The required positional accuracy 
is the same. The Hydrographic Office Uanual in addition 
recogniter a 'bathyraotric survey" although not przviding 
specific data accuracy requiremnts. Navigation in accordance 
with best standard practices" is as far as they go although they 
do acknowledge that "the value of the data obtained will be much 
greater when the ship's position is determined as frequently and 
precisely as practicable: 

A sumnary of Deepsea Ventures' proposed practice for three 
levels of survey is presented in Table 1 and also -parad with 
the International Standard. 

From this discussion so far it can be deduced that the 
normal hydrographic chart is primarily concerned with the safe 
navigation of a vessel and not the detail character of the 
bottom. This is an essential difference between the ocean 
miner's needs and those of the normal merithe chart user. 



An addi t ional  d i f ference  is  t h a t  the miner 's  needs f o r  infoma-  
t i o n  increase  with distance frum land and water .depth r a t h e r  
than the opposite,  which is t h e  need f o r  s a f e  navigat ional  pur- 
poses. I n  f a c t  it should be noted t h a t  t h e  ocean miner 's  
requirement is such t h a t  he e s s e n t i a l l y  d m &  c h a r t s  of t he  
accuracy and s c a l e  of conventional harbor cha r t s .  The d i f f i -  
c u l t y  a r i s e s  i n  t h a t  t h e e  cha r t s  rust be developed i n  a reas  of  
the deep ocean f a r  r e d  f m  the land supported p rec i se  
navigation sys t a r s .  

I t  is expected that, i n  order  t o  pmvide the  des i r ed  
accuracy f ipures  f o r  the survey vesse l ,  ao in tegra ted navigation 
system incorporating: (?I a gyromapass,  (b)a p rec i se  log system, 
(c) a s a t e l l i t e  navigation receiver ,  (dl  a long range radio  
navigation in t e r f ace ,  and (e) a cen t r a l  d i g i t a l  computer w i l l  be 
requi  
et.a1fSP-6 t'f7 row authors ,  among thea  Morgan and S tanse l l  

have presented the c a p a b i l i t i e s  of var ious  
systems, but so f a r  t h e  required accuracy does not appear t o  be 
f u l l y  avai lable ,  although it does not s e e m  t o  be beyond our  
grasp. 

One of our purposes i n  presenting t h i s  paper is  t o  iden t i fy  
our n w d s  t o  the  navigation -unity i n  the expecta t ion of 
uncovering a s a t i s f a c t o r y  solut ion.  Without t h i s  i d e n t i f i c a t i o n  
ue cannot expect the  indust ry  to develop systems which w i l l  do 
t h e  jab. 

ADDITIONAL REQl'IREMENTS 

A f u r t h e r  d i f f i c u l t y  with regard t o  t h e  navigat ional  
problem develops dur ing t h e  evaluat ion surveys, when the  vessel  
w i l l  no longer be operated i n  a continuous mode on long survey 
t racks .  These surveys w i l l  involve a g r e a t  d e a l  of  maneuvering 
and repeated stopping t o  launch and recover sampling devices.  
I9o longer w i l l  we be ab le  t o  r e f i n e  our  dead reckoning over 
long t racks  o r  c o l l e c t  da t a  amenable t o  post  mission manipula- 
t i o n  t o  improve our  es t imates  of posi t ion.  

While it is t r u e  t h a t  we w i l l  be ab le  t o  t o l e r a t e  some 
degradation i n  pos i t iona l  accuracy a t  t h i s  time, t h e  ex ten t  of 
t h i s  r e l i e f  is no t  so  g r e a t  a s  t o  t o t a l l y  avoid any problems. 
During t h i s  phase of t h e  opera t ion we would expect t o  introduce 
Oarga da ta  i n t o  ou r  in t eg ra t ed  navigation system. Omega w i l l  
provide continuous pos i t iona l  d a t a  while the  s a t e l l i t e  system 
w i l l  be used t o  a i d  i n  determining the appropr ia te  correct ions .  
I t  is hoped t h a t  t h i s  type of cotabined system w i l l  be ab le  t o  
supply pos i t iona l  da t a  during t h i s  period of survey i n  t h e  order  
of t1.0 NM on a f u l l  time bas is .  

The f i n a l  phase of  t h e  explora t ion program is the conduct 
of d e t a i l  surveys to develop mining plans  f o r  o r e  acqu i s i t i on .  
These surveys a r e  a l s o  required t o  iden t i fy  and loca te  obstruc- 
t i ons  which must be avoided dur ing the  ac tua l  mining operat ions .  
A s  with the merchant s h i p  enter ing por t ,  t h e  ocean miner's 
requirement f o r  pos i t i ona l  accuracy has increased t o  i ts  maximum. 
But the  problen~ does not end there .  Because of t he  data  
required aL t h i s  tine, a deep towed instrument platform w i l l  be 
used. This device will include such sensors  as: r e a l  time TV 
f o r  bottom observation, s t i l l  cameras f o r  high r e so lu t ion  bottom 
photography, depth and a l t i t u d e  sonars t o  ob ta in  micmbathymetry, 
forward scan sonars f o r  obstacle  de tec t ion ,  s i d e  scan sonar f o r  
increased bottom coverage and devices f o r  co l l ec t ion  of sediment 
o r  nodule samples. Now .re must know no t  only the  sh ip  loca t ion ,  
but a l s o  the locat ion of the  instrlrraent package, and w e  must 
know these  locat ions  wi thin  limits unheard of f o r  deep ocean 
navigation. Posi t ions  f o r  t h i s  phase of explora t ion a r e  



e s a e n t i a l l y  t h e  same a s  f o r  t he  ac tua l  mining phase and we 
consider  k75 f e e t  a s  t h e  r e a l i s t i c  requiremcnt. 

Again i n  a s i t u a t i o n  s imi l a r  t o  t he  merchant sh ip  i n  t he  
harbor,  our navigat ional  requirements no longer need be 
referenced t o  geodet ic  pos i t i on ,  bu t  can be r e l a t i v e  t o  l oca l  
f i xed  markers. I t  is because o f  t h i s  change i n  system reference  
t h a t  we may be a b l e  t o  s a t i s f y  t h i s  requirement. 

Table 2 provides a b r i e f  sumnrary o f  t he  accuracies  and 
ranges o f  a number of navigat ion  and pos i t i on  f i x i n g  systems. 
The only systems capable of the pos i t i ona l  accuracies  i n  t h e  
o rde r  required  a r e  t h e  l o c a l  a c c ~ s t i c  systems. 

The use of acous t i c  equipment during a d e t a i l e d  bathymetric 
survey is discussed by Keibutinski.  ( 4 )  The purpose of t h i s  
survey was t o  form the  reference  f o r  t h e  Bathymetric Navigation 
System (BNS) used t o  accu ra t e ly  pos i t i on  the  t racking s h i p s  
dur ing t h e  NASA Apollo Projec t .  The d e t a i l  survey of t k :  deep 
ocear. accomplished a t  t h a t  time probably provides t he  c l o s e s t  
s i m i l a r i t y  t o  the  survey needed by the  ocean miner. 

I t  has been our i n t en t ion  t h a t  t h i s  s h o r t  paper uresent  t o  
t h e  navigat ion  comun i ty .  t he  requirements which we, a s  ocean 
miners, f e c l  w i l l  be neces sa r l  f c r  the  s a t i s f a c t o r y  accomplish- 
ment of oui goal. Unlike the  defense o r i en t ed  m i l i t a r y  systems, 
t he  ocean miner e x i s t s  i n  an environment of f irm budgetary and 
schedule l imi t a t i ons  and h i s  s p e c i f i c  d e s i r e s  a r e  o f t e n  
s i g n i f i c a n t l y  a f f e c t e d  by these  f ac to r s .  

We f e e l  t h a t  t he  posi.tiona1 accuracy requirements i den t i -  
f i e d  here in  can be s a t i s f i e d  wi th in  t he  l i m i t s  of t h e  above 
c o n s t r a i n t s  and w i l l  he adequate f o r  ou r  needs. Experience may 
i n  time denonst ra te  t h a t  our p re sen t  es t imates  a r e  e i t h e r  too 
l ax  o r  t o o  s t r i n q m t .  
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TABLE 1 

COHPARISOU OP INTBRNATJOHU BTAIIDAI(D8 WD PWWSSD DEEPSEA 
PJWXICE POR miat TYPICAL CONDJTSONS 

TYPE OF SURVEY I PRELXMXNARY BVALUATIOH 
DETAIL - 

~ i ~ t m % a  "X' 80 n.nl. 50 n.mi. 10 n.mi. 

Distance "Ym 150 n.a i .  80 n.ni. 
10 n,mi. 

Arms 13,000 aq.mi. 4,000 re.ni. 
100 rp.1a1. 



TABLE 2 

SM%ARY OF NAVICATLOIY SYSTEM 
~ A U D ~ R A C I  

SYSPM 

1 S a t e l l i t e  System 

i 

Hyperbolic Systems 
(Long Range) 

I Loran-A 

I ~ 0 r u r - C  

Hyperbolic Systems 
(Medium Range) 

Decca Navigator  

I Decca Survey 
Decca Hi-Pix 

' Rana FLG 
Toran 
Consul  

Ranging Systems 
Radar ( t y p i c a l )  
W A  
H y d m d i s t  
Shoran 

12-400 nm 135-1500 f t  
Raydis t  DR-S 250 nm (day) 

150 nm ( n i g h t )  "few fac te rs"  

RANGE 

Global  

Globa l  (when 
f u l l y  implemented) 
700 nm (day) 

1400 M ( n i g h t )  
1200 nm 

250 nm 
200 nm 
200 nm 
25-200 nra 

50-76 ma 
400 ma 
700 m 

420.000 f t  
150-400 nm 
25 nm 
12-40 nm 

ACCURACY 

<200 f t  ms 
( f i x e d  l o c a t i o n )  

1-2.0 na 

2.0 M 

250-1500 f t  

0.25-2.0 nm 
15-300 f t  
25-300 tt 
3.7 f t  (hyperbol ic )  
2.5 f t  (2-range) 
30-75 f t  
3-100 f t  
6.0 nm 

f5.0 f t  
15-40 f t  
5-100 f t  
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ABSTRACT 

A  ma jo r  goa l  o f  t h e  I n t e r n a t i o n a l  Decade o f  Ocean E x p l o r a t i o n  
(IDOE) programs i s  t o  expand Seabed Assessment a c t i v i t i e s  t o  
p e r m i t  b e t t e r  management o f  mar ine  m i n e r a l  e x p l o r a t i o n  and 
e x p l o t t a t t o n  by a c q u t r i n g  needed knowledge o f  t h e  dynamic 
processes o f  t h e  ocean f l o o r  and c o n t i n e n t a l  marg ins .  S tud ies  
o f  t h e  c o n t t n e n t a l  margins o f  South America and A f r i c a  a r e  now 
underway. The processes o p e r a t i v e  a t  mid-oceantc r i d g e s  and 
deep t renches  a r e  b e i n g  i n v e s t i g a t e d  on t h e  l a z c a  P l a t e  and the  
M l d - A t l a n t i c  Ridge. The m i n e r a l  resources  o f  the  ocean f l o o r .  
e s p e c i a l l y  manganese nodules.  a r e  t h e  s u b j e c t  of  s e v e r a l  s tud ies .  
S a t e l l i t e  n a v i g a t i o n  reduced t h e  u n c e r t a i n t y  i n  s u r v e y i n g  methods 
t o  hundreds o f  a e t e r s .  Inc rease  p ressure  f o r  e x p l o i t a t i o n  of  
t h e  s e a f l o o r  w t l l  r e q u i r e  a  p r e c i s i o n  l o c a t i o n  methods w i t h  
u n d e r t a t n t i e s  o f  t few meters o r  l e s s .  

INTRODUCTIOW 

The I n t e r n a t t o n a l  Decade o f  Ocean E x p l o r a t t o n ' s  program i n  
Seabed Assessment i s  designed t o  i n c r e a s e  understanding o f  the  
g e o l o g i c  processes a c t i v e  a long  t h e  c o n t i n e n t a l  margins,  t h e  
mid-oceanic r t d g e s  and t h e  deep ocean bas ins .  G e o l o g i s t s  a r e  
i n v e s t t g a t f n g  these processes as p a r t  o f  t h e i r  e f f o r t s  t o  
unders tand  g l o b a l  .ec ton tcs .  h :  t h e  sane t i n e ,  these resource  
g e o l o g t s t s  a r e  d i s c o v e r i n g  t h a t  they genera te  t h e  raw m a t e r i a l s  
o f  i n d u s t r i a l  c t v l l i z a t i o n ,  pe t ro leum and heavy meta ls .  The 
p r o j e c t s  supported by IDOE a r e  designed t o  be u s e f u l  t o  resource  
g e o l o g i s t s ,  b u t  do n o t  d u p l i c a t e  the  e f f o r t s  o f  o i l  and mtntng 
compantes. U n t i l  t h e  p r e s e n t  t tme. we have been answertng f t r s t  
o r d e r  q u e s t i o n s  and s a t e l l i t e  n a v i g a t i o n  has been adequate f o r  
o u r  needs. As we under take  more p r e c t s e  measurements. however. 
t h e  requ i rements  f o r  n o r ?  n r e c i s e  l o c a t t o n s  I s  bound t o  Inc rease .  
I p l a n  t o  rev iew t h e  severa l  areas o f  c u r r e n t  i n v e s t i g a t i o n  and 
w t l l  l e a v e  t o  t h e  p o t e n t i a l  users  o f  these  d a t a  t h e  need t o  
de te rmine  t h e  degree o f  geode t i c  p r e c i s i o n  r e q u i r e d .  

CONTlWEWTAL MARGIN STUDIES 

Our p r e s e n t  knowledge o f  t h e  c o n t i n e n t a l  margins i s  based l a r g e l y  
on work done by o i l  compantes and, t h e r e f o r e ,  i s  g r e a t e s t  f o r  
t h e  U.S. G u l f  Coast. Venezuela, t h e  N o r t h  Sea. e t c .  York by 
oceanographic research  t n s t i t u t i o n s  has been handicapped by l a c k  
o f  m u l t i c h a n n e l  se ismic  equipment which records  deep p e n e t r a t i o n  
se ismic  equtpment. Thts equipment i s  b o t h  c o s t l y  t o  a c q u i r e  and 
t h e  da ta  e q u a l l y  c o s t l y  t o  process.  Our p resen t  s t a t e  o f  tnow- 
ledge  o f  c o n t i n e n t a l  margtns v a r i e s  f rom t h e  p o o r l y  know* a reas  



which  have ba thymet ry  o n l y  t o  t h e  w e l l  known a reas  wh ich  have 
sediment and geophys ica l  da ta .  Those t h a t  a r e  modera te ly  known 
have e i t h e r  sediment  o r  geophys ica l .  b u t  n o t  both.  

Ma jo r  s t u d i e s  o f  t h e  c o n t i n e n t a l  margi!s a l o n g  t h  South A t l a n t i c  
a r e  now underway. These a r e  known as r i f t e d *  c o n t i n e n t a l  
margins because t h e y  a r e  formed b y  t h e  sp read ing  mid-oceanic 
r i d g e  and i t s  a s s o c i a t e d  f r a c t u r e  zones. The c o n t i n e n t a l  marg in  
of  Peru -Ch i le  p a r a l l e l s  a deep t r o u g h  wh ich  i s  t h e  s u r f a c e  t r a c e  
of  t h e  edge o f  t h e  l a z c a  P l a t e  as i t  mores under t h e  c o n t i n e n t  
of  South America. A t h i r d  t y p e  o f  marg in  i s  t h e  i s l a n d - a r c  mar- 
g i n a l  t r e n c h  system o f  Eas t  and Southeast  As ia .  S tud ies  i n  t h i s  
area a r e  j u s t  g e t t i n g  underway. 

I n  t h e  South A t l a n t i c .  s c i e n t i s t s  f rom Woods Ho le  Oceanographic 
I n s t i t u t i o n  h a r e  completed a s y s t e m a t i c  s t u d y  e x t e n d i n g  from 
P o r t  E l i z a b e t h .  South A f r i c a  t o  L isbon.  A l though  t r a c k  c h a r t s  
concen t ra te  on  t h e  c o n t i n e n t a l  margin. a few r e g i o n a l  l i n e s  
ex tend  o u t  t h e  M i d - A t l a n t i c  Ridge. A t o t a l  o f  50.000 k i l o m e t e r s  
of  se ismic  r e f l e c t i o n .  g r a v i t y .  and magnet ics were recorded.  
P r e c i s i o n  ba thmet ry  d a t a  and se ismic  r e f r a c t i o n  data.  u s i n g  
sonobuoys. were r o u t i n e l y  recorded.  L o c a t i o n  of  l i n e s  a t  sea 
was c o n t r o l l e d  b y  s a t e l l i t e  n a v i g a t i o n .  

These da ta  a r e  now b e i n g  analyzed.  P r e l i m i n a r y  r e p o r t s ,  however. 
i n d i c a t e  two a reas  o f  p o t e n t i a l  o i l  accumula t ion :  one i n  a t h i c k  
sedfmentary s e c t i o n  o f f  t h e  d e l t a  o f  t h e  Orange R i v e r  i n  South-  
west A f r i c a ;  t h e  o t h e r ,  a  l a r g e  d i a p i r i c  s a l t  b a s i n  e x t e n d i n g  
from Angola t o  R i g e r i a .  The a r e a l  e x t e n t  and t h i c k n e s s  o f  b o t h  
d e p o s i t s  were o u t l i n e d  u s i n g  geophys ica l  methods, and t h e i r  
i n t e r n a l  s t r u c t u r e  has been ana lyzed  u s i n g  se ismic  r e f l e c t i o n  
and r e f r a c t i o n  da ta .  

On one o r  more o f  t h e  v a r i o u s  legs,  twenty-one s c i e n t i s t s .  t e c h -  
n ic ians .  and s tuden ts  from Argen t ina .  B r a z i l ,  t h e  Repub l i c  o f  
the  Congo. England, France. P o r t u g a l ,  t h e  Repub l i c  o f  South 
A f r i c a .  and Spain p a r t i c i p a t e d .  p r e p a r a t o r y  t o  t h e  c r u i s e .  about  
150 A f r i c a n  and o t h e r  i n t e r e s t e d  s c i e n t i s t s  r e c e i v e d  a ba thy -  
m e t r i c  a t l a s .  and p r e l f n t i n a r y  r e p o r t s  on  g e o ~ a g n e t i c s ~  g r a v f t y .  
and sediments. The p r o f i l e s  and c h a r t s  o f  geophys ica l  d a t a  f rom 
t h e  1972 c r u i s e  were p r i n t e d  and d i s t r i b u t e d  i n  January 1973. 

A s i m i l a r  s tudy.  b e i n g  c a r r i e d  o u t  s i m u l t a n e o u s l y  i n  t h e  South- 
west A t l a n t i c .  w i l l  ex tend  f rom t h e  S c o t i a  Arc  t o  t h e  Caribbean. 
Th is  c o o p e r a t i v e  program i n v o l v e s  s c i e n t i s t s  from t h e  Lamont- 
Doherty  G e o l o g i c a l  Observatory,  t h e  Woods Ho le  Oceanographic 
I n s t i t u t e .  B r a z i l .  A r g s n t i n a  and France. A B r a z f l i a n  Research 
vessel  was equipped under t h e  guidance o f  WHO1 s c i e n t i s t s .  Teams 
o f  s c i e n t i s t s  f rom B r a z i l  t r a i n e d  t o  s t u d y  t h e  m i n e r a l  d f s t r i -  
b u t i o n  a long  t h e  c o n t i n e n t a l  s h e l f .  S c i e n t i s t s  f rom b o t h  B r a z i l  
and Argen t ina  have r e c e i v e d  a d d f t i o n ~ l  t r a i n i n g  aboard s h i p  and 
i n  res idence  a t  Lamont and Woods Hole.  Two-ship r e f r a c t i o n  w i l l  
add g r e a t l y  t o  o u r  unders tand ing  of  t h e  s t r u c t u r e s  o f  t h e  
prominent  r i d g e s  which r u n  normal t o  t h e  c o a s t  l i n e  and o f  t h e  
g r e a t  sedimentary t h i c k n e s s  such as t h e  Amazon cone. 

We a r e  now r e a c h i n g  t h e  s tage  where I t  w i l l  be p o s s i b l e  t o  match 
up key f e a t u r e s  on  b o t h  s i d e s  o f  t h e  A t l a n t i c .  Areas of  g r e a t  
s a l t  accumula t ion  on t h e  Sao Paulo P l a t e a u  appear t o  be t h e  
c o u n t e r p a r t  o f  t h e  l a r g e  s a l t  d e p o s i t s  o f f  Angola. Indeed, 
d u r i n g  t h e  e a r l y  s tage  o f  opening o f  t h e  A t l a n t i c .  t h e  R i o  
Grande Rise, a ma jo r  f e a t u r e  o f f  B raz i l .and  U a l v i s  Ridge o f f  
Southwast A f r t c a ,  may have served  as a r e s t r i c t i n g  b a r r i e r ,  
which n o t  o n l y  formed t h e  l a r g e  s a l t  bas ins ,  b u t  a l s o  t h e  
r e s t r i c t i v e  sedimentary c o n d i t i o n s  necessary Lo produce l a r g e  
s c a l e  o i l  accumulat ion.  The g e o l o g i c  age o f  t h e  o i l  f f e l d s  on 
b o t h  s ides  o f  t h e  A t l a n t i c  i s  approx imate ly  t h e  same as t h e  
e a r l y  open ing  of t h e  A t l a n t f c  Ocean. 



T h f s  p r o j e c t  i s  b e f n g  f o l l o w e d  w f t h  g r e a t  i n t e r e s t  b y  o f 1  company 
g e o l o g i s t s  f o r  t h e  v a l u e  t o  s e v e r a l  fundamental problems I n  o i l  
geology. 

METALLOGENESIS AID PLATE TECTONICS 

Che concept  o f  p l a t e  t e c t o n f c s ,  t h a t  has p r o v f d e d  a u n f f y f n g  
t h e o r y  t o  t h e  s tudy  o f  t h e  e a r t h ,  th rows  new l f g h t  o n  t h e  
processes o f  m i n e r a l  d e p o s f t  fo rmat ion .  The s u i t e s  o f  r o c k s  
formed f n  s o w  l a r g e  m f n i n g  a reas  appear t o  have been formed 
o r f g f n a l l y  under mar ine  c o n d i t f o n s .  The Kuroko copper d e p o s f t  
i n  Japan and t h e  wel l -known copper mfnes o f  Cyprus appear t o  have 
been formed b y  processes now recogn fzed  on t h e  mfd-oceanfc r f d g e s .  
t h e  l a r g e  s c a l e  copper d e p o s f t s  o f  Peruv ian  and Chf lean  Andes 
may be t h e  end p r o d u c t  o f  t h e  processes now a c t f v e  on  t h e  Nazca 
P l a t e .  

As p a r t  o f  f t s  program f n  Seabed Assessment. t h e  l n t e r n a t f o n a l  
Decade of  Ocean E x p l o r a t f o n  s u p p o r t s  bas fc  r e s e a r c h  p roposa ls  
whfch c o n t r i b u t e  t o  o u r  unders tand ing  o f  t h e  genes is  o f  m e t a l l i c  
o r e  fo rmat ions  under marfne c o n d f t i o n s .  The IOOE f n t e r e s t  i s  
based on  hypotheses o n  t h e  o r i g i n  o f  o r e s  wh ich  developed o u t  o f  
t h e  concept  of  p l a t e  t e c t o n f c s .  Sfnce many m e t a l l f c  o r e  d e p o s i t s  
were formed under mar ine  c o n d f t f o n s ,  b e t t e r  unders tand ing  o f  
these  c o n d f t f o n s  w f l l  p r o v i d e  more power fu l  e x p l o r a t f o n  t o o l s  I n  
t h e  search f o r  new d e p o s f t s  o f  s t r a t e g i c  meta ls .  Conversely .  i t  
f s  recogn ized  t h a t  t h e  occur rence  o f  t h e  meta ls  I n  themselves 
p r o v i d e s  evfdence of t h e  c o n d f t f o n s  under whfch the  e a r t h ' s  
c r u s t  I s  formed. 

The Nazca P l a t e  i s  d e f i n e d  on t h e  west by t h e  East  P a c i f f c  R i s e  
and on t h e  e a s t  b y  t h e  P e r u - C h i l e  Trench. As new c r u s t  r i s e s  t o  
t h e  su r face  a l o n g  t h e  East  P a c f f f c  R ise  (EPR). i t  c a r r i e s  w i t h  
I t  heavy meta ls .  some o f  wh fch  become p a r t  o f  t h e  c r u s t  and 
o t h e r s  a r e  depos i ted  as sediments. The Bauer Basfn, whfch 
p a r a l l e l s  t h e  EPR. f s  p a r t f c u l a r l y  r i c h  f n  m e t a l l f f e r o u s  s e d f -  
aents.  Sfnce t h e  r a t e  o f  sp read fng  a l o n g  t h e  EPR i s  r e l a t f v e l y  
hfgh,  t h e  processes p roduc fng  m e t a l s  must be  q u f t e  I n t e n s e .  
Along t h e  Peru -Ch i le  Trench geophys ica l  d a t a  suggest  t h a t  t h e  
p l a t e  i s  movfng under t h e  South Amerfcan Cont fnen t .  The h i g h  
p ressures  and tempera tu res  a t  dep th  may t r a n s f o r m  t h e  c r u s t  
and sediment and u l t f m a t e l y  produce t h e  m i n e r a l  depos f ts  found 
i n  t h e  Andes o f  Peru and C h i l e .  I s o t o p e  s t u d f e s  f n  m i n f n g  a reas  
suggest  t h a t  t h e  o r e s  were formed under marfne c o n d f t i o n s .  
l s o t o p e s  a r e  be fng  used t o  t e s t  t h f s  t h e s f s  by t r a c i n g  key 
i s o t o p e s  from t h e f r  sources  on t h e  EPR. ac ross  t h e  p l a t e  and 
across t h e  subduc t ion  zone I n t o  t h e  mounta in f r o n t .  

The Hawai ian I n s t f t u t e  o f  Geophysfcs (H16) and Oregon S t a t e  
U n f v e r s f t y  a r e  conduc t fong  a s tudy  o f  t h e  p l a t e  margfns u s i n g  
compl fmentary geophys fca l ,  geochemical and g e o l o g f c a l  technfques.  
S c i e n t f s t s  f rom Colombfa. Ecuador. Peru. and C h i l e  a r e  a l l  
a c t i v e l y  p a r t i c f p a t i n g  i n  t h e  c r u i s e s  and i n  t h e  da te  a n a l y s i s .  
I n  a d d i t i o n ,  a l a r g e - s c a l e  s t u d y  o f  t h o  subduc t ion  zone under 
t h e  Andes. as i t  extends f rom Colombia sou th  th rough  C h i l e .  i s  
b e f n g  done s i m u l t a n e o u s l y  by t h e  Carnegfe I n s t f t u t e .  A l though  
t h f s  s tudy  goes beyond t h e  scope o f  IDOE, t h e  d a t a  on  t h e  sub- 
d u c t f o n  zone has obv ious  i ~ n p l f c a t i o ~ l s  f o r  t h e  Nazce P l a t e  
meta l logenes fs  s tudy  and v i c e  versa.  

S tud ies  a long  t h e  M f d - A t l a n t f c  Ridge a r e  b e i n g  c a r r i e d  o u t  i n  
severa l  p laces .  A ma jo r  p r o j e c t  f  s  j o i n t l y  suppor ted  by U.S. 
and French S c f e n t f s t s  f n  an area near  t h e  Azores.  D u r i n g  t h e  
p a s t  t h r e e  years,  s i t e  su rveys  have aimed a t  I d e n t i f y i n g  an a res  
o f  unusual s e a f l o o r  a c t i v i t y .  The p r o j e c t  w i l l  reach  i t s  cu lm in -  
a t f o n  t h i s  summer when teams o f  U.S. and French s c f e n t i s t s  u s i n g  
manned submersfb le c r a f t s  w i l l  descend t o  t h e  r f f t  v a l l e y .  
Approx imate ly  f f f t y  d f v e s  a r e  p lanned:  t h f r t y  by t h e  US ALVIN 
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and ano ther  twen ty  between t h e  French Archtmede ant? U r a n u s .  
These t r a t n e d  s c t e n t l s t s .  w t l l  make f i r s t - h a n d  observa- f rom 
t h e  submerstb le.  t a k e  photographs.  c o l l e c t  samples and enp lace  
geophys ica l  Ins t ruments .  These d a t a  w t l l  b e  e v a l u a t e d  b y  teams 
o f  s c t e n t t s t s  on t h e  R / V  KNORR and p l a n s  made f o r  g u t d i n g  
subsequent d i v e s  t o  t h e  most  t n t e r e s t t n g  s c t e n t i f t c  s i t e s .  The 
Glomar C h a l l e n  e r  w i l l  a t t e m p t  t o  d r i l l  I t s  deepest  h o l e  t o  d a t e  f-7i-fl-9- gneous r o c k s  o f  t h e  e a r t h ' s  c r u s t .  n  t e  Th ts  w i l l  \e compared 
w i t h  t h e  s e c t t o n  measured a l o n g  t h e  r t f t  v a l l e y .  L a s t  August. 
t n v e s t l g a t o r s  f rom t h e  U.S. and Canada d r t l l e d  a  3.000 f o o t  h o l e  
t n  t h e  Azores. The h o l e  encoun te red  submartne v o l c a n i c  r o c k s  
and h i g h  tempera tu re  hydro the rma l  s o l u t i o n s  a t  s h a l l o w  dep th .  
The h o l e  temperd tu res  (ZOO0 C )  f o r c e d  t e r m i n a t i o n  o f  t h e  
d r i l l i n g  f a r  s h o r t  o f  t h e  goa l  o f  5.000 f e e t .  

R e s u l t s  from a l l  t h r e e  p r o j e c t s  a r e  b e i n g  c o o r d t n a t e d  and shou ld  
p r o v i d e  v a l u a b l e  t n s t y h t s  i n t o  those  processes d r t v t n g  t h e  r i d g e  
a p a r t  and o t h e r s  t h a t  d r e  c o n c e n t r a t i n g  heavy m e t a l  d e p o s t t s .  

MANGANESE NODULES 

The t h i r d  ma jo r  a rea  o f  t n v e s t t g a t t o n  I s  t h c  o r t g t n  and d t s t r t b -  
u t t o n  o f  manganese nodu les .  I t  i s  es t tma ted  t h a t  a p p r o x t m a t e l y  
25% o f  t h e  ocean f l o o r  I s  covered w l t h  these  d e p o f i t s  and t h a t  
t h e i r  t o t a l  we igh t  approaches 60C m i l l i o n  t o n s .  P o l y m e t a l l i c "  
nodu les  4s a  more d e s c r t p t t v e  term. s l n c e  I n  a d d i t i o n  t o  h t g h  
pe rcen tages  o f  i r o n  and manganese. nodules may c o n t a t n  a  v d r l e t y  
o f  m i n e r a l s  i n c l u d i n g  copper .  n t c k e l  and c o b a l t  I n  e c o n o m i c a l l y  
a t t r a c t t v e  amounts. A l though  t h e  e x t s t e n c e  o f  the  nodu les  has 
been known s t n c e  t h e  days o f  t h e  f i r s t  Cha l lenger  e x p e d t t i o n  I n  
1871, they  have remained l a r g e l y  a  g e o l o g t c a l  c u r t o s t t y  u n t i l  
t h e  s teady  r t s e  i n  t h e  p r i c e  o f  copper made m i n i n g  t e a s i b l e .  
The f a c t o r s  whtch c o n t r o l  t h e  copper  and n i c k e l  c o n t e n t  a r e  n o t  
c l e a r l y  understood,  a t  l e a s t  n o t  t o  a  degree where l a r g e  s c a l e  
mtn tng  o p e r a t i o n s  can b e g i n  w t t h  t h e  assurance t h a t  t h e  presence 
o f  nodules w t t h  c o n s t s t a n t  h t g h  meta l  c o n t e n t  can be p r e d t c t e d .  
Under t h e  IOOE/SBA program, t h e r e f o r e ,  focus  I s  p l a c e d  on t h e  
o r t g t n  and d t s t r t b u t i o n  o f  t h e  nodules.  A  workshop was h e l d  a t  
Lamont, i n  January 1972, which b rough t  t o g e t h e r  a l l  i n t e r e s t e d  
p a r t i e s .  There was wtdespread agreement t h a t  s u b s t a n t t a l  amounts 
o f  da ta  were a v a i l a b l e  b u t  n o t  y e t  p u b l i s h e d .  Phase 1 o f  t h e  
1OOE p r o j e c t .  t h e r e f o r e .  was t o  p u b l t s h  a  s e r t e s  o f  w o r l d  wide 
s y n o p t t c  maps o f  t h e  chemtcal  compos i t ton  o f  t h e  nodu les  and the  
chemtca l  and p h y s t c a l  p r o p e r t t e s  o f  t h e  s u b s t r a t e .  As a  r e s u l t .  
i t  appears t h a t  an area near  Hawatt i s  p a r t t c u l a r t l y  r t c h  I n  
copper  and n t c k e l .  Phase I 1  I s  now underway and w t l l  sample 
t h t s  area e x t e n s t v e l y .  Twenty teams o f  s c t e n t t s t s  w t l l  ana lyze  
t h e  r e s u l t s  i n  o r d e r  t o  g e t  a  b e t t e r  u n d e r s t a n d t n r  o f  t h e  
processes whtch fo rm the  nodu les .  I f  a  w o r k i n g  h y p o t h e s t s  can 
be developed,  then  we e n v i s i o n  Phase I 1 1  as  an e f f o r t  t o  t e s t  
t h i s  h y p o t h e s t s  i n  o t h e r  p a r t s  o f  the  w o r l d .  
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ABSTRACT 

The Natianal Oceanic and Atmospheric Administration's 
marine geodetic requirements and mission are discussed. A 
recent experiment involving the location of offshore structures 
by Doppler satellite methods is discussed, and the results of 
this experiment are given. A plan for the cooperative extension 
of the offshore National Horizontal Control Network and NOAA's 
policy on the reduction of Doppler satellite observations are 
presented. 

INTRODUCTION 

The Department of Comerce's National Oceanic and 
Atmospheric Administration has 'he sole responsibility for a 
number of integrated scientific programs in the marine area. 
Specifically, NOAA conducts research in the atmosphere, air- 
sea interface, in the ocean, anC on land. 

NOAA'S W I N E  PROGRAMS AND REQUIREMENTS 

The two marine programs within the scope of NOAA's 
responsibility, that are of interest to this gathering, are 
the marine charting program and the marine geodetic program. 

A. Ocean and Coastal Charring 

The principal mission of NOAA's National Ocean Survey 
and its predecessor, the Coast and Geodetic Survey, is, 
and has historically bean to conduct mapping surveys 
of the coastal and ocean areas. Originally, the 
sole purpose of these surveys was to pronwte commerce 
along the coast by providing marine charts and other 
data to aid the navigator. However, today NOAA's 
marine mapping program has expanded into a multi- 
disciplined program. 

NOS'S change from a small charting agency to a multi- 
facetad marine organization resulted from NOS taking 
advantage of a data base that extended back to the early 
nineteenth century. The primary bathyrmatric, tidal, 
geologic, and physical water data collected by the 
Survey provide a long time series from which valuable 
scientific results can be obtained. Over the years, NOAA 



Collins 

has expanded its marine program to m e t  the ever- 
increasing National need for marine data and marine 
producte. 

In addition to the well-established responsibility 
for providing a variety of data in the marine regions, 
NOAA hae also k e n  responsible for c'etennining various 
marine legal boundaries. Some of these boundaries are 
based upon low-water base lines which are determined 
by NOAA, and are additionally refermced to the National 
Horizontal and Vertical Datums. 

Today N O M 1 s  major marine use of the National 
Horizontal Control Reference System. or Horizontal Datum, 
is in the positioning of vessels engaged in bathymetric 
charting surveys. Recent developments in the marine area 
and advanced technology dictate that accurate geodetic 
positions be established and permanently marked in the 
ocean areas. Large-scale hydrography,necessary for 
detailed offshore site planning, cannot adequately be 
accomplished without an accurate, well-spaced geodetic 
reference network offshore. 

8. Geodetic Reference System 

NOAA and its predecessors have been expanding and 
developing national spatial reference systems since 
1816. These systems are the National Horizontal and 
Vertical Costrol Networks to which most state and 
national boundaries are referenced. 

The extenrion of the horizontal and vertical control 
networks into the marine area logically follcnaed the 
requirement for positional information offshore. Prior 
to offshore mineral development, NOM's only marine 
geodetic requirement was the positioning of vessels 
engaged in survey activities. However, today many 
industries require a well-monumented, accurate offshore 
reference network. 

MARINE GEODESY WITHIN NOAA 

NOM's m:ssion in marine geodesy is a natural result of 
its original coastal mapping and land-based geodetic statutory 
responsibilities. The congreseional charge to survey the 
coaste included the delineation of low-water lines; and the 
position of this low-water line has recently been used as a 
base from which variow territorial boundaries are derived. 

The determination of geodetic positions of points in the 
marine area is a logical exteneion of the horizontal survey 
control network on land. An example of this extension ir the 
offshore mineral lease boundary delineation. These lease 
boundaries are described in term of state plane coordinates 
which are, in turn, derived from geodetic coordina'es referenced 
to the horizontal survey control network. 

A. N ? M e s  Marine Geodetic Mission 

NOM's marine geodetic mission is identical to its 
National misoion of providing and maintaining survey 
control network*. Monmnted mint. in them* netvorke 
are planned to be of sufficieni density so that major 
boundaries and features can be located from the network 
mor':xents. 

This does not mean that N O M  is responsible for 
individual. boundary determinations. Locating offshore 
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lease boundaries, and insuring that drilling, mining, 
and other activities are confined to the proper lease area 
are the responsibility of the private sector. Privately- 
owned surveying firms are currently providing offshore 
aevelopers with excellent service in this regard. 

However, it is NOM's responsibility to see that there 
are sufficient offshore network reference monuments so that 
the private sector can conveniently and adequately do its 
job. 

B. History of Network Extension into the Marine Area 

The extension of +.he national survey reference networks 
into the offshore area has logically followed technical 
offshore development. As lease parcels further offshore 
began to be developed, interest in parcel boundary 
location and state-federal boundaries prompted NOAA to 
make tidal and horizontal surveys in marine areas. In 
1959 the first major low-water line delineation survey 
was undertaken off the coast of Louisiana. This survey 
has become the standard for state-federal offshore 
boundary determinations. 

The Horizontal Control Network was first axtended into 
the marine area in 1955 at the request of the :ffshore 
Petroleum Industry. m i s  survey, and a 8ubseque:t survey 
in 1963, used conventional triangulation procedure: to 
extend the control network into the offshore areas. 

These surveys were a logistics nightmare. Person.tcl 
and equibnent had to ba transported by boat from staping 
areas onshore to offshore rigs--at t i m e  under severe 
weather conditions. When adjacent platforms were widely 
separated, Bilby steel towers had to be erected on platform 
decks. The conventional triangulation procedures proved 
to be costly, but were the only m a n s  available at the 
time to provide accurate offshore positions. 

C. NOM's Present Marine Geodetic Experience 

The use of Doppler satellite positioning equipment 
is a relatively new method that is described in detail in 
numerous papers on the subject. NOM's experience with 
satellite systems to date includes both onshore and off- 
shore position determinations. 

N O M  is currently systematically determining the 
position of approximately 100 horizontal control points 
throughout the Unite3 States by Doppler satellite 
techniques. These points will be used in the redefinition 
of the new North American Horizontal Datum, expected to be 
established by 1980. 

In the early part of this year, NOAA teams occupied 
two offshore drilling platform to test the feasibility of 
using Doppler satellite positionang of offshore structures. 
Chevron Oil Company platform number 160A. located about 
40 miles offshore, was occupied in early February, and 
Pennaoil platform 5876. 100 miles offshore, was occupied 
in late February. Both of these occupations by N O M  
Ceoceiver teanu followed the same procedure that is used 
for positioning land stations: that is. 40 passes of a 
Navy Navigation satellite were obmerved with a Magnavox 
Gooceiver, and the point was permanently marked. Although 
Doppler satellite receivers have boon uied aboard ship for 

had not reviously used a 
Et~~8?~!PtP~tEfoki~~eo!P#ore structure . 



The Chevron platform occupied had been positioned by 
conventiondl surveys in 1963. This structdre provides a 
base or reference to w!.,ch the Geoceiver positiun can be 
compared. 

The second structure, 100 miles offshore, had been 
previously located by a private surveying firm. 

The operational test conducted by the NOAA team 
provided a realistic appr-isal of the zpplicability of 
using this method to position offshore structures. Since 
no major problems were encountered, the project was an 
operational success. It was therefore concluded that 
Doppler satellite positioning would be hioh:,, adaptable 
to offshore use. 

D. NOAA's Future Marine Geodetic Programs 

NOAA recognizes the fact that a continuing need for 
network reference monuments exists in the marine area. 
Research into improved techniques for providing ocean 
monumentation is a continuous search. Current advances 
in technol2yy are being monitored by NOAA with the 
anticipation that new and improved instrumentation may 
someday solve the permanent geodetic marker problem. 

Due to practical co~siderations, network markers 
now must be placed on existinq offshore platforms. Since 
1963 over 430 offshore platforms have been erected and 
located by prlvatc surveying firms. In most cases, the 
techni~wes used to locate these structures provide 
excell21.t positional information that can then be reused 
to locate adtiltional platforms. f!owever, from NOAA's 
point of view, positions obtained by private surveyors 
cannot be accepted and published by the Federal Government 
without verification. 

NOAA's policy of publiehing positions of network 
points, that are doubly determined, has been strengthened 
by the numerous court decisions based upon the near 
infallibility of network markers. 

Geodesists within NOAA have arrived at a scheme ~;.3t 
will satisfy both the federal requirement for position'.l 
integrity and also take advantage of the volum~nour survey 
work performed by private contractors. It has been 
propored that Doppler s3tellite positions be established 
on key offshore platforms, to which observational data 
determined by private firms could be referenced. For 
example, if the corner stations in a rectangular array 
were positioned by Doppler satellite techniques, other 
platforms in the area could be located from the satellite 
pos.tioned structures. The corner stations in the array 
could be held fixed, and the observed distances between 
contiguous platforms would be used in a least squares 
solution to minimize the errors in the platform locations. 
This scheme provides sufficient verification of the survey 
work so that the positions of all stations in the array 
could be published and thus officially sanctioned. 

Implementation of this scheme to publish positions ~f 
existing offshore structures will. o f  course, require the 
cooperation of both fedsral and private ~rganizations. 
However, it is antic'pated that the benefits to be derived 
from thim cooperation will be of significant value to all 
concerned, and that private firms will relinquish proprie- 
tary data for the benefit o f  the public. 
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Whon a Wlocaiver is used. the positioning of key 
structures by the Doppler satellite tecbniqw provides 
sufficient redundancy and icternal checks so that it wuld 
be poasible for WOM to certify the aarker loution by 
processing Dcppler data collected by non-NOM survey teams. 
This mans thac other federal, state, or private orpaniza- 
tiona can use Doppler satellite poritioning equipment, 
perform observations actoriing to specified IWM sctrcr. 
and have NOM process and publish the location of the 
sun-eyed point for a nominal charge. 

NOM geodesists responsible for the satellite program 
are willing to m e t  with individuals interested in 
establishing satellite positioned points and discuss 
NQM's program in detail. To date. N O M  has only 
processed Ccoceiver data colirtc*ed by ftderal organiza- 
tions: however, no problem *ill L encountered by 
private firms wishing to use NOMeli processing 
capabilities. 

In this paper. tha Guxerver is specifically mentioned 
as the Doppler satellite positioning device--mainly because 
thjs particular instrument is the one current:: urcli by 
NO. otber equally accurate instruments may eventually 
bec - available; however, to date no other instrument has 
k e n  demonstrated to NOM that has the Cecceiver's 
capability. 

The following steps are involved in determining a 
precise ~eodetic Doppler satellite position: 

1. Observe appr~xiinately 40 passes of a 
specified Navy Navigation satellite. 
This requires about 10 days. 

2. Submit the data to NOIJ. for processing 
in mutually agreeable format. 

3. NOM will than request the post- 
epheme:al data from the Naval Weapons 
Laboratory. 

4. The post-ephemeral data is matched to 
the observed data. and a qcodetic 
position of the point is determined. 

This entire process normally takes frcm six to ten 
weeks. depending on workload, request and receipt of 
post-ephemeral data, and related considerations. It is 
expected that government and private surveyors could 
receive gecletic positions of points about tvo months 
after they submit their obsrrved data to NDM. 

Individual program wil' be reviewed by NOM, and any 
help that car. be given co the private as well as public 
sector will be gladly given. Satellite positioning holds 
promise for the future, in that geodetic positions can be 
determined for remote points fairly easily and rapidly. 
NOM accepts the challenge of this new method and hopes 
to be in the vanguard for developing new and improved 
program and services for the kiltfit of the public. 

The advantages of the 5 0 p ~  er satellite system are 
such that point positions car, be established rapidly and 
economically in an absolute sense. This method prov.des 
only latitude and longitude; however, azimuths must b6 
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t i o ~ .  Furthemom, intervisible structures can be 
reedily locatad by cm.errtiooa1 methods. 

lOAA recoreads that Doppler eatellite p i t ion in9  
be used in d i a a t i o o  with triangulation and trilatera- 
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ABSTRACT 

Topographic features of the sea surface of interest in 
physical oceanography are briefly reviewdl and the relationahips 
between these features. the marine geoid. and satellite alti- 
meter measuremnts a n  discus&. 0c~)~nographic requ'.remenm 
on measurement of the marine geoid are laid out in lZ.ght of 
forthcoring attempts to determine ocean topography f m  space- 
craft. S g l i n g  intervals for altimetric data in time and apace 
are suggested, and methods of separating geoidal and oceanogra- 
phic w n e n t s  offered. 

h e  suggestion that precision altimetric msarurerents paBe 
fmn spacecraft could be used to observe several interesting 
oceanographic phenomena' has led to a aet of measurement re- 
quirements on the marine geoid that are very difficult to meet. 
A mot-mean-square precision in geoidal heights of + 10 cm, 
relative to the center of mass of the earth, has been specified 
as one ultimat requirerent for detedning the global ocean 
circulation with a precision of order + 20 cm/s in the sutface 
current speed. In this paper wr uill &etch out the oceano- 
graphic features to be addres&, briefly explain their rela- 
tionships to the geoid, and offer suggestions for arriving at 
the meaaur.rents of interest. 

TOWGRAPWIC PBATURSS 01 TfiB OU3hW SURFACE 

The explanation of the steady-state and time-varying 
departures of the ocean surfan--ternd pea surface topography-- 
fraa a gravitational equipotential surface is found f m  the 
application of the hydrodynamic equations to the caae of fluid 
f l a  on a rotating earth. Prom the momentum equation for a 
nonviscous fluid, 

one takes the vertical (t) component to obtain the hydrostatic 
equation for staady, uniform flow: 



the horizontal co-nent yields the so-called peostrophic flw 
equations* : 

(2 5 ~ ; ) ~  = - $ vh P 
This last equation states that, for steady f l w  at a velocity 3 
to exist on an earth having a rotational angular velocity Q, a 
horizontal pressure gradient 7hp must d e w 1  p to offset the 
horizontal coPponent of Coriolis force, (2 8~;)~. This hori- 
zontal gradient is obtained via the fluid tiltlng itself with 
respect to the local level zurface. or geoid, in such a way as 
to just balance the Coriolis force. For present purposes, we 
define the geoid to be that surface assumed by a uniform, 
motionless ocean on the rotating earth. in the absence of tidal 
forcing. wind stress, and baranetric pressure variations. 

The slope of any isobaric surface, re1ati.e to the geopoten- 
tial surface. tan 1 .  can be simply related to the fluid velocity 
at that surface and the Coriolis parameter f - ZnsinA. where his 
the latitude. In particular, for the 'ree upper surface of the 
ocean, the surface speed u,, due to this geostrophic balance is 
given by 

u0 = L) tan yo, (1)  

so that surface slopes, relative to the geoid. measure surface 
current speeds. 

Although it is not apparent from this simple derivation, 
the velocity. u,. 95 given by Eq. (1) is a combination of baro- 
clinic and harotropic components. The Saroclinic component is 
due to horizontal density gradients in the ocean and gives rise 
to vertically varying velocities. A barotropic current system is 
constant throughout the veritical water column and can exist in 
a homogeneous ocean. A barotropic current system can be measured 
hy measuring the surface slope. It is the combination of the two 
currents that is measured hv altimetr~ at the ocean's surface. 

The alopes of even rapidly moving current systems such a.. 
the Gulf Stream are very small, of order 1-2 x lo-' for speeds 
of order 200 cm/sec. Figure 1 show, a typical rise in the sur- 
face of the Gulf Stream in traversi?g across the current from 
west to east; a one-meter elevatio.8 occurs over a cross-stream 
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Pig. 1 - Topography of northwestern 
boundary of Gulf Stream sh,. 
balance between Coriolis f . 
and horizontal pressure grcc- :t 



distance of approximately 50 km, which, according to Eq. ( f ) ,  is 
due to a surface speed of approximately 200 cr/s at A 40 . 
Figure 2 illustrates the overall relief of the western Atlantic 
as calculated f r m  long-term current averages for that area; the 
elevations are given in centimeters relative to the gcoid'. It 
is seen that, uhile the slope of the northwest edge of a western 
boundary current is relatively steep, the general circulation 
away from the boundary currents results in a topography whose 
slope may be of order lo-' in mid-latitudes. Such small values 
may be very difficult to determine from spacecraft. 

Fig. 2 - Topographic relief due to 
averaged currents in the 
western Atlantic (~efant') 

61 



Rather than baing stationary flow, the Gulf Stream, the 
Kuroshio, and other ujor current systema undergo considerable 
variations in space and t h .  as described by the full hydro- 
dynamic equations. An ex.qle of such meanders is sham on 
Figure 3 .  which illustrates the positions of the northwest edge 
of the Gulf Stream as dctemined by H.nsonb during approximately 
15 months of ship cruisesz the spatially growing wavelike fea- 
tures have a period of order 40 days and a Wa~length of about 
300 kr. In this region. the position of the stream axis u y  
shift by uPunts exceeding 300 ka. Smaller. higher frequency 
excursions are observed el~yhere. This dynamic behavior dif- 
fers dramatically f r a  the cliaatologically averaged picture 
given in Figure 2, and measuring the variable currents requires 
reasonably dense sampling in space and time. 

Pig. 3 - Gulf Stream aeanders during 
September 1965 - August 1966, 
with CBIS-C suborbital tracks 
superimposed (Hanson') 

In addition to currents and their associated dynamic topo- 
graphy, nrny other phenomena lead to departures of the m a n  
surface from the geoid. Astronomical tides. whose range in the 
open ocean may vary frum essentiaily zero to greater than 100 an. 
occur at wall defined frequencies, nome five of which contain 
95 per cent of the tidal energy. There is considerable spatial 
variation in the tidal ranges. with the existence of amphidromes 
(nodes) in the oscillation patterns being a prominent feature 
predicted by existing tidal mrdels5. Only a few dozen deep-sea 
tide measurements have ever been made, so tide models have little 
experimental verification. 

long-term wind stress such as trade winds blowing over the 
ocean will pile up water against the edge of a continent to a 
height of order one meter. Such a steady-state aetup may be 
difficult to distinguish fran geoidal undulations. Short-term, 
time-varying wind effects due to storms may lead to surges whose 
height can approach 10 meters over several tens of kilometers 
along a coast, during a hurricane; such inundations last 
only a few hours, however. Atmospheric pressure loadillg R:o 
leads to variations in sea level of about one centimeter per 
millibar of barometric pressure change, over scales that corres- 
pond to the size of atmospheric pressure cells. Finally, tsu- 
namis and ocean surface waves lead to topographic variations 
ranging from perhaps 50 m for the former to over 30 m for the 
latter. 



RBQUIRENENTS FOR THE W I N E  GEOID 

In light of the previous discussion, it is apparent that 
the maximum oceanographic sianal, disregarding waves and local- 
ized stora surges, is a departure from the geoid of order 1.5 
meters, and the associated relative slopes are of order lo-'. 
If a 10 per cent llpeasurement of surface slope is to be obtained 
from the differencing of satellite alt~tude, orbit and gMid 
measurements', it is obvious that the overall noise in these 
combined measurements muet be of order + 15 m over arcs of 
approxinately 1000 kr length. A measur&nent with this accuracy 
would yield surface currents with a precision of about 4 20 cm/s, 
which, in oceanographic terms, is quite a sizable value: (Cur- 
rents considerably less than 20 m/s are of interest: at pre- 
sent, there is no spacecraft w t h d  apparent for measuring 
these. with the exception of drifti1.g buoys whose positions are 
relayed through data collection systems on satellites.) 

Figure 4 ,  taken from Fubara and Hourad', shows the various 
earth-oriented surfaces associated with satellite altimetry. 
For oceanographers, the desired quantity is the sea surface ele- 
vation, GS = n(A.6.t). expressed as a function of latitude and 
longitude, A, 6, and time, t. This wi?l be obtained by simple 
(but onerous) differencing of the geocentric orbit radius 

C - Earth'. fintar of Gravity 

E - Surface of a W e n t r I c  Rrfermce EllIp.oId 

0 - h o l d  (the u.td1sturb.d Ill.n Sa -1) 

S - Wan Xnfitantanoufi Sra Surface OltS) 

W - W n  Sat*llita Orbit 

T . sa ta l l i t e  A I C I M ~ . ~  at  an INCUI~ 

H - An Arbitrary Ourfur h t i m d  by a % r h r * "  
Calibrated A l t i u t a r  

Fig. 4 - Surfaces associated with 
satellite altimetry 
(Fubara and Mourad ) 



CP - r(A,@,t), the geoidal height CG = h(n,@), and altimeter ele- 
vation ST = p(A,@,t,T), via 

I-, = r - p - h .  ( 2 )  

Me have explicitly noted a two-time-scale variation in p via t 
and T. Assuming an error budget of 6r = 10 cm for the orbit 
determination, 60 = 7 cm for a precision altimeter (as pro- 
jected for Seasat-A, say) and 611 = 15 cm for sea surface topo- 
graphy, as specified above, an rms combination of these errors 
ylelds 

6h = 10 cm 

as the allowable geoidal precision. Larger, constant biasez ?re 
of course permissible since they have little effect on slope 
measurements. 

An up-to-date qeoidal calculation* that uses a combination 
of satellite orbital geodesy and integrations of marine gravity 
data is shown on Figure 5. The contours here are given at one- 
meter intervals relative to a reference ellipsoid of flattening 
1/298.255. It is impossible to accurately estimate the errors 
associated with this calculation, but they are unlikely to be 
much below 5 m rms. Early evidence from the Skylab altimeter9 
showing a 4-m undulation associated with the Blake plateau east 
of Florida suggests high-frequency, 5-m undulations are probably 
'nvisible in this model. Thus the oceanographic requirements 
for a 10-cm geoid are at present away from realization by a 
factor of order 50. 

The question of how to resolve the small, high-frequency 
geoidal u~~dulations from similar-sized oceanographic ones can 
be partially answered by using the two time scales, t and T. 
noted above in Eq. ( 2 ) .  Oceanic features (Gulf Stream meanders, 
tides, etc.) tend to have long-term variations compared wlth the 
smoothly varying satellite changes and can be separated out by 
appropriate filtering or averaging1'. The remaining steady- 
state undulations are then either geoidal or are oceanographi- 
cally constant in time. An additional clue to separating these 
comes from noting the strong relaticn between high spatial fre- 
quency geoidal undulations and the local ocean-hottom topography, 
at least for bathymetric features removed from the abyssal 
plains, as pointed out by ~alwani'? 

After the temporal and spatial differences between oceanic 
and geodetic undulations have been taken into account, there 
will rernain a body of unresolved topographic features in alti- 
meter data that will be not clearly ascribable to one class or 
the other. These may only be removed by patient work at sea, 
through shipborne gravimeter, density, and current measurements, 
indced if at all. Clearly this is a long-term process. 

CONCLUSIONS 

If satellite altimetry is to usefully measure ocean cur- 
rents and tides, it will be necessary for decimeter-level 
precisions to be achieved in orbit determination, altimeter 
measurements, and geoidal undulations. The geoid should be 
specified with an rms precision of order 10 cm on a grid of 
approximately 20 km spacinq over the unfrozen oceans of the 
world. Along-track averaqAng intervals for altimeter data of 
order 10 km are required; areas sr~eral hundred kilometers on 
a side must be sampled often enough to meet a time-space 
Nyquist sampling criterion for variations having monthly time 
scales and 100-km space scales. The process of separating Out 
oceanographic from geodetic variations will require the use of 
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a n c i l l a r y  d a t a ,  s e v e r a l  i t e r a t i o n s ,  and much t ime and anergy. 

Fig.  5 - Geoid i n  western A t l a n t i c  a s  
d e r i v e d  from s a t e l l i t e  o r b i t  
p e r t u r b a t i o n s  and marine g r a v i t y  
measurements (Vincent .  S t r a n g e ,  
and Marsh') 
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SEASAT-A - A USER aRIENTED BYSTEW DESIGN 

8. Walter I N ~ C ~ ~ B O B .  Jr. 
National Aeronautics and Space Adminiatration 

Abstract: The SEASAT-A program began with usem of ocean dynamics 
data getting together in the spriqj of 1973 to dlecuss measurement require- 
ments. Since that time, SM8AT-A liae become a new start (FY 75) NASA 
program dedicated to aatielylng these user desires. It was important to 
have a working interface between Users and Sptem Designers during the 
early p k s  of project definition. These past dial- and working inte- 
gration meetings become even more important, and serve M the key 
ingredient, in the succefmful conversion of usar requirements into a 
eyetern which creates user products. Thia paper describes t h e  pweese 
during development of the SEASAT program by showing how user require- 
ments Influenced lnatrument eolection, miesion ploMIng, satellite systems 
deem, and the end-to-end data system. These element8 al l  form part of 
the systems design depicted fa Figure 1. 

SEASAT-A INS'l'RUMEN'IS 

Epch of the instrumento or seneore ~ r o w s e d  for SEASAT-A he6 
bpd predecessors which have been flown s&ceeefully in both aircraft and 
spaeecroft. The instrument8 carried aboard Awllo, BBslnb. and the 
dklopment of GEOS-C, to be flown thh year, -provide confidence that 
the specific hardware for SEASAT-A has a high degree of inheritance M 
shown in Figure 8 .  The oelection of ocean-eensing instruments aras made 
in acconlaace with user measurement requirements set forth during NASA- 
sponsored meetings in early 1975. The eensore form a set al mutually 
supportive devices wherein the total information derived from the integrated 
em6or system would be greater than the sum of mieelon mutually exclusive 
senwrs. While It is impossible to meet ueer data requiremento in their 
totality becauee of limitations of mission design and system performance, 
the four sensors described below constitute a large first step toward an 
optimum configuration. 

1. Compreeeed Pulse Radar Altimeter. The altimeter of SEASAT-A 
will have two separate functionn: first, to meesure the altitude between the 
spacecraft and the ocean surface to 210 cm root-mean-aqu~re and second, 
to memure wave helght from one to about 20 meters with an accuracy of 
0 .5mor  1096. 

ThIa inatrumant ia a newer and more accurate vereion of the Ekylnb 
radar altimeter, 8-193, and is similar to the altimeter which will fly on 
O W - C  early next pear. The Skylab altimeter waa the first to give a 
continuoam direct measurement of the sea surface topogrftphy from a 
satellite. 



Promlnent surface depressions due to deep mean trenches and 
corresponding elevations resultlng from seamounts, plateau, and ridges, 
already rouahly observed from Skylab, will now be more preclseb 
meoe&ed. -l&ing a measurement precisla, of + 10 cm will enabie the 
SEASAT altimeter to Identify and "see" such tlme-varylng features as 
intense currents, tides, wind pile-up, and storm surges. It should also 
be capable of locatlng and mapping ocean surface currents ranging up- 
wards from 30-50 cm/sec since the slope of the surface Is proportional 
to the surface speed. 

The measurements of sea state or wave height a re  a source of 
e r ro r  and a r e  required In order to reach a 10 cm precision in altitude. 
Addltlonally, sea state measurements a re  valuable in their own right, 
slnce combined with surface wind measurements they can be used to make 
world-wide sea state forecasts. 

2. Coherent Synthetic Aperture Imaging Radar. Wave pattern and 
dynamlc behavior Information will be obtained by uelw the coherent 
imaging radar to obtain images of the ocean. TL de&c will yield images 
of waves of lengths in the 50- to 1000-meter range and can establish a 
wave dlrection correct to within ?lo0 to 220'. Wave heights may be com- 
puted from the data for fully developed seas but the length/height relatlon- 
shlp for developing seas  raeede the wlnd and wave Information from other 
SEASAT-A sensors in order for the theory to be established. Potentially, 
the ;-naging radar can functlon through cloude and nominal rain to provide 
aave patterns near shoreline and also hlgh resolution plctwes of Ice. oil 
spllle, current patterns and other event features. The data rate from any 
fine resolution imaging device IS necesearlly high and onboard data pro- 
cessing for global data collection and storage fs cootly. For SEASAT-A, 
an experimental radar wlll allow judicious use of the device with speclfic 
mlsslon limitations relative to global coverage. Nevertheless, It wlll be 
possible to sample wave spectra over significant areas of the ocean withln 
llne of sight of any ElZTS ground stations. The images wlll be especially 
useful for the mapping of Ice leads and open water and MI1 yield synoptic 
ocean data near potential offshore nuclear power plant sites, deep water 
oil ports, harbors, breakwaters, and other coastal developments in North 
America. 

3. Microwave Wind Scatterometei Thls thlrd actlve radar eystem 
i s  intended to measure wind swed in the ran= from about 4 m/wc to 
26 m/sec with an accuracy of% m/sec o r  ?fa. Inherited from the Skylab 
experimental scatterometer. It will determine wind dlfecJion in the range 
from 0 to 360 degrees with a direction correct withln -20 . The scatter- 
ometer wlll taka measurements w e r  two 460 km-wide swaths equally dis- 
placed about the nadlr by 235 km. 

4. Scannln Vlslble/lnfrared Radiometer (8R). Thls sensor, 
originally flown o h ,  will provlde Images d vlsxle and thermal 
infrared emiselon from oceans, coastal and atmoepherlc features In 
support of the other instrumentstand wlll help ldentlfy currents and storms. 
From ite Imagery, clear weather temperatures can also be deduced. 

The SEASAT-A spacecraft Is tentatively scheduled for launchin the 
early part of calendar year 1878 Into a nearly circular orblt with an 
eccentrlclty less than 0.006 and an altltude of approximately 800 km. 
Flgure 3 Ide~tlfles the important mission parameters. The orbit wlll be 
Inclined 108 to the Equator with a petlod of 6045.0 2.1 second (100 mlnutes 
45 seconds), resultlng in about 14 1/3 orblte per day. Thls orblt Is non- 



sun-synchronous and will precess through a day/night cycle in approximately 
3.5 to 5.5 months. 

Launch in the spring allows for an early sequence of instrument 
demonstration and calibration following acquisition, orbit establishment 
and trim and deployment of antennaa, arrays, etc. This permits the user 
data products to be available during the northern winter months when the 
range of wind and wave conditione in the northern hemisphere i s  most 
active. While in this configuration, efforts will be made to coordinate 
ground truth experiments with sensor operations, data acquisition, and 
timely delivery to evaluators. 

The major bround coverage requirement for SEASAT-A is  36 hours 
for about a 95% cove-age of the earth's surface (assumes instrument swath 
width of 1000 km). Several candidate fill-in-ptterns a re  possible to 
achieve a required 10-nautical-mlle grid (referenced at the Equator) of the 
subsatellite nadir track for geodetic purposes in three to six months. 

It should be noted that while spacecraft velocity i s  typically about 
7.45 km/sec at  800 km altitude, the motion of the ground track is  only 
6.62 km/sec. Of the five sensore to be carried by SEASAT-A, only the 
compressed pulse radar altimeter will be limited to measurements along 
the subsatfliite track. The other instruments have considerably extended 
ranges wlth the following swath coverages of the ocean: 

Synthetic Aperture Imaging Radar--one 60- to 100-swath 
displaced from nadir by 200 km 

Visible 2nd Infrared Radiometer--full track or horizon-to- 
ho r i r~n  

Microwave Wind Scatterometer--two 460-kn swaths equally 
displaced about nadir by 235 km 

SATELLITE SYSTEM AND SUBSYSTEMS 

The ratellite system has not been a major concern in SEASAT. 
Preliminary investlgatlons in the feasibility phase identified a number of 
existing satellite buses developeu for other Air Force and NASA programs, 
as shown in Figure 2, which already had the support capabilities needed 
by SEASAT. Further in-depth studies with speciflc contractors have only 
confirmed and expanded Ulis concept. Thus, a group d sensors could be 
integrated on either a sepprate but simple sensor-module structure or  on a 
seneormodule structure already in existence from another program. This 
sensor module could also contain any sensor unique data system components 
in terms of data storage, handling, or processing capabilities. The module 
could then have a clean attachment interface with an existing spacecraft 
bus which furnirhes power, attitude control, telemetry, tracking, command, 
and orbit adjust. Many of these buses a h o  have data storage and handling 
capability within the existing designs. The lratellite systems design approach 
is outlined in Figure 4. These existing satellite system6 and available 
launch vehlcles (Atlas E/F or  Delta) provide adequate weight marglns 
ranging from 1.4 to 1.8 over the estimated requirement, and the satellites 
have space hletories exceeding the one year Reslgn life of SEASAT-A. 
Sensor module subsystem elements a re  existing designs and/or hardware 
and exist in most cases a s  part d ongoing and continuing programs. 

The most important SEASAT-A program objective is  to place most 
of the program money on the project-peculiar sensors and direct sensor 
support eubsystems. T o  accomplish this, the selection of an existing 



low cost el=ceeraft bus supplying the requlsltes for satellite support i s  
essential; and sriection of the speclflc exletlng spacecraft to be u e d  for 
SEASAT-A must necessarily be made early In the program s o  that sensor 
and aenaor support eubsystems design and Integration plannlng can take 
advantage--low cost--of the peculiar attributes of a sl.eclflc exlstlng 
spacecraft. 

END-TO-END DATA SYSTEM 

In the SEASAT-A end-to-end data system, the concept of an lnte- 
grated data system deslgn, from the conversion of sensor response into 
digital data, to the output of Information requested by the were,  i s  an 
important part of systems design and program planning. Figure 5 
illustrates the scope of the end-to-end data system. Included in such 
a system design a re  tndeoffs of which function, performed on the data 
no It travels through the system, should be performed both on the 
ground and on the ratelllte. 

Fur the standard satellite-to-ground link through the STDN network, 
the real-time rates of all  the Instruments except Ule imaging radar can be 
handled on the unified S-band. The real-time rates for the ~maglng radar 
would be transmitted on separate wldeband 5-band links. 

The SEASAT-A mission operations will be planned for a nomlnal 
one-year duration, wlth at  least one tracklng and real-time 'elemetry pass 
per orblt, and one "command" pass per day for reprogramming a posslble 
onboard computer. The data proceselng requlrements wlll be primarlly 
for non-real-time data package productlon, but a real-tlme mode of datt 
handllng and diesemination, with a delay of three hours or less, i s  
possible on a limited operatlonal demonetration basis. 

Beglnnlng during the feaslblllty study phase of SEASAT-A, which 
took place In early 1073, NASA sought the involvem,*nt of the "user" 
community--the agencles and Institutions that are  the intended users 
of SEASAT-A data. The continuation of thls involvement insures that the 
needs of the oceanographic organlaations will be met and that the types and 
quantlty of data to flow from the spcecraf t  and its aesoclated ground-based 
data handllng systems will be as meattingful and useful as possible. 

In summary, the program objectives of SEASAT-A a r e  to: 

Demonstrate a capability for - 
1. Global monitoring of wave helght and spectra, surface 

winds, ocean temperature and current patterns. 

2. Measuring preclse sea surface topography; detecting 
currents, tides, storm surges, and tsunamle. 

3. Clrartlng ice fields and ! eade. 

4. Mapping the global ocean geold. 

Prwlde data for urer appltcatlons - 
1. Predictlonr of wave heights and npectra, and wlnd 

flelde for shlp muting, shlp deslgn. storm-damage 
avoldnnce, coastal dirarter warning, coartal protection 
and development, and offshore power plant sttlng. 



3. Chprta d ice fields and for anrignth a d  
neather p m d c t h .  

4. QCQPA geoa fine struehuee. 

WMk ~o~ydtheseobjectivescanbeocPIerrdbytkc~eipcd 
data from SEASAT-A, It will still be wcesmry to b m  the sapporl 

Plld canmitmeat of interested w r  organizatknu in order tu &five the hll 
srieetific anrl ccmolak benefits from the L d m h  derived fmm this a d  
s&cmqmd spcecdt systems devoted to remetely sensiq the ocean 
eartnnment. 
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DETERlIIMrIOW 07 W I N €  BOIMDARIES AT SEA AllO 
THEIR GEODETIC IMPLICATIOU 

Lieutenant James A. hler. NQAA 
National Ocean Survey 

ABSTRACT 

-rent world opinion indicates that a revision in th. law 
of the sea towards extending territorial saes and providing 
more extensive eeowadc nonas is inevitable. At the next 
lhited Nations Ccnference on the Law of the Sea ratification 
is expected for telve mfle terrftorlal seas- In addition, 
a two hundred mile econaaic none is seriously being consi&red 
by paticipant natlons. 

Focus is now shifting tanerd the technical. capabilities to 
accurately determine and physically delineate such limits. 

A review of both surface and subsurface systrae and devfcas 
for positioning at sea is presmted. In addition, physical 
problems of delineeting such positions are examined and 
solutions euegested. A discussion concerninp the accuracy 
requfred for present and future legal detemiwtions for 
both near shore and deep ocean boundary demrcation is 
included wlth additional reference to the necessary technology 
transfer to assure uniform world-wide participation. 

Racently released official United States Territorial Sea and 
Contipms Zone Boundary Documents are presented and their 
construction discusad. 

Studies of shore and sea boundaries indicate the manber of 
technical questions that arise and the extent of judgment 
for the delimitation of see boundaries. 

It is not intendod here to resolve t'le problem but rather to 
underline the importance continuing efforts are to solving 
the problem. Until ecmanical geodetic positioning sysieua 
can be deveioped end available to ell; enforceaent w i l l  
continue to be difficult. 



PRESENT GEODETIC IKPLICATIONS 

Exploration and exploitation of natural resources in the 
uster colurm, on the seabed and wlthin it, as well as other 
marine activit1er are presently possible beyond the two 
hundred meter isobath. This qhasires the necessity for 
reliable position81 accuracy and a definition of all relevant 
boundary llnes, both near shore and dista ' .  
The 1ntm:ionel Conference on the Law of the See, scheduled 
next month in Caracas. Venesuala visualizer an internetionel 
regime for the seabed and subsoil beyond the limits of 
netionel jrrisdiction besed straight distance criteria; 
possibly in canbination with a depth crltcl-ion. Such an 
agreement vill praapt netions to delimit their outer shelf 
boundaries 80: invite bids for exploration and exploitation 
of their territories. Failure t reach international 
agreement will not prevent nations either f m m  extending 
their shelf limits or exploiting resources beyond the shelf. ' 
4-ong the important items on the agenda at the Law of the !ha 
conference will be the nature of lines used to delimit any 
boundaries agreed upon. Inevitable in such a discussion is 
the corrqpnrison > ~ t  lines dram on charts and their accuracies, 
with the field capebility of locating oneself at distances 
within the order of two hundred nautical miles. 

Similar to problems of boundary demarcation on land, boundary 
determinations af: dee  must consider the engineering and 
cartographic problems of physical demarcation. 

Internationel larmey define the boundaries, but they must be 
determined and then located and mapped for practical purposes. 

Of prime importance, obviously, is the determination of the 
snoreline as it is the bese from which boundaries are 
determined i a .  

The physical prchlem is to eitt.er define the boundary by 
bottom markers or to devtse e ,lethod by which a buoy, ship 
or structure caa be placed on e bundary -stetion". 

Fkrthennore, precision in ~ffshore Loundary delimitation is 
necessary in order to resolve lega* problems of furirdiction. 
The boundaries must be positioned itr tenns of geogrephical 
coordinates. 

The qutstion then arises, what degree of positionel accuracy 
is required. Obviously the most imnediate demands cane fran 
the oil and mining industries who must know the exect limits 
o. their ownership to prevent encroe;hment oil adwcent 
property. From their point of view even a feu meters could 
be significant, especially when a geologic stcucture being 
exploited extends across a property line. 



Up to the present it has not been possible to readily 
determine a position at great distances from shore to within 
an eccuracy of a few meters. 

MARITIME WSITIONINC SYSTCr(S 

To locate oneself a: sea, two methods may be used. Either 
positioning by onboard capabilities or positioning in relation 
to surface ~r sub-surface systems. 

Merine positions are determined by either an extension of the 
shore-Lased triangulation net or by a variation of the three 
point fix or the intersection of two lines of position. The 
triangulation method is the most precise but the cost has 
demonstrated itself o be prohibitive for practical use in 
marine positioning. 5 
Positions in sight of shore can be determined by visual 
methods, h e r e  angles are measured or electronic methods, 
where distances ere measured. A marine position withtn 
three to five neutical miles from shore can be determined 
within ten feet in clear weether using the resection method. 
Electronic positioninq systems measure either distences 
(circular systems) or differences in distances (hyperbolic 
systems) b e k n  stations by measuring the electrbAagnetic 
wave trensit tine. Pos;ttms within one foot apparently 
can be attained for very short ranges. 

Projects have been conducted to decermlne the feasibility of 
establishing and recovering passive markers on the continental 
shelf with geodetic precision. These were successful where 
electronic positioning equipment was utilized and line of 
sight ohservstions were possjble (shallou water). An onboard 
accurate positioning device as necessa- y to recover the 
passive system. 

Disedvantages of the circular systems are that they require 
a signal transmitter on board ship with an ample power supply. 
In addition, onl, one ship may use ,he system at a time. 

The hyperbolic system, overcomes these diffj-ulties. requiring 
a s t g ~ l  receiver on board and a trans~~~itter on shore. 
Accuracy with the system, however, can be less than desired. 
Due to the divergence of the hyperbolic lines of porition, 
the average lane width one hundred miles from the baseline 
for systems approaching geodetic precision is of the order 
of one thousand feet. In addition, distortion of the 
hyperbolic pattern by islands in the signal path, non-linearity 
in the lectronic systems and drift in the system increase 
error. S 



An inertial system depends on gyros for dete~~ing angular 
motion; upon ecceleraneters for detecting variations in 
linear velocity; end upon computers to prlcess dats to 
provide position infomation. Among the major problems 
with these systems are drift of the gyro (vartation in 
orientation wlth time not associated with the aarth's 
rotation) and the local. variation of the direction of the 
plumb bob fran that of the mdel earth adopted to provide 
this direction. The systems are expensive and probably 
out of the reach for most comercia1 users. 

For acoustic positioning, a ship trensmlts a signel which 
is picked up by and re-transmitted by three electronfc 
transpwders emplaced on the sea floor. These signals 
may be converted to distances when compared with time. 
If the position of the transponders is kr.own, thl ship m y  
determine its locations with respect to them wlthin twenty 
five feet. 5 

The question of the right, or lack thereof, to emplace 
equipment within the territorial see end other areas 
adjacent to particular states has been anrtyeed before 
this body in the past. 

The installation and maintenance of geodetic systems. 
within the water colunn is e use fully protected b 
Article 2 of the Convention of the High Seas (19583 
which states "....These freedoms and others which are 
recognized by the general principles of international 
leu shall be exercised by ell states with reasonable 
regard to the interests of other states in their exercide 
of the freedom of the high seas." No problems are 
anticipated *en such s stems ere installed vithin a 
states territorial sea. 5 
Satellite methods employ elements of the doppler effect. 
The doppler effect occurs when e source of wave motion 
approaches or mwes away fran an observer, the frequency 
of the mves received by the observer increases end 
decreases. Radio signals from six polar orbiting 
satellites (600 to 750 nautical miles above the earth) 
produce the same phenomenon. 2 

In a test sunmy conducted by the National Geodetic Survey, 
a geodetic receiver (Ceoceiver) received signals from the 
satellites and measured the doppler shift and precise time 
of the satallite signals wlth signals generated by the 
Ceoceiver. With this informetion ond prer!se orbital date 
supplied by the Navel Weapons Laboratory at hhlgren, 
Virginia, the National Geodetic Sut-~ey was able to data mine, 
within six feet, the positions of two ~..etforms forty and 
one hundred miles off the coast of Louisiana. 



CARMCRAPH IC DETERMINATIONS 

The dividing line in most existing treaties, related to 
maritime boundarier, is as a great circle arc, a loxodrmic 
line, a small circle arc or even as a "straight" line 
between two geographical coordinates. The spheroidal 
geodesic, however, represents the shortest distance between 
two points on the spheroidal ellipsoid. 7 

The Law of the Sea Conference should define more specifically 
the scale of map to be used when delimiting sea boundaries. 
The scale of the chert, of course, relates directly to the 
purpose of che delimitation. The United States provisionally 
delimits its Territorial Sea and Contiguous Zone using 
relatively large scale charts, i.e. approximately 1:50,000 
to 1:200,000. 

Most developing nations, however, have no advanced 
cartographic or nautical survey capabilf.ties. It'would be 
difficult,   here fore, to expect a specific large scale 
chert fran arl lesser developed countries without undue 
expense at this point in their development. Certain 
m i n i m  scales should. however, be agreed upon. When charts 
are used at unrealistic scales as a means for determining 
boundaries at sea, the possibility of confusion is enhanced. 

l'he geodetic or geodesic is the curve on the sphere which 
is drawn so that the variation on the arc length between 
any two of its points is zero. The spheroidal geodesic 
conforms directly to the methemetical spheroid which 
represents the shape of the earch most accurately. 
Differences in area cat1 be great uhen comparing geodesics, 
great circles and loxodrmtes as boundary lines. 

Besides the choice of a mathematical line or curve to 
definn the boundary; accuracy of definition and of position 
uhen determining a boundary line or segment of such a line 
must also be questioned. 

True accuracy can be defined as the degree of precision of 
the geographical coordinates for boundat-, turning points, 
i.e. full minutes of arc, in tenths of a minute of arc, or 
in seconds of arc. The coordinates should be expressed to 
the same degree of precision as those for the control points 
in the surrounding coastal area for both the case of e 
boundary line determined by geodetic celculations on the 
basis of coastal cont 01 points and £or that of a line 
merely "negotiated". 5 
The positional eccuracy can be defined as the accuracy 
of fixing at sea your position by navigational, hydrographic 
3r ::eodetic meens. 



Under the submerged lands act, the boundary between state 
and federal submerged lands is defined with reference to the 
coast line. The boundary itself is to be found by measuring 
seaward the required distance from the controlling coastal 
features. This is whet is known css the "arcs of circles" 
method of measurement; which means that the territorial sea 
includes everything lying within the detennlned distance fran 
any point of the baseline. In the case of the United States 
all measurements are made f r m  the Mean Low Water line or 
Mean Lover Lou Water line (West Coast) as depicted on official 
National Ocean Survey charts; and approved by the Interagency 
Conunittee on the determination of the Territorial Sea and 
Contiguous Zone of the United States. 

CONCLUSIONS 

It is essential that a system of demarcation of boundaries 
at sea be recoverable. Present technology limits &surface 
marker dellmitatlon to relatively smooth, shallow regions of 
the seafloor. If a boundary intersects the seafloor at 
great depth or great distance from shore it may not be 
technologically possible to implant a bottor, marker with 
the accuracy required. 

Surface markers again imply initial costs combined with 
maintenance costs. Additionally, surface markers are subject 
to the continuous effects of the sea and are thus capable of 
breakinn their moorings. Envisioning the possible nmber 
of "surface markers" to properly define an area - such 
systems could become hazards to navigation. Since these 
systems would be attached to the bottom; boundary markers in 
deep water would have a scope of tether that could exceed 
the necessary accuracy. 

I submit that for the present we should concentrate efforts 
on developing the most economical and practical geodetic 
positioning equipment for field use. 

If exploiters of the ocean and enforcement agencies have the 
same geodetic positioning capabilf^ies encruechment would be 
minimized. 

Initially, spot boundary determinations can bc conducted and 
approved before operations commence; especially when they 
approach the limits of o~nership. 

I am confident advances (perhaps to be revealed during thin 
symposium) will be made in hydrographic, geodetic and 
physical and chemical oceanographic methodology which will 
eventually enable us to actually mark the boundary line at 
sea from subsurface to surface without adversely affecting 
the envf ronment . 

ORIGNAL PAGE IS 
OF POOR QUALITY 



The nature of line could be resolved by allowing a nation to 
determine its boundaries with whatever line they so define and 
be bound to its positionel determination on the spheroid, even 
after their capabilitiee for geodetic determinations mature. 

Straight baselines could reduce the number of points to be 
fixed (and therefore recoverable) by geodetic positioning, 
overcoming a monumental task to geodetically determine an 
"arcs of circles" boundary line. 

Accuracies required will undoubtedly increase as the world 
races to exploit the sea end its subsurface. Technology 
must meet the legal challenge to edeqwtely define ownersl~ip 
at both near shore and deep ocean locales. 

Whatever accurate method is finally selected, it is critical 
that it can be reasonable enough to be utilized by all 
nations and that the necessary technology transfer be 
effected to assure internetional capability for compliance. 
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Research Connected with Marim W e s y  
a t  the Technical University a t  Hanover, Germany 

I n s t i t u t  ftlr Theoretische Deodtitsie 
Technische Oniversit(Lt Hannover 

The Technical University of Ranover ha6 eetabl ishdl  a research 
center f o r  t h e  etudy of geodetic uieasuring techniques i n  
coastal  and marine regions. 

80104 coxmnlcations a r e  given on plans for  the determination of 
detai led a s t r o g e d e t i c  and gravimetric deflect ions i n  a ooaetal 
and marine test area. Main observing instrument is a transpor- 
t ab le  photographic nenith tube. 
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During the laet year (1973) a reeearch center on geodetic an8 
photogrammetric measuring techniquee in coaetal and marine re- 

gions was founded within the Geodetic Department at the Tech- 

nical Univereity of Hanover, sponsored by the German Rerearch 

Foundation (Oeuteche Forechungegemeinechaft). 

Some 40 ecientiete from univereity and from different apenciee 

outside of the univereity are cooperating within this group to 

study different questiona on measuring problems related to the 

coaet and eea. 

The main topice of inveetigatione arer 

- Remote Seneing 
- Topography ant¶ Cartograrhy 
- Methodr and techniquee for determining and permanent marking 
of height rcierence points 

- tnveetigatione on coaetal eubeidence 
- Determination of the geoid 
- Application of eatellite techniquee for determining gedetic 
mordinatee of eurface poeitione 

in coaetal and marine areae. 

The aim of thin report is, to give eome short communicatione on 

the laet two topics which are related very closely to the eub- 

ject Of thin eympoeim and which are treated in the Institute 

for Theoretical Geodesy at Hanover-University. The corresponding 

reeearch work ia just at the beginning, but there are eome 

encouraging result8 from preliminary studies. 

The ecientific aim of the project "geoid determination* is to 

find out suitable methde for the determination of the detailed 

etructure of the geold in a limiad coastal and marine area. It 

in planned to begin with an aetroqedletic approach in a teet- 

area of some ZOO0 tun2 in the mouth of the river Weser and to 
enlarge then th:, test-area to aome 2 5 . 0 0 6  ksn2 into the "Oeutsche 

Bucht9. 

The direction of the gravity vector shall be determined with 

a transportable p. arrphic zenith tube. Thin instrument wee 

developed in our inn-itute as a prototype and gives reaeonable 

reeulte on land marks (GESSLER, PILOWSKI, 1972). 

The principle of the instrument is rather eimplez A photographic 
camera with a focal length of 80 cm ir mounted in a vertical 
manner on a ground circle, which enables tne camera to be turned 

into two poeitione. The electronic shutter 1. placed im.diately 

in front of the photographic plate. The verticality of the 
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camera can be proved by two electronic levels. Small tilt- 

changes are also registered by these levels. 

The main advantage of the instrument can be seen in the obser- 

ving velocity. One observation, 1.e. one plate exposed in two 

different positions of 180°, takes 3 minutes of time. The proper 

exposition time however is only 1 second in every position. That 

means: for applications on moving points the stability of the 

camera must be guaranteed only during this rather short time 

of one second. 

The accuracy for the reduced point out of one plate was found to 

be 0:4. In general it should be sufficient to take two plates. 

which means less than ten minutes observing time for one point. 

This fact enables us to measure astrogeodetlc deflections in 
very dense profiles at the coast or on islands. Purtheron it is 

possible to observe very quickly on oil-drill-hole-platfornm or 

in tidal flat regions. 

The instrument described is a prototype with rather simple 
optics and wichout auto1 rtic data collecting equipment. A new 

construction with better lenses and perhaps better registration 

of the tube-inclination should give also better results. 

For the next two years it is planned to measure "astros' with 

the "Hanover Zenith Camera" on fixed points along the coast, on 

ielands, on light-houses near the cotst and - so far as possible- 
on oildrill-hole-platforms. The geodetic coordinates will be 

determined by conventional terrestrial methods, by long e'xctro- 

magnetic distance measurements over sea, by precise navigation 

methodr, by satellite (DOPPLER) methods and by a combination of 

these methods (CAMPBELL, SEEBER, WITTE, 1973). 

It la one topic of our Hanover research group at the Institute 

for Theoretical Geodesy, to study the questions of precise po- 

sition determination at coast and sea when different observing 

methods are used and combined. Special emphasis is directed to- 
wards the application of satellite techniques am with transpor- 

table Doppler equipment. 

Beside the amtrogeodetic approach it is planned to msasure gravi- 

ty values (gravimeter) and their derivatives using 6 torslon- 
balance. With thlm observation material the next step will be to 

compute a detailed qeoid of the marine region using astrogede- 

tic, gravlmetric and combined methods. Hereby emphasis is layed 

on the study of interpolation methods. 
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ma. At- to otwarrn urma oa s tab i l i aed  p l a t f o r m  la13 
- u far as w lrPar - to acmuaciw i n  the  order of 10 arc- 
seamads (m 1972). m -, w i n g  tha rhort observa t im 
tln necessary fo+ the %emvez temith Camera. i n  the rmhr of 
one second of tira or less, to this accuracy. although 
we see a lot of d i f f i c u l t i e s  i n  defining the d i rec t ioa  of the 

vertical on a moving point. 
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1-2s. Trwaux d e  I a A s ~ c . I n t .  de  CBod., Tawt 24. 
Paris 1972. 



SATELLITE TECUNIQUEG M GEOPHYSICS AND 
THEIR RELATI-HIP TO MARME GEODESY 

0RH;Nl.L PAGE Is 
OF POOR Qu- nA.Kb.n* 

Pmgmm mvisloa 
-rd Space Fu&t Cmter 
G-lt. XerJrland ZOTn 

A ststlatlcal emlmtka of mnne of the recent anteUte determhed gmvicy mo&le. 
Inchdhg 6ome altb dleflnct dam base. Lndlatea that (be @mpoteathl coef5dmta of 
teeae modeb are Lndlvidudy mead@d for frqwncles witb mvermmbsaa n = 2 
thmngb 7 cerWdy d wnvtsnmbeaa n - 8 tbroq@ 10 pmhbly. Geqmteatlol emf- 
53cmts In b&br hqwacy mug88 a l e  qpnrplltly Lmporhnt for m q d n g  uxuaate 
satellite orbits aeem to have little geqhyalcai algntfiarcre in ID individual eaoaa 
W E e w  betuwn vazhs  aravity models aral those beheep purely crtelllte deter- 
mined tmpokdd models aad tMr  mmdated combdnatlm model8 ahow no d s t -  
eat rehtloashlp to mr5ce g r a t n ~ c  coverage. A&Utknd c h e s l d  hcMng &m 
are mrtPl l t  la lrnpm* the ~ ~ u n  of Uw EUth's field but 
tbdr ooetrlbotion LnextmcUgit8 f w  ~ ~ w h a t i a a o u  amihblets rm- 
ce- Nea  tmck4g Bta @pea s ~ c h  an laser, aatelllte-0~-PDdlfte and &metry dam 
seem to, bare the potential of lmpmvhg gravity Bald deecrlpthn bat a qeantimti%e 
msaeement of their contrlimtlon la difficult a t  this a- 

Two mafor or- of geophyald txppU~~tlma of artificial Earth rutellltea directly 
rehted b mnrlne gcmda8y are detcrmhsUon of tbEarth'a grsvlty tleld ard sateUte 
dtlmetr): ContrlbuUon of the latter 1s In the realm of determination of the dgmalc 
ODpqpopby of sso level. perhapa a# a hmctlon of tlme in fbtun. Mean Sea level will 
Len be tlsed to construct tlte geotdal surhre and dm in a number of Imporhat oceano- 
graphic studiea BatelUte altimetry, however. la atill In a oaacent slage. Some -ts 
of altlmetry tmhnlquea are :evlewed in (bls w h e  (see for cxampte. 6-. Ma 
wlume; Stinage, (bla rolume) and elsewhere by Khna en prep. ). As to (be former. It 
baa comtltuted a major prt of Uw btd geodetic effort at a munber of LnetlttlUona. 
In tbla paper I wlll deal only wltb the e*altu(lonr, and compnrlsow aqact of tbc various 
versions generated by t h e e  &rta md diacuas thelr relatlmshlp to marlne geodesy. 

Anaccurate patelUte determined gm*lty fleld baa rnaMpIe appUcation8 in marine 
geodesy. fta bag wnwlengtl~ compwents can be d as  a control for systematic 
e m r a  in inetnuneacal calibmtlon and drift. la d c  areas whae only ao iaohted 
ablp gravlty profile 1s avalhble. accurate mtelllte field wiil ptovlde better mean 
gravly anomalies tlm the surface datn from this imlated ahtp gravity p d l e  (Wod- 
lard and Khan. 1972). The long wavelength fleld eould also be uwd to apply 
ntptonal eorrectlon to marlne mavltv ~nofilea in order b obtsla Iocalised aravit~ - - - -  
a lee- Prom UMverelty of Hawall, Honolalu. P~dtaii 88822 



a n o d e s  which have lnrportant us+ k studies of ~elaUon.blps of marlne gravity wlth 
lmthymetry a d  .ballow crustal structures. Such relationrblps a re  needed In the pre- 
diction of gmvlty aver oeeaoic areas M well a s  In tm&rshdhg the geopByslcal and 
pIoglca l  clmmcter of the h c c  areas. Bathylnetric data can alm be used to p r c  
diet the Mgher frrqueocles of the m d t y  Reld over ocean areas (Woollard and Khsn. 
19%). the lower frequencies k i n g  provided by satellite determlnntioas of the earth's 
gravity field 

Last decade and a h . 1  has seen rpplieatio~s of artIRclal Errtb satellite ohltal  
perturbatton techniqUM In Wr analytical and rmmerlal brm, to Wermlmtion of 
the gmvlty fleld of the Earth. More rsfeetly &sting ourf.ee gravlly data. alter 
some interpolatton and extrapnhtion, haw been eombLned wlth various b r m s  of aatel- 
Ute hacking d e b  to Improve upm these gravity fleld representattons. Slnce there 
a r e  so many solutions tlmt differ from each &r silpdflcantly, It Is Important to 
evnhmte and compare them and perhapa attempt to seled the best ~ ~ t a t t o s  
Cenpotential solutions considered In thts paper are  Coddard @ace Flight Center's 
GEM solutlcm. ( L e d .  e t  al. 74). S m l M a n  Astmphyslcal O b s e ~ t o r y ' s  recent 
Stamkrd Earth (SE) -1s (escbkln, T3: Ceposcbkin and Lambeclr. 70) and Nanl 
Weapms Iabomtoryls most recent solutions (these solutloas are classified but we need 
only their unclassified staUstlcal parameters for this analysis which were klndly made 
available by Dr. Wehard Anrkrle of Naval Weapons Laboratory). To test these wlu- 
tioae, the surest standard of comparlsao. of course. is grnvimetric rspreseatntion of 
the Eartb's grndty field but If we had such a represeatattan. we would m t  need to obtain 
these solutions in the first place. Any other test is  essmtlally InfereaUaI in nature. 

ANALYSIS TECHNIQUES 

Let 

f, (x) = Est f(x) 

where Est Indicates the estimated value. then 

where "(0 indicates the degroe mrlance of f(x) and S(f,. f,) the spectral ratio Rmetton 
off,(x)uldf (x). hvereely if TI@) and It@) are independent estlmater of the function 
f(x) and, If the mdittons Mated In Equations (1) through (8) are satisfied, 



 NO^ (b.t mtbm (1) throagb (6) rill not be setlaEd if elther fl@) o r  f2@) i s  aa 
l~mrrert estrmete of the huwtlon f@L 

On tbe other the aqmrtlona rill be ea(iaEed If f and f *Or) ere mt in- 
~ m d n a l t b . r L s ~ 8 ~ 0 ~ ~ m e t e o f * ) .  P I ~ ~ F f t h e a b w e  
arses. thls test should be 6upphnated by other d y s l s .  

GeopotslrUal models used 1 tbe compmlanu repotted hen, ere GoQhxd 
Spme Illght Center. GEM solutlonsGEM 1 through 6, tbe SmlbaUen S a u d d  Eprth 
mInUoua SE Il and S E  UI. end the N e d  Weqma Lsboratory's geopo~enW mlutiaee 
1 0 E  and WCSN 44. lEe  N a d  Weapon8 ImborP(oryVs solutbmo ere  cI.asiEed; them- 
fore, only some unclasdfled statistical parameters could be used Lo ttds study. 

The statI8Ueal parameters Qaoed in ~ U a u  Q) lhw@ (6) ue glues in Tobles 
1 9. Table 1 glws the oorrelatlon Rnrctluaa for lotemomparlaone of varloue 
GEM SoMlarrs. 18bk 2 lists comletlon fhnctloes for GEM aml S E  modela Cor- 
rehtlma behear selected GEM end S E  mlatlons ed the NWLVs 10E end WGSN 44 
Sohrtlme are reported 1 'hbk 3. 'Ikbles 4 through 6 lint spectral xatio flmettaw for 
v a r l w  kopotenaal m h t l o ~  ln the spma o w r .  Tablee T huu& S report spectral 
ratlo hcllonn for mme eelected cllffeerenee fields. A feor reprewtative cornletton 
eurora a r e  BboWD 1 Figure 1 tbnn~.& 3 for a QUIC~ v I d  exemi~Uon. A typical 
spectral mtlo fbd lon  of tM geopoteat(al flelds ed their differences 10 plotted in 
Fllplre 4. Figures 5 through 9 show degree vsrlences for GEM 6, SE Ul, 10E. W W  44 
and tMr cllfkceaees. 

T.Lb 1 
lMERCORRELATlON FUNCTION OF OaODARD EARTH MODELS (OEMSI 

A: PURELY SATELLITE DETERMINED OEOPOTEMlAL SOLUTIONS 

n GEM 6 M OEM 1 GEMBMGEM3 GEM 3 VS. OEM 1 
2 1.0000 1.0000 1.0#10 
3 1.oom 1dmI 0.mDB 
4 o m  0.BBBB 
5 0.9891 0- 0,ggeS 
6 0.- 0.9990 om67 
7 o m 1  0.ma 0- 
8 0.9941 Om43 OS17 
9 0.8818 0- OmB2 
10 OS060 0.9780 0.0816 
11 om41 0- os03 
12 0.wm osO46 om40 
13 0- 0.WW OBBBB 
14 0- 0- 0- 
16 0- 0.9418 0.7834 
16 0.0231 OS61 OBBBO 
17 -0.0741 0.9106 0.17W 
18 0.01IR 0.S609 08880 
19 O m 1  0.7483 0.6776 
28 0.1208 0.8231 0.0161 
21 08888 0.8281 0.4016 
22 OBCU 0.8001 0.6031 



Tabb 1 
IMHLCORRELATION FUNCTION OF aaOOARO EARTH MODELS (OEMs) 

0: COMBINATION SOLUtlONS 

n OEM8VILOEM2 BEM6VBQEM4 OEM4VS.OEM2 
2 lAOBO laOOO onwe 
3 omw lmm assee 
4 QOB88 ROBBB assee 
5 Rge68 Ogeae aQwn 
6 Ogese a8878 Oge68 
7 Om62 BBs)8 Om17 
8 o s m  aseeP 0.Sm 
9 omm OgsOZ aean 

10 QgOOB OgSQl 89749 
11 0.m AO)56 A9882 
12 RtlPO asses 0.a276 
13 OA%l 0- Om07 
14 aAB7B 0.7703 49683 
16 O Z O a  OABBB aarSe 
l6 a2DIo QOBm 0.mm 
17 dQIBB QB(BI Q885 
18 QBI& 09817 OSm 
l9 0- 0.7886 0.7481 
10 0.3m 0BlaO 4.1730 
n 0.7212  OM^ 08888 
22 0.8814 0.7621 Oa80 

T* 1 
IMEROORRELATION OF WDOARD EARTH MOEDLS ( O W  

C: PURELY SATELLITE DETERMINE0 VS. COMBINATION SOLUTIONS 

OEM 6 
laow 
09888 
Rgege 
aaQg 

OEM 3 
1 m m  
OgDDB 
om97 
OgD18 
o m 1  
09818 
o m  
om07 
0- 
0 .me 
0.7761 
OBBOB 
o m  
0 2 a 8  
0- 
0- 
-1 1 
0.7791 
0.m 
0.4220 
0 . m  

OEM 1 
1AOOD 
OgeDB 
ogees 
O.em8 
0.wm 
09782 
Om00 
o m 1  
0- 
0 . 8 8  
0.7420 
ml 
0#70 
0- 
Oa70 

-0Jme 
0,9746 
0.8139 
0.8888 
0.7212 
O B B I l  

OEM 4 
lmm 
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CORRELATIONS OF G D D G  EARTM YODELS (~EMs) 
WITH STANDARD EARTH MODELS 

OEM 6 
VS. 
(iE ll 
1- 
OBgeg 
09871 
0.0807 
0.9876 
0.9681 
0.9430 
Osles 
om10 
o m  
OM73 
oa828 
0.6070 
09628 
0.3238 
oA276 
0- 
-0.0803 
0.0142 
oDW6 
0.0283 

OEM 6 
vs. 

8E 111 
0- 

OsaW 
0.0686 
0 . m  
om62 
08808 
0.7742 
OM23 
A6812 
03239 
om02 
0.4am 
0.1706 
0.0968 
0- 
0.2172 
0.1676 
-0- 
0.0026 
0.1280 

OEM4 
VS. 

8E 11 
AODBO 
Om80 
aoss1 
om67 
omm 
Og(i(Lz 
OM16 
Osell 
0.7681 
06631 
03802 
oS2a 
0- 
o m  
OX16 
0.6630 
0.4068 
02812 
om06 
om24 
-0,- 

OEM 1 
vs. 

8E 111 
lAOOO 
09mO 
0.9n67 
om46 
OgSgO 
OPIOB 
0.8763 
0.7604 
O M  
06903 
0.1211 
OAS80 
OAllB 
0- 
0.1357 
-0.0810 
0.1m 
0.1- 
omn 
0.1- 
0.0706 

Table 3 
CORRELATIONS OF REPRESENTATIVE GODDARD EARTH W E L  

AND STANDARD EARTH MDDEL WITH NAVAL WEAPONS 
LABORATORYI RECENT GEOPOTENTIAL SOLUTIONS 

SSE xu VS. SSE m VS. GEM 6 VS. G E M 6 V I  I I n NWL WGSN 44 NWL 10E NWL WGSN 44 NWL 1OE 
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T&4 
SPECTRAL RATIO FUNCTION: GODDARD EARTH MODELS 

GEM5 GEM 3 GEM 3 GEM4 GEM 2 GEM4 GEM 6 GEM 3 GEM 6 GEM5 GEM4 GEM 3 GEM 2 
v S . v S . V S . v s . v S . v S . v S . V S . V S . V S . v S . V S . V S .  

n GEM 1 GEM5 GEM 1 GEM6 GEM6 GEM2 GEM5 GEM6 GEM 1 GEM4 GEM 1 GEM 1 GEM 1 

2 100 99 loo 100 100 100 W 100 99 100 100 100 100 
3 1 0 0  99 9 9 1 0 0  100 100 99 100 99 99 98 88 99 
4 loo 101 101 99 9a 101 101 loo loo tor 100 101 99 
5 9 7  93 90 9 9 1 0 6  93 94 9 9 9 1  93 90 90 97 
6 101 98 99 104 1 1 92 106 93 86 97 99 96 
7 98 101 99 90 97 93 115 87 113 149 102 99 111 
8 98 98 94 83 93 89 125 n 122 104 102 94 114 
9 115 88 102 77 83 93 113 18 130 88 101 102 108 

10 103 91 94 109 114 95 96 96 98 104 107 84 112 
11 115 90 103 92 104 88 92 97 lo6 85 S8 103 111 
12 121 n 94 n 94 82 80 117 75 91 94 111 
13 98 129 118 60 79 76 49 262 47 30 28 118 37 
14 41 99 139 40 52 n 29 338 41 12 ia 138 21 
15 123 171 210 50 76 86 21 ns 2e 11 13 210 21 
16 94 112 105 98 111 88 10 1131 9 10 9 106 10 
17 123 31 39 32 282 11 106 30 130 34 42 3B 308 
18 72 09 48 75 143 52 W 69 71 76 54 49 103 
19 226 266 239 55 433 101 262 228 241 546 6W 129 
20 13 23 33 28 223 13 93 24 11 26 3 33 28 
21 118 148 91 64 143 88 92 1SB 81 144 148 101 
n loo 61 e l  se ios w r io  68 1- 84 84 61 118 
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SPECTRAL RATIO FUNCTION: GODOARD EARTH MODELS AN0 

SMlTHSONlAN STANDARD EARTH MODELS 

r 
GEM6 GEM6 GEM5 GEMS GEM4 GEM 3 GEM3 GEM2 GEM 2 GEM 1 GEM 1 

VS VS VS. VS VS. VS VS. VS VS. VS. VS. 
n Sf Ill SE I1 SE Ill SE I1 SE I1 SE Ill SE ll SE Ill SE I1 SE Ill SE It 

2 96 98 l((10 102 48 96 98 97 99 97 90 
3 99 98 100 102 97 99 97 99 98 1W 98 
4 1 1  1 % 98 103 106 1W 104 102 105 103 
5 119 82 79 115 81 118 81 127 87 131 90 
6 90 78 102 119 81 % 82 92 80 97 83 
7 110 89 1 1  130 80 97 7s 108 87 97 78 
8 232 78 54 158 66 178 61 216 74 189 64 
9 132 143 85 79 111 104 112 111 120 102 110 

10 95 112 99 84 123 92 108 110 129 98 115 
11 130 159 71 58 146 127 155 136 166 122 150 
12 219 124 40 78 % 175 99 201 117 187 106 
13 87 1W 57 47 63 219 263 0 83 185 222 
14 138 143 21 20 57 467 485 72 74 355 548 
15 96 124 23 18 62 753 967 74 95 359 461 
16 148 201 7 5 200 1678 2309 165 227 1 7  2197 
17 -1 702 3 15 226 915 208 8693 1980 2357 537 
18 367 70 27 142 53 2 49 527 101 513 98 
19 217 363 46 28 867 570 951 120 200 95 159 
20 476 321 m 29 91 115 77 1061 715 JOH) 273: 
21 80 150 111 9 137 74 139 51 % 51 95 
n 59 22 186 o w  13 33 12 M 24 54 20 

Table 6 
SPECTRAL FUNCTION: GEM 6, SE Ill AND NWL MODELS 

NWL WGSN 44 NWL 10E NWL WGSN 44 NWL 10E 
n SAO SE m SAO SE m GEM 6 GEM 6 





2 0 0 0 0 0 0 0 0 0 
3 1 0 1 0 1 0 1 0 0 
4 1 1 1 1 1 1 1 1 1 
S 8 3 7 3 10 3 8 2 3 
6 7 7 8 7 7 7 6 8 7 
7 18 8 17 12 18 l4 18 12 b 
B in 11 w 12 10) 13 la 12 13 
b 47 47 42 32 48 25 34 18 26 
to n 38 19) w 98 n 88 3s 62 
11 01 in n I 106 a 7s n 112 
12 IRI in IM UI m la 163 30) 120 
13 E)  126 n in 160 1m 30 1u 110 
U 48 48 U j21 284 2JI 46 132 97 
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T.blr B 
SPECTRAL RATIO FUNCTION: OEM 6.8E Ill AND NWL MODELS 

SAO SE m- NWL WGSN 44 S A 0  m - N W L  1OE GEM 6-WGSN 44 GEM 6-MWL 10E 
SA0 SE Ill SAO TU GEM 6 GEM 6 

0 0 0 

Of the Goddard Space Hlghl Center geopoteatlal mlutionr GEM 1, 3 and 5 are  
purely satellite derlvsd solutlonr. l l ~ e s e  solutions are  complete to (l2. 12) but have 
eome relected hfgher degree coeffldents up to (22, 14). GEM 2. 4. and 6 a r e  com- 
blnation nolutionr. 1.e. , they a r e  based on ratelllte trucking data a r  well a s  rurface 
grnvlmetry Information; there nolutionr a re  complete to (16. 16) wlth a few selected 
hlgher degree coefflclenla up to (22. 14). Generally mrlous comblnatlon sblutlons 
are  based on thedr utelllte dstermhed predscessbrs. 8ml'&eonlan 8E ll and 8E lIX 
models a r e  both cornblnatlon eolutlona. Ihe  surface grnvlty data base In there wlu- 
tiom i s  slmllar to that In GEM eolutlona. 8E ll 1s complete to (16. 16) wlth a few 
hlgher coet(lc1entn. SE nI I s  comp1ct.c to (19. la) with n few Mghfier coefflctsnta. 

Naval Weapons laboratory's solution 1OE Ir  purelv onblllte derlwd rolution 
bared prlmarlly on doppler data; hcnce i t  ahould provide an fndepcndent stondard of 
comparison for OEM and SE models. The NWI, mlution WGSN 44 Is  a comblnalon 
solution. 

Tbe atatlstical pornmetere reported In Tables 1 through 9 In whlch my of the 
GEM 1. 3. o r  6 are inwived a re  msontngful to n - 12 only. All other comparilons 
a re  valld to n = 16. Compnrlwn# In the hlgher frmuency range (n > 16) are  maanlag- 
leer a r  there are  based only on a limited number of harmonlc coefflcientr. 

[NTERCOMPARIIION OF GODDARD EARTH MODELS 

GEM solutlms bened purely on the satellite data (Table 1A; Figure 1) 8how a 
Ngb dugre8 of correktlon nt all frequen~les up to n - 12 (the correlntion funclm for 
n > 12 &odd be neglected a8 It I8 bared oaly on a few r e l a b d  coefllclents). I h e  
rpsctrrl ratio function for  there fields (Table 4). whlch l r  a more saa r l t in  parameter, 
16 lnqply In the nel&borhood 01 100 for fmqwades up to n = 12. The w t n l  ratio 
function lor thelr dlfferencer (Table 7) I r  close to Zen, Tor frequoncier up b n - 8 end 
rearoaobly close to sen, for frepudncler up to n - 12. An Inslated enrller, the 
c o m b t i o n  rtatirtlcs beyond n = 12 are not dgniflcant in thts onre a6 thee8 m1uOon.s 
a m  oomplete to (12. 12) only. 



Qf the comblnntlon GEM mlutlon8 which are complete to 06. 16). GEM 6 rhoare 
a Mgh degree of correlation wlth GEM 4 and GEM 2 up to n - 10 and msoMbly hi@ 
correlation (>0.7) t e n -  12 (Table 18. N p r e  ? beyond which (n > 12) the correlatlon 
functlon becomes irregular. QI the other hand. GEM 4 la very hlghl) mrrelated wlth 
Gem 2 up to n = 16 (correlation coeffldent > 0.93). Tbese nndingn are m r b d  by 
the spectral ratio function (Table 4, N p r e  1) whlch showr cons(defab1e dsparturea 
from the reference value of 100 beyond n = 12 La case of compnrlmr involving GEM 6 
and beyond n - 16 In cane of GEM 4 versus GEM 2. 'he spectral ratlo h t l o n  of the 
dlffermcea shows verlatlonr of cbse to 100 percent h r  frequendes n > 12 excqt for 
GEM 4 versus GEM 2 In whlch ease thls hctlon show less than 15% varlatlon for 
fmquencler up bo n = 16. Thlr fact is Intereetlng as these mlutionr ars derived from 
hlghly correlated GEM 1, GEM 3 and OEM 8 but the set of menn surface gravity 
anomalies used In GEM 6 Is somewhat dlffe7-ent from that used In earller GEM com- 
blnation solutions. 

Comparison of comblnntlon solutions with those based purely on satelUte orbltal 
data (Table 1C) shown a hlgh degree of currelation to n = 10 and a falrly high correla- 
tion to n - 12 (>0.7). %ectml rntlo hc t lon  statlatlcs in Tables 4 and 7 mpport thlr 
hlgh Internal condstency (to n = 12) with h e  notable sxceptlon of GEM 4 versus GEM 6 
at n = 7 (Table 7). However, thls dlswrdance Is not noticeable In other comparlsona. 

These intracomparlsons, however. show merely internal condstency of the GEM 
solulons. Since Ulcse solutions nre not Independent of each other, tha high correla- 
Urns cannot be Interpreter! in term6 of the degree of accuracy of tltese soluMons. It Is 
lnterestlng to note, however. that the earllest (GEM 1) and the latest (GEM 6) mlutlons 
(from amongst the ml~'hon8 nr rlyeed here) show such a Ugh degree of comletlon 
In spite of vsstly impmved data fed inu, nc kter solutions. 

GODDARLI ':TH MODELB VERSES BMITUSONIAN STANDARD EARTH MODELS 

Tbe GEhl mlutlons and the SE models are derlved prlncipally from the mm9 type 
of mtellltc. and ourlace gmvlty data, though the amount of data uaed In the more recent 
GEM solutlonr Is larger thpn that used In the SE models and the methods of analyals 
used In the two sets of rolutlmr are  mewh hat different 'Il~us. although the two sets 
of solutlona &I mi consCtutc independent standards of comparison agalnst each other, 
their comparlmnu W1;l yield useful insights. 

The romperlaon staUstlcs for GEM and SE models are listed In Tables 2, 5, and 
8. Some reprerentatlve curvea are illushnted In Figurer 1. 2. and 4. The mrrela- 
tlon function between GEM 6 and SE IU Is hlgh (>0.9) to wavenumber n = 7 beyond 
whlcb it hlla off showing inconsistent peaks at n = 9. 11, 13. and I4 (Table 2). The 
npeetral mtlo function (Table 6) shows less thpa 20 percent vllrlatlon to n = 7 but shows 
slIpll6caot departures for hlgher freguencler. The rpsctrnl mtlo function of the dlf- 
feronces (Table 8) mrmbomtea thls pattern In that the dlffe~slrcer are practically 
zero b n - 4. lers tlw 20 percent to n - 7 and dgnllcmtly hlgher for n > 8. The 
degree variances of the differences are close to zero 16 n - 7 but r e~ch  about tbe mame 
amplitude as t k r e  of Be total 5eldr for n - 8 and higher as Illustrated In N p r e  5. 
The cornpadrolls of SE LU wlth GEM 6, GEM 4, GEM 3, GEM 2, and GEM 1 fol!nv 
exactly analogour patterns In all the three correlatlms parameters ('Ikbles 2. 5 and 6; 
Figures 2 and 4). 

Comparlson of GEM 6 and SE Il shows mrrelelon coefflclunt. of > 0.9 to n 8 
and those >O. 8 b n - 10 (Table 2). The lpertml mtlo lunctlon m b l e  5)  depart^ fmn 
I t0  mfemce value of 100 by b.' 20 percent up to n - 8. Tbe apearal ratlo hmcUon 
of the dlfferencea depart. lers than 10 percent to n 7 end I1 percent for n - 8 (Table 
8). Thlr functlon 16 again pmctlcally at I t .  reference d u e s  up b n - 4 ( W l e  8). lb ls  
is  comboratod by the cormletion luneloa plot In Plyre  1 pud the .pectrel mfio limo- 
tlon ~ l u t s  in W l e  5. Comprlrosrr of BE n wltb GEM 6, GEM 4, GEM 3, GEM 
2. end GEM 1 show even hlghsr oonslebncy for frequendeu up to n - 10. Note that 



BE II end SE m as w d  as GEM 2 , 4 d  6 are dl wmblnntlon soltlons whlle GEM 1, 
9 end 8 are purely aatellltes dedved gravity modela 

NAVAL W E A M  IABORAMRPB (NWL) GRAVITY MODELS VERSUS 
GEM AND 8E MODEL8 

Ths Naval Weapons Iabonbryls fpnvlty modela are durl vedprlnclplly fmn* doppler 
~ d a h p n B a n t L n d s p e a Q n t ~ t m m t h 9 a o d d a r d s l d ~ ~ m e % r t s t o  
LoeUOute Wrly m l e  etsn&rd of compadrm fn mletlon to GEM Pnd 8E ~ 0 1 ~ -  
tlana Vndortmately, however, NWL'r gr~vlty LleMe era clssaifled. Therefore, only 
h o e  stptletld parrmeten, of the NWL wdty fielde which cannot be used to derlve 
their LnEormatlon amtent are amtlable for thle study. 

The NWL gmvlty model 10E Is a pureb mtelllte rarived gmvlty model baaed 
prtnclplly ar a b r  tracking dsta The NWL gmdg model WOBN 44 la a wm\lna- 
tlon soluUon. Them hno models are cornpored ap.lnrt GEM 6 and BE IU 'ha c o r  
rektlclo wdiclsnt W l e  9) betareen SE md WWN 44 I s  hlgb to wavenumber n - 7; 
the speclrel mtlo function la clou, to 100 to n = 4 and shows lese than 20 percent 
vartathm to n = 7; the qmcbnl ratio hmeUon of the dllfemnces 1s pmctically sen, b 
n 0 4. varles less than 10 perceat to n = 6 and lese tbaa 20 percent at n 7. 

NWL 1OE shown a hl@ mrrehtlon with SE to n - 7; tbe qecrrPt ratio function 
for the two fi-ld. Is wry cloee 0 100 up to n = 4. varies lerr than 20 percent between 
n = 6 to 7; the rpeetrpl mUo h c 2 4 1  of the dlffereams Is pmtlcallv ten, to u - 4, 
varles lees than 20 percent between n - 6 to 7. The degreo vDrlances of tJw differace 
flelda an Illrutrated In Figures 6 and 7, are cIom b eero up to n = 7 nnd reach about the 
eunc smpUtUd4 M the tutd field8 for hl@r frepucmdee, For freoIb&cn n > 7, the 
wmlatione decay mptdly. the spectral mtlo hctfon departs elpiflcootly fmm Its. 
refersmea value and thr apectrd N o  nULEtlan of (Le dlffereace. rlsea to 1- vnlues. 
'Ibe ~Tl'0laU011 OWf3~10Ilt b&WSb GEM 6 md W08N 44 I s  hlgb ( 5  0.8) to n - 10 

'~le 9). ). ratlo ftUIctl0II 19 cbse to 100 up to n = 6 (Table 6); the Epectral 
aaUo function *the cllffemce fields Is practically sem to n - 6, lean than 20 percent 
to n - 10 except for n = 8 for whlch It 18 27 percrmt (Wle  8). The d e w  varlancea 
of the (f(ffer(lllces am c h u  to Z 8 l D  ?r, n 8, -ly small for n = 8 and 10 end 
equal or excaed tbc .mpllfAe of tboee of the p m t  fieldn for htgber frequencler 
(FLRun, 8). For ZmwencIes hlgber then n = 10 or 11, the correlations decay rspldly 
and the epec td  mllo hrrrctto~s show large varlutlonr. 

OEM 6 rhowaa htgb depw of corralation (9 0.8) wlt~ 1OE up to n - 10 (Wle 3); 
tbe 8pechlrl ntlo fimclion between the two Llulda (Wale 6 )  I a practlally at I t8  refereace 
d u e  to n - 6; Lbe qmctml rntlo 1Mctlon of thr differace deldn (Table 9) Is eero b 
n - 6 and is In the nel@mdmd of 20 percent to n 10 except for n - 13. Ihe degree 
varlanwn of dlfferenceo (Ngure 8) are cbee to zero to n - 8. reanonably s d  to 
n 10 and acqutre or exceed the amplihrdsn of h e e  of the parent fields for tugher 
Regurmclen. Aleo, for hl@r fmquender the wmktionr am small Pnd the vada- 
tlons of the spectral ratlo Amction from thdr reference values am hnp. 

ANAL= AND INTERPRETATION 

For d l  geapoteotbl models w m p d  hem, tbe cormhtlonn am practlcdly 
equl to one up b wavenumber a - 4. For the  me fnqumcy range, the epactgl 
ntlo hmcUo ~f the total flulda Is prectl~rlly equal to 1 t ~  reference value of 100 and 
the rpectral mUo fuocUom of tbe dlUumcea is appmxlmtely equal to zero. The 
degree vrrlmwr of t&e d l f f e ~ s  are dm sem. All U s  Indlcater t&t the vartoua 
g.opobaUal~luUo~ am completely amslrtont la thin frspuency range. '.IUW is most 
oonvloctugly r h  In Rplre 10 aMcb rhoan the gravlly diffumnwe In mllllplm b t  
tween GEM 6 end BE PI solulions for &In fralueney range. Notlce &tat the maximum 
nmpllhd.. of &em dlllererrcas are t 2  mllllpls whlle most 01 the differences are In 
tbe ndgBorbood of 0 mllllgnl as !ndicakd by the nns value of clone to zero for there 
differences. 
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? a e Q ~ h ~ d d ~ ~ ~ t r o m p r r l t J d y u d ~  
~ I n ~ r e l 2 ( ~ ~ g l v e a I n ~ l 4 .  Iherrps~ntimtgsddPldlBe-are 
d 1 6 8 r h ~ ~ ~ ~ . ~ ~ b 3 b t b r ~ o ~ ~ * L ~ d ~ ~ -  
krcPaabmattkp=rofM-&eOIprltJarronvlleelnOD@QI1had* 
I e ~ ~ b ~ ( h e g r n r t g ~ ~ s t h ~ U m ~ o f B l t c r ( I r r a ~ h s t  
brm)sbomLnFlgurelS. l b l s ~ t e n d s t o r e e n t u a h ( h e ~ o f l o n g w a v e -  
k g l b  grarlty momdlea POd scale d m  (bs -ts of thr? .barter weveleoglb. It Is for 
tlds that geoldal cmqmrla~ou are mot reganted an an i d 4  Instrument for arm- 
panrtlvc and eduatlve InvealQatlom of the sarlrms gradty soluths. 

?ae e h P e c 8  derived ~IVUI cbe canparlam of GEM 6 atth SE ere shofflr 
m o r e o r k s a ~ n l l ~ ~ o ~ u  hugh the v a l n e o f n m n y ~ m m e v b t ~  
enchfsc~ Rble10clboaehaemnmu).bnn. the-ofspatmlenergy 
ln the dl&- 1- rpnges of mpmmnta(tre wdty aduliam h r  GEM 6, the 
low power h Um fmqizmq nnp of n 2 thm@ 7 Is 110.8 mintgala' or 818 meters2. 
P o r ~ 1 ~ m e ~ e p r a ~ g e t k ~ ~ r o f f b e G E M 6 P n d S E ~ & f i ~ i s  
6.3 mIl&ds2 Gr 14 me(grs2. Thse. lhe difference8 canatlm anly 6.3 pemrmt (ot 
1 . 6 p e m ~ l t f o r g s a l d ) o f ( b e W ~ e ~ t n I M s R P q l l ( l l L F 9 r r m g e .  Fortbe 
eame fmmeacy m. tmd spectral power In WGSN 44 and 10E 1s 123 milli@s2 and 
14L 3 miW&s2. respecrraly. lhIr  dim- from GEM 6. L 1 mlULgal.2 end 1 
m i l ~ s 2 .  reapecUvely are lees t h o  1 percat of me totd pcmr lor &ese 
freqmrdee Same bo:t+s for gedd.l- (TPble 101 'IMa, tugetbr alth the 
compadaorr d e a .  i s  LuteapreW lo - that the coe8ldept. In tMs mnge 
are well-de€ennined in all mcent geqotmtlet dutlona. t4m@ GEM 6 reems b test 
better nplast the hdqeadently obt8Ined graoig solutiorm of the N a d  Weepom 
lo bola^. 

However. the @&re 18 dlfferslt for Mgher hqnmdes. B r  n > 8 the total 
& eoergy Ln GEM 6 i s  79 m(lilspls2. h t  Ln the dl£femrme b m  GEM 6 Pad 
SE m I a  86 mtlllgnls2 ao h t  the power In differences Is 139 percent 01 me btd power 
of the mluUon 1t8elf. Since G-6 i s  m n p h  only to (16, 16) and SE m lo (18, 18) lt 
could perbspa be argued Umt (hs hehnnrt cutoff lrequency ranges magnify the dlffemaces 
spmlously. However. tnmcatlm of the two solutlme at (16, 16) doee not change tbc 



Tabla 10 
TYPICAL SP€CTMA CQWrrWf8 OI VARKWLS F R H U E W  W E 6  

OF SOME ROPREMNtAlIVE GRAVITY MODELS 

above &ts In any atgaiflcaut msrmsr. G E N  6 wema to mmp~re somewhat better 
w l t h W G S N 4 1 p r d l O E I n a h l c h e u r e ~ ~ p o a e r o f t h e d i ~ r e a c a s d ~  
&out 96 percBnt and 70 percent of the t~tal spsctral powera. mqwetlvely. But the 
1 m p o r t a D t p d n t b e r e I s t b P t I n t b e ~ r P r e g u e n e y ~  ( a >  8 o r l O - ~ ~ o l l  
the modela behg cowldered). the difference spectra are of tbe asme omler of nut@- 
trule as tbe mtro of the total BeIda. TMs baa. of cmree, d m  been demonetrntsd 
earlier In Figures 1.2 and IS dlch  ahow that amptltudas of the grnvlty ~llomaly dif- 
hrencea between GEM 6 end S E  IU for a 8 are of the snme ordsr of mngnitade aa 
the gravlty conMbutlon of M@er frequeary wee8dantn (a s 6) of GEM 6 or SE 
Since NWL 10E and WGSN U are c~asrdfled It Is mt possible to shldy W r  Lndlddual 
gravlty differences wtth respect to GEM 6 or SE m. ht the comparison statlstlcs 
(Tgbles 3. 6 Pnd 9). Wcate Lhat GEM 6 is conslatent rfth the NWL gravlty Belds up 
to a = 10 beyond whlch the difference coefedents arquire the anme amplitude as the 
coeffidenta of the poreat Belda It Is tbus clear that the Wvldual d u e s  of these 
higher frequency harmonic coemdeats should be treated with caution, 

GEM 6 
GE* S A O ~  

It I s  Interestlag to see me relationship between the be gravlty data umd in 
a typical annbtoptkm s o l u h  plld tbe gravity o m s t y  differeaas between tbla typ~cal 
combhatloo wlutlon and the aeaodated purely anteUte determined mluU011. Rgare 16 
shoaa the grrdty a d y  dlffe~wtms between GEM 6 and GEM 5 mMons. The baslc 
dlstrlbutloll of tb . surface gmvlmeMc used la the GEM 6 eomblmtloa solollon Is 
shown In Figure 17. There seams to be m consistent relatlooehtp between surface 
grevlmetflc dsts coverage and the gradty anomaly differences 

Let u s  mw smuniw W l e  11 which @vea rms values of obsemtlon resldmls for 
weekly oatal arcs b e d  oaoptlcal data for 23 anteuttes, ll dally a n 8  based cm USB 
Doppler &la for ERTS-1 8nMHte. 22 BE-C ebort am8 based on lsser data. long term 
eonal per(urbPhs on 21 satellites and Ims of recllduals wlth TWFWt to 6. x S0 surface 
grad@ mmmdee (Lerch et. at. personal comrnrmlcatloo). Note that mTS-1 Doppler 
area llld BE-C l n ~ r  arcs were not used In the computation of gravity models nmsldered 
bere and thua deserve .pedal weight. With the exceptloo of GEM 4, the orbital resldunls 
from all other GEM mlutlonr an, nearly equal end while those based a GEM 5 and 
GEM 6 ahoor some improvement ollatlve to GEM 3 and GEM 4, they seem to show ao 
recognlsable Improvement over GEM 1. 

GRAVITY 

-- nph2 
n = 0 - 7  n.8- TOTAL 

'19.8 79.0 196.8 
- 6.3 86.0 92.3 

GEOlD 
 METERS^ 

n . 0 - 7  n.8-  TOTAL 

876.0 32.5 908.5 
14.0 30 1 44.1 

1.6 93.0 4.9 

8B9.4 42.3 931.7 
1.8 255 27.4 -- 
0.2 €0.5 2.9 

885.8 34.0 919.8 
1.7 15.3 17.0 

a 2  ds.0 1.9 

-Om % 5 3  1WO 60 
GEM 6 

NWL W G S N  44 
GEM6-WGSN44 
GEM6 WGSN a x 

GEM 6 

NWL 10E 
GEM 6 N I L  lOE 
GEM NwL IoE x 

GEM 6 

I 

123.0 157.0 260.0 
1.1 130.8 131.9 

0.9 95.5 SO.? 

121.3 3 196.6 
1.0 52.8 U . 8  

0 8  69.5 27.4 



ORIGINAII; PAGE TS 
OF PQOR QU- 



T h e r m e w l t h ~ t o ~ d m ~ c h t r h c o m p l d e d ~  <(g -&3> where 
g r - ~ ~ x ~ - m d w ~ ~ o a ~ m v l t y L ~ g ,  ~s 
l a o ~ g n ~ ~ c a m p o t e d f m m t i r e ~ B o L o q r - . ~ m o d e L  GEM 
6 mean8 to a g ~ ~  nltb the lauhce gravity Bata eomeah.t be-r than !he other ~KN&IE. 
mLtlsp~bto*hefaotBctthedd~mhoe*~~nsed 
l n l a o ~ o f O g l Y 6 l 8 ~ ~ M t b . t u e d h ~ ~ ~ ~  
r..rhLnllL .hsreaslt!aeomenlrat~rmtfrom t h m t t u R l d h o b ~ u a r l l e r  GEM 
and BE 6ohmlla 

L Tim epberlal B.rmoPlc ooftlUd~t.8 of EazWa grelw field up to n - 4 seem to 
haw been determined accura~.  

2. T h e g e o p o t t m t l a l m e b 8 d e n t s o o ~ t o m ~ r a n ~ 5 ( h r o q b O a e s m  
tohareWWrmlnedqalte~tothoUeatbeyBhosrmtnort8ffe-~ 
one dution to tba olher. 

& 'ilm gmpomtlal d d e n @  for uaveaumbera n - 8 UWOI@I 10 seem to be de- 
termtiled fntrly accnrately In G m  6 a d  NlRL aolutl~lls. 

4. m r ~ a h l @ r ~ n > l l . t b e ~ e e o p o t s r t i a t S o l ~ ~ b b e  
very d l v e g s ~ t  end aWmgh a cmnnhtive comtrhlhm of theae frequmUes awme 
to mPlre a marted tmpro*crcnQt h the srtemte orbital lwldlmle. the ~ ~ c e  
of Wr LadlviW due8  asd W r  geophpslcal umhh~t ion are not clear. 

5. WMle tbe satsIUb omtal data nuke Ebe p a d a u h a t  -03 to the geo- 
pnta~tlol coeffIdtp@ to wavcamdjer n = 10. the hi@mr $pic 
tlcularly n > 12) mem to be prlmadfy comtdbd by (he mrt.oe gmviuwtrlc 

'ibe fall potmtld of We contribntlon, however, does not appear to 
be Feallsed LB wmbinatlon sol-. 

6. W M l e t h e ~ o f t h e ~ ~ c l s e ~ t m f l d n g d a t a L n l m p m v l r r g ~ h e d e e m f p -  
Uaa of Drthla pdty field Ln bag wavelagth wnponda cannot be ovep 
stntd. their c o n ~ o n  h extadkg the rmgu of fmqmcy of l%rlh*a gmvlty 
Bekl dwcrlptim ie mcert.lp New traddng dnta tgpsa 8uch an h e r ,  ~ w U l t e -  
to-mtelllte and altlmterpdeta seem OD have the potential of l m p r o ~  the fre- 
q w w y  mmge d htih'a gravity Beld desc~@Uon but a qusntltatlve aaaesemrnt of 
thelr impact la W d t  at tMa atage. 

7. (21 the baala of ~nalyaio reported here, It la dlfilcult to select a pprtlarlar GEM 
eolutlw over other GEM mlutloaa. For geopbymtcpl s(udles, howwver. GEM 6 
lo reccnnmendd because of it8 more umted and erdenaive data be-. For etud- 
lea based on orbital dynamics, elther GEM 1 or GEM 5 seem &table. 

IQWL 10E m WGSN 44 are not available for such atudlea. 

A note of caution. Tbs anelyale reported here la not againat m nbeolute standard 
htt aa e relaUvo b d a  80 that each field arbich 18 being tested Itself forme a standard 
of comprleon for other flelda b the evatuatlon plooeaa. 

APPLICATIONS TO MARINE GEODESY? 

1. la areas wbem only an imlnted ship gravlty profile I6 available the ratelflte 
&brmtnod gravlty fbld osn provlde a better eatlmnte of the nvernge gmvlty 
In tk area. 1. e.. mean grevlty anomalies (at approp~Iate frequency map) then 
r.ka prollle data. 
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2. The long wavehgtb portloas of the ~ t e l l l t e  determined g n d t y  fteld would pro- 
vide useful mtrols for the drlft and b e e  callbrellon adjwtments of the s& 
gravimeter. 

S. R t e ~ ~ v e ~ o o ~ t e c G l L I b o u o b d t o e p p l y a r c s l d m r r e c U o n ( D  
obbln hcollsed marhe gravlty a n o ~ ~ I I 6 e  br local srudlea By the same Dkeo 
the da8nl~orr of the hemcc enrfaFa could be exteadd f i ~ m  an elllpmldd 
made1 to s Mgher degrw? reference surface in onler to compute tbe real- 
anomallen lo  Uw frequeDcy range of particular loterest. 

I am indebted to Dr. Rlehard Anderle of Naval Wenpms Laboratory and Mr. 
Phil Schwimmer of DePeame &pp@ A p n c y  for m a w  statistical data on NWL grav- 
ity models arnlleble to me. I am a l m  obllged to Mr. F m k  Lerch and his assodates  
a t  Goddurd Speoe File Ceotsr for lolklng the geopoteatial coeff'lcenta of various 
GEM solutI0118 srnllable to me for this study. 
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ABSTRACT 

l o  o r d e r  t o  avproech a f l  mgal u r l o e  g r a v i t y  accuracy ,  t h e  
t h e  Eocwor c o r r e c t l e a  should be a s  accuraca  rs p o s s i b l e .  
without  a o  i n e r t i a l  oawlgbtlon system. r s w i s a t t o o  vocer -  
t a l a t i e a  can prodvcc Eotwce c o r r e e t l o o  e r r o r s  from 1 t g  10 mgal. 
Shipboard o a v i g a t l o a  a l d s  used aboard PV MIA KKOKI of t h e  
Pau8.1 i o a t l c r t e  o f  Ceopbyeice. coupled u t t b  r computer program 
f o r  mavLgatlon adjuscaenc cao  redrca  t h e  Botvom e r r o r  t o  $1 mgal, 
r e s o l t i o g  i n  a g r a v i t y  reliability of t1.h mgal. Gyro courser  
sod ossoc la tud  e r r o r s  a r e  accoumted for .  and c i r c u l a r  a r c  t v r o r  
wi th  s t a r t  .ad f l o l s h  c l n s  koova t o  a f e u  seconds of cime a r e  
e q l o y e d .  Speed a r d  a l a p r c d  miles th rovsh  t h e  r a r e r  a r e  
recorded.  S s c e l t l t e  f l &  posLtLonm a r e  c o r r e c t e d  l o  t h e  computer 
program f o r  l ~ l c l a l i ~ a t i o n  e r r o r * .  nore cham 100 recomputes of 
s a t e l l l t a  f l x e s  bctwezn 40 and 85 degrees  e lewet ion  lodace te  
c h a t  t h e  l o a ~ l t u d e  e r r o r  per  knoc n o r t h  d e p a r t s  ~ l g n i f l c a n c l y  
from t h e  e r r o r  curves  publishad by S t a n s e l l .  The lon#l tuda  
e r r o r  l o  n a u c l a a l  r i l e s  p a r  knot o o r t h  1s g r e a t e r  than  S t a o s e l l %  
by 0.02 a t  40.. 0 .06  a t  60'. and 0.08 a t  70. s a t e l l i t e  e leva t lop .  
Pa. a sequence of f l x e s  A, 8, C ob ta ined  u h l l e  t h e  s b l p  1s n o t  
dolog exca8slve maneuverlag, c o r r e c t e d  B from A8 a g r a c s  with 
eor recrad  8 from IC g e n e r s l l y  v lch ln  a f e v  hcndredths of a  r i l e .  
e r e o  tboogh t h e  c a r r e c t i o o  of  8 may be 0.5 m i l e  o r  s o .  

Comparls ,ns of open ocean s e e  g r a v i t y  ~ e s u l t s  obcaloed by 
different l n v e s t l ~ a t o c r  i n  t h e  same a r e a  shows t h a t  c r o o c l a g  
agreement o f  from 1 0  t o  20 mga1 1s q o l r e  c o r o u .  agreement of 
5 t o  10 . g a l  1s l e a s  so. and 0 co 5 .gal agreement 18 seldom 
found. S o w  of t b l s  discrepancy could be caused by che g r a v i -  
w c e r s .  The most l t k e l g  source ,  houewer, 18 e r r o r  i n  t h e  Uotvos 
cor rucc ion  which is d l r e c t l y  l inked  t o  oawigacioa. 

The purpose of c h i s  paper i s  t o  examine n a v l g a t i o o  dead 
reckoalng (DR) e v e n t s .  eod procedures i n  order  t o  e v a l u a t e  
p o r r l b l e  e r r o r s  i n  t h e  Uotvor c o r r e c t l o o .  S ince  ue a r e  most 
f a m l l t a r  wi th  o u r  owo r b i p  and procedurr~ .  *o w i l l  use examplae 
token from them. 

Tha u r l n e  r r q e a r c h  a c t l w l t ' . i  of c t .  ' lawail I n s t i t u t e  of 
Ceophyricr have been c a r r l e d  o r  i t ,  t h e  , . b t  t h r e e  y s a r r  oa a 
r e l a t l w e l y  smal l  v e s s e l  (160 f e b t )  t h e  R i u  U S A  K S O K I .  l auae-  
t l g a t l o n s  a r e  m u l c l d t o c i p l i n a r y .  lnvolwr:~g underway em wel l  a s  



o n - s t a t i o n  work. Speed a s  w e l l  a s  c o u r s e  changes  a r e  q u i t e  
common. t h e  sea g r a v i m e t e r  on board is I a C o s t e  and  Bomberg SSS 
w i t h  a  g y r o  s t a b i l i a e d  p l a t f o r m .  There  d o  n o t  seem t o  be a n y  
s e r i o u s  problems w i t h  c r o s s - c o u p l i n g  c o r r e c t i o n ,  d r i f t ,  o r  c a l i -  
b r a t i o n .  The o n l y  limitation we have found t o  o b t a i n i n g  4 1  mgal 
a c c u r a c y  is t h e  e r r o r  i n  t h e  Eotvos c o r r e c t i o n .  For  t h i n  r e a s o n  
ue t a k e  s p e c i a l  c a r e  w i t h  t h e  n a v i g a t i o n  p r o c e d u r e s .  

P o s i t i o n  c o n t r o l  a l m o s t  a lways c o n s i s t s  o f  s a t e l l i t e  f i x e s  
from t h e  Wavy I a v i g a t i o n  S a t e l l i t e  System. O t b e r  c o n t r o l  s u c h  
a s  Loran o r  VLF Omega would be welcome, b u t  a r e  n o t  ve ry  u s e f u l  
i n  a r e a s  where M I A  EEOEI u s u a l l y  o p e r a t e s .  These  a r e a s  i n c l u d e  
t h e  Solomon I s l a n d s .  t h e  s o u t h  c e n t r a l  P a c i f i c .  and t h e  Wasca 
P l a t e  o f f  w e s t e r n  Sou th  America. l a v i g a t i o n  p r o c e d u r e s  a r e  
compl ica ted  by t h e  f r e q u e n ~  c o u r s a  and  speed  changes  sometimes 
r e q u i r e d  f o r  s t u d i e s  o t h e r  t h a n  t h e  g r a v i t y  o b s e r v a t i o n s .  
A c c u r a t e  a d j u s t e d  DR r e q u i r e s  a c c u r a t e  i n f o r m a t i o n  a s  t o  c o u r s e .  
speed.  and t i m e s  o f  o c c u r r e n c e  o f  n a v i g a t i o n  e v e n t s  such  a s  
speed change.  c o u r s e  change end end o f  c o u r s e  change .  

The a i d s  t o  DR. employed on KANA KEOKI a t  t h e  p r e s e n t  t ime,  
i n  a d d i t i o n  t o  t h e  gyro-cope and a u t o m a t i c - p i l o t ,  a r e  a  S p e r r y  
c o u r s e  r e c o r d e r .  a , h a f t  rpm r e c o r d e r .  and a  Chesapeake I n s t r u -  
w n t r  e l e c t r o m a g n e t i c  speed  log  w i t h  a s s o c i a t e d  r e c o r d e r s .  The 
r o b r s e  r e c o r d e r  c h a r t  spaed  d r i i e  is t o o  s low f o r  a c c u r a t e  d e t e r -  
m i n a t i o n  o f  t h e  start  and end  of a t u r n ,  s o  t h e  e h i p ' s  o f f l e e r s  
endeavor  t o  start  a  t u r n  on a n  even aecond o f  a n  e v e n  minu te  o f  
t ime.  The e l a p s e d  t ime  from the  s t a r t  o f  t h e  t u r n  t o  t h e  f i r s t  
c r o s s i n g  o f  t h e  new head ing  i q  t a t a n  t o  w i t h i n  few seconds .  
The a n a l o g  k n o t s  r e c o r d e r  is u n f i l t e r e d  and is d r i v e n  from 
p r e c i s i o n  AC, s o  i t  f u n c t i o n s  a s  a n  e x c e l l e n t  " l i e "  d e t e c t o r  
f o r  t h e  s t a r t  t ime  o t  *peed changes .  a s  w e l l  a s  a n  e x c e l l e n t  
i n d i c a t o r  of  t i r e  r e q u i r e d  f o r  a  s t e a d y  s t a t e  new speed  t o  be 
a c h i e v e d .  E lapsed  m i l e s  t o  0 .01 n a u t i c a l  m i l e  a r e  p r i n t e d  once 
a  minu te  by a  p r i n t i n g  c o u n t e r .  

DR SPEED ERROR 

Probab ly  t h e  l a r g e s t  s o u r c e  o f  e r r o r  i~ a i j u s t e d  DR n a v i -  
g a t i o n .  e x c e p t  f o r  b l u n d e r s .  i a  t h e  DR epee  .hrough t h e  u n t e r .  
I n  t h e  c a s e  where :he s h i p  h a s  no opeed l o b ,  and  e n g i n e  o r  s h a f t  
r e v o l u t i o n s  a r e  used  t o  e s t i m a t e  s p e e d ,  one must a c c o u n t  f o r  t h e  
d i r e c t  e f f e c t  o f  wind and s e a  on t h e  s h l p .  With KANA KEOKI, a  
twenty kno t  wind d i r e c t l y  on the  bow w i l l  s l o w  t h e  s h i p  down by 
a t  l e a s t  one k n o t  f rom t h e  speed  e x p e c t e d  o n t h e b a s i s  o f  s h a f t  
r e v c l u t i o n s  p e r  minu te .  Merely b e c a u s e  t h e  D R  speed  e r r o r  i r  o f  
no consequence  when t h e  s h i p  is  on a  long  s t r a i g h t  run between 
f i x e s  ( e x c e p t  f o r t h e  e r r o r  i n  c a l c u l a t e d  apparen:  c u r r e n t ) ,  does  
n o t  mean t h a t  t h e  DR a d j u s t m e n t  t o  t h e  f t x e o  w i l l  a lways  
mag1:ally remove DR spend e r r o r a .  To i l l u a t r a t e  t h i s .  c v n s i d e r  
t h e  c a s e  o f  a  s h i p  a t  t h e  e q u a t o r  r e c e i v i n g  a  snod f i x  and s u b -  
s e q u e n t l y  t r a v e l l i n g  due  e a s t  a t  10.0  k n o t s  th rough  t h e  w a t e r  
f o r  e x a c t l y  two h o u r s  u n t i l  i t  t u r n s  due s o u t h .  Assume t h a t  t h o  
t u r n  is  p o i n t  t u r n .  Now t h e  s h i p  p r o c e e d s  due s o u t h  f o r  
a n a c t l j  one hour  a t  which t ime  a n o t h e r  good f i x  i s  o b t a i n e d .  
Assume t h a t  t h e r e  i s  no wind, wave, o r  c u r t e r - t  a c t i o n  p r e s e n t .  
I f  t h e r e  is  no e r r o r  i n  t h e  DR speed ,  t h e  DR end p o s i t i o n  is  t h e  
seme a a  t h a t  f o r  t h e  second f i x .  and t h e  a d j u s t e d  and DR t r a c k s  
a r e  i d e n t i c a l .  However, i f  t h e r e  i m  a n  e r r o r  i n  t h e  O R  speed  
th rough  t h e  w a t a r ,  t h e  Eo tvos  c o r r e c t i o n  can  b e  ve ry  much t n  
e r r o r .  The e r r o r s  a s r o c i a t e d  wi th  1. 5 a - . j  10% speed  e r r o r a  f o r  
t h e  example a r e  g iven  i n  T a b l e  1. 



TABLE 1. E r r o r s  i n  A d j u s t e d  DR f o r  I, 5  and 10% 
E r r o r s  i n  OR Speed 

PIX 1 TO TUPI KTS 10.00 10.03 LO. 1 7  10.36 
ADJUSTSD CSE DIG. 090 .0  089.8 009.1 088.2 
OOTVOS CORR. n6AL 75.0 75.4  76.3 77.5 
TURU POIST U. M I .  ERROR 0.0 0.07 U.K.  0.36 U.E. 0.67 U.E. 

TURl TO PIX 2  KTS 10.0 10.07 10.36 10.69 
ADJUSTED CSE DEC 180.0 180.6 181.9 183.6 
EOTWS CORR MCAL 0 . 0  -0.5 -2.6 -5.0 

APP. CUPRKRT SET DEC. 0  297 297 297 
APP. CURREUT DRIFT KT 0.00 0.07 0 .37  0 .75  

I f  t h e  s p e e d  e r r o r  is a s i m p l e  p e r c e n t  because  o f  e i t h e r  a  
p r o r  c a l i b r a t i o n .  o r  a  s h i f t  i n  c a l i b r a t i o n .  i t  can  be  e v a l u a t e d  
f rom l o o k i n g  a t  t h e  a p p a r e n t  c u r r e n t  i n  a p a r t i c u l a r  a r e a  f o r  
v a r i o u s  c o u r s e s .  The wind and  s e a  c o n d i t i o n s  must remain 
r e a s o n a b l y  c o n s t a n t .  of  c c u r s e .  The s a m p l e s  s h o u l d  be  t a k e n  
w i t h i n  a few h o u r s  o f  e a c h  o t h e r  and  well c o n t r o l l e d  by f i x e s .  
T h i s  k i n d  o f  problem b a s  been  d i s c u s s e d  by Talwanl .  at a l . ( 1 9 6 6 )  
and Talmani  (1971) .  The i d e a l  t y p e  o f  sample  c o n s i s t s  0 7  r e c i -  
p r o c a l  s t r a i g h t  c o u r s e s ,  e a c h  h a v i n g  a good p a i r  o f  f i x e s .  Por  
s u c h  a  c a s e .  t h e  w a n  speed  made good and mean DR s p e e d  s h o u l d  
be  t h e  same u n l e s s  t h e  DR speed  b a s  a n  e r r o r .  Because t h e e f f e c t  
o f  c u r r e n t  h a s  been camce l l ed  th rough  u s e  o f  r e c i p r o c a l  c o u r s e s ,  
t h e  p e r c e n t  e r r o r  i n  DR speed  can  be  e v a l u a t e d  d i r e c t l y .  

SPEED CIUUCES 

The d i s t a n c e  t r a v e l l e d  th rough  t h e  rater a f t e r  t h e  s tar t  of  
a  speed  change c a n  e i t h e r  be t aken  from t h e  d l s t a n c e  i n d i c a t o r  
of  t h e  e l e c t r o m a g n e t i c  ( o r  o t h e r )  speed  log .  o r  i t  c a n  b e  c a l -  
c u l a t e d  on one o f  t h r e e  d i f f e r e n t  a s s u m p t i o n s :  I n s t a n t a n e o u s  
speed  change ,  a v e r a g e  of  i n i t i a l  and f i n a l  speeds .  o r  a n  e q u a -  
t i o n  t a k i n g  i n t o  a c c o u n t  v i s c o u s  d r a g  f a c t o r s  d u r l n g  t h e  change.  
I d e a l l y  t h e  b e s t  way is  t o  u s e  t b e  e l a p s e d  m i l e s  from t h e  d l s -  
t a n c e  i n d i c a t o r s .  U n f o r t u n a t e l y ,  t h i s  is n o t  a lways  p o s s i b l e .  
because  o f  e x c e s s i v e  s p a r k e r  i n t e r f p r a n c e .  f a l l u r e  o f  t h e  m i l e s  
p r i n t e r ,  e t c .  Xu s u c h  c a s e s , a n  e q u a t i o n  t h a t  g i v e s  r e s u l t s  
a g r e e i n g  v e r y  w e l l  w i t h  a c t u a l  m i l e s  c a n  be  used.  

The d e r i v a t i o n  t h a t  f o l l o w s  was deve loped  i n  1971 on a  
t e n t a t i v e  b a s i s  by Or. U i l t o n  Rardy o f  t h e  Hawaii  I n s t i t u t e  o f  
Csophys ics :  Assume t h a t  t h e  d i s t a n c e  t r a v e l l e d  a f t e r  a  speed  
change depends  on a  d r a g  f a c t o r  r e l a t e d  t o  a  v 1 s c o s i c y  p a r s -  
m e t e r  a s  w e l l  a s  t h e  s q u a r e  of  t h e  s h i p ' s  i n s t a n t a n e o u s  v e l o c i t y .  
Po t  a  v e l o c i t y  V. a  t h r u s t .  F. of  t h e  p r o p e l l o r s .  and a v l s c o s l t y  
pa ramete r  a ,  t h e  t h r u s t  and d r a g  c a n c e l  d u r i n g  s s t e a d y - s t a t e  
c o n d i t i o n .  and 

During a  speed  change ,  an n d d i t l o n a l  f o r c e  mV e x i s t s  s o  t h a t  

Assuming t h a t  i n i t i a l  and f i n s 1  t h r u s t s  Pi and Ff t e s p e c t i v e l y  
a r e  s t e a d y  s t a t e  c o n d i t i o n s ,  t h e  r e l a t i o n s  a r e :  
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Pf - a*; 

An i n c r e a s e  i a  speed would g i v e  

i - A=[V; - v21 ; A - (3)  

which h a s  t h e  s o l u t i o n  

v - ~ ~ * ( t a a h ( t a n h - ~ ( t , l ~ ~ )  + A*Vf*t/60)) knots  (4) 

and t h e  d r a g  f a c t o r  can be c a l c u l a t e d  from 

, (l+VlVf) < V f l V ~ - l ) -  
A - (60/(2*Vf*t)) 10 , ( l - v l ~ ~ )  (vlvf+1) ( 3) 

f o r  speeds i a  knots  and t ie i a  mimutes. L e t t i n g  P  - ~ * v ~ * t 1 6 0 .  
i n t e g r a t l o a  of e q u a t l o a  ( 4 )  y i e l d s  t h e  a a u t l c a l  mile8 t rave l led ,  
which can be w r i t t e n  as: 

A r e f e r e n c e  tiw i n t e r v a l  of  f i v e  minutes was adopted f o r  R / V  
MU KEOKI. a s  t h i s  La long enough f o r  s t e a d y - s t a t e  c o n d i t i o n s  
t o  he achieved on e i t h e r  a a  i n c r e a a e  o r  d e c r e a s e  i n  speed. 
Equations (5) and (6)  can be shoum t o  apply  eqwally will t o  
speed i n c r e a s e s  o r  d e c r e a s e s ;  however. Vf should be u d e  e q u a l  
t o  some s r s l l  number r a t h e r  than r e r o .  ehoald t h e  c a s e  a r i s e .  

P iaura  1  #bows some determinations oE A f o r  R l V  KAU ltBOK1 
and F igure  2 shows comparisons between mi les  t r a v e l l e d  accordlag 
t o  t h e  e lec t romagnet ic  sword and t h e  m i l e s  c a l c u l a t e d  fro-  
e q u a t i o a  ( 6 ) .  t h e  agreement i s  w i t h i n  a  few hundredths of a  
mi le  a t  f o u r  minutes and s o  is  q u i t e  s a t i s f a c t o r y .  Ore o f e I t b e r  
average  speed f o r  speed chamgee. o r  Las taa taaeoos  speed change 
assumptions l e a d s  t o  e r r o r s  i n  a d j u s t e d  p o s r t l o a  of  ahout  0.1 
m i  and Eotvos c o r r e c t i o n  e r r o r s  of  one mgal o r  w r e .  

d I I I 1 
I 2 3 4 

ELAPSED MINUTES 

Figure 1. Determinetion of  RIV KANA ttOKl d r a g - f a c t o r  "A" from 
equat ions  (5) f o r  s e v e r e l  speed changer.  



Figure 2. Corgar iaoe  of  d i s t a n c e  t r a w l l e d  a f t e r  8 speed change 
a s  determined t h e o r e t i c a l l y  f r a  equa t ion  (6) wi tb  t h a t  o b t a i a e d  
e x p e r l r a t a l l y  E r a  t h e  e l e c t r o u g n e t l c  speed log. 

me proper m y  t o  t r e a t  a  t u r n  f o r  BP adjustment worn18 be 
t o  use t h e  advance and t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  ehlp.  
For a  s h i p  t h e  s i ~ e  of  t h e  160 f o o t  RAtIA KEORI. with n o  skegs 
and a  f l a t  run a f t  t o  t h e  rudders.  t u r n s  a r e  u s u a l l y  u d e  w i t b  
a  3- r d d e r  angle .  So c a l l e d  "mud boats" of  t h i s  kind can 
v i r t u a l l y  t u r n  180- i n  t h e i r  o m  length .  We have adopted t h e  
a a s w p t i o n  t h a t  t h e  t u r n s  of  K M A  KXOKI can be  t r e a t e d  a s  c l r -  
c u l a r  a r c s .  which is probably reasonable  because i n  any s e a  
s t a t e  g r e a t e r  tban  w d e r a t a  t h e  s h i p  t u t u s  a r e  s t r o n g l y  a f f e c t e d  
by waves. The advance and t r a n s f e r  of  K4UU KWKl hawe n e a r  
been datermimad. Bowver,  a  number of  t u r n s  were a n l c o r m d  
c a r e f u l l y  wl th  r e s p e c t  t o  e lapsed  tire. P l g a r e  3  ehmm t h r e e  
of them. Tba tw on t h e  l e f t  a r e  t h e  n r u a l  "well-behaved" S- 
shaped t u r n s ,  and t h e  one on t h e  r i g h t  is a  "bad" t u n  f o r  t h e  
c i r c u l a r  a r c  assumption. Por a  c i r c u l a r  a r c .  the  r a d i u s  o f  t h e  
tu rn .  P. i n  n a u t i c a l  m11es is given by: - 

V*&tm (7)  

where i e  t h e  mean speed i n  knots  d a r i n g  tbm turn .  &to is t b e  
d u r a t i o n  of  t h e  cur. i n  minutes,  and A9 is t h e  a u r b a r  of  d e g r e e s  
iuvolved.  I t  should be noted t h a t  t h e  s h i p ' s  speed g e n e r a l l y  
drops  f o r  t u r a s  l a r g e r  thau 10.. For t u r n s  l a r g e r  tban 45. a  
 peed l o s s  of 20% is n o t  onusual .  A f t e r  c r o s s i n g  the new c o u r e q  
t h e  s h i p  u s u a l l y  g e t s  back up t o  c r u i s i n g  speed wi th in  30 s e c -  
conds. To g e t  an e s t i m a t e  o f  p o s i t i o n  d i sp lacements  involved.  
s t r a i g h t - l i n e  approximations t o  segments of two of t h e  t u n s  i n  
Pigure 3  were used t o  ca lcu la tm the  e f f e c t i w  turn  r a d i u s  c o r r e b  
pondlng t o  each segment of  a  tu rn .  The a u a l o g  r e c o r d e r  s s s o c l a -  
red m a n  speed f o r  each segment m e  used.  The end p o i n t  was thou 
compared wlth t h a t  ob ta ined  wlth an assumed c i r c u l a r  a r c  t u r n  
whore r a d i u s  was c a l c u l a t e d  from ( 1 )  us ing  t h e  analog speed 
r e c o r d e r  w a n  f o r  t h e  t o t a l  tu rn .  The t o t a l  tima i n t e r v s l  was 
taken t o  be from t h e  i n i t i a t i o n  of t h e  t u r n  t o  t h e  f i r s t  
c r o s s l u g  of  t h e  new course .  The r e s u l t s  a r e  shown in  P igure  4. 
which shows t h a t  t h e  displacement e r r o r  l a  a  c i r c u l a r  a r c  
sssumption can be a s  smal l  a s  0.02 m i l e s  f o r  a  wel l  behaved 
t u r n ,  and a s  l a r g e  a s  0.16 milee f o r  a  "bada one. In any case ,  
however, i t  is obviously b e t t e r  t o  use  s o w  kind o f  a r c  assum- 
t i o n  r a t h e r  thaa  a  p o i n t  t u r n ,  which would have r e s u l t e d  i n  0 .23  
and 0.14 mils e r r o r s  i n  l a t i t u d e  and l o n g i t u d e  r e s p e c t i v e l y  f o r  
the "bad" tu rn .  



Rose 

F i g u r e  3. S e v e r a l  t a r n s  o f  R 1 V  KAHA =OK1 p l o t t e d  a s  a f u n c t i o n  
o f  tiw. The e u d  t i m e  is t h e  f i r s t  c r o s s i n g  o f  t h e  new b e a d i n g .  
S t r a i g h t  l i n e  s e g m e n t s  be tween  l e t t e r e d  p o i n t a  were  used  f o r  
c a l c u l a t i n g  t h e  e f f e c t i v e  t u r n  r a d i i .  T o t a l  r p e e d - l o s s  i n  k n o t s  
d u r i n g  t h e  t a r n  i s  g i v e n  i n  t h e  p a r e n t h e s e s .  

0 OS miles 

P i g u r e  4.  Comparison be tween  t h e  end p o s i t i o n s  o f  a  t u r n  by 
aegmea t s .  and by a  c i r c u l a r - a r c  and t o t s 1  t i m e  i n t e r v a l  assump- 
t i o n .  The l e f t - h a n d  and r i g h t - h a n d  f i g u r e s  i n  P i g u r e  3 were u red .  

I t  is i m p o r t a n t  t o  d i s t i n g u i s h  between t h e  t i r e  o f  f i r s t  
c r o s s i n g  t h e  new c o u r s e  (XRC) and t h e  o l d  f a v o r i t e  p h r a e e  
"mteady on" ( 5 1 0 ) .  Use o f  t h e  l a t t e r  u s u a l l y  meant t h a t  t h e  
helmsman h a s  been f i d d l i n g  w i t h  t h e  s t e e r i n g  f o r  some t ime  a f t o r  
XUC i n  t r y i n g  t o  g o t  t h e  new c o u r s e  t o  a p p r o x i m a t e  t h e  new 
h e a d i n g .  A  t u r n  r a d i u s  bered on the tiw differance behnen 
"change c o u r s e "  (CC) and  S I O  would t h e r e f o r e  b e  q u i t e  u n r e l l a b l a  
On o u r  s h i p  t h e  b r i d g e  o f f i c e r s  u s e  a  e t o p u a t c h  t o  ~ e t  t h e  CC t o  
XUC t ime  i n t e r v a l .  They a l a o  a c t i v a t e  en e v e n t  marke r  b u t t o n  
b r i e f l y  f o r  each  e v e n t .  The s i g n a l  g o e s  on t o  most of t h e  
s c i e n c e  l a b o r a t o r y  r e c o r d e r s .  

An example  o f  t h e  consequencms o f  u s i n g  a  p o i n t  t u r n  



a s s u m p t i o n  w i l l  be  i l l t r s t r a t e d  f o r  t h e  c a s e  o f  a  s h i p  b i t h  KANA 
KEOKI c h a r a c t e r i s t i c s :  T h e r e  i s  no c u r r e n t .  n o  wind.  and t h e  
s h i p  i s  a t  t h e  e q u a t o r .  The s h i p  p r o c e e d s  f r o u  f i x  A  a t  0000:OO 
t ime  on c o u r s e  AB deg  a t  10.00 k c  f o r  one h o u r .  At  0100:OO t h e  
s h i p  s t a r t s  a  c o u r s e  change  o f  90. r i g h t  t o  c o u r s e  CD d e g  and  i t  
c r o s s e s  t h e  new c o u r s e  a t  0:02:15. Assume t h a t  i t  l o s t  no s p e e d  
d u r i n g  t h e  t u r n .  I ts  t r u e  t u r n  r a d i u n  i s  0 . 2 5  n a u t i c a l  m i l e .  
I t  p r o c e e d s  on c o u r s e  CD. At  0200 e new f i x  t s  a c q u i r e d .  
Because  t h e r e  i s  n o  wind and  no c u r r e n t .  t h e  0200 O R  p o s i t i o n  
c o i n c i d e s  w i t h  t h e  0200 f i x  p o s i t i o n  i f  a  c i r c u l a r  a r c  t u r n  o f  
r a d i u s  0 . 2 5  m i l e s  and ~ " 1 5 ~  t u r n  d u r a t i o n  h a s  been u s e d  f o r  t h e  
DR. No a d J u s c m e n t  i s  n e c e s s a r y .  I f  a  p o i n t  t u r n  a s s u m p t i o n  had 
been used .  t h e  DR p o s i t i e n  and t h e  0200 f i x  would have  been 
d i f f e r e n t  and t h e  a d j u s t m e n t  p r o c e a s  would h a v e  c r e a t e d  a  f i c -  
t i c i c u s  0 .25  k t  a p p a r e n t  c u r r e n t .  

For a  p o i n t  t u r n  t h e  c o r n e r  would have been i n c o r r e c t  i n  
p o s i t i o n  by 0 .125 mi. a n d  t h e  e r r o r s  i n  t h e  EOTVOS c o r r e c t i o n  
f o r  t h e  two segmen t s  would have  been a s  f o l l o w s :  

F a l s e  EAB-True EAB'7.5*110. 125*sin(AB'+.?) -lO.O*sin(AB*) mgal 

I f  c o u r s e  AB in 045. t h e  AB and  CD e r r o r s  a r e  +2.3  end  -0.7 a g a l  
r e s p e c t i v e l y .  and i f  AB is 090' t h e  e r r o r s  a r e  +0.9  and  +0.9 
mgal r e s p e c t i v e l y .  The c o n c l u s i o n  is  obv ious :  I t  is  b e t t e r  t o  
u s e  a n  a r c u a c e  t u r n  t h a n  a  p o i n t  t u r n  a s s u m p t i o n ,  even  i f  one 
h a s  t o  e s t i m a t e  t h e  t u r n  d u r a t i o n .  

GYRO ERROR 

Cyro compasses  a r e  g e n e r a l l y  s e t  by t h e  b r i d g e  o f f i c e r s  t o  
compensa te  f a t  speed  and damping e r r o r s  a p p r o x i m a t e l y  e v e r y  
t h r e e  d e g r e e s  o f  l a t i t u d e .  The e x p e c t e d  g y r o  e r r o r .  GEE, would 
b e  t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  e r r o r  and t h e  compen- 
s a t i o n ,  t a k i n g  i n t o  a c c o u n t  t h e  l a t i t u d e  and s p e e d  d i f f e r e n c e s  
f rom t h o  compense t ioa  n e t t i n g .  The g y r o  e r r o r  o b s e r v e d  by t h e  
b r i d g e  o f f i c e r s  s h o u l d  be  n o r m a l i z e d  t o  t h e  e q u i v a l e n t  l a t i t u d e  
end speed  of t h e  compensa t ion  s e t t i n g  by s u b t r a c t i n g  CE . For 
a  S p e r r y  Mk 14 g y r o ,  t h e  t o t a l  speed  and damping e r r o r  f n  d e g r e e s  
f o r  which t h e  cornpenset ion i s  s e t .  GEc. i s  l i v e n  by 

CEC = -0.0635*YC*coS C l ~ o s ~ ~  + 1 . 7  t a n  T C  ( 8) 

where Vc and  pc a r e  t h e  compensa t ion  k n o t s  and  l a t i t u d e  r e s p e c -  
t i v e l y ,  and  C i s  t h e  s h i p ' s  c o u r r e .  The e x p e c t e d  e r r o r  i s  t h e n  
t h e  d i f f e r e n c e .  a t  some o t h e r  speed  and l a t i t u d e ,  from CEC, o r  

.nd t h e  e r r o r  obse rved  by t h e  b r i d g e  p e r s o n n e l  CE . w i t h  r e s -  
p e c t  t o  c e l e s t i a l  o b j e c t s  and no rc i a l i s ed  t o  t h e  c 8 m p e n s a t i o n  
l e t t i n g  s i t u a t i o n  i s  g i v e n  by 

A f i x e d  e r r o r  i n  t h e  D R  c o u r a e  t e n d s  t o  be  removed c o m p l e t e l y  
i n  t h e  n a v i g a t i o n  a d j u s t m e n t  p r o c e s s .  because  i t  smoun t r  t o  e  
r o t a t i o n  o f  c o o r d i n a t e s .  A l s o ,  s t  normal  c r u i s i n g  s p e e d s ,  GEE 
w i l l  he  n e g l i g i b l e .  However, from ( 9 )  i t  i s  s e e n  t h a t  when 
t l ~ s r e  i t  a n  a p p r e c i a b l e  d i f f e r e n c e  between V and  VC. CE c a n  be 
p e r h a p s  0 . 3  deg .  I n  a  w o r s t  c a s e  n o r t h - s a u t h  c o u r s e  t h f s  c o u l d  
be  0 .4  mgel and s h o u l d  n o t  be  i g n o r e d .  



Rose 

SATELLITE PIX POSlSION ERROR 

The Ravy Naviga t ion  S a t e l l i t e  System has  been d i s c u s s e d  by 
S t a n s e l l  (1970). and i t s  uae a t  s e a  by Talwani .  arc. (1966). 

The p a r t i c u l a r  m a t t e r  t o  examine h e r e  i s  t h e  f i x  p o s i t i o n  
e r r o r  which c a n  be caused  by i n c o r r e c t  c o u r s e  and speed i n i t i a -  
l i s a t i o a  of  t h e  s a t e l l i t e  r e c e i v e r .  T h i s  can be t h e  r e s u l t  of  
o p e r a t o r  e r r o r ,  s t r o n g  l o c a l  c u r r e n t s ,  ace .  I n  p a r t i c u l a r .  we 
were concerned about  t h e  r e l a t i v e l y  l a r g e  l o n g i t u d e  e r r o r s  
which r e s u l t  from i n i c i a l i a a t i o n  e r r o r s  i n  t h e  n o r t h  component 
of t h e  speed .  We p l o t t e d  t h e  p o s i t i o n  e r r o r s  from more than  
180 s a t e l l i t e  f i x e s  i n  which t h e  k n o t s  n o r t h  and k n o t s  e a s t  
e r r o r s  ware known. Twenty-six of  t h e s e  were t aken  from Talwani  
e t  a l .  (1966) and twenty from Hatzke (1971). The r e s t  we= 
G n r b y  us a s  recomputes. There was no a p p a r e n t  d i f f e r e n c e  
between t h e  S t a n s e l l  c u r v e s  and t h e  d a t a  we examined e x c e p t  
f o r  t h e  c a s e  of l o n g i t u d e  e r r o r  p e r  knot  n o r t h .  Th is  is shown 
i n  F igure  5. The open s q u a r e s  wi th  e r r o r  b a r s  a r e  from t h e  

ELEVATION Of GREES 

Pigure  5. n a u t i c a l  m i l e s  e r r o r  i n  l a t i t u d e  ( lower curve)  and 
l o n g i t u d e  (upper  curve)  p e r  kno t  n o r t h  e r r o r  i n  i n i t i a l i ~ a t i o n  
o f  t h e  s a t e l l i t e  n a v i g a t i o n  system. Lower curve  and upper  o p a t  
s q u a r e s  a r e  s q u i v s l e n t  t o  l a t i t u d e  and l o n g i t u d e  e r r o r #  r e s p e c -  
t i v e l y  a s  p u b l i s h e d  by S t a u s e l l .  Open c i r c l e s  a r e  from recom- 
p u t e s  s p e c i f i c a l l y  in tended  t o  examine t h e  l o n g i t u d e  e r r o r  f o r  
e l e v a t i o n s  l a r g e r  than  50 deg.  



p u b l i s h e d  S t a n s e l l  c u r v e  o f  l o n g i t u d e  e r r o r  p a r  k n o t  I. The 
open c i r c l e s  show s p e c i f i c  f i x e s  o b t a i n e d  a t  s e a  i n  1972 f o r  
which t h e  e l e v a t i o n  was u s u a l l y  50 o r  more d e g r e e s  above t h e  
h o r i z o n .  They were  recomputed f o r  t h e  t h r e e  c a s e s :  Z e r o  k n o t s ;  
one  k n o t  n o r t h ;  and  one kno t  e a s t .  Ye have a d o p t e d  t h e  u p p e r  
c u r v e  shown i n  F i g u r e  5  f o r  t h e  l o n g i t u d e  e r r o r  p e r  k n o t  n o r t h .  
The d i f f e r e n c e s  i n  n a u t i c a l  m i l e s  e r r o r  between t h e  c u r v e  and 
t h e  p o i n t s  t e k e n  f rom S t a n s e l l  a r e  0 .02 .  0 .04 and 0 .06 e t  40. 6 0  
end 70 d e g r e e s  e l e v a t i o n  r e s p e c t i v e l y .  

The d i r e c t i o n  o f  t h e  l a t i t u d e  and l o n g i t u d e  e r r o r s  d e p e n d s  
on t h e  geometry  o f  t h e  s a t e l l i t e  p a s s .  Our n a v i g a t i o n  p rog ram 
u s e s  a n  i t e r a t i o n  l o o p  t o  c o r r e c t  t h e  p o s i t i o n  o f  a l l  s a t e l l i t e  
f i x e s  we u s e .  Fo r  e  s equence  o f  f i x e s  A. B and C. t h e  A  t o  B 
a d j u s t e d  B p o s i t i o n  g e n e r a l l y  a g r e e s  w i t h  t h e  B t o  C  a d j u s t e d  
B p o s i t i o n  w i t h i n  a  few h u n d r e d t h s  o f  a  m i l e .  e v e n  though t b e  
c o r r e c t i o n  may b e  a s  l a r g e  a s  0 .5  m i l e .  

The e f f e c t  o f  s a t e l l i t e  p o s i t i o n  f i x u p s  on  t r a c k  c r o s s i n g  
e r r o r s  was checked  f o r  two s i t e  s u r v e y s  done w i t h  KANA KEOKI i n  
l o i t .  For  " S i t e  3" t h e r e  were  77 t r a c k s  f o r  35 c r o s s i n g  s a m p l e s  
& r  4 2  d e g r e e s  of f reedcm.  The s i t e  3  s e a s  were s t a t e  1 t o  2. .,. s t a n d a r d  d e v i a t i u n  was f l . 9  mgal f o r  t h e  c a r e  o f  no f i x u p s .  
D * ' . 75  mgal w i t h  f i x u p s .  Assuming a  one-mgal g r a v i m e t e r  
r r  4 e  i m p l i e d  n a v i g a t i o n  e r r o r s  a r e  f 1 . 6  end t 1 . 4  mgal 
re.?-* ' v .  a  s l i g h t  improvement of 0.2 mgal.  Fo r  a n o t h e r  
l o c a t r c *  ~ ~ t e  4". where  s e a  s t a t e s  were  5  t o  6. t h e  b e f o r e  
and a f t e r  f i x u p  s t a n d a r d  d e v i a t i o n s  were  t 3 . 1  and  f 2 . 5  mgel 
r e s p e c t i v e r y .  F o r  t h i s  s i t e  t h e  g r a v i m e t e r  e r r o r  is assumed 
t o  be  i Z  mgal .  Then t h e  i m p l i e d  n a v i g a t i o n  e r r o r s  a r e  tZ .4  
and  t 1 . 5  mgal r e s p e c t i v e l y .  a  s i g n i f i c a n t  improvement .  At  s i t e  
4  t h e r e  were  6 5  t r a c k s  and  32 c r o s s i n g  sample  l o c a t i o n s  f o r  J3  
d e g r e e s  o f  f reedom.  

COICLUS IONS 

1. The l a r g e s t  e r r o r s  i n  t h e  a d j u s t e d  DR t r a c k  c o u l d  
e a s i l y  b e  t h e  r e s u l t  o t  DR s p e e d  e r r o r s .  These  c o u l d  
be  c a u s e d  by n o  s p e e d  log .  s p e e d  l o g  c a l i b r a t i o n  e r r o r .  
o r  i n t e r f e r a n c e  w i t h  t h e  s p e e d  l o g  c a u s e d  e i t h e r  
e l e c t r i c a l l y .  o r  m e c h a n i c a l l y  a s  w i t h  c a v i t a t i o n  o r  
s k i n  e f f e c t s .  I n  t h e  c a s e  o f  c a l i b r a t i o n .  e r r o r  
s m a l l e r  t h a n  52  i s  d i f f i c u l t  t o  d e t e c t  because  t h e n  
t h e  a d j u s t e d  t r a c k  would e x h i b i t  Eo tvos  c o r r e c t i o n  
e r r o r s  o f  o n l y  a  few mgal.  

2.  The most d i r e c t  and a c c u r a t e  DR p r o c e d u r e  f o r  speed  
changes  is  t o  u s e  e l a p s e d  o i l e r  ( s u i t a b l y  c o r r e c t e d  
f o r  c a l i b r a t i o n  e r r o r )  f rom t h e  speed  l o g  t o  b r i d g e  
t h e  t r a n s i e n t  t i m e  i n t e r v a l  o f  t h e  s p e e d  cbange .  The 
n e x t  b e s t  method a p p e a r s  t o  b e  t h e  u s e  o f  a n  e q u a t i o n  
t h a t  t a k e #  t h e  d r a g  o f  t h e  w a t e r  on t h e  s h i p  i n t o  
a c c o u n t .  The u s e  o f  o l d  speed  and  new speed  a v e r a g e  
f o r  DR t h r o u g h  a  speed  change  c a n  e a s i l y  r e s u l t  i n  
p o s i t i o n  e r r o r s  o f  0 . 1  n.m. and  Eo tvos  c o r r e c t i o n  
e r r o r s  o f  1 mgal .  

3. The s t a r t  t i m e  a s  w e l l  a s  d u r a t l o n  of a  t u r n  a r e  v e r y  
i m p o r t a n t .  I n  c a s e  t h e  d u r a t i o n  i s  unknown. i t  s h o u l d  
be  e s t i m a t e d .  I n  c a s e  advance  end t r a n s f e r  c h a r a e -  
t e r i r t i c s  o f  t h e  s h i p  a r e  unknown, a  c i r c u l a r  a r c  
a r r u m p t i o n  s h o u l d  be u r e d .  A  p o i n t  t u r n  a s s u m p t i o n  f o r  
o u r  s h i p  l e a d s  t o  Botvos  c o r r e c t i o n  e r r o r s  of a b o u t  1 
mgal.  

4 .  Gyro e r r o r r  a r e  u s u a l l y  n o t  v e r y  s e r i o u s  b e c e u s a  t h e y  
a r e  c o n s t a n t  and a r e  c o r r e c t e d  a s  c o o r d i n a t e  r o t a t i o n  



i n  t h e  DR a d j u s t m e n t .  For  s h i p  s p e e d s  q u i t e  d i f f e r e n t  
f rom t h a t  f o r  v h i c h  t h e  compensa t ion  was s e t .  t h e  
Eo tvos  c o r r e c t i o n  f o r  e s s e n t i a l l y  n o r t h - s o u t h  c o u r s e s  
c o u l d  be  o f f  by 0 . 5  mgal .  

5. S a t e l l i t e  f i x e s  c a n  e a s i l y  be  o f f  i n  l o n g i t u d e  p o s i t i o n  
by 0 . 1  n.m. i f  e r r o r s  i n  i n i t i a l i s e d  c o u r s e  and  s p e e d  
a r e  n o t  t a k e n  i n t o  a c c o u n t .  

6. For a  l o c a l i a e d  a r e a  s u r v e y  i n v o l v i n g  t u r n s ,  speed  
c h a n g e s ,  e t c . ,  p o s s i b l e  Eo tvos  c o r r e c t i o n  e r r o r s  
migh t  b e  a s  f o l l o w s :  

Source  - Mgal E r r o r  

Speed c a l i b r a t i o n  2.0 
Speed change  DR as sumpt ion  1 
Turn  DR e s s u m p t i o n  0 . 9  
Turn  e r r o r  0 . 5  
Timo o f  e v e n t  e r r o r  0 .3  
Gyro e r r o r  0 .2  
S a t e l l i t e  f i x  p o s i t i o n  0 . 5  

Net V a r i a n c e  6 .46 (mpe l )2  

Thus n a v i g a t i o n  DR a d j u s t m e n t  a l o n e  migh t  r e s u l t  i n  
t 2 . 5  mgal u n c e r t a f n t i e a .  I f  a L2 mgal g r a v i m e t e r  
e r r o r  i s  assumed a s  w e l l ,  t h e  n e t  e r r o r  c o u i d  be  i 3 . 2  
mgal. I f  e n o t h e r  s h i p  had s i m i l a r  e r r o r s ,  t h e  c r o s s -  
i n g s  o f  t h e  t r e c k s  o f  t h e  two c o u l d  e a s i l y  show e r r o r s  
o f  f4 .9  mgal o r  s o .  

7. An o b v i o u s  improvement would be  t h e  u s e  o f  a n  i n e r t i a l  
n a v i g a t i o n  s y s t e m  t o  p r o v i d e  E-W v e l o c i t y  components .  
Th ia  would b e  w p e n s i v e .  

Dr. Wi l ton  Hardy o f  t h e  Hawai i  I n s t t t u t e  o f  Geophys ic s  was 
v e r y  h e l p f u l  r e g a r d i n g  speed  change  e q u a t i o n s  h e  had d e v e l o p e d .  
T h i s  r e s e a r c h  was s u p p o r t e d  i n  p a r t  by t h e  O f f i c e  o f  Naval 
Resea rch  u n d e r  C o n t r a c t  N00014-70-A-0016-0001, i n  p a r t  by t h e  
N a t i o n a l  S c i e n c e  Founda t ion  u n d e r  GX28674, and  i n  p a r t  t h r o u s h  
f u n d s  f rom t h e  S t a t e  o f  H e v e i i .  
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INTEGRATED NAVIGATION BY LEAST SQUARE ADJUSTMENT, 

A MEANS FOR PRECISE POSITIOU DETERMINATION IN 

MARINE GEODESY 

X. H. RAMSAYER 

UNIVERSITY OF STUTTGART 

GEODAETISCHES INSTITUT AND INSTITUT PUER FLUGNAVIGATION 

For position finding at sea different navigation systems are 
available. Unfortunately the accuracy of these systems is in most 
cases insufficient for marine geodesy. This problem can be over- 
come partially by integrated navigation, that means a combination 
of different navigation systems in such a way, that the qualities 
of the combined system are better than the qualities of its com- 
ponents. A good tool for such a combination is the integrated 
navigation by least square adjustment which is under development 
by the Institute of Air Navigation of the University of Stuttgart. 

The principle is the following: The bas'.. ~vigational 
system of a vehicle fship or aircraft) is r Cedd reckoning system 
(DRS), e. g. an inertial navigation syatem (INS) or a Doppler 
navigation system (DNS). This DRS, the accuracy of which is main- 
ly depending on some systematic errors, is combined with other 
navigational aids by a computer in such a way that its most 
important systematic errors can be determined and taken into 
account by corresponding corrections. 

The other navigational aids @re used to get control measure- 
ments, e. g. distances, bearings, differences of distances etc., 
which refer to points with known position. Simultaneously just 
the same quantities for the indicated D. R. position are computed. 
The differences between the measured and the computed quantities, 
which are caused by the errors of D. R. and the errors of 
control mearurernents, are described by observation equations. 
These observation equations take into account the influence of 
the most important systematic error sources of the DRS and in- 
clude all other errors as unknown corrections, The quantities 
of the systematic errors, which are described by the error model 
of the DRS, are t ' . ,~ ,  determined by a least square adjustment and 
are used for a corresponding correction of the DRS. 

The method is demonstrated for an integrated INS/LORAN reap. 
INS/OMEGA system, possibly combined with the Navy Navigation 
Satellite System. The data can be processed in real time during 
cruising. A more complex but also more accurate method is the 
evaluation of the navigation data after the mission. In this 
case the data of the different navigation systems must be stored 
in rhort time intervals. 



INTRODUCTION 

For position finding at sea different navigation systems are 
available, such as OMEGA, LORAN, Satellite Navigation System, 
Inertial Navigation Syeteras, etc. For marine geodesy the accuracy 
of these mystems is in most cases insufficient. This problem c m  
be overcome partially by integrated navigation, that means a com- 
hination of different navigation systems in such a way, that the 
<.uirlities of the combined system are better than the qualities 

its components. Kelman filtering has proved to be a good tool 
:' such a combination. A much simpler method is the intearated 

na ;gation by least square adjustment which is in development 
by the Institute of Air Navigatian of the University of Stuttgart. 

PRINCIPLE 

The principle of this method ie the following: The primary 
navigational system of the vehicle (ship or aircraft) is a dead 
reckoning system (DRS). This can be an inertial navigation 
system (INS), a Doppler navigation system (DNS) or, less accu- 
rate, a clasmical dead reckoning system, irhich determines the 
path from speed and current resp. wind. Er:or analysis of DNS has 
shown that the accuracy is mainly depending on some systematic 
error sources which are constant or only slowly changing with 
time (5,  6) . The same behaviour, though somewhat more complex. 
can be expected of INS. Hence we can expect an essential imprcSfe- 
ment of accuracy if it is possible to determine the most impor- 
*ant systematic errors of the DRS and to take them into account 
y corresponding corrections. 

This can be done by combining the DRS with other navigatio- 
nal aids by a computer in the following way: The other naviga- 
tional aids are used to get control measurements, either con- 
tinuously or from time to time. These measurements include 
according to the available ground based navigation system distan- 
ces, differences of distances, bearings, etc.,which refer to 
points the poeition of which is known. Simultaneously just the 
same quantities for the indicated D. R. positlon are computed. 
The differences between the measured and the colnputed quantities, 
which are caused by the errors of dead reckoning and the errors 
of control measurements, are described by observation equations. 
These observation equations take into account the influence of 
the most important 8ysterr.atic error sources of the DRS and in- 
clude all other errors as unknown corrections. The values of the 
systematic errors, which are described by the error model of the 
DRS, are then determined by least square adjustment. SO thrre is 
no difficulty to calculate the influence of the systematic errors 
on D. R. and to 9 t  a corresponding correction. 

ERROR MODELS OF IN6 

The error model of INS is usually described by a met of se- 
cond order differential equations. For a ieart square adjustment 
an essentiaily simplified error model with linear combination of 
the unknowns is required. For a cruise Of three hours or nhorter 
with approximately constant speed and course, the error model can 
be described according to [3j with good approximation by the 
following equations: 

AI - F 4 O S  8.61- x6 t x, . rin wt  + x7 .tor wt t xds t , 



northern Component Of pos i t ion  e r r o r ,  
ea s t e rn  COmpment of  po r l t i on  e r r o r ,  
mean r ad ius  o f  t h e  ea r th ,  
l a t i t u d e ,  
e r r c r  i n  l a t i t u d e ,  
e r r o r  i n  longitude, 
unknown parameters of  INS, 
(Ichuler c i r c u l a r  frequency, 
time. 

I f  on reduce t h e  durat ion t o  15 minutes o r  sho r t e r  t he  
e r r o r  model can be s impl i f i ed  according t o  ( I ]  t o  

48 ,AL - e r r o r  of indicated l a t i t u d e  B' rasp.  longitude La, c, 1: = mean values  of  a l l  indicated values  BD and L e  wlth- 
i n  t h e  time i n t e r v a l  taken i n t o  account, 

A = cor rec t ions  of B; and L; , 
k-W/v' = inf luence of speed e r r o r  A V ,  V' - me&. value of 

indicated speed, 
AT - course e r ro r .  

This model is espec ia l ly  s u i t e d  f o r  an a i rborne  INS by which 
a f l i g h t  path of  200 km a r  more can be covered withir? 15 minutes. 

11; 'EGRATED INS/LORAN-NAVIGATION SYSTEM 

A s  an example an in t eg ra t ed  INS/LOMN-System is  described 
i n  the  following, Fig. 1. The main components a r e  t h e  INS, a 
LORAN-C receiver ,  an atomic clock and a computer. The in tegra ted 
ryrtem is  operatod wi thin  the  range of t h e  LORAN chain with the  
t r ansmi t t e r s  S r S , Sj. By the  LORAN reueiver  usual ly  the  hyper- 
bo l i c  coordinales  ?R - R ) and (R - R ) a r e  measured. This has 
the  disadvantage tha8 the'adjuetmedt is2complicated by the  t a c t  
t h a t  the  measured q u a n t i t i e s  a r e  not independent but corre:ated 
by the  range R . To overcome t h i s  d i f f i c u l t y  w do not muasure 
range d i f f e rencas  but  ranges themeelves [2] . Thir  can ba done 
with the  help of  an atomic clock [ 9 )  . In t h i s  case  vr mearure 
the tines of a r r i v a l  of t he  s igna l s  t r a n l a i t t e d  by the  d i f f e r e n t  
s t a t i o n s  with the  atomic clock, and determinethe wkr.ovn clock 
correct ion o r  t h e  corresponding d i s t ance  correct ion rimultaneous- 
l y  with the o the r  unknowns by adjustment. The ranpa mthod  10 
more accurate  than the  range d i f f e rence  method be.:ause of  i t s  
be t t e r  geometry and because the  d i r tu rbed  LCRAN r igna l  i r  not 
compared w i t h  another d is turbed LORAN s i g n a l  bvc with an un- 
d1eturb.d normal frequency (2,  4 1 . 

The ava i l ab le  d a t a  a r e  in tegra ted i n  tt.e following way: We 
compute in  regular  time i n t e r v a l s ,  f o r  exmtple every minute, , the 

R of t he  geodesics from the  INS-positions B , lengths R;, 
L' t o  t h e  LO -8 a t  :.q S , S , S and ;-pare the re  ranges with 
the masured range. I ,  :'*! R*? ~ h j  d i f l e rence r  betwee3 the  
measured and computed .der i r e  explrined by observation 
equation8 of the  follow,ag type; 

v - f  .% tr(a,+.a-.in ~ t + . ~ . w s u t  r b - t j  
( 5 )   in a. t i ,  u s  w t  r r,.t)-5.r-(lo-Us), 



V = unknown correction, 
P = mean radius of the earth, 

X,,X X, = unknown parmeters of INS, 
X. = unknown correction of the clock. 
C- = speed of electromagnetic waves.' 

Each range measurement gives such an observation equat'on. 
If more than 9 measurenents are available, the unknown quanti- 
ties X, ... X g  are determined by a least square adjustiaent. 
The adjustment is repeated in regular t.ime intervars, for example 
every 5 minutes. That means that the accuracy of the error para- 
meters is increasing with the number of control measurements 
which are processed by the adjustment. The parameters determined 
are used to correct continuously the output of INS. The correctad 
values 8, L are more accurate than the valrres 8 ' .  L' the un- 
aided INS. They are also better than the positions which are 
derived from LORAN only, because the integration method cln be 
understood a8 a means to average the LORAN positions over a long 
time respectively a large distance. 

OTHLR POSSIBILITIES FOR INTEGRATED NAVIGATION 

The integrated INS/LORAN-Navigation is applicable tlnly with- 
in the area covered by LCRAN. A wcrldwide but somewsat less 
accurate system could be e;+*tlished by the intcgralio~ of INS 
with OMEGA and the Nav*, Navigation Satellite System (NNSc). The 
INS/OMECA-System would average the short periodic errors of 
OMEGA and would be corrected for a great deal of long periodic 
errors about every 90 minutes by NNSS fixes. If we add an atomic 
clock both OMEGA and NNSS can be operated as rangesystems and 
the data can be processed by least square adjustment in a way 
which is similar to the describedINS/LORAN-system. A further in- 
provement could be obtained if Differential-OMEGA would be 
available. In this case the change of velocity of electromaanetic 
waves would be controlled by a receiver at a fix positio~ in the 
neighbo. rhood of the ship. 

Other possibilities for integrated navigatirl of ships are 
the combination of DsPPLER SONAR + COMPASS with NNSS [1,8] for a 
water depth up to 4 0 0  m and DOPPLER SCIAR + COMPASS with NNSS 
and LORAh-C [ 4 ]  for operations in deep sea. In both cases the 
different components could be integrated by least square adjust- 
ment. 

EVALUATION AFTER THE MISSION 

The described method of integrated navigation can be under- 
stood as a calibration of the dead reckoninq system by each 
adjustment and an extrapolation of the last atate vector until 
the next adjustment is completed. That means that the accuracy 
of the integrate& system Is changing with time. At the beginning 
the accuracy will be relatively low because only a limited number 
of control measurements is available. Within the period of 
validity of the error model of tho DRS the accuracy will increase 
from adjustment to adjustment because the DRS is updated by n 
increasing number of control measurements. If the period rr  
validity of the error model is exceeded the accuracy of the 
intc-rated system will decrease because the !T.:::x;~ of the 
neglected errors is increasing with time. 



These disadvantages can be over- if during the missLon 
the &ta which are to be processed are stored on ugnetic or 
punched rapes. and if the stored data are adjusted afterwards. 
In this case we get a higher and more ~.niform accuracy and can 
try to improve the results by vari6:io:r of the error model. 
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Figure 1. Integrated INSILORAN-Na*ation S e e m .  

Prof. R6m8apr: Yea. 
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Figure 2. Integrated Lonn-C Navigation Syotem 

HP 2100A Computer 

Normally supplled with tbr system Is a Hewbelt-PPFbPrd 2100A Complter. 
Tbis compclter hs the c.p.billty for 32. OM) words d memory with space for sixteen 
l ~ r / o u q ~ ~ t  fusctiom. The system with Ism-C I s  normally egulpped with 16.000 
words and at a mimimum will  use five irpudartplt  card slots. The computer is 
equipped ~ 4 t h  a f m t  panel which dlon, for manual swltch regioter control. enm- 
puter status dieplay and program load@ nnrtrd. Normally. computer a m s s  I s  
requlrcd only when M i m g  and startltg the nuin nao'$atlw prugram. A stgnifimnt 
feature of the mslgatioa pmgram i s  a diagnostic toutlne which allows red time dis- 
play o. tbr CRT d laput/outwt data flow and complter memow data while the normal 
navigation program contloues to function. 

TDL 601G Lornn-C Receiver 

The TDL 601G Receiver developed by Teledyne Is normdlv supplied with the 
system. This receiver I s  a sllghtly modified vers im d the owe Teledyne developed 
for the kr--eoet narlgattm m&t. Modificatiws were made to allow for the follow- 
l w  functlms: 

External Clock - The external clock capability p m i t s  a 5 mHr 
rubMium o r  ceslum standard required for RH+RHO operation to 
be used In place af the Internal crystal oscillator. 

Disable Master Signal - U k n  Loran-C is used in the RHO-RHO 
mode the master Is not required for operation. However, the 
TDL 601G loglc requlres a master nlgm1 before It wIll track any 
of the slaves. The 'Msable Master' hnction was provlded to over- 
ride this requirement. 

Disable Sbve B - Msabte Slave B ptor(des thr same function ps 

disable master except for the Slave B signal. 

ATM - ATM i s  a pulse stream representitq plus and mlnus 0.1 psec - 
changes In Master signal phase. a s  obtained from the tracklrql filter. 

TDA TDB - TDA and TDB a r e  the accumulated tlme delay In Slave A 
 and^ signals measured with respect to Master s e a l  recelpt. 
Resolution Is to 0.1 psecnds. 
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mw~l mod- the receiver further by add* an a d d i t i d  card to rlls 
r ece lwr  a d  a new. larger frmt panel. Tb added cud buffera all s4~d.e  be-en 
tbe receiver a d  complter to Lowe that compute.r m h  Q88 not CaUe a sfgld 
hterfe- in tbe receiver. The card also cahkaias l agk  and timiql for an a6clllo- 
scope d m .  Tbls lllows the operator to monitor tbe bran signal. c b a k  the slry- 
wave catlent .od cbeck the track- point of the receiver. The operator can chartge 
the hac&& pdnt of the r ece iwr  by the 'HOLD' .od 'STEP can t td .  that an, part of 
tbe b.eL receiver. h addltioo. the h e t  pawl  contains coatrol and statue Indieatom 
varch are grovlded to the c0mpute.r. The operator. by monitor tg  each Lmio-C 
signal SIO the scope. can deefde that Master. Slaw A. and Slave B are suitebb for 
na*$attoo prrpot~~. He tben s w  thls to the computer by 'USE W. 'USE A' 
and 'USE B' switches respectively. The computer then mooitors the requested slgnals 
and lsnrmlqg slgDll nolw i s  at an ampcsble level, tbe computer wfll turn on the 
associated 'USE M'. 'USE A' and 'USE 8' sratus Ilgbts. 

Ia crnajurctica, with the TDL 6010. a complter interface c u d  was developed 
by mtox. Tbls card accepts the data whkh is comprised of the receiver and 
cootrd psnel statua bits. the accumulated Slave A a& Slave B tlme delay a d  the 
positive o r  w t i v e  0.1 see steps by whkh the Master slgaal hu, changed. The 
t i m e  s&nab f o r  the data interface are also c m t a i d  oo this card. The timltg Is 
adjustable from a bask period of each GRI (Group Re~ct i t ian  Interval) to a one set- 
OPd o r  a tea second interval. Stnfus lines to the display panel a r e  p)so contained 
on Ule card. 

Since the system c w u i n s  the W[ 702A Receiver which givea accurate posi- 
tion fixes. U i s  possible to remove clock drM errors at  each positioa fix. This 
allows the use of the lover  cast Hewlett-Packud 5065 Rubldium Freque~rny Standard 
in place of the reslum stadad normally used for RH-RHO operation. This rubi- 
dium stanlard has the loll- speclflcatioas: 

~Labllity - Long term -+ 1 X 10-l1 per month 

short term 5 x lo-'' per  see 

1.6 X 10-l2 per tea see. 

5 x 10-13 per 100 set. 

Callbrstlon Accuracy - ? 1 X lo-'' (factory set) 

A daks ide  calibration procedure is provided for removtog 1-e frequeacy 
e r r o r s  by adJustment of the frequency standard. The s u M  Is normdl) supplied 
wIL battery back-up to maintain operating stability during power interrupttons. 

This coaludes  a brief description of the major hardware elemente whlch 
comprlse the lategrated Loran-C Navigation System. 

FUNCTIONAL DIAGRAM AND SPECIAL FEATC'RES 

Since the ban-C operating p r lnc i r l e~  a re  famillar to most marine personnel 
and since they have bem widely published, no general descriptlon of b r a n 4  oper- 
ation wlU be given. The functional diagram (Figure 3) s h o w  the g m r a i  character- 
Istics of the Magnavox Loran-C Implernentotlon. Usiag Figure 3 for reference some 
of the features whlch make the Magnavox system unique a r e  given helow. 

Dlfferentlal Mode 

Conventional techniques of operating radio navlgatlon aids in a differentlal 
mode have been to locate a second receiver at a near-hy known location and then 



Figure 9. Fuactloaal Block Diagram 
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to trpnsmlt the measured e r ro r s  to the operatloonl system. Implementatloae of t h b  
tachnlpue have varied from ccmtimaw traasmiseion of the measured errors  to 'snap- 
shot' correctlous separated by hours in tlme. 

YIWIX R K I I ~  
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In tbe ~ v o x  system. the ' s ~ b o t '  e m  meaeurementa fire obtalned 
by dlffereoclng system poeltkm with a satellite positloo fix obtalned from the Navy 
Navf ation Satellite System. The b r m - C  r a w e  meanwemenlo fire then ndjastad 
to force agreement hetween the rwo syetems. effectively removlag signal propaga- 
tlon effects. 

This technlgue hm been successfirlly ~ppl led both wlth separate Loran-C and 
satellite systems nod with a completely integrated hardware and software package. In 
the Integrated systems. tbe forced agreement is normally done uslng s minimum vari- 
ance technique which Is less sensitive to errors in the satellite poeltion fix, 

m 

Other advantages of W s  implementaticm me that. due to the frequeot 'snap- 
shot' reaeta of system error, the toran-C is leas aansitlve to e r ro r s  In transmitter 
location and to offsets in the lmal reference osclllalor. 

Ultllll l  
WSltl94 

IIX 

The decreased awsitivity to trsmmltter location mesna that one generally 
need not worry about the datum Ln which station coocdkatee are expressed. hu the r .  
less effort b requlred to establish the peaitions of the new portable totan-C trans- 
mitters now being offered by equipment manufacturers. 

m a l w  
IhS(Ds 

UPDARD 43511191 

The decreased e e ~ l t l v l t y  to asc\llator offset meanr Uut the lower cost rub(- 
dium standard may be substituted for the cesium standard normally wed for RHO-RHO 
operation. 

DUlerea!tal Range Processing 

The M.mavox system mlght also be referred to a s  a dlfferentlal system for 
a second rather unconveatio~~al reason. The laran-C r q e  mea8urementa a r e  dU- 
fe tewed wlth the theoretical range values baaed on shlp and tramrn1tte.r locattow. 
The prime beneflt obtalned from this technique i s  that a simple llnear equatlon can be 
wed to convert the resultant range e r ro r s  lnto e r ro r s  in ehlp lalltude and loagltude 
or. a s  in our Implemeotatlon. error  North and e r ro r  Eant. Thls avoids the iterative 
task required in the conventional lmplementatlon to convert the Loran-C ranges lnto 
latitude and logltude coordinates (Reference 1 ). 



Another benefit obtained is that any n u d e r  of stations can be accounted for 
by simply expanding the ltnear conversion to a linear least squares solution for e r r o r  
North and East. By measuring the variance of the range e r ro r s  dynamically and using 
these values a s  weights ln the least squares proceas, the effectiveness of the tech- 
nique i s  further enhanced. In addition, by a simple modlficstbn of the least squares 
matrlx elements. the solution crtn provide u=ful line of position corrections ever. 
when signals from only one station a r e  usable, 

Differential Velocity Solution 

There in a t h l d  reason why the Magnavux system might be referred to a s  a 
dlffermtial system. The Loran-C system has the capability for accepting velocity 
Inp ta  from other velocity sensors. (e.g,. Speed Iag. Doppler Sonar. and Gyrocom- 
pass). The Loran-C measurements a r e  then used to solve for the difference between 
the actual and the measured (by other sensors) shlp's velocity. 

The prime advantage obtained by this implementation i s  that now each veloc- 
ity sensor can perform the task which it does best. In a typical installation. a gyro- 
compass and doppler sonar a r e  used to provide the first  estimate of shlp's velocity. 
U. as i s  increaslagly the case in seismic exploration tasks. the depth of the water 
exceeds the sonar tracking capabilities. then the sonar velocity wlll be corrupted by 
the water velocity. 

In this slhlatloa the advantage becomes obvious. The Loran-C system can 
provide a measure of ship's velocity which has a substantial 'high frequency' noise 
content but with very little 'Icnv frequency' noise. while the doppler sonarigyrocom- 
pass combination has minimal 'high frequency' noise and substantial 'low frequencv' 
twtse. 

Let us  illustrate. U one takes two samples of b ran -C  position separated in 
tlme by one second and differentiates to obtain shlp's velocity. the resultant estimate 
in very poor due to the Loran-C measurement noise. On the other hand. a one second 
reading from the sonar wffl represent the ship's velocity quite accurately. U, how- 
ever. one takes two b ran -C  positions separated in time by 15 minutes and ddlfferen- 
tiates. then the resultant velodty estimate will easlly exceed in accuracy the meas- 
urement obtained from the sonar which i s  subject to 'random walk' and water velocity 
errors.  Thus. by using the Loran-C to solve only for  the dllferentlal velocity Instead 
of total ship's velocity. it is possible to increase the level of fil terlw (smoothing) 
without advereely affecttag the representation of ship'a poeition during rapid ('high 
spatial frequency 9 maneuvers. 

Filter Implementation 

The filter implemented In the Magnavox system to smooth the Loran-C 
e r ro r  North and e r ro r  East ourputs is best described a s  an 'exponential time 
decaying weighted least squares' filter. The rate at which old data is eliminated 
Is controlled by a single time constant. 'l/K' which can be adjusted by the 
operator. 

The operation ot this filter i s  best described by referring to Figure 4. 

The technique used i s  to solve for the least squares fit of a a t rakht  line. 
y = mt + b. through the measured error ,  where 'y' is the least squares estlmate 
of actual er ror ,  't' is  tlme 'm' is t h e  slope o r  desired change in velocity and 'b' is 
the ' y *  axle intercept o r  desired change in position. 

Each tlme the weighted least squares computation is performed a new estl- 
mate of 'm' a d  'b' is obtained. However. when the velocity and position a re  adiusted 
at time t = I - 1 by 'mi- ' and 'bi-l' then the next e r ro r  measured, cl. wlll be with 
respect to this newly eetabiished velocity and position. 
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Figure 4. Fil ter  Implementation 

It can b e  shown that. a s  a result. the adjustments 'm: and 'b ' a r e  a function i 
only of 'el3 and the exponential t ime  constant 'k' used in deweiAhting past measurements. 

Specifically: 

m i  - ti2ri (1)  

and 

In the Magnavox implementation the above equations a r e  modified slightli h\ 
two effects. 1;irst. the Loran-C measurements a r e  averaged lor  10 seconds to d r -  
c r e a s e  the computational requirements. Thus. the measurement is 5 seconds old 
(one half the averaging period) before it i s  applied. This causes the position update 
to he  la rger  by one half the velocit,v update. Equation. 11) and (2 )  hecome: 

and 

where T i s  the averaging inlerval. 

Second. In our implementation the position update I8 rated in over the next 
avern&ing interval. Since it i~ delayed b\. one half the averaging lntrrval  it rausea 
the next f; to he la rger  than it would he otherwise. 

Thus, a new r; la defined such that: 

f = a - I / 2  
i 1-1 

Thiq new value of 6' la uprd in place of r in equations ( 3 )  and ( 4 ) .  i i 

This f i l ter  is very rrimple to implement, ven.  e a r .  to adjust to differing 
external  cnndltions. and very effective in practice. 



As an example of the inherent power d thls fllterlng technlgue Mspnavox has 
provided several Raydlst navlgatlon systems with no algorlthm modlficatlons. The 
decay time coostant 'I/K' was simply decreased to provlde more rapld response and 
to reflect the hlgher accuracy of the Raydlst system. 

R HO-RHO or Hyperbolic Operation 

One other slgnlflcant feature of the Magnavox implementation Ls the slmpllclty 
by which the algorlthm can be swltched from the RHO-RHO operatlon to hyperbollc 
operatlon. 

Comblned with the features alrsodv discussed above thls makes the technique 
a virtually unlverssl rsdlo navlgatlon package. Indeed. Msgnavox has already dellv- 
ered systems uslng this Implementstion In laran-C, Raydlst and SHORAN versions 
and Is currenlly working on a system whlch will employ the Cecca Radlo Navigatlm 
System In lIke :nanner. 

The conversloa of the algorithms to work in the hyperbolic mode Is startlngly 
slmple. In the f u n c t l d  block dlagram of F l w e  3 a new block Is added in front of 
the 'Weighted Least Squares Resolution Into North and South'. 

This new block forms the value: 

where - 
c Is the average range e r ro r  

I 

r mi Is the master statlon range e r ro r  

C A I  Is the A s ta t lm range e r r o r  

CBI Is the B atatlon range e r ro r  

Thls value Is then used to modlfy the lndlvldual range e r ro r s  to obtaln: 

These new values a r e  then fed to the least rquares so lu t l~n  for e r ro r  North 
and East a s  before. Only one other adjustment is m d -  and thls ;nrrely to avold regls- 
ter  overflow. Specifically the range correction factors a i e  each lncreaeed by TI s o  
that the average e r ro r  will not grow without llmlt. 

It la not dlfflcult to show that the ranging solutlon has now been converted to 
a hyperbolic solution. Thls negates the requirement for a rubldlum standard but. of 
course, reduces the accuracy obtalned at l ow ranges from the statlorn due to geo- 
metric dllutlon effects. 

SUMMARY 

The Magnavox Loran-C system represents what we belleve Is a practlcsl 
Implementation wlth appllcatlon to a wide varlet) of radlo wvlgsllon systems, Its 
flexlblllty permlts Its use wlth very accurate short range systems a s  well sa wlth 
lower accuracy low range systems. 

The b ran -C  conflgurstlon has demonstrated accuracies In deep water that 
compete with the doppler sonar lmplemenlatloas whlle In the bottom track mode. 
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THE AN/WRN-6; A NEW T W L  FOR MARINE 
PosITIONINa 

John F. Clark. Head. Computor Systems 
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Frank W. Christenscn, Head. Mllltarg 
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California 

The coherent developmeat of a llne of s.tel!!b navigatlon recelver 
equlpv-? Is  lllumlnated. A dlscusrlon of heretofore unutllieed capablll- 
t ies n posdble by the AN/WRN-5 Navigator offerlag some insights into 
how the oyrtem can lmprovc the accuracy end rellablllty of navigatlon and 
guidance. 

Test results are presented. Illustrating the slgnlflcance of the some- 
what mconventlonnl design approaches found throughout the unlt. These 
data Identify the accuracies presently nchlevable wlth the WRN-5 nsvlgator. 

The value of coherent development work In complex navigation systems 
i s  illustrated by the appllcstlon of the AN/WRN-5 technology to the NAVSTAR 
Global Poaltloalng System Is  presented In c:c~lng. 

Ever since man br(Iur to travel wt of rsagc of famll lv  landmarks, he ha6 
felt the need for some form of navigntlon system. The evolution of a methodology 
baaed on an accumulatlm of knowledge on the subject from a dlverslty of sources 
probably dld not begin before the appearance of the astrolabe, during the mlddle 
ager. 

The astrolabe l r  undoubtedly the predecessor of the mlrlner 'a sextant. md  
was In extenslvc usa Into the 17th Century. Ikrlvatives of thls Instrument were 
used In general land surveying, determlnlng dlfferencen In elevation of land masses. 
PML related acUvitIer. Moat lmportanl, however, wan the astrolabe's value u, an 
alallary computing devkc. It enabled the astronomer to work out the posltlon of 
the nun and prlnclpal s tars  wlth respect to the merldlan an well an the horlzon. to 
hnd hls geographlcd latitude and the dlrectlon of t r w  north (even by day, h e n  the 
sLars w r e  not vlrlble). Above all, In the days before reliable clocks were commm- 
ly available, the cutrdabe provided Its owner a means of telllng tlme hy day o r  by 
nlgM a s  long a s  the sun or some recognizable star marked on the Instrument was 
visible. 

Although hlr14rlms arc amazed a t  the accumulatlm of technology In anclent 
systemn such a s  the astrolabe, In the mlnds of modern purveyors of advanced 

a b u l c  fact: The success of a 
of proven te,'hnological accomplleh- 



About tweaty years ago the U. 8. Navy Ideatifled the need for a precise nnvi- 
won rystem for w e  by shlps at sea. A wide varlety of systems were developed 
In m attempt to 8newe.r this requirement. A major rtcp In the achlevemeat of 
hlgb precision. all weather. v ,uldwlde navlgatlon was taken when the Navy Naviga- 
tlon Batelllte System (TRANS11 became a reallty in the mld-1960's. 

Since itn Inceptton. a number of rguipments have been u veloped to pmvlde 
the user wIth pos l t lod  Information Obtainable from the NNSS. The latest of 
these equipmento, the AN/WRN-6. was butlt by the Magnavox Company for thv 
U.& Navy. It provldes the mariner wltb a number of new and useful capabllitlee. 

These features dld not Just happen. but rather were evolved from the work of 
many yearn. Tbere is an amazlng eorrelatlon between the evolutfm of the astro- 
labe through andent timer, and the development of satellite navigation equlpment 
at Magmvm. The AN/WRN-5 reflect8 the development d. Magnavox satellite 
navlgatlon experletwe and tucbnology extending back to 1961. 

Magnavox. in conjunction wlth the Applled Physics Laboratory. initially 
developed the 

for the U. & Navy for use on surface shlpe. Ushg the same technology the 

war developed. This device. a reeelver only. was designed for gedetlc survey 
appllcatloru. I l l s  currently belng uaed around the w r l d  for precise survey work 
and i s  crpnblw of prwldhg mearurenents to an accuracy of better than one meter. 
A photograph of the Geoceiver is shown In figure 1. 

Next on the llst of equlpment to be developed war, the 

Thls unlt, badcally a two channel satellite receiver. was the first commercially 
avallable NNBS receiver. When wed In coajunctlon with s dlgltcll computer. it 
wua capable of pro\ndtng real time posltton llxlng from the NNSS. 

Figure 2 Is a photograph of the MX/702-CA along wlth it6 computer, photo- 
reader and teleprinter In a rack. Note In particular the constructlon lcchnlqucr 
which were wed for tbe R P  component8 (shown more clearly in flgure 3). Indlvid- 
ual RF modules. enclosed In metal cane were wed to obtain the nensltlvlty re- 
quired. 

The neXl stage In the evolutionary development of NN88 equlpment was the 

Shown In figwe 4 (on the rlght) the AN/WRN-4 umed the same rocelver tech- 
nology. ThIs unlt wan developed for the Olflce of Nnvd Research a d  wan designed 
rpeciflcally as a tool to d d  the marlnc sclentlst. In order to nnke the lnlt small. 
the computer w u  built rlgM Into the same enclosure along ulth 6 &splay devlcc 
and data enhy equipment. Pr lmuy disadvantages of thlm equlpment were 
computer IlrnltaUonr, forced by the slre of the equipment. and the cost. 

In m effort to reduce the cost of satellite receivers. alternate constructlon 
(echnlqws were Investlgnted. The availability of new components such as MIll 



Integrated circuitry. and the experience galned from the development of the prevlous 
equlpmenta permitted a slgnlflcant change I t  construction without sacrificing pe.r- 
formaace. 

The 

MX/702 A Receiver 

shown in flgure 6 i s  the latest commercinl recelver whlch we have developed. Its 
constrwtlrn represents a radical departure from the previous technolw. In this 
view the five lower-most boards represent the d o g  receivers (two rhmnels). 
wMle the digital circuitry is c o n ~ n e d  on the eight boar& to the right of the uult. 
All hoards are 5 by B Inch prlnltd eircult b?ards. RF shielding i s  obtslned from 
flve plates h l c h  form part of the card cage assewbly. 

All of the devices dcscribcd up to now are fundamentally %atellite recelver 
unlts. Position nxes . re  obhlned by interfacing the recelver outputs to a general 
purpose dlpjtal computer programmed ta provlde a position fix each time one of 
the opcratlonal N N S  satellites i s  tracked. 

The device shown in flgure 6 is the 

It has been designed using the recelver techiology developed over the years but 
wlth a slgnifirantly different system phllosop~y FtmdamentPlly, the AN/WRN-5 
Is a computer-bared dead reckanlng system in whfcn rhlp's weed and heading 
informatlon. in the form of either rynchro or digltal signals. are  processed by the 
computer to obtain pusltlonrl i r 9  rmatlon. 

Thls poritionlng datr. i s  pro\-ided to the operalor by a built-in (and also by a 
remote) CRT display unit. The set la thus a continuous posit!oning device, wlth 
display updates occurring once per second. 

In addltlon, the set contalns a tm, channel satellite recei:er (wlt!! significant 
differences from previous rereivers) nnd a magnetic tape cassette (used lor both 
propam storage and ioadlng of the computer as well a s  a data logpjng device 
usind the record mode). 

Let's look at some of the features of the AN/WRN-5 (developed for NAVELEX 
under Conhact N00039-72-C-0125) that make it uniquely sulted for nj ulne  positlon- 
ing and survey application. 

DWng the design of the AN/WRN-I. it was recognized that the computer 
portion of sucb a rpstem forms a part of the "on-line" nystem and therefore con- 
tributes slgnlflcantly to the overall system reliability. Once the computer's 
rellablllty has been established. the overall system rellablllty is enhanced by re- 
moving ar many other hardware elemmts as posslble from thc rest of the system. 

In the AN/WRN-5. this concept was used to remove tu many 'normal" re- 
ceiver functions as paaslhle and perform these funtlonn in the computer. Thle 
ham resulted in s substantial rrductlon in hardware complexity. Increased the 
reliability and made the myatem less cxpmslve than would otherwise be the case. 

The followlm functions, normally considered as receiver functions. are 
performed by the computer in the AN/WRN-5 

Tuning of the tuv recelver chsnnels 
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Furthermore. a d d i t i d  W E  eqolbllity. in Ur form d a m i t e  d g d  
s imdrtor  i s  b d l t  in to the sc(. Ns s i m d r t a  i s  e l e d  by the comWer 
in terms of bo(h i ts moddrllaa and signal level. It  pra?dcs the aystem witb tbe 
rMlity b measure a number d sIgnifIf31* pexiormsc pv lmctc r s  .Pcb as 
masitirlty. &&a c o ~ l t  ~ i t y .  ~t rrra r e .  a d  t.~lg cum-01. 

A M l k t d a L a f ~ d i l a p o r t r p r r m r I m x q m m € d I . 0 t b m s e t i n i t s  
b8sic-a. Famlrpk.tkhrii ,tlrAtsttomrployatcmdiat 
m e t  c u m t i g  klmiqa.  Ris Wclmiqtve. med rlth the aigdf icad rdmUd0  
in time recovery jitter. rrdrrrs the moat d g n i f w  m e  of rre+ivcr m a r r a t  
meat dn by a I.cta af five to (a over i t s  d u e  in man c a a d o o . l  reeciwrs. 
C P g w e R  iadlcateaUH i m p C O Y C N ( * L I I d a p p l e r ~ r c w ~ b y t h c r a o d l ~  
dDppler tcclmique. 

Tbccay*.afamstbcbar(dtluAN~N-5dafcr.mrdrsWdbc 
srld cbollt it# ebmcta?atlcs. CPrst. it i s  a mini- m b s e  i n s t r r t l m  
set has h tailored fot 8.vilC.lloll-like fmctlorn. These imtmctimaa incl.lk 
the normal add. s t b t r r t .  etc.. of collvcotioosl machires d. in dditim. inc lde  
W e  w r d  add and s&had rs n l l  as hudrur multlyly and did& InstmrUao. 
vhich g e l l y  aasiat in implmemting the f l a t &  point computaiooa used in (he 

luvi$Jtica praws. 

fie b u i c  c o m p w  i s  w q  f a .  emp!z#ng .o 850 a a o - s e c d  memory 
cycle time. A 1BC core m a n a y  i s  provided in the bls ic  system wttb plql-h  
eqanslaa  within the set to 24f and exbt?ul apm~stm to  3% permitted. 

The compukr Is a 16 Mt w r d  rna,'he with t r a  accumulators (wed f a  
W e  *ad operati008) ad tlPce index re+$sters. 

While all d these wurds are fine. the proof d the pudding in in the results - 
as  of this writing. aver 'Mrty AN/WRN-5 units have been delivered to the Naby 
and are  deployed thmw&m the -Id. 

The data in Table l provides a good Idea of the level of accuracy &ch can 
be obtllned from the set. Thc chtP used fn  prcpulw thc table arpr talcem from 
the acceptance test data of 2 i  d the M/WRN-5's d i c h  have been aelivernl. 
The calculated posltion represents the met* podtioa obtained from a total of 501 
satellite passes - all tracked acPomaticdly by the 25 units (appvximately 18 
passes I r a n  each mil). 



Tbe poeiiaa mrert.int). rcprrscrrts tbt statisticl 1 sigma devirtlm in Ibr 
me- positiaar obhlrd hwn receiver lo receiver. It thus r e f l e t s  the sunw 
repat.bility d a g ~ r p  d AN/WRN-5's. i.e.. tbeir me-meat erFa i s  less  
tlm five meters. 

'IW m a s  unNUJ Is a musure of tbe pass-to-pws v8ri.Mlily a b W d  
ham IndividrPI position fixes. Tbe predominant portian d the errors is caused 
by wise in tbc tmumltted satellitr arbtt u imdicated by the I 8  meter mcertainty. 

C l u r b .  tbe A N W N - 5  i s  a survey quality instwwmt. Tbc flexibility af- 
f a d e d  by tbc gmeral prrpase com~uter CI*crf.cc techniques have oaly been 
pn+i.lly exploited in the baseline s d t r l r c  hvcbprd thus far. 

Furtha evdul(oll of tMs teebalgue i s  currenUy being s-rled 1 Uagmvox. 
In pnUeulu. n are very actively involved ia tk determinatian d tbt basic 
opmtld puunders d NA\'STAR. tbc G b h l  Pwi t loa ig  System. 

Being extremely interested in the ppranulgatian of srtclli tc receiver t ech~~ logy .  
rr have begw to -tali= lgoa tboec chnrctcr is t ics  d ~ k h  have ma& tbc 
AN/WRN-5 system so  moch like the .sudsbe; flexibilaty. po re r  and techical  
du.bility. 'Ibc A N W N - 5  hum- provides a brscline l c r h m l o ~ y  from which 
d v a m d  mvigaUrn techdgrrs are e8dv41& such w GPS. 

To be marc specific. rr have rk¶ermined th.1 tbe AN/WRN-5 cam be readily 
cawerted to  receive lhe GPS narrCam by modifyicy m x i m a t e l y  305 of the 
system; nuncly. replacement of tbc R F  preamplifier. the data decoder and 
-ate sdhrc modificatioa. Tbe RF preamplifier designed far CPS use 
i s  s a n r w h t  smaller tha the AN/WRN-5 mit. the GPS data decoder system requires 
a replacemeat of m l y  eight A N D R N - 5  bovds r i t h  a like number d GPS burrds. 
Tbc MAXAL cv~npater system lged in the AN/WRN-5 ha9 more than adequate 
C P r i t y .  

Tbe reader must radcrst.ld t h d  any impact to be made upon the navigatiaa 
commrmlt). by a operat laul  GPS system i s  at least ten years away. UWle 
YI.guvax will invest coasiderhle  energies in the development of thr best possible 
GPS user cqdpmmts. i t  i s  important to realize that ar are fully cornmined to the 
canUnuJng develupneat of NNSS t c c b o o i ~ .  

lacked. the AN/WRN-5 i s  the modern astrolabe. 



TABLE I 

STATlSTICAL RESULTS 

1 

X - d U s l b h - P I  

1 

R e t c r c s c  Polrimm lJO 50'. 465 Natb l A i e  

@==7=4 
ll8O ZV.265 Wert La@tadr 

Cdcul .M Paittm lJO SC'.4(iU5 N d  LltlbJde 
(Via SUeIUtc  
lubamea). llsO t0'.263s'i west Lolglbdc 

Positiai U w e r b M y  (1 sigma bviatiocrs) Receiver-ta-Rmlvrr 

Mtu& = 4.72 mctcrs 

La@- - 3.09 meerrs 

M e a n  Cncertaim from pa%-Io-paas f t x  each receiver (1 s i w a  
devl8timr) 

W t a d e  14-03 meters 

Wtuk - 10.84 meters 

Radial 17.96 meters 

1 -- 
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The B O U  data collection and positiollning system is operatiorma1 since early 
September 19n. It is essartially a satellite which tracks and collcets data 
from metcarological balloons and gnnnd transponders* During each pass. the 
satellite interrogates the transponders and stores range and range-rate obser- 
vations which are later t r 4 t t e d  to grourd telemetry stations and ptoecs- 
sed at the CMB computing center in Eretigny. near PaFis. 

Although originally designed for balloon tracking, the BOIB s w * m  has proved 
to be an id-1 tool for other applications such as drifting objects position- 
ning (iceberes. buoys)* The routine operation can provide peaitions 6 t h  
accuracies of about two to thnc kilometers within 24 to 48 haps* kwevw, 
a special data processing syeta uas used in 1973 - 1974 for some imtestiga- 
tors. therefore iwrwing the positirmning accuracy to bettrr than one 
kilometer. This experiment is desc~ibed and results are given for both Pixed 
and drifting transponders. 
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me BOUI system vu desi@ miginally as a data collection and positiosr- 
niag system Por the tracking of a b e e  mrmber of atwffologic&l balloons 
flying a t  amstant levd (200 millibars) in the wuthara hodsphere. The 
objective uar a betta rmderrta~diag of the a m s p h s e  circulation 
and therefore did not &re very accurate positionning capability 
(Iloralr 1972). 
The system i s  s c h a s t i a d  in figurn 1 r 

1 -?ha intermgation -am i s  establishad on the gmMd and fed into a 
special naory in the satellite. 

2 - Acmrdiag to this profma., the sa te l l i te  interrogates each transponder 
in sequence on 460 WBn (mdM 30 bits message). 

3 - Vhan a trsmpondan racoanltes i t s  code number, it ansuers back on 
400 #lz sad transdts i w t i o n  Ap. fbur SeNOrS. 
In this process, N w a y  range and ran-ate are measured by the satel- 
l i t e  and stored in its 131 Xbits core memory together vith the data 
race id  from the transponder. 
The sam process repeats on other transponders ~ 9 t h  a time cycle of 
625 rac. Three t o  thirty in ts r rogat iw are thus wade during one pass 
i n  the a s i h i l i t y  of a transpander, accordhg to the interrogation pro- 
Fa''. 

PIWP8 1 1- 
1 - The interrogation promar i s  prepared and transmitted 

to a telacommd atation 
2 - The program is fad in satell i te memory 
3 - hanspadms irrtemogationr 
4 - h-dets answers 
5 - Data collacted fNm transponders are trscudttad d m  

to a telemetry atation 
6 - Data are transmitted to Bretigny and processed 





The experiments which have been conducted with the Eole s v s t c .  a r e  of three 
types : . Isobaric balloons tracking (laafn experiment) . Data col lect ion . P o s i t i o ~ i n g  of ships and d r i f t i ng  objects. 

The main experiment As conducted frola Septembre 1971 t o  dd-1972. It 1.::::- 

ved t h e  tracking of 479 balloons launched between August and N o v M ~ ~ ~  1971 
from three special launching s t a t ions  s e t  up by CllES i n  Argentina in  a 
rooperative program with the  UComfsion Nacional de  I n v e s t i g a c i ~ e s  EspacialeQ 
There s t a t i ons  were located i n  Mendora ( 3 3 O  l a t i t u d e  south). Neuquen (39O). 
Lago-Pagnurc, (530). thus allowing an even l a t i t ude  dis t r ibut ion of balloons 
i n  the  southern hemisphere, the  longitude dis t r ibut ion being obtained hv t he  
launch schedule. The average l i f e  time of successfully launched balloons was 
about 150 days. 

I t  was obvious from the  b e g i ~ i n $ .  however t ha t  other applications of the 
Eole system cobld be experimented, such as  message transmission from r e m t e l y  
located s i t e s  and posi t ioming of ships  o r  other objects  fo r  which an accu- 
racy of 2 t o  3 kilometers would be sufficient.  

Thus s t a r t ed  a completely nw program. called "Eole Complaaentaire" vhich 
involved a large  va r i e ty  of experiments, oriented e i the r  tovards data 
col lect ion only, o r  positionning only, or both. 

Table 1 gives a break-down of these various experiments accordirrflo 
organisations and main objectives. The experiments were primarily f ea sab i l i t y  
deaonatrations, however, since the number of avai lable  transponders vas verv 
limited. Besides, some problems vere mco.mtered with the r e lLab i l i t y  o i  t he  
e lect ronics  s ince  i t  hi~d been designed for  t he  very di f ferent  environmental 
conditions of the  11 kilometers a l t i t u d e  f~a l loons ,  including special speci- 
f ica t ions  due t o  a i r c r a f t  safe ty  requirements. 

Anong these experiments, some were par t iculary  spectacular. such as t h e  
tracking of sa i lboats ,  including PEN WICK I V .  t he  winner of the 1972 s ingle  
handled t r ansa t l an t i c  race, t he  f i r s t  long t e r m  tracking c.f an iceberg along 
the  coast of Antarctic, from February 1972 t o  March 1973, and even the  t ra-  
cking of a NASA c a r  along the  Washington D.C. Beltway ! 

A r 'etailed report of the  implmentation and main r e s u l t s  of these experiments 
i s  avai lable  from CNES (m, 1973). It demonstrates t he  wide range of 
applications of s a t e l l i t e  s y s t ~ a r  such a s  E3U and h w  .he sc i en t i f i c  c o r n -  
- t t v  gradually gained in t e re s t  i n  t h i s  new technique. 

ACCURACY ANALYSIS OP THE POSITIO~liO SYSTEM 

The accuracy of the  posi t ioming systea  has been analysed i n  de t a i l  i n  
(Brachet. 1972). 
The transponder position i s  computed by a l ea s t  square adjustment using a l l  
range and range-rate data collected during ompass. For f a s t  moving objects  
such as  t he  balloons of the  mait experiment, however, the  a c ~ w a c y  i s  limit-d 
by our  knowledge of the wind veiocity and di rect ion since the duration of the 
pars does not a l l w  for a s ignif icant  recovery of these parameters. I n  t h i s  
c a r a n  i t e r a t i v e  procedure has t o  be used r a me;n wind vector i s  cofnputed 
from positions computed on sever,l successive n ~ s s e s  and the  procc-s i s  
reiterated. 
pixed and slowly mving transponders do not present t h i s  difficulty t 

Figure 3 gives the plot of positions computed druing the  routine operations 
for one transponder which was located in  the  CWES tracking and t e l m e t r v  
s ta t ion i n  R e t o r i s  (south ~ f r i c a ) .  I t  gives a md  idea of the spread and 
accuracy of  the positionning svstem (1.3 tm rmsy, The rccuracv of a given 
position, however. i s  *my much a function of  the pass gtometrv. i.e. r t  
Cegrado si i f i c a n t l y  for zenithal passes (ground track dis tance l e s s  than 
two d e g r e e s r  This i s  shown on f igure  4 ,  where r e l a t i v e  dispersions of posi- 
t ions  of a s e t  of trnnsponJers located in Victoria,  B.C. ( ~ a n a d a )  i s  p lot ted  
against the  ground track distance. 
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Centre National pour l'exploitation des OcCans (-0) 
T- Australes et Anturtiques Ran~aises (TAM) 

Bxp+ditionr Polaires R w ~ a i s c s  (EW) 
pen hick IV (Transatlantic race 1972) 
Institut de physique du glob (IPG) 
Coqagnie OCnCrale de Ctophysique (CGO) 
Institut scientifique et technique des pekes w i t i r s  [ISPH) 
Capagnie OCntrale Transatlantique (C(LT) 
Cagagnie mritiac des chargeurs rCtmis (CWCR) 
Oroupe de recherches de g&dCsie spatiale (GXCS) 
Office de la recherche scientifique et technique d90utrCWQ (OBSTOM) 
Naticnal Ocean and Atwsphere administration (w) 
Virginia Institute of m i n e  Sciences (V I tS)  
Laboratoire d'Ctude des grrndes noses (~BM) 
Service ICtCorologique de l0dronautique militain (SW) 
Wnistry of Agriculture. Fisheries a d  Food ( w )  
Oolision Rilcional de Imestigaciones gspaciales J ~ E )  
Instituto Racional de Pesquisas Espaciais (I=) 
India Space Research Organisation (ISRO) 
Coaanvealth Scientific and Industrial Research Organisation ((SIPO) 

- - - - - - - - - - - - 

1) Ball~ons tracking (2-1 and data collection 
2) Drifting buovs tracking and data collection 

Drifting buoys tracking m d  data collection 
1) Drifting buoys tracking m d  data collection 
2 )  ship positionning 

Iceberg positiming 
Sailboat positionning 
Ship positiming 
Data collectiot from ships 
Ship positioning and data collection 
Hetcorological data collection from ships 
Data collation frcm ships 
Analysis of ultimate positionv-ing accuracy 
neteorological and hydmlosrcal data collection 
Drifting buovs tracking and data collection 
Drifting buoys tracking a d  data collection 
Meteorological and hydrological data collection 
Meteorological data collection 
mifting buoys tracking 
Hetcotolcgical data cuilection 
Meteorological data collectior; 
Meteorological data collection 
Drifting buoys tracking 

Oollmreal th Scientific and Industrial Besearch ( ~ 9 1 ~ )  
Scientific Colittee for Antarctic Research (SCAR) 

Drifting buoys tracking 
Icebergs tracking 





n k e p i a ~ o i a r r o n a r  

aBtalutepasiuaIrran 
ewmpadw Jtimule arror 
v-uBb.aa 
r-ate -ts BT(p. 

tidaO 
tbse. -arc Cd a AQ.~ of rpdJ amlysm (Brackt. 1973) 

bls gas tbt tb mt e 1 . n  c n s r t m  rw M In the ~tdua 
p o r i t . o l r ~ P d t b . r s q p r a a a a a ~ f b a ~ t ~ E c a 8  
a c t . ~ m t s r p s r a d . p L t & ~ i = . ' ~ t i o ~ ~ t l r  
orbit -aka. providbg satellite poaitiaa Z c r a t e  to 1.7 
Lilmete~ .lol?p OcL m d  1 L i w a  cruw (3 si-). 
Bsddcs. c a l i b a t i a  of tb. tr- ad u t c l l i t e  elactrod- i s  - h t b ~  r.rga -tr S i a  high aax-acy vaa wt a rquire- 
r a n t t b r t h a s i r ~ ~ o P w d - . M a s c s o f t p a o l b h r r c -  
M uitb reqecc to tbe rtaded cdibratioa data. 
Specbl off-line data pmwssbg. houuer. cg d n L i + e  the effet  o f  matel- 
Ute positioP - hy tahg mre sophisticate4 -ti- mdels. a d  
atwwacion of located in vell 1- m i c  positiam cra, 
~ i a r a a o r a i c r ( l t b r r ~ ~ m r a a e h t r s J p o a d a . s u a h ~ l a t s  
b n a b c a n ~ e d i n R m c e i n 1 9 7 4 8 1 d i n  tbeV.5. i n  1913.nKncxt 
seetiom presents the m n  of this Lgt -to 

-- 
The PirgLnia tnsti tute o f  Mrioe &i- (VUB) started drifting bmys 
apaLsnu rpLag the lDOlS poritismming system im Sep taba  197L. Tne -in 
objsctira i s  tbe study o f  -ts along the cout o f  Wrgiaia. outside the 
math of tbe -e bay. lte buoys are rand d i s c s  uurying tbe radio 
aul gOLB aitamas m d  which i s  attached a cuBic case containing the 
elatmmick A 5 to 20 meters c&le links it t o  a cross l i k e  sail. 
Afta a Pint .n6 nmurfull uperi.ent. Bsg8 propoccd t o  ms ttmt a spc- 
dal pmmmiag bc &me fa' thcL. buqP in Dtda t o  obtain iqxwul position 

FQr this  w e .  a calibratian orpcriret  was organired in 
October 1973. befrrc setting the hoys  at sea : four trrnspomdus were put in 
opaatioa i n  a eololl location along rhe coast aad the acact coordkrates were 
m a w -  
ThaK tr-a w e e  intansively interrogated by BOIB fmm 16 to 23 
Oetotzr 1973. uhile BOfP i t s e l f  was tracked b y  rrrr g'mnmd stations. inclu- 
dirrp gc s f  the .ASA riaitrack stations. 
The irprovrant i n  tracking data -age. cmbined with the use o f  very 
sophisticated paturttation rrdel for the orbit capitation. allwed satel- 
U t e  positiorr anxs not a c e d i n g  34) meters (IS0 r rr.rs). a value wh5ch 
i s  considered the lovcr-bomd o f  m0.t estimation -acy with routine in- 
t e r f g q c t r i c  data. The calibration o f  each transponder was caputed by cor 
paring the theoretical sad obsaPed rmgea for all  passes md deriving a 
ran coaotmt calibration for csb transpolder (Bracht. 1974). 
The p a s i t i d n g  accuracy iqroramt i s  very opcctdar t 
Figure 5 -arcs tne positions o f  there four transponders derived frw 
t' e routine operations and the positions after the calibratin and special 
data processing. The Cispersion annme the meen positim i s  iqmved frol 
2500 t o  350 r t e r s  ( t a d )  and thc .cm point, previously tOOO r t e r s  to 
the vcst o f  the refer- position, wves t o  within 300 meters. 
These spcctsorlu rerlIt5 c o u l d  not. Wortlmately,  bC applied t o  the buOy 
tracking apaimt vhfch w a s  to f o l l w  i rcdia te ly  the calibation. The 
bmys vere not sct at sea Oefore end o f  January 1934. w that there i s  no 
gwsn t r r  that the calibration values obtained i n  October 1973 are s t i l l  
valid. The stme procedwe. however, w a s  followed r i n t su i ve  tracking o f  
BOIB. special orbit camputatioa. detailed analysis o f  each pass i n  order 
t o  alLe full use of all  available data. 
Five b y s  were set at s% rr Jrmgy 29 1974 by 38.8 latitude north and 
longitudes varying be-: 284.95 and 205.50 degrees. TVo o f  thcr were 
tracked by EilU until I h c h  1974. Aft= an excursion to the north, they 
vent south along the coast, to about 36.00 degrees latitude oefore being 
caught by the Q ~ l f - S t r e m  about the 8 or 9 Pebruuy. F'ra thsr on. they 
dirfted quickly t o  the &st. 01 Wrch 26 for example. buoys no 24 had 
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r e  the lmgitude 308' B g t .  hawing traveled lora thra a thasad 
nautical miles. 

Figure 6 reprcrents the d r i f t  of b u ~ y .  m and S3 dsmg the eocut dwiag 
the first tea days of the expuhent .  the most signiPicmt for the  study of 
caarrtal -ts. 

The SOIS poaitioming sp ta  baa d a m s h a t e d  the great potential of ratel- 
l i t e  teckmiquw F a  t h e  tracking of drif t ing objects arh aS bllOO8S. 
bmys. iceberp. Eeing operatiamdl for mre than two awl a half YeeU'S. it 
bas dco  prwided valuable ecientific data t o  imrrcrtigatars a l l  ovez the 
e l d .  It h a s  opened the way to  new s a t e l l i t e  systems. proriding iqroocd 
possibilities. which arc being dewelopped nou : The U& TI- M i p l  

for ?JW k t i d  nd Atrwpbar kd.iniShatiWl (IPM). cmd tha Pranch 
DlllDQlB and programs which are being presented a t  this s w i m  
(PfKWI. 1974). 
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CENTRE NATIONAL D'ETUOES SPATIALES 
Direction des  Programmes e t  de  l a  Po l i t i que  
I n d u s t r i e l l e  

Since 1967 t h e  Centw National d e  Recherches Spa t i a l e s  has been 
studying a high-accuracy locat ion system employing a near-earth 
satellite and designed t o  f ind  the  coordinates o f  i so l a t ed  f ixed 
or s l i  t l y  mobile points. E f f o r t s  are being concentrated on 
a c h i e v g g  an extremely accurate  performance with a n l a t i v e l y  
short delay i n  making the  m s u l t s  ava i l ab le  - of  the  o d e r  of a 
few hours with an accuracy o f  one to two a e t r e s ,  and d a m  t o  
a few minutes, with an accuracy of  t h e  o rde r  of  10 t o  20 metres. 

This system has  been dubbed GEOLE, a &ination o f  EOLE ( t h e  
name of  an e a r l i e r  CUES pro jec t )  and t h e  word Geodesy. 

It is s t i l l  i n  the  project  s t age ,  and t h e  ways and means of 
s e t t i n g  up and using t h e  s stem (as w e l l  a s  its main technical  
f ea tu res )  remain t o  be decrded. 

The f i r s t  opera t ional  s a t e l l i t e s  could be ava i l ab le  by 1981, and 
the  system w i l l  then be put i n t o  use. 

1. IIOTRODUCTIOR 

Towards t h e  end of  1967 t h e  study of  t h e  EOLE s a t e l l i t e  system 
undertaken a t  the  Centre National dlEtudes Spa t i a l e s  (France) 
reached a de e o f  d e f i n i t i o n  s u f f i c i e n t  t o  allow a s t a r t  t o  be 
made on t h e  c e l o p m e n t  phase o f  t h i s  project .  The EOLE program- 
me involved a s a t e l l i t e  on a low c i r c u l a r  o r b i t  inc l ined a t  60° 
t o  t h e  equator,  operated i n  conjunction with severa l  hundred 
f ixed o r  slow-moving t e r r e s t r i a l  platforms (balloons,  buoys, e t c )  
The s a t e l l i t e ,  by in t e r roga t ing  t h e  l a t f o r a s  v i a  a r ad io  l i n k  
when passing an view, picked up the  sa t ,  needed t o  pinpoint t h e i r  
locat ion by measurements o f  angle  (Doppler e f f e c t )  and s a t e l l i t e -  
t o - p l a t f o m  distance.  The transmissions fmm the  p l a t f o r m  a l s o  
included a va r i e ty  of d a t a  generated by sensors,  e tc .  (EOLE, 
launched i n  1971, is still operat ional  a f t e r  30 months). 

The degree of  pinpointing accuracy looked f o r  with EOLE was of 
t h e  o rde r  of 1 km under good condi t ions ,  assuming an exce l l en t  
knowledge of t h e  s a t e l l i t e ' s  o r b i t .  While t h i s  was .om than 
s u f f i c i e n t  f o r  meteorological and oceanographic purposes, the  
reLative coarseness of  measurement ru led out  a number of poss ible  
appl ica t ions  o f  t he  system, s ince  locat ion missions c a l l  f o r  
measuring t o  within a few metres. 

For t h i s  reason a proposal keeping the  same measuring p r inc ip le  
a s  EOLE bu t  aiming a t  measurements accurate  t o  within one matre 



began to be s t u d i e d  by CNES from November 1967 onwards. under  t h e  
name o f  t h e  %EOLE Pmgraama". 

Although t h i s  s a t e l l i t e  system, because o f  t h e  l e v e l  o f  p e r f o r -  
mance it promised. very soon prompted thoughts  of  f a s c i n a t i n g  
s c i e n t i f i c  experiments.  t h e  b a s i c  concept  and t h e  d e s i g n  s t u d i e s  
have always k e n  c e n t r e d  on t h e  p r o v i s i o n  o f  an o p e r a t i o n a l  
a p p l i c a t i o n s  system s e r v i n g  u s e r s  o f  d i f f e r e n t  n a t i o n a l i t i e s  
working i n  a wlde v a r i e t y  o f  f i e l d s .  Between 1968 and 1971. 
the:-efore, work was done i n  t h r e e  n a i n  a r e a s  i n  o r d e r  t o  ga in  a 
c l e a r e r  p i c t u ~  o f  t h e  d i f f i c u l t i e s  involved i n  a p r o j e c t  of  
t h i s  kind : 

( a )  I d e n t i f i c a t i o n  o f  wssib:e a p p l i c a t i o n s ,  by surveys  o f  poten- 
t i a l  u s e r s .  Study o f  l e v e l  o f  demand, competing sys tems ,  
e t c  ; 

(b)  Technica l  s t u d i e s  o f  t h e  measurement sys ten .  i t s  s o u r c e s  o f  
error. methods o f  c o r r e c t r o n ,  d a t a  p r o c e s s i n g  methods, o r b i t -  
p l o t t i n  . e t c  . 

( c )  Production o f  models and rock-ups t o  check. i n  c e r t a i n  c r i -  
t i c a l  a r e a s ,  t h a t  p r a c t i c a l  r e s u f t s  would match t h e o r e t i c a l  
da ta .  

I n  November 1971 t h i s  work culminated i n  a t e c h n i c a l  review t h a t  
led t o  t h e  fo l lowing  main c o n c l u s i o n s  : 

( i )  The =OLE programme could  reasonably  be n g a r d e d  a s  f e a s i b l e  
even w i t h  t h e  most ambi t ious  s p e c i f i c a t i o n s ,  a l though it 
c a l l e d  f o r  advanced engineer ing  s k i l l s  and a step-by-step 
approach t o  s o l v i n g  t h e  problems ; 

( i i )  The programme evoked d e f i n i t e  i n t e r e s t  among t h e  p o t e n t i a l  
u s e r s  who had been consul ted .  

These conc lus ions  l e d  CNES t o  d e c i d e  t o  p r e s s  ahead w i t h  its 
e f f o r t s  i n  t h e  t h r e e  a r e a s  w n t i o n e d ,  and i n  a d d i t i o n  t o  u n d e r  
t a k e  a s t u d y  on a p r e l i m i n a r y  p r o j e c t  f o r  a  s a t e l l i t e  designed 
t o  pave t h e  way f o r  QOLE by provxng t h e  soudness o f  t h e  measu- 
r i n g  p r i n c i p l e  and f i n a l i s i n g  t h e  main components t o  be employed 
i n  t h e  f u t u r e  o p e r a t i o n a l  system. 

This  pre l iminary  p r o j e c t ,  code-named DIALOGUE, was completed i n  
1973 and development and product ion  began towards t h e  end o f  
t h a t  year .  Concurrently,  i n  o r d e r  t o  e n s u r e  t h a t  t h e  l e s s o n s  
learned  from DIALOGUE y i e l d  maximum p m f i t  f o r  t h e  GEOLF. pro- 
g r a m e ,  t h e  main choices  o f  b a s i c  c h a r a c t e r i s t i c s  f o r  t h e  ~ m -  
j e c t  w r l l  be  made i n  mid:l97o o r  t h e r e a b o u t s ,  and a p r e l i m i n a r y  
p r o j e c t  s tudy  o f  =OLE w a l l  t h e n  be begun. 

2. THE =OLE PROGRAMBE 

2.1. General  

A l l  t h e  work dona up to t h e  beginning  o f  1975 h a s  been d i r e c t e d  
towards t h e  ' loca t ion  p i n p o i n t r n g  experiment" wich forms t h e  
h e a r t  o f  t h e  whole system and is t h e  moat d i f f i c u l t  t o  t r y  o u t  
exper imenta l ly .  A l l  t h e  o t h e r  d e f i n i t i s n  o p t i o n s  f o r  t h e  space  
system a r e .  t o  a  very l a r g e  e x t e n t ,  s t i l l  open : t h e y  i n c l u d e ,  
f o r  example, t h e  major subsystems and a n c i l l a r y  equipment o f  t h e  
s a t e l l i t e ,  t h e  number o f  beacons and t h e i r  o p t i m i s a t r o n  and t h e  
method o f  running  t h e  o p e r a t i o n a l  system. 

2.2. Objec t ives  

The o b j e c t i v e  aimed a t  by t h e  GEOLE p r o j e c t  i s  t o  s a t i s f y  v i r -  
t u a l l y  a l l  t h e  needs expressed  by u s e r s  Them 
a r e  expected to be  c e r t a i n  except ions ,  i n  p a r t i c u l a r  i n  c a s e s  



GUERIT 

where overcoming a c o n s t r a i n t  would be e x c e s s i w l , '  c o s t l y  seen  
a g a i n s t  t h e  l e v e l  o f  demand. 

I f  t h e  demand is t o  be s a t i s f i e d ,  t h e r e  a r e  severa l  g o a l s  t h a t  
need to be reached,  such  as : 

- Worldwide l o c a t i o n  a b s o l u t e  o r  r e l a t i v e  o f  i s o l a t p j  f i x e d  
p o i n t s  w i t h i n  10 to.30 metres i n  a ~ 1 n g l e ' ~ a s s  and w l t h i n  1 
metre o v e r  a whole day,  and o f  s l igh t ly- -b i le  p o i n t s  ; 

- Worldwide l o c a t i o n ,  a b s o l u t e  o r  r e l a t i v e ,  of  i s o l a t e d  p o i n t s  
w i t h i n  20 metres  and very rap id  a v a i l a b i l i t y  o f  r e c u l t s  (15 t o  
20 minutes )  through t h e  use  o f  a n  on-board computer. 

These two t a r g e t s  can be reached o n l y  by s e t t i n g  up a worldwide 
f i r s t - o r d e r  network o f  t r i a n g u l a t i o n  p o i n t s  comprising 30 t o  40 
a p i c e s ,  whose p o s i t i o n s  r r e  known t o  w i t h i n  2 metres ; t h i s  w i l l  
provide t h e  t e r r e s t r i a l  r e f e r e n c e  system w i t h i n  which t h e  s a t e l -  
l i t e  (and hence t h e  i s o l a t e d  p o i n t )  w i l l  be p inpoin ted .  

The process o f  s e t t i n g  up and o p e r a t i n g  t h e  =OLE system can be 
sunrmarised a s  fo l lows  : 

Phase 1 : During t h e  f i r s t  few months o f  t h e  s a t e l l i t e ' s  l i f e  t h e  
first-order network is p l o t t s d .  us ing  m e a s u r p w n t s  c a r r i e d  o u t  by 
t h e  s a t e l l i t e .  T h i s  p l o t t i n g  is pure ly  geomet r ica l  and d o e s  n o t  
involve c e l e s t i a l  mechanics - 1.e. i t  is a t e r r e s t r i a l  p o t e n t i a l  
model. 

Phase 2 : A f t e r  Phase 1 is complete it becomes p o s s i b l e  t o  u s e  
t h e s y s t e m  t o  l o c a A e  i s o l a t e d  p o i n t s .  The beacons s i t e d  a t  t h e  
a p i c e s  o f  t h e  f i r s t - o r d e r  network now have known p o s i t i o n s ,  and 
can be used t o  p l o t  t h e  s a t e l l i t e ' s  t r a c k  permanently and c o n t i -  
nuously. 

A l l  t h a t  is necessary  t o  f i n d  t h e  c o o r d i n a t e s  o f  an i s o l a t e d  
po in t  is t o  p o s i t i o n  a beacon and t h e n  w a i t  f o r  - depending on 
t h e  degree  o f  accuracy  r e q u i r e d  - one or more p a s s e s  of t h e  
s a t e l l i t e .  The measurements ~f range  . ~ d  r a d i a l  v e l o c i t y  between 
t h e  s a t e l l i t e  and t h e  beacon p l a c e  t h e  l a t t e r  at- t h e  i n t e r s e c t i o n  
of  spheres  and cones.  

3. tam CHARACTERISTICS OF THE GEOLE SYSTEM 

3.1. General  

The system is  made up o f  au tomat ic ,  s e l f - c o n t a i n e d  beacons, t o  be  
l o c a t e d ,  and one o r  more s a t e l l i t e s  which i n t e r r o g a t e  t h e  respon- 
d e r  beacons, measure t h e i r  range and r e d i a l  v e l o c i t y  and s t o r e  
t h i s  information i n  o r d e r  t o  r e t r a n s m i t  it, o v e r  a convent iona l  
t e lemet ry  l i n k ,  t o  a c e n t r a l  EDP s t a t i o n .  

3.2. Requirements on t h e  sys tem 

The p r i n c i p a l  requirement?. on t h e  system a r e  : 

( a )  t h e  h i g h e s t  p o s s i b l e  accuracy ,  of  t h e  o r d e r  o f  one metre ; 

( b )  completely au tomat ic  o p e r a t i o n  o f  t h e  ground beacons ; 

( c )  loca t ion-da ta  t r a n s f e r  v i a  t h e  s a t e l l i t e  ; 

( d l  da ta -process ing  a t  a s i n g l e  p o i n t  (descr ibed  below a s  "opera- 
t i o n s  c e n t r e " ) .  

The s a t e l l i t e  has a twofold r o l e  - l o c a t i n g  t h e  beacons and t r a n s -  
f e r r i n g  d a t a .  
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The t rans fe r  of da ta  between the various baacons scattered round 
the world and the opemtions centre is made possible by having 
a rrory  carried on board the s a t e l l i t e .  There is therafola a 
cer tain time-lag between the time when a measurement is made and 
the m m n t  when it reaches the  operations centre  ; it can be up 
toseveml hours. The s a t e l l i t e  memory is a l w  med t o  s ton,  the 
talecoxmend orders f o r  the beacons t o  be i n t e m g a t e d .  

The operating principale of Geole is shown in Fig. 1 The sequence 
of events is as follows : 

1. The work programme f o r  the  satellite covering a given period 
(firm 2 112 hours t o  several days) is d m  up a t  the  opera- 
tions centre. 

Thin programme accommodates requests from users, who have t o  
s t a t e  : 

(a)  the-date  on which the beacon w i l l  be i n  position n a d y  t o  
be a n t e m g a t e d  ; 

(b) the  beacon's appmximate position (within a feu hundred 
kilometres) ; 

( c )  the  crcuracy of location-pinpointing needed, and t h e  
messages t o  be passed t o  the beacon. 

2. This programme is transmitted t o  s ta t ions  in the telecoamand 
network (e.g. by te lepr in te r ) .  

3. -em an ,  t m n s d t t e d  t o  the :..-411ite telecomeand so 
tha t  it can carry out the  work programme. 

4. The s a t e l l i t e  s to res  the orders it has received. These orders 
comprise the addresses of the beacons t o  be interrogated, the 
times a t  which they a r e  t o  be i n t e m g a t e d  and the  r s s a g e s  t o  
be passed t o  the beacons (calculated positions, s ignal  t o  t e r -  
minate operations, etc.).  

5. The arders are  carr ied out a t  the times indicated, and the 
beacons specified are  interrogated. A t  each interrogation the 
beacon (assuming it is i n  view and its receiver has locked 
onto the ca r r ie r )  w i l l  on decoding its am address r e t ~ n s m i t  
t h i s  together with location-fixing s ignals  and the date gene- 
ratad by the beacon's sensors. 

A t  each interrogation, the s a t e l l i t e  s t o w s  in its memory : 

(a) the addxwss of the beacon being i n t e m g a t e d  ; 
(b) the time (using the  s a t e l l i t e  clock) ; 
(c) the location wasureaant data  (2  range measurements and 2 

Doppler measurements) ; 
<d) the data from the bracon s e n s o n  (temperature, pressurn 

and humidity f o r  correction of tropospheric e r rors )  and 
messages t o  be transmitted via  the s a t e l l i t e .  

6. The s a t e l l i t e  passes over a telemetry s ta t ion ,  and the con- 
t en t s  of the s a t e l l i t e  data  s t o m  a r e  transmitted t o  the 
ground. 

7. These data  are  passed t o  the operations centre (e.g. by te le -  
printer).  

8. The data are  computer-processed, calculating the positions of 
the beacons and pre-processing the messages received. 

9. The beacon positions and messages a re  passed on t o  the users. 









The refemnee l a t t i c e  network can be determined by w-8 of die- 
tance m ~ u r e m e n t s  between t h e  s a t e l l i t e  and t h e  ap ices  or, 
b e t t e r  s t i l l ,  by measuring d i s t ances  and Mia1 v e l o c i t ~ e s  bet- 
ween these  same points.  

4.1- 2 1. ! W ~ ~ ~ Q ~ - ~ P & ~ ~ ~ ~ Y P F P ~ B ~ ~ - ? ~ ~ Y Q ~ F B A - I ~ ~ ~ P ~  
nztwork 

To f i x  t h e  s i t i o n  of  the  l a t t i c e  network with referanee  t o  
the  Earth,  is necessary and s u f f i c i e n t  t o  d e t e d n e  e i x  unk- 
nowns v i e  : 1 point  ( 3  unknowns) and 3 Euler  angles  ( 3  unk- 
nowns{. Since each apex o f  t h e  l a t t i c e  network L determined by 
3 coordinates,  t h e  numbar o f  unknouna t o  be determined f o r  a 
network having n apices  is therefore  3 n - 6. 

4.2. Normal method of  use 

An unknown point  can be determined by introducing one new apex 
o f  the  datum l a t t i c e  network. We ha te  seen (see para. b.l.2.) 
t h a t  t o  solve  the  problem it is nereasary t o  have eimultmeous 
v i s i b i l i t y  of  fou r  apices  ( t h e  unknown point and t h r e e  points  o f  
t h e  bas ic  network) and at l e a s t  : 

6 d i f f e r e n t  s a t e l l i t e  posi t ions  when dis tance  measurements a lone 
a m  ueed, 
14 d i f f e r e n t  s a t e l l i t e  posi t ions  when dis tance  and OFppler measu- 
rements a r e  used. 

In  p rac t i ce ,  t h e  number o f  m a s u r e m n t s  should exceed these  
minimum values ; furthermom, t h e  ul t imate  accuracy can only be 
achieved by observations a t  sevens1 parses  giving s u f f i c i e n t  
g e o m t r i c a l  d i v e m i t y  t o  e t  r i d  of  poss ible  b i a s  i n  t h e  me-ur 
rements. In  addi t ion,  d u r k  a s i n g l e  pass,  the me-uramt  
s i t i o n s  should be equal ly  d f r t r i b u t e d  ove r  t h e  a r c  of t he  OPE; 
v i s i b l e  from t h e  beacon concerned. 

4.3. In se r t ion  of measurements made by Oeole in loca l  geoderig 
eystems 

The l a t t i c e  network determined dur ing the  f i r a t  phase o f  t h e  
mission w i l l  enable us t o  def ine  an a x i s  system r e l a t e d  t o  the  
Earth and f ixed nnce f o r  a l l .  The a x i s  system best  su i t ed  t o  
user  requirements w i l l  be chosen. Its c h a r a c t e r i s t i c s  would be : 

Trirectangular  axes, o ,  x, y and z ; 

OFigin c l o s e  to t h e  Earth's  cen t r e  o f  mass ; 

2 ax i s  very near  t o  the  geographical pole ; 

Plane o x e ly ing v i r t u a l l y  along t h e  Sreanwioh meridian. 

The essutucy o f  the  system and t h e  p o s s i b i l i t y  of t r e a t i n g  the  
o r b i t  by m m r  o f  a semi-dynamic method maker it poss ible  to  
-8ert t h a t  : 

. The o r i g i n  w i l l  be feu metres fmm the  c e n t r e  o f  mass ; . The o t a x i s  w i l l  be a l i  ed on t he  geographical pole with m It" accuracy b e t t e r  than 0.1 ; . The plane o x e w i l l  d i f f e r  from t h e  Wenwich  meridian by m 
amount not g r e a t e r  than 0. in. 

When the  ax i s  system has been s e t  up, ce r t a in  usem r y  have 
t o  e s t a b l i s h  a m l a t i o n r h i p  with mgiona l  p o d e r i c  s y s t e m  (e.g. 
Europe SO, North American Dmtum, etc.)  o r  l o c a l  s y s t e m  (e.g. 
t he  system of  a given country).  
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To a f i r s t  approximation, the t ransi t ion from the ax i s  sy6tea 
t o  local  systems w i l l  be achieved by mane of one t ranslat ion 
m n n t  (of about 100 metres a t  most), a rotat ion and a scale  
conversion by determining three known points i n  the  @odesic 
syrtan with &ole, the transforr~ation parametera w i l l  be obtai- 
nod. It is e l e m  that the  diswibut ion of points i n  the  i n i t i a l  
l a t t i c e  network w i l l  enable transformation formulae t o  be obtai- 
ned for  the major mgional systems. Special operations might 
be necessary f o r  local systems. 

U.U . Util isat ion : conclusion 

The system w i l l  be s e t  up in two stages : 

- The f i r s t  w i l l  consist of placing a s a t e l l i t e  in  o r b i t  aseo- 
ciated with about 100 beacons. 

- The second w i l l  consis t  of adding t o  the system one o r  mom 
s a t e l l i t e s  so a s  t o  give p e m e n t  cover a11 over the globe. 
One might envisage putting a s a t e l l i t e  i n  o rb i t  once every 
year o r  18 months. 

Such a system can only be s e t  up i f  it is economically a t t rac -  
t i v e .  The customars w i l l  probably pay on the basis of the time 
f o r  which the use it. The cos t  w i l l  depend t o  a large extent on 
the nunbar of contract customera actually using the system. A 
rapid calculation shows tha t  i f  the system was used continuously 
by 100 beacons : 

- The cost  of pinpointing a s i n  l a  triangulation point with high 
accuracy ( 1  metre) would be of the order of SO00 to 6000 
francs. 

- The cost  of  pinpointing an isolated triangulation point with 
acnra e accuracy (10 metres) would be of the order of 1000 t o  
1000 4ranCS.  

A t  the beginning of the coning decaden the system could thus 
becorns the ideal  tool  f o r  surveyors, bydropaphercr, prospectors 
and topographers. 

5. CURRENT THINKING ON THE PROJECT 

5.1. Heasurament ?- 

For each beacon interrogated, two types of measurement a m  made 
by the s a t e l l i t e  : rad ia l  velocity and distance between the 
beacon and the s a t e l l i t e .  

Radial velocity i s  measulwl by mans of the  Doppler e f fec t  : on 
board the s a t e l l i t e ,  a comparison is made between the frequency 
of a c a r r i e r  a s  transmitted by the  s a t e l l i t e  (1500 MHz) t o  the 
beacon and is re-transmitted by the beacon. Because the assage 0 the ionosphere and tropos hem &:tam the s ignal  s pro- 
$;:$on velocity and f a l s i f i e s  tRe measurement, the  beacon m- 
transmits on two repmate frequencies (2000 MHz and bOO MHz) 
and a l inear  combinatfon of these two velocity measurements 
enables a correction t o  be made fop the e f f e c t  of the ionosphere. 
C u s d n g  the s a t e l l i t e ' s  o r i t ion  a its o r b i t  t o  be. known. the 
co-cted value of the r .8ial  velocity makes it possible t o  de- 
f ine  the geometrical loccn o f  the beacon, which is a cone whose 
apex angle is a function of the velocity. Several measurements 
a t  different  points on the o r b i t  make it porsible t o  define 
several cones intersect ing a t  the  beacon*^ location. 

The distance from s a t e l l i t e  t o  beacon is determined by measuring 
on boanl the s a t e l l i t e  the propagation time of a low-frequency 
signal (sub-carrier) sen t  out  by the s a t e l l i t e  towards the 



GUERIT 

beacon t o  be located and r e - t m s m i t t e d  i n  phase by t h e  beacon 
~zs i a rds  the  s a t e l l i t e .  Hero a a in ,  t h e  passage through the  io- 
nosphere and tmpospheru, f a l s f f i e s  t h e  measurement 4 to co r rec t  
t h e  e m p r ,  t h e  measurin s igna l  is re- tmnsmit ted  by t h e  beacon 
on two camiem3 (1000 Id% and 400 MHz) $ two d i s t ance  meaeum- 
monte a r e  then camied  out  and cos.bined l inea r ly .  Because o f  
t h e  accum re u imd ,  t h e  sub-car. i a r  frequency is m l a t i v e l y  
high (1 H H ~ .  S? nce the  dis tance  masumment is i n  f a c t  a mea- 
surement of  ha t e - sh i f t  between the  s i g n a l  t ransmit ted  by t h e  
s a t e l l i t e  an$ t h a t  re- t ransmit ted  by the  beacon, t h e m  i s  a 
measurement ambiguity cornsponding t o  a 360° phase-shift  of  
t h e  sub-carrier.  Since a maasulvment ambiguity exceedin 30 km 
is des i red ,  t he  s igna l  is in  f ac t  made up of  9 sub-camfers 
t ransmit ted  sequen t i a l ly  whose successive fzwquencier a m  i n  
t h e  ~ t i o  of  1 t o  2, t h e  lowest sub-camier  being about 4 kHz. 
Since the  s a t e l l i t e  pos!.tion i s  aesumed t o  be known, t h e  correc- 
t ed  dis tance  measumment makes it poss ible  t o  e s t a b l i s h  the  p o -  
metr ica l  locus of t h e  beacon t o  be located,  which i s  a sphere 
with the  s a t e l l i t e  a s  i t s  centre.  Seveml  measuramante a t  va- 
r ious  points  on the  o r b i t  make it poss ible  t o  def ine  seve ra l  
spheres t h a t  i n t e r s e c t  a t  t he  beacon location. 

5.2. E m r s  

% accuracy requimd i n  locat ing the  beacons i n  t h e  most exac- 
t i n g  c:rcumstances w i l l  c a l l  f o r  high-quality performance by t h e  
measuring system. I t s  main causes of  e m r  are I 

- Ionospheric and tropospheric e m r e ,  which can be  corrected by 
us ing two fmquencies  on t h e  up-link, pmvided ti.:' the  baa- 
con look angle is g rea te r  than about 20° when tL -.easurement 
is ma&, and by maasu~ing the  a t m o ~ ~ h e r i c  parame- rs (tempe- 
ra ture .  pressure and humidity). - Error6 associa ted  with antennas and due e i t h e r  t o  t h e  d ispla-  
cement o f  t h e  phase c e n t r e  of the  s a t e l l i t e  o r  beacon anten- 
nas, o r  t o  obstacles  i n  t h e i r  v i c i n i t y  ( r e f l ec t ion  c r  d i f -  
f r ac t ion  e f f e c t s ) .  These e r r o m  can be q u i t e  e a s i l y  overcome 
by good s a t e l l i t e  s t a S i l i t y  and by taking meaeutwments a t  
f a i r l y  high beacon look angles ( 3 20°). - Errors due t o  measuring e uipmant - f requencymter  f o r  velo- 
c i t y  and phasemeter f o r  dqstance. These pose no spec ia l  pro- 
blems. - E m r e  due t o  thermal noise  on the  l i n k s  : with reasonable 
l i n k  budget asrunpt ions ,  these  e r r o r s  can be reduced t o  2 m 
i n  dicrtance and 2 mm/S i n  velocity.  - E m r s  associa ted  with t r a n s i t  time s t a b i l i t y  i n  beacon and 
r a t e l l i t e  c i r c u i t s .  This is  t h e  most d i f f i c u l t  problem. The 
t m r i t  time must be s t a b i l i r e d  t o  within 2 ns.A l i k e l y  
oolution is negative feed-back in  the  beacon modulation c i r -  
c u i t s  and se l f - ca l ib ra t ion  on board t h e  s a t e l l i t e .  

- E m m  associa ted  with t h - l o g g i n g  of  measurements t t h i s  
is not c r i t i c a l .  

b n e r a l  t echn ica l  c h r r a e t e r i s t i c r  of  t he  measumment system 
thus comprises : on board o f  the  e a t e l l i t e  : 

( a )  A 1.5 OHz * . ransni t tar  (with a power of  .3 t o  20 W) mdula-  
t a d  by t n e  address and dis tance  measurement s igna l s  and 
the  da ta  t o  be sen t  t o  the  beacon. 

(b)  A 2.1  We receiver ,  
(c) A 0.b GHz M C ~ ~ V ~ F ,  

(d l  An u l t r a - s t ab le  o s c i l l a t o r  ( s t a L i l i t y  10-11 61, 
( e )  Two frequencymetere f o r  veloci ty  measurement, 



(f) Antennas f o r  use a t  800 Mls and 1.5 - 2 W+, 
(g) Laser reflaetors f o r  cal ibrat ion m e a s u m t s .  

On each beacon : 

(a1 Antennas f o r  use a t  400 I¶Hz and 1.S - 2 
(b) A 1.5 6liz raceivar, 
(c) hro tnansmitters operating a t  QOO ntls and 2 respective- 

l y  * 
(d l  Cc.muits f o r  extract ing the  addrecrs signal, the distance 

signal and t h e  data, 
( e l  Data transmission c i ~ c u i t s  ( fo r  t1opspheric  corr6ction). 

5.3. Choice of o r b i t  

The s a t e l l i t e  a l t i t u d e  i s  chosen w +>at a t  my mment @ beacons 
of the datum l a t t i c e  network uu simltaneously vis ible  f r o r  it. 
This enables tha network t o  be dafined by a m l y  g e o n e t r h l  
method. Since these beacons can only be s i tuawd on dry land. 
the o r b i t  a l t i t u d e  is n l a t e d  t o  intamontinantal  distances and 
w i l l  lie between 3500 and 8300 k. 

the i a c l i n a t h n  of orbit is such tha+: a baacum sitmatad at the 
pole can be correct ly  locatad, i.8. the beacon look angle w i l l  
be .n*ud the o p t i u r  va1.a of  SOmB 300. The k l i n a t i m  W i l l  
therefore! be some w. 
Orbit eccentr ici ty  is not a criti:al p a r a a t a r .  ReducfrU it to 
a scull figura of  the o a r  of  1 t canters certain advantages 
in  the dimensionin o f  the system : r d u c t i a n  of  tZaa d)lurie of 
radio siwals. an &proved methemtical modal of  the o r b i t  and 
eas ie r  s a t e l l i t e  s tabi l isatfon.  

5.8. s a t e l l i t e  charec te r i s t i cs  

The factors  governing the  satellite*^ d i a e n s i ~ s  me : 

- The s i z e  of th. s o l a r  ganarator determ€ned by the txWncnitted 
power a t  1.S 6Ho ad by the  fac t  t h a t  .-t mn a l t i t d a  of  
3500 km the s a t e l l i t e  is subjected t o  nigh doses of  radiation, 

- The uss of the experiment, whir* is m l a t i v e l y  coq lex .  - Redundancy necessary t o  ensure a l i fe t ime of at least three 
ITr- - The size of  the mmory requimd t o  s m  a11 the  infarratfon 
i n  t-sit in the s a t e l l i t e  between beacons end tha processing 
centre. 

Cllrrancly, the  plmned s a t e l l i t e  hae a mass of solla 250 kg anl 
can be launched by a *Delta 2310 w i t h o u t  apogee ator. It is 
geoc-ntrically r t ab i l i sed  *F within about 10°, which mkes it 
p s l b l e  t o  have fixed antennas inted tovards t)n E m h .  The 
solar p n e n t o ?  is fixed ar,d r d i r e c t r c r  .e l  because opemtion 
is cant inuous. 

' :h eeganl to e l e t z w n i c  f a c i l i t i e s ,  th. s a t e l l i t e  is equipped 
vztn a 136 Mla telemetry 8y;tem a d  a lb6  Wliz talecommand syrtcm 
working t o  the s ta t ions  of the turapaan network. Datc art St- 
on a 250 000-bit * - P~M+/. 

5.8. Beacon c h + a r t e r i s t i c t  

At l e a s t  two types of be- a m  envisa .4 ,  depending on the 
level  of p a ~ f ~  ..an*.* l ' U q ~ i h d  : 



- Ikacem witb directional wlf-poSnting mmemas mqdrd to 
attah the r*st.ras o l t in te  - .Pd vh*I* dl1 be used 
in pert* to net up the &tam lattice n e ,  - Ewaeara with miQiFaCtiQIYL a a t ~ ~ ,  lw8 costly mtd mom 
8-10 ia we, u h e ~  acauacp w i l l  be about three t h 8  108s 
good. 

In  .dbitioa to ths cohmnt re6pomders almrdp mationed, the 
~ ~ 8 e :  

- Season for mieel rraummenh to c a ~ y  Out k P p o @ ~ c  
comactionr tma-t of teqmumme, pm~rora od h d d i -  
tr) 

- A disp1.g St.- for ph..nting data to the u8er (0.g. point 
ao-ordinrtes) , - A powr wume capable of prwidlag SO W peak8 durtrg trans- 
missiolu. 

ras DlAlDBLlE p m j e  L. intauled to allart tn t ing of tb. BEOE 
.auuring 'a&-system, clad to php.rs poati.1 user8 for this 
new mehod of loeat ion-pinpointing. 

loution ad b a a  t rrudrsion e s ~ c r r a r ,  whfcb i s  sharad 
by the ti*o projects, cwprisr r 

- h tw 
Gziripwn? 

: eatannu, msponder unit, dnta trur8mi88ion 

D- mpzwants M reential st- in developing th. 6EOte 
M.. If it I. m i e a i y  to r c h i m r a  its aim, iot only 
ID.t mfi-t~ th. L O U t h  8Ob-Sj)~t.. & *h. m80~ht.d 
data-pratnfng prove *t tile d a m  of .ocomcy .tou@a i8 
b o a  atdad, bat mial elimts rut be mala Y.P. of th. 
10.tu11#.s a ad-<. 8 of h c b  a system. To ansum thi.. it 

k.a d.cm to off& them yotantm rucm a p- ta em 
D I A u a E  wjeet. 

They dght pcrrt 'aipae in two wap : 

;er c&JIB 80 IwfL*' L the C E S  e @ e t l  b.Pt (nQ.I 
fully infoand of 1%. (pass of de*clop..at and, l a t r ,  
of the ~ . r r l t .  o b t u n s  or 

cb) They d offered the ogporrPnit~ of wial D n :  
aa aoa u the location &-.pea .ad amso- 
o i ~ u d  procarsing r a  yieldin( tM a*paot.d -89- 



llhilo tai. objective c#r only in tin fhal st- of the 
D - g a o a  L t m s t a o t b a  
tlr fma al asd~o 1s- aor ~ e ~ & % ~ i d f ~  
lomtiaa m+sy8tm tht w i l l  If.r t& n u r )  -, 
b P t a l 8 o w i t r l ~ . ~ . I I J I . C O f l i t . l  r u m w h o k c o m  
fim -- - thi. -U stage I over. 

1& DULOBII@ satallit. w i l l  k built f m m  tbs second f l i @ t  model 
oi tk .EO~E= the f i r s t  satellit. h.+~y beam i.rmcbsd 
in 1971. ?& o q u i m t  of tbo EolS er#rk.ot Pill be npL.chd by 

8) the Dositioa fiadiarr *.mtem with : - IS30 II% trrPnrsrittm3 with a rodi.ted powar of S W rodoh- 
ted bp the q i n g  &d data signus. 
The -#a# s-1 is a binary load. with a h i e  mta of 
1 rn .ad 200 pr recurrion c d f s u n w  without eabigdt). Of 
30 k.). 

- r mceioar centmd on 2090 HBz demmhlating t h e  nsnging 
si$IN1 

- a U)2 mt receiver 

- a ultra s t a b l e  mill- control l ing t h e  t ransmit ter  .nd 
the  clodm 

- a frequency ~ ~ t s  system <Doppler) on the  2 links 

- a m g i n g  system on the  2 lma 

- laser raflhcton for tke calibration maaswenants. 

b) Tha E0I.E sub-smtem : 

- il6 IUiz telemetry r ~ n s d t t e r  
- 1bO KEr telacomund wce iver  and d d a r  



- gravity mieat stabi l iaat ion.  

The total s a t e l l i t e  mass is estimated t . be 86 kg. 

eeacoms : - 
The bacon8 are coherent repeatera comprising e6sent ial ly  : 

- am antenna - t m m d n s i o n  and mception equipment - data handline eqaipmnt ( d d r a s s  r a c o p ~ i t i a n ,  mea~rmrante 
enabling tmpospltaric a m o m  to be corrected. i.a. passum. 
+mpemtum &ad-relatiwe humidity) - a p w a r  supply. 

hto types of baacon w i l l  be used : 

- type I1 with direct ional  antenna pointed automatically t o  the 
s a t e l l i t e  - type I which are ident ical  t o  type I1 except t h a t  they have an 
ornidiract ional  antenna. 

Only type I1 beacons enable position detexminatbn t o  within 1 
mtm ; hawever, type I beacons with an amid i rac t iona l  pat tern 
are e a s i e r  t o  use and can be ins ta l l ed  i n  ce r ta in  vehicles. 
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ABSTRACT 

Simulations on the  prCcise a d  op6rat ioanai  p o s i t i w n i n g  systsr 
GE0l.E a r e  presented. The pos i t ion  of  user 's  transponders w i l l  
be computed, i n  r vor td  wide reference  coordinates system, from 
range and range r a t e  measuracnts .  This  datum c o n s i s t s  i n  tbe  
set of coordinates  of  a net of s t a t i o n s .  w e l l  d i s t r ibu ted  a11 
a-ruad t h e  ear th .  The res e c t i v e  pos i t ions  of t hese  po in t s  w i l l  
be determined with CEOLE P t se l f  during a preliminary s tep .  

A s i g n i f i c a n t  simulation of the r e a l  s y s t a ,  p a r t i c u l a r l y  con- 
cernxng e rao r s  on measurements. had beem ca r r i ed  out .  In a .-?- 
metr ica l  approach. wbich leads t o  a s a t e l l i t e  a l t i t u d e  of 3500 
t o  4000 h, i t  is shaved t h a t  t b e  reference  s t a t i o n  n e t  can he 
kaorn with an accuracy b e t t e r  than one metar i n  l e s s  than 20 
days of obserra t ions .  On r . o re  loca l  s c a l e ,  each s l i t  of  t h i s  
polyhedron w i l l  be linked t o  the  neares t  o the r s ,  something l i k e  
3 o r  4000 b apa r t .  with an accuracy of about SO centimeters.  

A long a r c  technique leads t o  r . ? su l t s  2 o r  3 t i e s  not so accu- 
r a t e .  on t h e  Aypothesis of present ur .zer ta in t ies  nn k~lorledge 
of e a r t h  g rav i ty  f i e l d .  These c a p a b i l i t i e s  a r e  ab le  t o  be hrought 
down t o  those  of t h e  g e a e t r i c a l  rethod. with. in addition. 
f i f t i n g  of  sow I m p  c o e f f i c i e n t s  t o  absorb t h e  more important 
o r b i t a l  per turbat ions .  

Si=ula t ions  sbored a l s o  t h t  in t h e  opera t ioanal  phase. u sa r s  
can ge t  t h e i r  pos i t i on  with accul ICY 5 e t t e r  than 10 meters on 
one pass a* b e t t e r  than 1 meter, u h a t w e r  t h e  l a t i t u d e  a f  
transponders. a f t e r  one day observations.  

During cbe second p a r t  o i  t he  s i s x t y  t ea r s .  t h e  Centre Uatior.al 
d'Etuder S p t i a l e s  (ChfS) .  took i n t e r e s t  i n  one category of 
app l i ca t ioa  s a t e l l i t e  in tcnied t o  pos i t ion  npera t iorul  f i -  
xed o r  -b i le  users.  I t ' s  in t h i s  may t h a t  was conceired. them 
ca r r i ed  our t h e  EOLE s a r e f l i ? e .  launched dorimg 19'1. The 
p t r p s e  of tfiis project  was t o  g e t  pos i t i on  o i  balloons in  
high atmorpbere. Tbe spacecraf t  do. with trarpondeurs set on 
board of balloom$. rangr and range r a t e  measurewen&s. Thts 
p r t r r  ob jec t ive  was followed by caplc l lc l l tary  app l i ca t ions ,  a s  
p s i t i o n n i y l  of f ixed t r anspodcurs ,  boors, icebergs.  After, 
.roan. t h ree  *ea+s of good rrnniry. the s a t e l l i t e  w r k s  yet.  
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On 1967, during the realization hase of EOLE. uas born the idea 
of a more ambitions project. havfng objectives of geodetic 
accuracy. The main features of this operatioanal system remind 
those of EOLE and the new project was nnmed GEOLE 1 h e r e  
"G" is a kind of geodetic quality flag added to EOLE system. 

CEOLE is an operatiomal positionain system that gives the 
y i t i o n  of transponders in a rrldw!de coordlmtes sfst-. 
he accuracy scope needed an-ucrs two different classes of 
-rquests of the potential users : 

- Relatively short delay between obsewatioas and 
delivery of the fix to the users. Datas of only one 
pass will be used. Accuracy will be on the order of 
10 meters. 

- short delays are not a s9 great constraint. but a 
better accuracy is needed. Observations of a whole 
day are usei. Accuracy is about I meter. 

These figures are for fixed transponders or if velocity was 
known. For mobile transponders. accuracy is limited by factors 
external to the system which are the bad knowledge of all the 
platform movements. hwertheless. the conception of the CEOLE 
systr can extend to an integrated system which gives informa- 
tior5 on these movements. 

The realization of these applications objectives and particular- 
ly the definition of the world wide coordinate system. implies 
to settle on the earth surface a polyhedron of reference sta- 
tions. The respectires positions of these fundamental points 
must be determined, by the GEOLE systm itself, in a prelimina- 
ry str,p, with an accuracy of about 1 nter. This intermediate 
objective. has an actual scientific interest, the more recent 
publications on stations net coordinates showing discrepancies 
from 10 to 20 meters. 

The aalysis f results cbtained by different centers, like SAO 
[2] . CSFE f3] or NWL, using space techniques for geodesy pur 

pa:es, ;!-:-.s i:.c a;?:: of magnitude necessary in the accuracy of 
el~mrqtary measurements to perform the GEOLE objectives. It 
leads :o aim accurc:y of about 1 meter for range measurements 
and 1 millimeter pe: sccond for range rate measurements. 

Same experiencc had been gained also in France after the faun- 
ching of geodttic satellites as D1C (670111) and JID (670141). 
equipped  wit!^ laser retroreflectors and very stable oscillators 
which g':. range and ranse rate measurements. Processing of the 
data. mad, by the Croupe de Recherchcs des ~CodCsie Spatialc 
(CRCS) according to geo~etrical and long arc techniques . has! 
led to the linking of stations more than one thousand kilooe- 
ters apart. with accuracy of some meters [ I ]  . The CEOLE system 
with an far better quality for range rate data wilt lead to a 
determination better than one meter on such distances. In the 
same way, results get with EOLE systr, two orders of magnitwde 
less accurate than GEOLE. show that current accuracy is about 
1000 meters but a refined processing gives 2 or 300 meters. 
Furthewore, CEOLE has the advantages with regard to the above 
experiment, except EOLE, of unicity o/ measurements system and 
unicity of synchronization with the satellite borne clock. 

The above considerations give confidence in the hypothesis 
chosen for CEOLE. but they ~ i v e  only an iden of the global capa- 
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bilities of the system. 

In oprition with this general a? roach of the problem. a 
speci ic simulation tool of the G E ~ L E  system had been carried 
out. In a first art, it generates measurements as significant 
as possible of tRose of the operationnal system, and in a second 
part these data are processed with statistical evaluation algo- 
rithas significant of techniques that will be used in the ope- 
ration p'lase. This instruent tool allows to study more in details 
tails the influence on the final objectives of elements of the 
systea or subsystars, such as orbital characteristics or number 
and location of reference stations or type of errors on measure- 
ments. The results presented further on concern the two phases 
of the experiment. the preliminary one in which the reference 
polyhedron is settled. and the operationnal one. in which users 
get this position in this reference system. 

- The geometrical approach we intend to use in the preli- 
minary step implies a regular distribution of the reference sta- 
tions. The approximate length of the chords is fixed by the 
geographical possibilities to put transponders on islands or 
coasts around the Pacific Ocean. This length is of about 3SOOkm 
whish gives a total number of 30 to 40 stations for the referen- 
ce polyhedron. In the simulations. we had taken 36 stations nnd 
their location is showed on figure 1. 

- The visibility of the satellite by a station is limi- 
ted by the maxi- zenithal angle of the station to satellite 
direction. The limit value results from compromise between tech- 
nical constraints (acquisition of frequencies. troposphere 
errors ...) and coverage considerations. In the simulations we 
took two values : 70' and 75'. 

- The geaetrical approach implies too. that the satellite 
would be able to see simultaneously 4 stations of the reference 
net. This constrat>t arsocia-e with the limit visibility one. 
fixes the minimr, of the orbit altitude . To get sufficient 
coverage we havr husen the following values : 

Zenithal maximum angle orbit altitude 

The other characteristics of orbit in the simulation are : 

Excentricity : 0.01 
Inclination : 60' 

This inclineison permits to see transponders nest the poles. 

The positions of the satellite had been generate, from these 
orbital elaents. by nuaerical inegration of the movement equa- 
tions. Forcer taken into account are those due to earth gravity 
field (the model used is Standard Earth 11, SAO [s] ) ,  Luni- 
Solar effect. radiation pressure. 

- The calling mode of the transponders in CEOLE system 
is a sequential one. The calling sequence will be elaborate in 
the caputing center and load in the meaory of satellite. But 
the geometrical method needs simultaneous data. So, it will be 
necessary to interpolate in the range measureaent and thc range 
rate one of each pass to get fictivesimultaneous dot.. To beep 
accuracv of measures in this fitting,a sufficient number of 
observations points is necessary (order of 20). For that purpose, 
the calling recurrence with each reference station was taken to 
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1 minute. 

- Detailed study had been u d e  on the errors of the measu- 
rement system(eleetronics, propaga~ion. geometry . . .). The r i m -  
lation program can generate a particular type of error by adding 
a specialized routine. Me have selected only the main type of 
errors which are given in the following table : 

Errors NO1 and 5 are gaussian with R.M.S. indicated, 
Error NO '3 is a constant biais, 
Error 19. 2 is constant for one pass with a transponder. but this 
constant is regularly distributed between the two bounds indica- 
ted for all the passes. It take into account the sensibility of 
transponders to meteorological variations. 

Errors NO 4, 6 and 7 have a profile bound to the angular eleva- 
tion of station to satellite direction above horizon of the sta- 
tion. The K values. constant on one pass are regular. distri- 
buted for afl passes. The propagation errors arc residuals after 
corrections cmputed from models 161 , [ 7 ]  where ground m,*??r- 
rological parameters are introduced. These arameters (teq~tra- 
ture, pressure and humidity) ore measured !n the transponders 
and collected by the satellite . 
--!c!ha!s-of -Rena!!!!i?~-~nd-Res~!rs~- 

RANGE 

UNITS : meters 

RANGE RATE 

UNITS : 
millimt./Sec. 

Processing consists of statistical evaluation of parameters of 
which measures depend. By its ground end the measure is depen- 
dent of the coordinates of the station and by its s ace one. it 
is dependent of the coordinates of the satellite. I! observa- 
tions are simulatenous. no more parameters are concerned. If 
they are not, .-elative motion between satell-te and stations 
must be introduced during t e interval separating measures. 
Orbital parameters and forces acting on the satellite are invol- 
ved and also the global earth novements in an inertial reference 

These 2 approaches~er~ st.!ied for the 01 hedron determination 
hase. In the eometrlcal me~hod, by i n k  on on very h t~:nt:rvals. we get su~ultaneous obs2:ot ions from 
nrouus of 4 stations. From each simultaneous set. we can elimi- 

TYPE 

1. Thermal noise 
2 .  Time delay in transpon- 

ders 
5. Time delay in satellite 
4. Propagation (troposphPre) 

5. Thermal noise 

..-. .. 

iate'the satellite posit ion and it remains one (iange only) or 
two (range and range rate) conditions equations, between statirn 

1 

WACNITUDE 

0.8 

0.0 to 1.0 

0.8 
k,/sin h. 
0.4 kl C 0.1 

t 

1.75 
6. Propagation (tropos- k2/sin h. 

phsre) O.<k*< 0.2 
7. geometrical effect k3/sin h, 
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coordinates only. After  some days of obser*ations, t h e  whole 
system of equations b e c o n s  well  made up and caa be resolve.  
Before r e so lu t ion  it's necessary t o  f i x  barycenter of  t h e  po- 
lyhedron and its '*eanW o r i e n t a t i o n  b cons t r a in t s  because t h e  
geometrical method cannot determine dam.  We had taken t h i s  
cons t r a in t s  a s  follow : 

~ 3 -  0 and x6# A - 0  

where P is t h e  i n i t i a l  pos i t i on  o f  a s t a t i o n  and 3 t h e  propo- 
sed so lu t ion  f o r  t h i s  s t a t ion .  

The two cases  of a l t i t u d e  o r b i t  mentioned above were studied. 
Th i r ty  days of da t a  were generate in  each case. Resolution o f  
the  condi t ion equation sys t ea  was u d e  with da ta  of 2.5 days, 
5 days,  7.5 days ... 30 days t o  s tudy the  conver once of  solu- 
t ion.  I n i t i a l  pos i t i on  of  each s t a t i o n  had an o f f s e t  nf about 
300 meters (randomly d i s t r ibu ted  over the  whole 
p lyhedron)  from the  t r u e  cvalue which s e n e  t o  generate  data.  

i r e c t  comparison on s t a t i o n  coordinates between each so lu t ion  
and t r u e  reference  value i s  not  e a s i l y  reabable because of  810- 
be1 t r ans l a t ion  and r o t a t i o n  of polyhedron - S o .  we made these  
c o r ~ s r i s o n s  on t h e  chords t h a t  l i n k  each summit of  t h e  polyhe- 
dror.. 

S t a t i s t i c a l  d i s t r i b u t i o n  of e r r o r s  on a11 the  chcrds (630) is 
showed f i g u r e  2, f o r  a 2.5 days, 12.5 days and 25 days observa- 
t i o n  period. F i r s t ,  s ens ib l e  d i f f e rence  can be noted between 
the  3SOO la o r b i t  a l t i t u d e  case  and t h e  4000 h one. But we must 
remember t h a t  i n  t h e  f i r s t  case ,  t he  minimum elevat ion angle 
above s t a t i o n  horizon is 15' and 20' i n  t h e  o the r  case.  I t  
g ives ,  i n  t h e  3500 la and 15. h thes i s .  a b e t t e r  geometry f o r  
t he  elementary te t rahedrons  w h i r a r e  l e s s  s e n s i t i v e  t o  data  
e r ro r s .  We note a l s o  t h a t  in the  two cases  the  chord e r r o r s  
a r e  not equally d is t r ibuteA each s i d e  from zero. This b i a i c  is 
about o f  1 meter. I t s  o r ig in  i s  i n  t h e  b i a?s  on measuiements and 
e s s e n t i a l l y  those on range da ta  : the  constant time delay i n  
s a t e l l i t e  e l ec t ron ic s  and the  time delay i n  transponders equalJy 
d i s t r ibu ted  between 0 and 1 meter. The e f f e c t  is t o  expand t h e  
whole geometrical f i  U t e .  I t  would be of great  i n t e r e s t  t o  reduce 
t h e  f i r s t  e r ro r .  by frequent ca l ib ra t ion ,  and t o  center  t he  t r ans -  
ponders e r ro r s .  I t  must be  out l ined t h a t  desp i t e  b i a i s ,  a l l  
t he  chords a r e  computed a f t e r  2 4  days with an accurarcy b e t t e r  
than t m e t e r s .  This f u l f i l s  t h e  ob jec t ives  of GEOLE f o r  the  f i r s t  
phase. 

Convergence of t h e  so lu t ion  i s  s ens ib l e  on the  th ree  check points  
of f igu re  2, but it is more v i s i b l e  on t h e  fip.:re 3 were the  
percentage of chords computed with an accuracy b e t t e r  than 2 
meters i s  p lo t t ed  aga ins t  t h e  number of  days of data .  I t  c l e a r l y  
shows t h a t  convergence is reached in about 20 days. 

Global r e  r e s m t a t i o n  a s  above is note u i t e  s a t i s f a c t e r y  because 
d+?rtribut!on of chord length i s  not  unijorm ( the  longer ones a r e  
more numerous) and it does not g ive  i3ea of  l oca l  accuracy. On 
f igu re  4 a r e  shown discrepancies  on chordr- t h a t  l i n k  one p a r t i -  
cu la r  s t a t i o n ,  i n  t h i s  case  an equator ia l  one, t o  a;! t(re 35 
others .  The b i a i s  e f f e c t  i s  a l s o  v i s i b l e  and its depunrlance t o  
chord length  i s  c l e a r .  For t h e  neares t  s t a t i o n s  ( ~ 5 0 0 0  km) e r r o r  
on the  chord is on the order of 50 centimetars.  Rela t ive  accura- 
cy d r  / r is about 16-7. Results a r c  the  same when nr take a 
high l a t i t u d e  s t a t i o n .  Dispersion of points  i s  even smaller.  

The de temina t ion  of the  polyhedron was a l s o  t r i e d  with 
a r c  t o  hni ue where o r b i t a l  parameters and the  coordinat* 
&re f i t t e d .  Numerical i n t eg ra t ion  was used t o  des- 
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cribe the satellite movement. In addition to the a b w e  data errors 
discrepancies in the earth ravity field were introduced. For 
the generation of data SE I! was used,the GEM 4 model f r processing 
Differences between the two models reach 20 meters on tRe geotd 
height, princi sly in Southern Hemis here. Computations made 
on one day to five days observation fnterval, with statistical 
gathering of solutions show that : 

- results are globally 2 or 3 times not so accurate 
as in the geometrical method, - results are worst in southern hemisphere, 

- errors on stations are sensibly stable with time 
(on one month interval). 

This indicat high correlations between station position and 
potential coefficients as often outlined by geodesist who deter- 
mine earth gravity models. 

Nevertheless, hypothesis taken for uncertainties on knowledge 
of earth potential is very severe. It was probably true on 
1970 but for 1980 which is the expected launching date for GEOLE 
an improvment by a factor 3 or S would not be a surprise. 

It is the reason that led to study the asslication phase with 
the orbital method. In this t-chnique, orbital parameters are 
computed first, with data free a sub-set of the reference poly- 
hedron stations, the position of which had been detemined at 
1 meter with geometrical method. Then the orbit serves as refe- 
rence to compute the position of user'transponders.With this 
practice. the final accuracy is sensitive also to earth gravity 
field model errors. If globally. on 1980, the models will have 
sufficient accuracy, it is possible that some resonnant ertur- 
bations raise to a significant level. These effects can !e 
smoothed by adjustment of lump coefficients, for example on the 
same data that had served to compute emetrically the reference 

on the !trst order perturbations 
show that 80 to 90% of the reson- 

nging down the residual to the 
mean level of other perturbations spectrum. 

The effect of data errors on fixed user positionning is shown 
on figure S and 6. 

Figure 5 gives errors for a one ass determination. As very 
often said. the main direction of error is cross-track. It in- 
creases rapidly vhen the transponder is very near the satellite 
track. Cross track error is lowerthan 10 meters for geocentric 
track distancephr than 5. and lower than 20 meters at more 
than 2.. Along track error is lowerthan 1 meter and height error 
lower than 5 meters. It is important to note that becausr of the 
two kinds cf data (razge and range rate) CEOLE has the possibi- 
lities to compute on a single pass, the 3 components of a fixed 
user. 

Figure 6 shows errors on the fixed user position with one day 
observations. Results are dependant of relative values of the 
user latitude and the orbital inclination. Three inclinations 
are studied : O0, 30. and 60.. For the last one. whatever the 
user latitude, even near poles, error is on the order of 1 me- 
ter. 

Simulations representative of tke CEOLE operrtionnal systm show 
that : - by a geometrical method the polyhedron of station 

which will serve as re#erence coordinate system for 



positionning users, is able to be deternine with 
an accuracy of 1 meter in a time interval of a b o w  
20 days. Relative accuracy reaches 10-7, 

- Pitting of 1- '91 coefficients to resorb 
resoanant rtur!%:s a l l m  the use of orbital 
method durEg the user 's phase, 

- errors on users position will be of about 10 faeters 
on one pass and 1 meter with one day observations. In 
both case, the three components of the users ere deter 
mined. 
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FIGURE 1 - REFERENCE POLYtlEDRON - 

[.-:; ,. *. lu. -; , - 
. -b. ... .ole 11.. - - L n .  I ! , . .  

FlGURE 2 - STATISTICAL DISTRIBUTION OF ERRORS ON COMPUTED CHORDS - 
O n  the left, orbital altitude is 4000 h and mini- 
mum elevation angle for each station is 20.. On the 
right, orbital altitude is 3500 h and limit elevation 
angle is IS'. Statistics are made with 2 . 5  days, 
12,s days and 25 days of observations. 
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FIGURE 3 - CONVERGENCE I N  POLYHEDROl PHASE - - The percentage o f  chords which are determined with an 
accuracy better than 2 aeters i s  given with respect 
to the time interval of observations 

FIGURE 4 - RELATIVE ACCURACY IN hrLYHEDRON DETERMINATION, 
Errors on corn uted chords with res ect to  tho 1 ngth 
of chords. ~ e f a t l v e  accuracy dr/r f s  nearly 10'9. 

I83 



FIGURE 5 - POSITIONNINC ON ONE PASS - -- Errors cross  track ( A ) ,  along track ( /I ) and on the 
a l t i tude  are given with respect t o  the geocentric 
distance between the transponder and the s a t e l l i t e  
track. 
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FIGURE 6 - POSITIONNING ON ONE DAY - 
Total error of positionning is given with respect to 
the transpnder latitude, for 3 values of the orbit 
inclination. 
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SURVEY OF ACOUSTIC NAVIGATION TECHlOIQVES 

Don 8. Heckman 
Sea-Link Systems 

AMF E l e c t r i c a l  Products Developmant Division 
of M, IUCORPORATED 
A l e m d r i a .  Virginia  

ABSTRACT 

Acoustic navigation techniques, u t i l i z i n g  bottom moored 
acoust ic  references.  (e.g. transponders o r  beacons) can 
provide very p rec i se  (1-10~1) r e l a t i v e  pos i t ion ing  o f  both 
surface and subsurface objects .  This p rec i s ion  r e l a t i v e  
posi t ioning can be extended t o  t h e  geodet ic  coordinates by 
m t e g ~ t i n g  the  acous t i c  system i n t o  a geodet ica l ly  r e fe r -  
enced navigation system such a s  NAVSAT. This paper is a 
t u t o r i a l  treatment i n  which the  subject  i s  pa r t i t i oned  i n t o  
two a a j o r  topics .  F i r s t  is a d iscuss ion of t h e  measurement 
of t he  geoswtric parvlmeters required t o  determine pos i t ion  
r e l a t i v e  t o  an  a r r a y  of  bottom moored references .  This 
descr ibes  t h e  bas i c  terminology and p r inc ip le s  employed 
i n  various techniques such a s  Range-Ran e. Ran e-Bearing. 
Doppler, Pulse-Doppler, e t c .  The r e l a t f v e  merlfts and 
l imi t a t ions  of  these  techniques a r e  a l s o  presented. The 
second major t o p i c  t r e a t e d  is t h a t  o f  so lu t ion  techniques. 
That is. niven t h a t  t h e  abarobr ia te  neometric Daramcters 
can be k i s u r a d  t o  within'; Gasonabiy  known accuracy, how 
is an acceptable mathematical so lu t ion  e f f ec t ed  given the  
raw geometric data .  This problem can be conveniently sub- 
divided i n t o  two pa r t s :  (a)  c a l i b r a t i o n  of the bottom moored 
acoust ic  references; and (b) navigation opera t ions .  Due t o  
the  i m p ~ c t i c a l i t y  of  p rec i se ly  implanting these  reference  
devices. t he  f i r s t  s t e p  i n  u t i l i z i n g  an acoust ic  a r r ay  f o r  
navigation i s  t o  accurate ly  determine t h e  r e l a t i v e  pos i t ions  
of t he  references .  Described is t h e  c l a s s i c a l  ( t h a t  of  base- 
l i n e  cross ing and c lover leaf  maneuvers) and more advanced 
techniques such a s  those described by Vanderkulk, Lowenstein, 
Short and Travis ,  and Heckman and Abbott. Generally, t he  
survey technique can be e a s i l y  constrained t o  y i e l d  a powerful 
technique f o r  t h e  determination of t h e  pos i t ion  (navigation 
opera t ions)  of  t h e  vehic le  given the  pos i t ions  of the  bottom 
moored references .  A bibliography is  included. 

INTRODUCTION 

Navigation with reference  t o  an a r r ay  of  bottom-moored 
acoust ic  references  provides the  h ighest  posi t ion r e so lu t ion  
and accuracy of any technique ava i l ab le  a t  present  f o r  surface  
sh ios  and submerged veh ic l e s  beyond s i g h t  of land. It is t h e  
only p r a c t i c a l  method of accura t e ly  determining the  pos i t ion  
of a submerged vehic le .  



This  d i s c u s s i o n  w i l l  be r e s t r i c t e d  p r i m a r i l y  t o  t h o s e  
t e c h n i q u e s  that provide  f o r  a u s e f u l  o p e r a t i n g  h o r i z o n t a l  
range  o f  s e v e r a l  t imes  t h e  w a t e r  dep th  a s  opposed t o  schemes 
used t o  main ta in  a f i x e d  p o s i t i o n  n e a r l y  o v e r  a n  a c o u s t i c  
r e f e r e n c e  on t h e  b o t t o ~ .  For t h o s e  i n t e r e s t e d ,  such  t e c h n i q u e s  
a r e  d e s c r i b e d  i n  r e f e r e n c e s  3, 5 and 9. Also,  this w i l l  be  
l i m i t e d  t o  s o  c a l l e d  p o ~ t ~ b l e  r e f e r e n c e  a r r a y s .  1.e.. t h e  
bottom r e f e r e n c e s  a r e  such t h a t  they  can be f r e e l y  deployed and 
a r e  n o t  connected by wire  t o  land  o r  t o  a  sh ip .  

Following t h e  t e x t  is a b ib l iography .  

BASIC DEFINITIONS 

Base l ine  - The l i n e  o r  s e p a r a t i o n  between hydrophones, 
t ransponders ,  o r  beacons comprising a n  a r r a y  o f  a c o u s t i c  
d e v i c e s  used t o  determine t h e  p o s i t i o n  o f  v e h i c l e .  

Continuous Wave (CW) Beacon - An underwater  d e v i c e  which 
cont inuous ly  e m i t s  a n  a c o u s t i c  s i g n a l  wi th  p r e c i s e l y  known 
frequency and phase c h a r a c t e r i s t i c s  ( u s u a l l y  a s i n g l e  frequency 
s i n u s o i d ) .  

P inger  - An underwater  d e v i c e  t h a t  r e p e a t e d l y  t r a n s m i t s  
a c o u s t i c  p u l s e s  a t  a  non-precise r a t e  (approximately p e r i o d i c ) .  

Pu lsed  Beacon - An underwater  dev ice  which r e p e a t e d l y  
( u s u a l l y  p e r i o d i c a l l y )  e m i t s  an a c o u s t i c  pu lsed  s i g n a l  a t  
p r e c i s e l y  known t imes.  

Responder - An u n d e r v a t e  device  t h a t  e m i t s  an a c o u s t i c  
pu lsed  s i g n a l  apon r e c e i p t  of an e l e c t r i c a l  t r i g g e r  p u l s e  v i a  
a w i r e  connection.  

Transponder - An underwater  a c o u s t i c  dee::ce which a f t e r  
r e c e i v i n g  a p r o p e r  a c o u s t i c  pu lsed  i n t e r r o g a t i o n  s i g n a 1 , t r a n s -  
m i t ;  g e n e r a l l y  a d i f f e r e n t  a c o u s t i c  pu lsed  s i g n a l  de layed  a 
p r e c i s e  and f i x e d  per iod  o f  time a f t e r  r e c e i p t  o f  t h e  i n t e r -  
r ~ g a t i o n  p u l s e .  

I n  o r d e r  t o  un ique ly  d i s t i n g u i s h  between many t ransponders ,  
t h e  r e p l y  s i g n a l s  a r e  u s u a l l y  d i f f e r e n t  ( f o r  example d i f f e r e n t  
r e p l y  f r e q u e n c i e s )  whi le  a l l  t h e  t ransponders  i n  an a r r a y  a r e  
i n t e r r o g a t e d  by t h e  same s i g n a l .  T h i s  is c a l l e d  r e p l y  d i v e r -  
s i t y .  

RAXGE-RANCEILONG BASELINE 

Long b a s e l i n e  systems determine p o s i t i o n  e f  a  v e h i c l e  by 
measuring t h e  s l a n t  range  from t h e  v e h i c l e  t o  a  number (two 
o r  more) o f  bottom moored t ransponders  o r  beacons. The bottom 
r e f e r e n c e s  a r e  conf igured  i n  a n o n l i n e a r  a r r a y  and a r e  s e p a r a t e d  
by about  0.25 t o  0.S o f  t h e  t ransponder ' s  maximum r a r -  :?ef .  
23). Maximum range  o f  t ransponders  a v a i l a b l e  f o r  deep ocean 
a p p l i c a t i o n s  is g e n e r a l l y  5 t o  1 0  n a u t i c a l  mi les .  The geometry 
is d e p i c t e d  i n  F igure  1 f o r  a  s u r f a c e  s h i p .  To de te rmine  s l a n t  
range,  an i n t e r r o g a t i o n  p u l s e  is  t r a n s m i t t e d  from t h e  v e h i c l e  
( s h i p  o r  submers ib le )  and by measuring t h e  time between t h i s  
and t h e  t ime of a r r i v a l  -f t h e  t ransponder  r e p l y  t h e  ranue  t o  
each  t ransponder  is  determined.  For deep ocean t ransponder  
a r r a y s  t h e  p o s i t i o n  accuracy  ach ievable  i s  about  5 - 2 0 n  w i t h  
a r e s o l u t i o n  o f  approximate ly  1 meter  (Ref. 141. 

Obviously t h e  number o f  i n t e r r o g a t i n  s h i p s  ( o r  s u b s )  is 
l i m i t e d  f o r  such a t r a n s p o n d e r  a r r a y .  Vsfng pulsed  beacons 
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ins tead of transponders w i l l  allow f o r  posi t ioning of  an un- 
l imi ted  number of vehic les  within t h e  acous t i c  range of  t h e  
ar ray.  Here, t h e  i n t e r v a l  between the  known time of beacon 
pulse transmission and the  time of  a r r i v a l  of  t h e  acoust ic  
pulse a t  t he  vehic le ' s  hydrophone is measured t o  provide s l a n t  
range da ta  (Ref. 27). It is  pointed ou t  t h a t  t he re  is a cmu- 
l a t i v e  e r r o r  associa ted  with the  beacon a r r ay  due t o  r e l a t i v e  
d r i f t  of t he  time references  i n  the  beacons and t h e  sh ip  where 
a s  the  transponder a r r ay  does not have such a cumulative e r r o r .  
Also transponders lend themselves t o  longer term app l i ca t ions  
than beacons s ince  much more power is  required t o  operate a 
beacon due t o  t h e  precis ion time reference  and constant  t r ans -  
mission of  output pulses.  With e i t h e r  transponders o r  beacons 
the data  r a t e  is  low; approximately 1 cyclellO seconds t o  
1 cycle/60 seconds. 

Figure 2 shows a scheme f o r  determining t h e  pos i t ions  of 
a surface  ship  and a submergedvehiclerelative t o  a 3 t rans-  
ponder ar ray.  I n i t i a l l y , s h i p  posi t ion (U,V,O) is determined 
by measuring s l a n t  ranges rl, r2 ,  and r3.  To determine t h e  
posi t ion of t h e  submergedvehicle, a t r ansponder  mounted on it 
i s  in ter rogated t o  measure r4,s.  It 's rep ly  i s  such t h a t  it 
w i l l  i n t e r roga te  t h e  bottom moored transponders. When t h i s  
s igna l  is received by each bottom transponder,  it r e p l i e s  with 
a s igna l  which is received a t  t h e  s h i p  t o  g ive  a measure of  
the  quant i ty  ( r q , ~  + r i , ~  + r i ) ,  where i represents  each t rans-  
ponder, i=1.2,3. Since rs,s and each ri a r e  known, ri can 
be determined by subtract ion (Ref. 15). For noisy subiXrged 
ob jec t s  it i s  b e t t e r  t o  use a beacon o r  responder on it due 
t o  the  problem of t h e  transponder "hearing" the  in ter rogat ion 
s i g n a l  i n  a loca l  high noise  level .  

The so lu t ion  f o r  t h e  posi t ion of  t h e  surface  sh ip  o r  t h e  
submergedwehicle is the  in t e r sec t ion  of a number of spheres 
equal i n  quant i ty  t o  the  number of s l a n t  ranges avai lable .  Due 
t o  measurement e r r o r s ,  these  spheres do not genera l ly  i n t e r s e c t  
a t  a s ing le  point  but  r a t h e r  the  so lu t ion  is contained within 
a volume of  uncer ta in ty  (a  near ly  simultaneous solut ion) .  
Simple a lgebra i c  techniques have been used which usual ly  choose 
the  point of i n t e r sec t ion  of two of the  spheres and o the r  s l a n t  
range d a t e  is used t o  resolve  ambiguities.  The so lu t ion  is  
shus on t h e  outs ioe  surface  of the  volume of uncer ta in ty  and 
i s v e r y  unl ikely  t o  be the  bes t  estimate of  t he  a c t u a l  locat ion.  

More powerful techniques have been developed which gener- 
a l l y  use a least-mean-squared-error f i t  of  a l l  da t a  ava i l ab le  
t o  provide a b e t t e r  es t imate  of t he  most l i k e l y  posi t ion of 
the object  within t h i s  vo1urr.e of uncer ta in ty  (Ref. 22, 15. and 
2 6 ) .  

Due t o  the  impract ica l i ty  of p rec i se ly  implanting the 
bottom references ,  t h e i r  r e l a t i v e  pos i t ions  must be determined 
a s  accurate ly  a s  poss ible  general ly  before t h e  ar ray can be 
used f o r  posi t ioning.  This ar ray ca l ib ra t ion  has t r a d i t i o n a l l y  
been performed using c lover leaf  and basel ine  cross ing tech- 
niques ( c l a s s i c a l  ar ray  ca l ib ra t ion ,  Ref. 8 and 11) .  The 
c lover leaf  maneuver i s  used t o  determine the  depth of the 
references  by posi t ioning a ship  on a s e r i e s  of four  o r  more 
successive l i n e s ,  such t h a t  each l i n e  passes through t h e  
closest-point-of-approach (CPA) of the  previous l i n e .  See 
f igu re  3. The shor t e s t  CPA i s  assumed t o  be depth coordinate 
of t he  transponder. The baseline lengths  between transpanders 
a re  detemined c l a s s i c a l l y  by a surface  ship  running add i t iona l  
l i n e s  through the  reference  array ( f igu re  4) c ross in  each 
basel ine  a t  l e a s t  twice, and summing the  ho r i zon ta l  #an6e 
caponen t s  of each posi t ion determined along the  l i n e .  The 
minimum sum of the  hor izonta l  components i s  t he  basel ine  length.  



This cal ibrat ion schema requires large amounts of ship time and 
c r i t i c a l  ship maneuvers. 

A cal ibrat ion mthod, made prac t ica l  by high speed d i g i t a l  
canputation, t h a t  places minimal r e s t r i c t i o n s  on the precision 
of ship operation and great ly reduces ship time is  described 
i n  Reference 15, 22, 25. 26 and 10. I n  t h i s  method s lan t  
range data from a minimum number ( s ix  f o r  a surface ship i n  a 
three transponder array) of diverse ship positions allows the 
solution of a suf f ic ien t  number of equations t o  determine the 
coordinates of t h e  bottom references. In pract ice,  additional 
ship position data  provides f o r  an overdeterministic solution 
of coordinates allowing a least-mean-squared-ermr best e s t i -  
mate. This is desired due t o  measurement uncertainties a s  
discussed previously. 

This scheme is  depicted i n  figure 5. Three hydrophones, 
arranged i n  a t r i ang le  t h a t  l i e s  i n  a horizontal plane are 
attached below t h e  hu l l  of a surface ship. A pulsed beacon, 
transponder, o r  responder is  attached t o  a submerged vehicle 
the position of which is t o  be determined with respect t o  the 
surface ship. The acoustic pulses from the submerged vehicle 
a re  received by the hydrophones and the  three s lan t  ranges R 1 ,  
R2 and R3 are determined which provide suf f ic ien t  information 
t o  calculate  the x, y, and z coordinates of the vehicle. Due 
t o  the f a c t  t h a t  the surface ship i s  not a s tab le  platform, 
r o l l ,  pi tch and yaw motions must be neasured and included i n  
the calculations t o  compensate f o r  the  re la t ive  motion of the 
short baseline hydrophones. This scheme can be referenced t o  
a bottom datum by implanting a bottom moored transponder t h a t  
is tracked by the  surface ship (Ref. 1) .  Equations a re  shown 
in Reference 17. 

Since the ulses  from the  submerged object or ransponer 
a11 a r r ive  a t  tL three hydrophones very close i n  t L e  t o  one 
another and since hydrophones most l i k e l y  a re  each located i n  
essent ial ly  uncorrelated noise f i e lds ,  t h i s  technique is very 
prone t o  large errors .  Van Ness a t  a1 (Ref. 17) s t a t e s  t h a t  
f o r  timing e r rors  of 0.2mS the e r rors  i n  x, y, and z are  on 
the order of t ens  of f e e t  t o  almost 1000 f e e t  depending on the 
re la t ive  location of the submerged vehicle t o  the surface ship. 

TIME DIFFERENCE/SHORT BASELINE 

This method is primarily suited t o  s ta t ion  keeping appli- 
cations but since it is so  closely re la ted  t o  the Range-Rangel 
Short Baseline scheme it seems worth mentioning. This system 
cons i s t sofash ip  mounted hydrophone array, roll, pi tch and yaw 
sensors and processing electronics j u s t  a s  i n  the above tech- 
niqua. However, the difference i n  the time of a r r iva l  of the 
acoustic pulses from a bottom moored acoustic pinger allows 
determination of  the ships x and y coordinates on the surface. 
Figure 6 shows the geometry f o r  one of the two planes (x-21, 
the (y-z) plane being similar.  The acoustic signal can be a 
se r ies  of pulses fmm a f inger  i n  which a pulse time of a r r i v a l  
measurement i s  made, o r  t can be a modulated Continuous Wave 
(CW) c a r r i e r  on which a phase difference measurement i s  made 
or  a hybrid of these. In t h i s  l a t t e r  case, the pulse is used 
f o r  a course measurement and the phase is used t o  p ~ v i d e  f o r  
high reeolution (Ref. 3 and 9). This technique is limited t o  
x and y offsets  of approximately l e s s  than 30 percent of the 
water depth. 



RANGE-BEARING 

A scheme t h a t  uses an extremely s h o r t  basel ine  (approxi- 
mately A/3 i n  spacing) pulsed phase compa~ison technique to 
d e t e d n e  the  r e l a t i v e  bearinn and a pulse  time of  a r r i v a l  
technique t o  determine range Fx-m a k s p o n d e r  o r  beacon is 
d e s c ~ i b e d  i n  Reference 28 and 29. and is shown i n  f igu re  7. 
This schama was designed f o r  t h e  transponder o r  beacon to be 
e s s e n t i a l l y  i n  the  same plane a s  t h e  hydrophone a r r a y  (e.g. 
r e loca t ion  of  b u o p  and etc.) .  It is poss ib l e  t o  extend the 
technique t o  t h e  measa-nt of depression angle as wel l  a s  
bearing q l e  by t h e  aCdition o f  a fou r th  hydrophone i n  t h e  
plane of hydrophones 1 and 2 and "aw u n i t s  d i r e c t l y  below 
hydrophone 2 as shown in f igu re  7. The range accuracv he re  is  
the  same a s  f o r  t h e  Range-Range/Long Baseline being 5 t o  201 
with a r e so lu t ion  of  about l M .  The bearing accuracy is approx- 
imately +5O f o r  r e l a t i v e  bearings of  l e s s  than about 24S0; 
beyond 4450 t h e  resolut ion f a l l s  towards zero a t  90° a s  implied 
by the  equation i n  the  f igure .  

Davies i n  Reference 12 r e f e r s  t o  a range-bearing navigation 
system where a bearing accuracy of approximately +O.S degrees 
is  achievable and based on t h i s  es t imate  conclude; t h a t  a 
Range-Bearing System has  t h e  most des i r ed  e r r o r  d i s t r i b u t i o n  
of  s eve ra l  techniques considered. To t h e  present  author ' s  
knowledge, however, it is q u i t e  d i f f i c u l t  t o  achieve bearing 
accuracies  i n  o rde r  o f  +O.S degrees with pulsed reference  de- 
v i ces  f o r  ranges on the-order o f  10NH. 

BEARING-BEARING 

Obviously i f  a s a t i s f a c t o r y  bearing can be taken on an 
acoust ic  reference  device then bearings t o  two references  a t  
known loca t ions  w i l l  produce a pos i t ion  f ix .  This technique is 
mentioned in Reference 12 but has  not been general ly  used i n  
p rac t i ce  due t o  t h e  d i f f i c u l t y  i n  accura t e ly  determining bear- 
ing i n  a simple manner. 

RANGE-RANGE HYPERBOLIC 

This  technique a s  described i n  previous l i t e r a t u r e  known 
t o  t h e  author  has been l imi ted t o  the  case  of  pos i t i on  deter-  
mination i n  a s ing le  plane (Ref. 6 and 12).  The bas i c  hyper- 
b o l i c  system described is an acous t i c  version of LORAN where 
i f  two ( o r  p a i r s  o f )  moored beacons t ransmit  s igna l s  simulta- 
neously, t he  locus  of  equal time delays  between r e c e i p t  of t h e  
two s igna l s  is a hyperbola. Such a scheme is shown i n  f igu re  a .  
Obviously, two i n t e r sec t ing  hyperbolae obtainsd from two p a i r s  
of  beacons a r e  required t o  determi.~e r posi t ion.  This r equ i re s  
a t  l e a s t  t h r e e  beacons. The time d r i f t  and high power consump- 
t i o n  pmbluns  associa ted  with p rec i s ion  beacons am encountered 
here of course,  but  such a system can support  an unlimited 
number o f  vehic les  and they do not need t o  be synchronized t o  
a master time bane. Also ambiguities can be reduced by knowing 
which beacon s i g n a l  was received f i r s t .  

This technique could be extended t o  th ree  dimensional space 
by measuring a t  l e a s t  t h ree  independent time delays  (from 3 
independent p a i r s  of beacons) and solving f o r  t he  in t e r sec t ion  
of the  t h m e  hyperboloido. An o v e r d e t e m i n i s t i c  so lu t ion  a s  
was described i n  the  Range-RangelLong Baseline sec t ion  could 
be used i n  such a case. 



DOPPLER SYSTEM 

Basical ly  two types  o f  doppler techniques have been des- 
cr ibed previously,  f i r s t  t h a t  i n  which a bottom moored CW 
beacon with a p rec i se ly  knoun frequency t ransmits  t o  an ob jec t  
which receives  t h e  s igna l ;  and, secondly t h a t  i n  which a pulsed 
s h u s o i d a l  s igna l  is t ransmit ted  and r e f l e c t e d  back t o  the  same 
acous t i c  transducer m.d is used f o r  dead reckoning. 

The f i r s t  type of system is described i n  Reference 7 and 
31. This reference  a r r ay  cons i s t s  of t h ree  bottom-moored CW 
beacons, each separated i n  frequency. The receiving vehic le  
der ives  i ts  displacement information by i n t e g r a t i  ve loc i ty  
t h a t  is obtained from t h e  beacon s igna l  doppler s z f t .  Doppler 
frequency s h i f t  is given by 

f = f B  - f D  = -fg(V/C) 

where f~ is the  doppler - s h i f t e d  beacon frequency due t o  a 
vehicle ve loc i ty  V (pos i t ive  f o r  increas ing range r a t e ) ,  f g  is 
the  beacon frequency, and C is the  speed of  sound i n  the  water. 
By determining the  ve loc i ty  and displacement components t o  each 
beacon, the  pos i t ions  of which a r e  known, s u f f i c i e n t  informa- 
t i o n  is ava i l ab le  t o  pos i t ion  an ob jec t  i n  th ree  dimensions. 
This t racking system was designed f o r  displacement r e so lu t ion  
of approximately 10 cm and da ta  r a t e s  of 6Hz. The p r i c e  paid 
f o r  such high r e so lu t ion  is of  course s h o r t  l i f e  acous t i c  
beacons due t o  continuous transmission (on the  order  1 t o  10 
days present ly) ,  complex receiving and detect ion equipment, and 
d i f f i c u l t y  i n  i n i t i a l l y  determining the  loca t ion  of t h e  beacons 
(ar ray ca l ib ra t ion ) .  Also such a system does not  provide an 
i n i t i a l  locat ion a t  which one can s t a r t  accumulating doppler 
s h i f t  information. 

The second scheme, a c t i v e  doppler, is described i n  Refer- 
ences 1 3  and 16 and is shown i n  f igu re  9. Here a spec ia l  
acous t i c  transducer t ransmits  pulsed s inuso ida l  s igna l s  of  known 
frequency a t  a depression angle of a fo re ,  a f t  and in  both di-  
r ec t ions  athwart ships .  Such an amangement cancels ou t  v e r t i -  
c a l  ve loc i ty  and provides tw dimensional ve loc i ty  and displace-  
ment information. In  most cases  the  t ransmit ted  acous t i c  energy 
is re f l ec t ed  o r  s ca t t e red  o f f  t he  bottom, ~ I I +  can he sca t t e red  
from volume inhomogeneities f o r  deep water appl ica t ions .  

PULSE-DOPPLER NAVIGATION 

Marquet, Po r t e r  and Spindel have proposed a scheme t h a t  
combines the  advantages of Range-Range/Long Baseline and t h e  
passive doppler techniques (Ref. 1s). It is estimated t h a t  an 
accuracy of 1-2 meters with a resolut ion of lOcm could be 
achieved over a l o c a l  a rea  of about 50 square NH i n  the  open 
ocean. This system would employ tn ree  o r  more bottom moored 
acous t i c  reference  beacons which would opera te  i n  both a 
continuous wave and pulsed mode. The a r r ay  c a l i b r a t i o n  and 
the  i n i t i a l  vehic le  pos i t ion  information (updated a t  t h e  pulse  
r a t e )  would be determined from pulse  a r r i v a l  t imes and between 
these ,  the  posi t ion would be determined from doppler s h i f t s  of  
t he  continuous tone s igna l s  sampled a t  a high r a t e .  

The accuracy of pulse measurements is  dependent on the  
pulse  bandwidth and the  signal-to-noise r a t i o  i n  the   receive^ 
bandwidth which general ly  i s  considerably l a rge r  than the pulse  
bandwidth. Since the  doppler system measures the  frequency 
change of a continuous tone s ignal  due t o  r e l a t i v e  vehic le  
motion, t he  r ece ive r  bandwidth can be extremely narrow, thus  
g rea t ly  enhancin the  signal-to-noise r a t i o .  In f a c t ,  it is  
poss ible  and desfrable  t o  use a t racking phase lock loop f o r  



such an appl ica t ion so  t h a t  r e l a t i v e l y  l a rge  doppler frequency 
s h i f t s  can be accomodated i n  a very narrow bandwidth. 
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AQST RACT 

An expertmnt was conducted to establ ish the repeatabi l i ty of a 
long-baseline ran*-range acoustic positionlng system. Precise-ranging 
radar transporJers were located a t  geodetic stat ions on two islands ard s i x  
acoustic trt;~sponders were m o n d  12 to 20 km offshom a t  depths of 356 t o  
2461 m. Sound speed prof i les wan  lneasured and h e m n t c  mean sound speeds 
wi th s t rat  h t  l i n e  ray path wen  wad t o  co,lvert ~neasured acoustic t m v e l  
t i m s  to sfant distances from shtp to acousttc transponders. The rcousttc 
transponder army coordinetes were drtennlned by an i te ra t i ve  least squares 
f t t t i n g  process, and checked by Cloverleef depth and Baseline Crossing 
mneuvers. P.pproximte1:~ '-9 sinultaneous acoustlc and Mdar fixes o f  
ship's posit ion were obta) J. The acoustic array was translated end 
rotated u n d l  selected acoustlc fixcs o f  ship's pcsi t l on  cornsponded to 
radar fixes obtatned sinul?an.?owly. Oifferences betwen acoustic a d  
radar shtp'd post t i on  wen computed for 2900 f ixes unt formly d is t r ibuted 
over the acousttc transponder array including ftxes on o r  near baselines. 
Circular Error Probeble (CEP) rad i i .  a measun o f  re  a teb i l i t y .  were 11.2. 
8.5. and 7.2 m for  2. 3. and 4 acoustic transponder E o  (ATB) fixes respec- 
t ive ly .  For e l1 fixes. irrebpectlvs c f  the number of ATBS Intermgatad, 
the CEP was 9.0 m. 

INTRODUCTION 

I n  situatlons when 8 high d e w s  of accuracy and repeatabi l i ty of 
surface ship positions i s  required. r c w s t i c  posit ioning systems u t t l i z i n g  
ocean f loo r  acoustic mnrken are c o m n l y  used. These my t a h  the form of 
e short baseltne system with a single tcoustic source on the bottom a d  a 
hydraphone army on the ship. o r  a long baseline system u t t l t z i n g  several 
bottom markers and a single hydrophone on the ship being posttioned. The 
l a t t e r  accmnpltshes the poslttontng task by mruur tng the ranges from ship 
t o  ecoustic sources. hence. i t  i s  a range-ranga t From theon t -  
i c a l  constdaratfons. th i s  conflguratton has been zY'ti the most accu- 
rate for  area type surveys whtle the short baseltne system are m n  
sultable for locating the vessel over e reference point (Fatn. 1969). 

I n  order to  effectively u t i l i z e  en army of u o u s t t e  bottom markers 
to p s t t i o n  a surface vessel. i t  i s  necessary to know system mpeatebi l t ty .  
Posltlonfng errors a m  the resul t  of a nlmbar ,f fac ton :  sound velocity o r  
ref ract ion effects. b o t t m  N r k e r  survey e m r s .  tnstrmental errors. mbimt 
acoustlc notse. and f f x  geometry. While severrl ettenpts have been lo& to 
rssws  the errors thWret ica l lY (Fain. 1969; e l l .  1970; L v i e s .  1972). 
only Korbel (1972) heS Included the affects 0% these error  SOU~WS. 
h r a d  a t  a l .  (1972) heve u t i l i z e d  LOMC. an accunte surface posit ionlng 
system. to determine transponder array survey e m n .  They conclude thet. 
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using appmpriatr algorithm, acoustic bottom wrker horizontal positions 
can ba found with an error o f  27 m and depth to within 23 m. 

The purpose of the experlwnt described herein was to determine the 
repeatrbil i ty of surfao pos i t i ~ns  found w i t h  respect to  m acoustic array 
on the ocean floor. includrd I n  the overall error m the effects o f  a l l  
the above noted sources. Th8 spwlfications f o r  mpntbility dcrlved InJi-  
cat8 haw we11 a surface vessel a n  be positioned throughout the coverage 
area provided by m acoustic transpondar awry when survey mthods and shlp 
position algor l tb6 described m used i n  conjunction with the particular 
harbare employed i n  this expr imnt .  

RADAR TRANSPONDER POSITIONING SYSTEM 

A Motorola Range Positioning Systea (RPS) X-band trmswnder was 
mounted an each o f  two geodatic stations on saw11 islands off Cannourn 
Island a t  the north end o f  the Grenadiws (Figurn 1). These statioas were 
63 m md 41 m above man sea level w i t h  r basalIna length o f  19 627.5 a. 
The radar scanner on the ship was 14 m above man sea level. The assumption 
that the slant ranges corresponded to  horizontrl ranges i n  the follawing 
computations causes a auxiaum range error of 0.1 m. Slmt  ranges fm ship 
to  rad8r trans ondrrr varied frm 12 700 m to 22 300 m over the working area. 
The RPS was ca!lbrat8d against a Tr l lumwter  over a distmnce o f  19 518 m 
pr ior to th8 experimnt. Aboard ship, RPS rr nges were checked against 
Hydmdlst durlng the course of the experlmeni. 

The rad@r trrnsponCrs were intermgrted via a rotating rntenna and 
ranges dig1 t i red  by the Range Console of the Motomla Range Posi tionin. Syt- 
tern fo r  ncording i n  binary codd decimal (BW) f o m t .  The p lo t  of ship's 
movenant from radar ranges was used to  monitor the q ~ a l i t y  o f  the RPS data. 

ACOUSTIC TRANSPONDER POSITIONING SYSTEM 

Six Acoustic . ansponder Buoys (ATBs) incorporating h r i c m  Ilrchine 
ud Foundry (W) Model 322 &courtic transponders were -red a t  depths 
rrngi  frm 356 11 to 2461 m I n  the configuration I l lustrated i n  F igun 1. 
h u s 8 c  s l rn t  ran s warn m u u n d  and d i  i t i r e d  a0 ncrd shtp u t i l i z i n  a 
hull-munt8d tmsEce r ,  an MF power Mpl!fier and coder. and m AnF Pour- 
chmnrl Model 205 Navigation Receiver (Fi ure 2). The acoustic transponders 
we* i n t e r y e w  on a coimum freqmcy o! I! kHz and replied a t  unique fre- 
quencies of to  13 kHz to permit identification. Four different reply fre- 
quencies worn used and trrnsponders with cormon reply frequencies were placed 
on opposite sides of the W .  I n  this w the receiving system could be 
r w ~  to  recod a max im  four acoustic Xant ranws availeblc en each 
intrrroglt ion. For etch fix. time. acoustic slant ranws, and radar s l rn t  
r a m s  wen nconkd on Punched Paper tape for computer analysis. Shipls 
herd ws ncordrd u a function of t ine on m analogue chart recorder a n  
ship's speed war notad periodically. The fc r r  d ig i ta l  slant ranges w m  
convlrted to  quivalent malogur voltages a ~ ~ d  displayed on chart recorders 
to  m n i  tor  the quality of the ecoustic data. 

REFRACTION EFRCTS 

Sound sped as a function of depth was nwasuw rt two locations 
within the acoustic tnnsponder array usin m NUS Model 1000-005 wloci-  
metor. For t ravr l  t i res out to  U* equiva!ent of ID00 m. tm s l a t  r m e  
w u t e d  b Srr l l 's  law w8S cg rd with that debmimi by assming that 
rays t r a d  i n  r s tn igh t  l ine  between r u t i c  t r m s m e r  a n  ship a t  a 
speed equal to the harmnic mu, sound speed (Rul, 1970) which i s  accurate 
only for w r t i ca l  Paths. The greatest d iscnpanq betuem Uw two fo r  this 
emperimtal situation w s  6.3 metns at  a slant r a m  of  3500 m for ATB-3. 
lo 811 cues thr valu8 of Coaputed harmonic man sound speed was h i g h r  than 
the optimun value required to  mlnimlze refraction effects. I n  most a c o r t i c  



pnsit tmtw carL dDla at tbe 6 d h d  t.stib@. smelt obt iaa i s  
fad, mklq m refmetfan cormctloar ~ I e r l .  mmfore it rrc 
hcMd unt sycb. -1lif rarM be etmmt0e.d .ssrlng & tmwl 
I n  stRIpM llaas a t  the bmDolc mm somd sped. 

l Y r m D T I C ~ ~ ~  

Ra cpad(clltar of& u a s t i c  - g o s i t i r , m  ftmtd by 
r least qa8ms flttlng Lg- M k d  i n  mil el- -. 
1974). w e f l y .  tbtrntbodwrr as toll-: 

1. S l r t  rrnpss to a l l  p s r i b k  AlBs a r e  simltawourly fm 
sarrrsl dimerant Surface polltions; 

2. llTB hptss and b a s e l l a  a r e  *tad by m l terat irc Iemt wwes 
process to r(ni.lae differaaar between m~mmd ad or l c r la td  slant 
q  mead^ sblp positlon toeacb traspm&r topmdm? tac 
'acoustic' arrqy coordlnaDcz; 

3. Ia&pedmtly. ' d r '  epordimtes of ATB wra fad by rrsm- 
ing the s l a t  to it fro rernrsl dbffrrrat loutions 

id by the d r  positioning systcll .od .4lortiag porltlopt -3 
Yrapaadrr aortbing. .atllg a d  bpth te dnlmlia tbc ulcl l l r tad 
slant nnge e m  to each Iman, intermgation position; 

4. Finally. the *.colatic' mqr eoordlutar ere rotated and translated 
m stit fit tbe 'radar' coerdiratcs of each ATB. 

In tbis prrt iculrr  -drat slant rsn)cs to m l y  fmr of tl* sin 
llTBs mid k measured simltacoltsly. To e s w l i s l  'aeaustlc' coordinates 
of the r i a  tftrspoadtr rcoat ic  army, a l l  posslble cabinatloas of Yraa 
ad t.ur ATB a m  Intemq8ted md b.rclille langtbs. tlvt is. bod- 
-1 taplrrtiea be- amastic transponder prfrs. md ~ U I S  datemined 
by the Iterative atbad. Approximately 30 ship posltlons were used fer each 

of Urn or four llf8s. The v x i u  mot arn sqwm s l a t  rmge ermr 
=CIS tAn 3 r for my sat of t b m  or foar Am. The a d t h c t i c  man 
of e u b  basel in length ad 60th *rs tbaa fand to r r t lb l ish Ue ' ~ouo t tc '  

COOrdimtat. AS Lr 1-t chrrl on this Wmlpta. Rtarroa (1973) 
adjusted the rp, data using a claw &weloped &just A u d i s t  gmdetic 
Wlatent lan obsarntlom ml produced v l r tor l ly  fdcAtlcal away caordiartes. 
I& ar t iv tas tbe errors i n  bmelim lengtn to be w prt i n  2000 rrrd errors 
i n  the m i n g .  crrting md dapth .f each ATB to be less than J m. F lml  
ATE a ~ o d ~ t e s  used I n  the rra given i n  Table 1. The coop 
d in -  y s t a  erigin wt chocan to ensure that a l l  ship positiom warn 
contained i n  the f i r s t  qwdnnt. 

Trble 1 

RNtAR UtD MWSTIC ~ ~ E R  STRTIQl CWRDIMTES 

Station lkrullng Eating 
(m) (a) 4 F  
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Only ATB-3 s h a d  a marked di f f e m c e  bebeen true slant range and 
that deteminad by the harmonic a ~ a n  sound speed sppmxiution t o  Smell's 
L a .  To inwstigate the error th is  introduces. the harronic rr, Murd 
speed used fo r  &TB-3 was reduced by 2 Js ma acoustic tru~spOMfer !WSitionS 
m l c u l a t e d .  This d id  not al ter  any o f  the coordinates associatad wit% 
ATB-3. 

Bebees transmissim and mept io? of acocatlc s i ~ l s  fNm the 
transponders. the ship mved a sigl i f icant distmce. Although a11 w u a -  
tions were crrr ied out af ter  correcting m s u r  d acwstic travel times from 
shin to ATB for mvement o f  th-. ship b r i n g  - interrogation. one t h ree  
transponder army coordinate set was recoapy'r. without correction fo r  ship 
mveaent. There was no d i f f r  rence i n  base! ane l e ~ n t h s  and tmsponder depths 
between Lh= Wo a t  ship speeds 11p t o  6 knots. 

A l l  ATP depths uere checked by the Cloverleaf meW ( I  clteoun. 19r4). 
The laxi- dl wereme between mean depth by least sqcures aMlysis and by 
Cloverleaf was 14 m i n  I345 m fb r  ATB-7. Baseline lengths were awsured 
using the Baseline Crossing aethod (IkKaown. 1974). The mimum difference 
bekean the man length by least squares analysis and by Baseline Crossing 
was 24 a i n  3030 m f o r  baseline AT8 1-7. An error '3 masuring depth by 
Cloverleaf w i l l  cause an error i n  deterraining baseline length by the Baseline 
Cmssing method. Ship posit lms found relative to ATB-7 (using coordinates 
determined by i terat ive method) d id  not show any anomalous errors. uhen 
baseline crossing data was re-computed using Qpths by the least squares 
method. the discrapmq i n  baseline length ATB1-7 was reduced to 5 m. There- 
fore. i t  appears that ATB-7 depth by Cloverleaf i s  i n  error. 

COPlPARISON OF ACOUSTIC AM) RPS SHIP POSITIONS 

The shtp was m e w e d  i n  the v ic in l ty of the acoustic transponder 
away out to the l im i ts  o f  a tuo-transmder f i x  m any pair  of ATBs a t  
speeds of 4 to 6 knots. A total of 9500 simultaneous acoustic and radar 
fines w r e  obtained a t  an interrogation period o f  10 seconds. Of these fixes. 
7200 or 76% tern considend 'good', that i s. the ship's position could be 
deterralned by both techniques. A signiffcant portion of these fixes occurred 
on or near an acwst ic transponder baseline where the f i x  error I s  expected 
to be high (Korbel. 1972) but uere included i n  the m l y s i s  as they are 
representative o f  conditions one would m e t  I n  a practical positioning pro- 
blem. A prelicainay analysis of a l l  7200 'good' flxes war conducted but 
the results described below concern only the analysis of a representative 
2900 'good' flxes. This i s  s t i l l  a f a r  larger set than was used to adjust 
the 'acoustic' coordinates to  'radar' coordinates as described i n  step 4 
of the Acoustic Transponder Array Coordinates section. 

A l l  acoustic fixes were comcted for ship's no*ecnent during the 
lntenogat lm wing a ship's speed and coune estimated fmn  a one-minute 
average (6 fixes) o f  the radar fixes, although simtlar infomution could have 
been obtained by digi t iz ing the shlo's head ard speed records. For a small 
s m l e  of data, the actual ship's gyro herding and log were digit ized by 
hand and used to correct the acoustic slant ranps fo r  ship mvemnt during 
a f ix. No ap~recirble differewe w s  noted between the two co rmt ion  methois. 
Signi f i u n t l y  poorer posi t ioni  repeatabi 14 ty occurred when cormction for 
ship's movement was mi tted. 8 1  fixes -re corrected for offset between the 
shipboard acoustic transducer and radar scanner. 

Repeatability of the ~ C W S ~ ~ C  positioning syste, was evaluated i n  
te rm of Circular Error Probable (HscTaggart, 1972) def lned as follows. 

Let r, (easting of acoustic) - (easting o f  radar ship posltion i )  
af ter  transducer offset correctton 

Yi ' (northing Of acoustic) - (northing of radar ship position 1) 
after transducer offset correction 
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Then mean bias e m r s  a t r  

where I = nuaber of fixes i n  the set. 

A l l  future derivations w i l l  be about th is man bias, the residual 
errors being defined as follows: 

Defining the scalar product 

and the avar imce matrix 4' 

then the eigenvalws of Q' are the semi-major and semi-minor axls o f  the 
one-sipmr probrbi l i ty  contour or  standrd error ellipse. The data i s  
correlated about these axes with a cormlation factor 

TO find these eignevalues. 0' i s  diagonalited to  obtain 

which I s  accomplished by sett ing 
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( 0 4 2  (ax')z sin20 ( o ~ ' ) ~  + a 'W ' sine cote 

when 0 i s  tba angle r r su rad  clodalse frm north raqulred to m t e  Ma 
northing-eastlag coordinate system into the system rhoso axes. a, and oy. 
are the aat-axes ef the o n e - s l g ~  probablllty contour ellipse. 
This angle e I s  gluen by 

The Circular Error Pmbrble (CEP). a c l rc le  about tha mean enclosing 
50% of the measurentants, has a radlus: 

These compvtrtions a re  parforrrd separately f o r  acW5tlc fixes 
m l a t i m  0 2. 3 and 4 rcourtlc trdns these sets belng corpletely 
exclusive and not subrets. md f o r  a l ~ v l m r p e c t i v e  of the nlnbar o f  
AfBI Interrogated. The results are sumrrlzad i n  Table 2 nd one-st- 
error e l l 1  ses and CEP circles plotted I n  Figure 3. Hlstogru, of 
-*pin one-mtre lncrcrrnts are i l lustrated i n  Figure 4. These 
h t s k r r a r  svbject to .Inor roundirg errors durlnp the computational 
process. The m u l t s  include flxes on o r  near AT8 baselines. 

Table 2 

SHIP'S POSITIOII ERROR MALYSIS M Y  

Type of Fix 2 A181 3 ATBs 4 AfBs A l l  Fixes 

Mean northlng (m) 2.9 1.1 1.9 1.8 

Error Ellfpse 
W o r  Axls (m) 21.1 17.1 15.2 17.4 

Error Ell ipse 
Hinor Axis (m) 18.9 14.1 12.0 15.4 

QP radius (m) 11.8 9.2 8.0 9.7 

Then was some scattor I n  the radar ran- readings. Furthemre, 
the nda r  system Interrogated each radar transponder a t  the instant the 
scanner was d l m t e d  toward It. S lna  thls Intarragation was uncornlated 
w l t h  thm time of t h m  acoustic fix. them i s  a further rundm error contribu- 
tion. The ov rm l l  RPS repeatability vndar these clrculotances was about 
3.6 a (50% problbilfty). therefore. the CEP radi i  for 2. 3, 4. and a l l  ATE 



f t m  af ter  ellainatton of radar f f x  scatter became 11.2 a. 8.5 a. 7.2 a, 
and 9.0 a respectively. 

The lmpmvenent I n  npa r t rb l l l t y  Khieued by increasing the n* 
o f  ATBr succrrsfully intermg8ted i s  r e d l y  rpprrant. fbWbtim lad*- 
utei b a t  them was no correlation behaem the r u r r r t l c  trsmponders inter-  
rogated ad the omgnltude o f  the discrepancy between acoustic and radar 
pollt ions o f  the shlp. 

I n  the rbow coaputrtloos. It was r r s d  that ac0ustlc MyS 
travelled I n  s tn lgh t  l l m s  a t  an appropriate constant t p d .  To test  tha 
va l ld l ty  of th ls rrs l rpt ion the Integrated ship's trscks o m  r period of 
11 hours as detemined aumt l ca l l y  ad by radar were c m ~ r s d  fo r  2. 3. 
and 4 acoustic transponder f lr~as. The ratios o f  a a m t l c  to radar dist8nces 
were 1.0095. 1.0032 and 1.0008 respectively. The rcoustlc flxes e x h l b l w  
a poorer repeatrbll i ty than the radar fixes. By lntegratlng shlp's tmck 
betneen stxcesslve fixes. i t  was to be expected that the scatter I n  acoustic 
shlp's posltlon would lead to a g m t e r  distance travelled than that deter- 
mined by radar flxes. As more uoust lc tnnspond.rs were successfully 
Interrogated scatter was decreased. As s h m  above. the Integrated shlpes 
track for four ATB flnes urs vir tual ly the sams as the equlvrlent shlp's 
t n c k  frun radar fixes. This indicates that there i s  no scale ef fect  lntro- 
duced by applying the approxlmatlons to  a true refraction correction o f  
acoustic slant runget. 

If the following acoustic positioning procedure I s  &pted, repeata- 
b l l l t y  CEP rad i i  o f  2. 3. and 4 ATB ftxes w i l l  be 11.2. 8.5. and 7.2 a res- 
pectively. and fo r  my successful rcoustic f l x  irrespective of the rider 
of  acoustlc transponders interrogated CEP w i l l  be 9.0 m: 

1. Convert msu red  travel tlraes to  slant range by assming m 
appmprlate hanrmic mean sound speed computed fma a measured 
sound speed prof i le and straight l lne  ray path between ship and 
acoustic transponder. 

2. Estrbli sh transponder Qpths and baseline lengths by m iterative 
least squares f i t t i ng  process; 

3. Correct measured slant ranges for ship movement during the 
intermgation. 

This repeatability applles to the entlre coverege a m  l rmpec t l ve  o f  
pmxlni ty to ATBs or ATB baselines f o r  acoustlc transponders lnoored a t  depths 
from 356 to 2461 m. 
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Figure 1: Radar trenspoader stations (RPS) and acoustic transponder buoy 
(ATE) locnttons off Cannown Island. UQS~ Indies. 
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Figure 2: Block diagram of shfpborrd rcoustlc and radar data ~cqulsltlcn 
system. 
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a) 2 ATE FIXES b13 ATB FIXES 

C) 4 ATB FIXES dl ALL AT8 FIXES 

Figure 3: Circular Error Pmbable (CEP) and One Sigma Probrbllity Contours 
for two. three, four ATB 'good' fixes and a l l  2900 'good' ship's 
pos l tions . 
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METRES 
c3 2 ATB FIXES 

c) 4 ATE FIXES d) ALL 4TB FIXES 

Figure 4: Histcarans of  x + ' I n  one-metre Incremnts as percfnt 
o f  t o U 1  fixes/lnie!ch 2dgL-y f o r  two, three. four ATB 'gwd  
fixes and a l l  2900 'good' ship 9ositions. 



NARIIB AlSD COASTAL BEODEST MD SEA LBWBL RBSBARCHB8 

Abrtraotr Ihrrla the Pirrt Ylrriw Beodemy S p p o r i m  i n  1967 a 
Paper ru pneonted by the author on a world-ride m e a m  re& 
leve l  rppd i t 8  r e l a t i e w h i p  t o  marine gooderr. Thir paper gave 
roae numerioal i a f o r m t i o n  about the man  nea leve l  i n  e e p a n t e  
ooeanr. Ae a rule, there data  ooiaoided well dth the  r e m l t r  
f o r  geodetio preoire l eve l l ing  i n  all omre  .here there r e m l t r  
worn available. Z h e n  am. h o m r ,  a l r o  ewer where the oon- 
formity betmen the n r u l t a  ~ h i e v e d  by the two d i f fe ren t  me- 
thods a m  rather  inoonrirtent. 

'he f l r a t  of there oarer re fe r r  to the Atlantic oolut of  
the United s tater .  Aocording t o  preoire l eve l l ing  the  mem 
rea  leve l  along thir ooart inoreares oontinwtlrly from eouth 
to north. Thir inoreaee i n  mean m a  leve l  i e  i n  diryyreement 
r i t h  the  reaulremcmt of the  obrerrsd Ilew of the (iulf Stre-. 
Alra along the Paoiflo ooast of the United Stater  there i r  a 
laak of ooniormity between the qeodetio and the ooecmogaphio 
reeul te  oonoeraing the  ooartal  slope of  the  water mrfaoe. 

A fmrther inrtanoe of  non-oonfonit betreen data  f a  p n -  
c iee  l eve l l ing  and n r r r l t a  byed  on re& !eve1 reoordr oonoerne 
the r a t e  of the ver t l ca l  movmentr of the earth'r c rus t  i n  
ooastal aretar i n  Denmark. 

COLLABORATIOll BEP*aBA MARIBB OBODBSY AND SBA LEVEL STUDIES. 

Phe close relationrbfp between geodetio s e a ~ ~ r e m e n t a  and 
eome arpeotr of ooeanographio and re& leve l  reeeawher mar 
noted yeam ago. Fhe t.o brancher of mo-eoienoer e f b o t i v e l y  
a r e i r t  one another i n  nmerour oarea -ere, l e f t  done ,  they 
might be more o r  l e e r  handioapped. Brpeoially i n  oonneotion 
~ 6 t h  problem8 wbere qeodetio preoire l eve l l ing  o o n f i n r  tbe 
r e m l t e  achieved by sea leve l  r tudier  and d o e  verra the ooin- 
aidehoe may be r iqnlf loant  f o r  the development of  the two sol- 
enorr. f t  i r  always a pleanure and an enoourageaent f o r  a rea  
level  student t o  note the carer where the r e m l t r  a m  a t  l e a r t  
i n  approximate oonformity d t h  the data  aahleved by goodetio 
mearurenentr. I n  thir oonneotion it may be appropriate to 
mention an in te re r t ing  example i l l u s f r a t t a g  what h a  been r a i d  
above. Aooording to ro-oalled dynamio oomputatione bared on a 
oonaiderable number of  ooesnaqraphio data the Psoiflo Ooean, 
a s  a whole, rtande 72 cn hiqher than the Atlant is  Oaran. %e 
r e r u l t r  of a f i r r t  order level l ing performed i n  the IInited 
Stater  b Braaten and YoComba show t h a t  the differenor i n  mean 
rea  levef heiehtr is between Ueah Bay (Warhinqton) and Portland 



Lir i  t s i n  

(Maine) n om, betwean 8an Prano'qe (California) and Atlantio 
City (New Jemey) 60 om and, f inal ly ,  between San Mego (Cali- 
fornia) end Fernandim h o r l d a )  65 om, thur r s n i l t i n e  i n  an 
eve- value o f  65 om. The deviation of 7 om between the 
ooeano#raphio and the  modetic rsrultr i e  e a r i l j  aoootmted for. 
If re W e  i n k  coneident ion the fsot tha t  Che nverage rea  
l eve l  i e  generally higher i n  the n s t e r n  par t s  of the oocranr 
than i n  their @tern parts ,  and the  geodetio data f o r  the At-  
l an t io  ooart  thur d v e  valuer which a r e  romerhat too hi*, f o r  
the Paoifio ooart, on the other hand, the  valuer am too lo r ,  
.hen compared with the mean oonditions in the  two ooeanr. 

In  thir o o ~ e o t i o n  it may be of i n t e m r t  t o  r e f e r  rhortly 
to a d e t a i l  rhioh may beoome rignif'ioant f o r  the oontinued do- 
velopmmt of the problem of  dete..ainin(l the mean sea level  i n  
the ooeanr. Brnntcnr and YcCombr have ohoren Portland a# the 
point of oomparlron f o r  the mean rea  l e v e l  alonq the en t i re  
oomtr  of  the United Stater.  Fully maware of thin way of pro- 

the  author of this paper ha8 ruqqeeiad tha t  Portland 
:i:?fe chosen a s  r t a r t ing  point f o r  dl determination8 of 
mean sea leve l  i n  the ooeanr and rear,  rinoe the averam sea 
1ml a t  thir loonl i ty  reme t o  oormrpond f a i r l y  well to the 
mean sea leve l  i n  the *ole r a t e r  aovercrd area. kver the les r ,  
it murt be pointed out i n  thie  oonneotion t h a t  the above rug- 
qbetion i r  a preliminary one, sinoe a l l  the determinations of 
mean sea leve l  a n  so f a r  only approrimate, and my ohangs i n  
the th ture  .hen more aoourate data  a re  available. 

I t  hao are been mentioned above t h a t  the oerrsrpoad- 
8.O. bt8Wtl @O%h and 0Oe8?i0gmphiO I'OSUlt8 i 0  dw0 hi*- 
1y enoour8@ Hommr, the oonoerned r o i e n t i r t r  a r e  nlro 
WQuenl oosronted with oars., where the  oonformitf between 
the m d t r  aohieved on the basis of wodet io meamromentr, on 
the one hand, nnd those maohed with the help of oceanographio 
and rea l eve l  data, on the ather  hand, 18 rather  inooneirtent. 

TUB ATLANTIC COAST OF THE UhlTED STATES. 

The first of there mbrrraer inq o u e r  oonoernr the Atlantic 
coat of the United State.. According t o  preoire l eve l l ing  per- 
formed by Bru ten  and YoCombr and nlmady referred to above the 
mtan rea l eve l  a l o w  this ooart inorearem oontinuourly from the 
south to the north. The total r i r e  froa Key b a t  CFlorida) t o  
Yortlnnd har been determined a t  58 om. I n  th in  oonneotion it 
may be emphari~ed tha t  the inoreare i n  mean sea l a r e l  ha8 by 
r m e  ooeanoqrapherr been autribed to the d t h d n r r a l  of the Oulf 
Stream from the  immediate vicini ty  of the ooart and the ooour- 
mnoe of a oounter-current betmen the Gulf Stream and the 
coast. Thin oounter-oormt i s  mom powerful i n  the north and 
thur the e f fec t  of Coriolir parameter i r  a l so  nore pronourlced, 
moult ing i n  hiqher valuer of mean rea level. On the  other  hand. 
interertiniq r e r u l t r  on mean rea  l eve l  and the  slope of the n t e r  
eurfaoe have Men dm by Sturaes, who i n  hi8 rtudy paid rpeoi- 
al  attentiom t o  the topoqraphy of the rea mrfaoe i n  the Oulf 
Strcl. .  area between Bermuda and the  e a r t  ooart of t h e  United 
Stater. The problem ham been aeproaahed by Sturqer i n  two d i f -  
ferent ways. In one oaee, rhip r d r i f t  o b r e m t i o n r  men ut i -  
l i sad  f o r  the determinstlm, oonridering the effeot of the a n d .  
'PM differenor i n  rea l eve l  m r  found t o  be 110 om. In the other  
o r u ,  the  differenoe i n  sea l eve l  height8 aororr the h l f  Stream 
was oomputed by Sturqer from ooeanographio data  and ertimater of 
deep water flow. After application of  some cor-eotionr t h i e  me- 
thod #ow 100 om relat ive to the 2000 deoibar rurfme.  The rqree- 
sen t  between the two m m l t r  i r  f a i r l y  ratirfaotory. Star t ing 
from there data  Sturqer h m  dirourred the elope of the  n t e r  rur- 
faoe along the Atlantio o m r t  of the United Stater  and has been 
able tr, e r tab l i rh  tha t  the inomare i n  rea l eve l  from south t o  
north aohieved by precise level l ing i e  i n  dieagreement r i t h  the 



mquimmcmtr of  the o b r e m d  now of  tha -ern.  nu the  
problem has not been solved ro f a r  and mquim. ld i t iona l  
rtudier.  

TflE PACIPIC COAST OF TEE UHITBD STATES* 

Conoeming the Paoiflo ooart of  the hitd State8 the  
problem of  the charaoter of  the rlope of  the r t e r  rurfaue i r  
@till unsolved, too. Pmaire  level l inn rerultr i n  an inoreare 
of  oeau rw leve l  from routh t o  north, mounting from San Meqo 
t o  Weah Bay t o  46 om. Por the t i d e  mup etatione a i o h  are 
r i t w t e d  to the north of  San Pranoirco th in  inoreare i r  very 
pronounced. d o m r ,  Sverdrup her nl- minted out t h a t  the  
r e r u l t  "ir bared OD moordr of e ra  l eve l  a t  the  mouth of  the 
Columbia r iver  (Port Steweno) when the outflow of f m r h  water 
may maount f o r  the hi@er rea level* and fbr ther  to the north, 
on record8 of rea l eve l  a t  great  dirfanoer from the open oowt. 
The +ire toward8 the north i r  the*efom not well ertablirhedw. 
I n  addition. r i@f iean t  r e r u l t r  on mean rea l eve l  and the 
rlope of the water r u r f u e  i n  the area off the Paciflo o o u t  of 
the United Stater  haw been (liven b Sturmr. Sturger' corrpu- 
ta t ionr .  whioh a re  based on ooeurographio data re la t ive  to the 
1000 deoibar rurfaoe. have e u m a t e d  t h a t  the marked inoreare 
i n  oean rea  l eve l  from San Die to Reah b y  i r  non-exirtent. 
To the oontrary, mean rea letnj[ohas been found by Sturger t o  be 
a t  Beah Bay 9 am lower than a t  san Diem. S turmr  ham. o o n -  
otnr, emphariaed t h a t  a u o o r d i ~  to a careful  examination tha 
1000 deoibar rurfaoe i r  ruff ioient ly l eve l  M n f r r a n o e  ourfaor 
along the ooart. I t  may a l r o  be win tad  out t h a t  the  departure 
o f  9 om i n  mean rea l eve l  hei@t determined on the bar10 of 4- 
w i o  oomputationr i r  ooasir tent  with the  e f fec t  of the changer 
i n  l a t i t u d e  a r  the Californian current f l o n  routhnard. The 
deemare i n  mean rea level  determined by Sturrpcbr i r  a l r o  i n  
be t te r  agreement d t h  the general piotum of the  d i r t r ibu t ion  
of  mean rea level  heiqhts i n  the eastern parts  of t h e  Paaiflo 
ooem. 

The disarepmo between the aeodetia ooh the ooeanoarapkio 
remltr must prababfy be mainly rouqht i n  the deviating approa- 
cher t o  the problem of the determination of the rlope of  the 
water surfaoe alone the ooarts. Oeoderirtr a r e  prinoipally 
landbound. They compare t h e i r  reault8 with bench mark8 on land 
and the  mean sea leve l  a t  a rpeaifia loca l i ty  i r  of decirive 
riqnifiaanoe. For oooanoerapherr the  water aovered r m a  in,  
relf-evidentlj ,  the mart important. Tbe apvroaoh the coar t  
from t h i r  direotion. L l n q  keen t o  r e l o t  mom e n e r a l  r e r u l t r r  
they a n  l e r e  interer ted i n  the oonditionr a h a n o t e r i r t i o  of  
rpeaial plaoer .hioh o y  bo e f h o t e d  by markedly loaa l  meteero- 
1oqio.l o r  hydro#raphic faatore. Neverthelers, the quertion of 
the oawer  f o r  the deviation8 rhould never be d i r n a r d e d  and 
every e f f o r t  rhould be made to explain the oocurrmoe of  there 
daviationm. 

VERTICAL MOUVBMENTS OF TAB BAWA'S CRUST. 

A 3roblem i n  the wlv ing  of whioh qeodesirts curd w a  leve l  
rerearon workerr have already berm ool labont inq  f o r  a prolonq- 
ed t i r  i n  the vertioal movemmt of the ear thg@ cruet  along the 
coartr.  Owin8 to the character of the phenomenon thin i r  a 
problem which mom closely oonoernr the geoderirtr,  but i t  can- 
not be denied that  the moot adeouate way i n  aparoaahin# and 
rol*in# t h i r  problm i r  by means of rea level  data. Them a m  
nu8erour oonrtal amar  f o r  which the oorrerpondenae between the 
~ e o d e t i o a l l y  determined ra te r  f o r  land u p l i f t  and the m s u l t r  
bared on rea 1ew1 record8 w e e  r a t i r f a a t o r l l y  and within the 
l imit8 of the mean deviationr determined f o r  the part icular  



rater ,  One of there regionr i r  the Finniuh coa8t.l area. Un- 
fortunately, within the aauatory of the Baltio Sea and i t 8  
approaoher to  the North See, the D d r h  S t r a i t r ,  there i r  a l r o  
an area whom the a@reement between the data achieved In t r o  
different  way. i r  not conrirtent. To be mre,  f o r  the DaniU 
s ta t ionr  Hornbaek and Korrllr the ooincidence betwen the n t e r  
debmined  by meanr of precise level l ing and thore computed 
. i t h  the help of rea  l eve l  reoordr by h r s i t e r  war f a i r l y  ra- 
t i r h o t o r y .  On the  other  hand. the r e r u l t r  of Roerite? f o r  
h d r e r  and Copenheqen did not sqree d t h  the qeodetia values, 
a t  l e a s t  not a r  well a8 might be expeoted from the ertimatr 
of auouraoy, Accordinq t o  i b r e i t e r  there war a t  Gedrer a land 
9ubsidence amounting t o  1.04 cra per year, while the qeodetic 
levellinrp rsrulted i n  a land subsidence of 0 . 8  om pe r  year on- 
ly. For Copenhqea the n t e r  were a rubridenee of 0.23 om per 
year aocordlng to Roaritor and a land F- Of 0b4) cm per year accordinq to preoire levelling. ince the r a t e r  a r e  nume- 
r ica l ly  rather  weak, the discrepancj ray not reem to be part i -  
cularly siqnificant,  but it murt be borne i n  mihd tha t  on the 
long run the deviationr tend t o  become pronouaaed. Since the 
effeot  of the mrteorolo@cal contribution has been eliminated 
by Rortriter, the dircrepanoy rhould be r o w h t  i n  OCOan~~raphiC 
faotorr,  mainly i n  the dieturbing influence of ourrents. 
Therefore, Bar* has made an attempt t o  inver t i sa te  the record8 
of the t i d e  Rarysr more c!osely i n  r .der t o  ge t  an idea of the 
r e l i a b i l i t y  of  there data f o r  the purpoee i n  ourstion. Sinee a 
n t m w  correlat ion reemr t o  e x i s t  between the surface current a t  
the l iqh t rh ip  DroMen and the difh*encer  of mean rea l eve l  a t  
the two r tnt ionr ,  t h i r  factor  was u t i l i eed  f o r  the determination 
of the rea l eve l  a t  there s ta t ionr  i n  oarer where there war no 
mrface ourrent a t  DroNen. Moreover, a correction n r  applled 
i n  order t o  eliminate tbe e f fec t  of the prinoipnl meterolodcal 
faotorr,  and the data  thur oorrected were used f o r  the detemin- 
ation of the ver t i ca l  movement of the earth's crust. Unfortun- 
a te1  t h i r  way of prooeedia(l could not provide a f ina l  anr-er 
to  ti; ouertion. In thin connection it m - . t  . l n y s  be kept i n  
aind that  the configuration of the Danish .J t rai t r  is rather  
complex, and i t  i r  therefore d i f f i c u l t  t o  construct a model 
Which would correspond to the natural conditionr. I n  addition. 
the effeot  of sal5nity rhould be conridered before drawing more 
5 . n e n l  oonolurionr. Since the problem of the water transport 
t h r o u a  the t ranr i t ion  area around Denmnrk I s  a t  the Dreamt 
time hiqtlly rirmifioant,  main1 i n  connection with the r tudier  
of the water renewal i n  the ~ a l t i c  Sea basin, i t  may be nnti- 
cipated that  there researahes dl1 a l r o  oontribute t o  the rolv- 
1- of the oueetion of the diraqreement of the ra te r  charamtor- 
i r t i o  of the vert ical  movementr of the earth's c rus t  determined 
by twa different  metkodr. Preliminary r tudier  have already 
indicated that  a c lore relationrhip e x i r t r  between the confietr- 
a t ion of the n t e r  rurfaoe i n  tho t ransi t ion erea around Den- 
mlrk Rnd the variation8 of the mean sea level  i n  the Baltic Sea 
durinq periods coverin# a month. 

inth thare few lnrtances above I have t r i e d  t o  e v e  a oon- 
caption of the ~ r e r m t  mituntion a r i r inq  from the collaboration 
between geoderirtr and ooemographerr. 
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Plate tectanics, based upon sea flocr spreading, transform 
faulting and lithosphere sub%uction, pmvidas a revolutionary 
neu model for geotectonics. Althmgh the mechanism of plate 
motioa reaains obscare, the general concept seems now firmly 
established. It is of prim importan- to marine geo%esy, 
especially as the plate boudaries virtually a11 are located 
beneath the deep ocean. It also opens a new approach to under- 
standing the geoid. W e  can anticipate that future precise tri- 
angulation in the future will quantify relative plate motions. 

m r n  rates of sea floor eprea%ing suggest that an area 
equiva eat to the modern ocean floors can be generated in t 150x10 years, or since mid-Jurassic. Thus the ocean floor is 
yautp, an% ocean basins expand and collapse, while the conti- 
nents remain as the earth's old features. 

This paper reviews plate tectonics, especially as applia. 
to continental driftwand traces the displacement of the conti- 
nental platforma over the past 200 million years. Sane emphasis 
is place% oa "hot spots' as these mantle pllrmes may well provide 
a key to the absolute drift of continents with respect to the 
earth spin axis. Attention is also given to the reconstruction 
of Paagaea based upon the jigsaw fit of &ern continents around 
the Atlantic and Pacific oceans. 

Some aspects of plate tectonics which are of specific inter- 
est to marine geodesy are the following. (1) Are the plates 
truly rigid caps on the globe or are they woewhat plastic? 
Baper has recently suggest.8 that the plates are sufficiently 
plastic to permit a closing of the Atlantic Ocoan in which South 
luerica is congruent with the Gulf of Mexico while Africa fits 
against eastern Worth America. Such a fit is prohibite% under 
rigid plate tectonics followe% in the reconstruction by Bullard. 
(2) Are the low-harmonic undulations in the geoid due to con- 
vection cells (Runcorn) or to mantle plumes (Morgan)? (3) Is 
the asthenosphere irregular so that many aspects of vertical 
tectonics are tho consequence of the lithosphere riding ove; a 
bumpy asthenosphere (Henard)? ( 4 )  Are the mantle plumes fix&, 
approximately so, or drifting? If drifting, is this due to the 
drift of the deep mantle? Is the deep mantle or any other realm 
of the earth fixed relative to the earth's spin axis? (5) What 
makes the plates go? Are they being pushed. pulled down, gravi- 
tationally sliding, carri& by classical convection cells, some 
special type of convection pattern, or by asthenosphere flows 



associated with plmes. (6) A recent claim by Bird et al. sug- 
gests that josephenite xenoliths in ultrabasic rocks in Oregon 
m y  be frocn the care-mantle interface, having been carried to 
the surface by plumes. Is this possible? Is there a relation- 
ship betueen velocity of sea floor spreading. volme of the 
ocean basin and sea level (&ma)? These are but a sampling of 
the many questions which remain to be resolved. 
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HAPPING PLATE BOUNDARIES 
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A global chart showing plate boundaries as defined by the 
lo x lo mean free air gravity anomaly holdings of the DOD 
Gravity Library has been compiled. The chart confirms and, in 
some cases, redefines the plate boundaries as now delineated 
from seismic and magnetic evidence. The gravity anomaly values 
have patterns su.q~esting that there are fossil or inactive 
subduction zones bounding the south side of the Caribbean plate, 
and that there are major discontinuities in the subduction zones 
of the Western Pacific. In this paper, a fairly detailed sur- 
face gravity anomaly field is used for the first time on a 
global scale as evidence for the theory of global tectonics. 

INTRODUCTION 

The well established theory of global tectonics depicts 
a dynamic earth in which a number of lithospheric plates are 
being transported over the earth's surface. The plate motion 
may or may not be systematic; however, the general magnitude 
and direction of motions are known. The mobile lithospheric 
plates and their boundaries probably are passive surficial 
expressions of an active viscous flow system in the aesthenos- 
sphere. 

Plate boundaries are formed by zones of accretion, sub- 
duction, and faulting which correspond, respecti%ely, to the 
rift system, trenches, and transform/transcurrent fault zones. 
These boundaries have been identified and mapped as linear 
zones of intense seismic activity (for example, Isaccs and 
Oliver, 1968). Magnetic lineations also have been used to 
identify and delineate zones of accretion (for example, Vine, 
1968, Pitman et al., 1968, and LePichon et al., 1968). The 

'Ke views expressed herein are those of the authors and do not 
necessarily reflect the views of the Department of Defense. 
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p l a t e  boundaries a s  determined by seismic and magnetic d a t a  a r e  
shown on P la t e  I. 

A worldwide ana lys i s  o f  lo x lo mean Pree a i r  g rav i ty  
a n m a l i e s  is used i n  t h i s  paper t o  def ine  and de l inea te  a c t i v e  
and, i n  some cases,  foes11 p l a t e  boundaries. This rork is  
intended t o  complement t h e  seismlc and magnetic approaches t o  
p l a t e  bounda-y mapping. 

DATA AND METHODS 

Oravity input  t o  thls study includes the  1°x10 mean f r e e  
a i r  g rav i ty  anomalies publishes by the  Defense Uapping Agency 
Aerospace Center (DXAAC, 1973). The mean anomaly values were 
predic ted  using conventional, s t a t i s t i c a l ,  and g rav i ty  corre la-  
t i o n  methods toge:her with the  extensive g rav i ty  d a t a  holdings 
of t he  DOD Oravity Library.  

The lo x lo mean anomaly values were p lo t t ed  and isoanomaly 
contours w e r e  drawn by automatic equipment. The contoured w a n  
anomaly f i e l d  was analyzed t o  iden t i fy  the  pos i t ive  and nega- 
t i v e  g rav i ty  anonvlly pa t t e rns  ind ica t ive  of p l a t e  boundaries. 
The t r a c e  of  these  pa t t e rns  was p lo t t ed  by automatic equipment 
on a base map o f  the  world, P l a t e  11, and de l inea te s  t h e  gravi- 
metr ica l ly  defined p l a t e  boundaries. 

I n  a l l ,  approximately 53,000 miles o f  p l a t e  boundaries have 
been so  iden t i f i ed .  

ORAVIMETRIC DEPINITION OP PLATE BOUNDARIES 

1. Trenches (Subduction Zones): A n n m  b e l t  o f  i n t ense ly  
negative g rav i ty  anomalies follows and marks the  l o c a t i ~ n  of  the  
ac t ive  trenches a s  shown on P la t e  11. The negative b e l t  
t yp ica l ly  is  flanked on both s i d e s  by b e l t s  of pos i t i ve  g rav l ty  
anomalies. The s t ronge r  of t h e  pos i t ive  b e l t s ,  located on the  
landward s i d e  of t he  trench, is generated by the r e l a t i v e l y  
dense oceanic l i t hosphe r i c  s l a b  being domthrusted under a less 
dense cont inenta l  l i t hosphe r i c  p l a t e  (Kaula, 1972b). The 
negative g rav i ty  anomaly b e l t  i s  associa ted  with t h e  low ve loc i ty  
(low dens i ty )  region j u s t  above the  down th rus t ed  Dlate  
(Jacoby. 1972). The cause f o r  t h e  weaker seaward b e l t  of 
pos i t i ve  g rav i ty  anomalies is l e s s  c l ea r .  The two b e l t s  of  
pos i t i ve  anomalies bhich p a r a l l e l  the  negative expression 
dominate the  regional  gravi ty  anomaly pa t t e rn  and, hence, most 
g lobal  g rav i ty  representa t ions  ahow broad gravi ty  highs i n  the  
v i c i n i t y  of  t he  a c t i v e  subduction zones (Talwani and Watts, 
1972). 

The narrow negative gravi ty  anomaly b e l t s  a r e  used i n  t h l s  
study t o  de l inea te  t h e  subduction zone p l a t e  boundaries. The 
degree of  i n t e n s i t y  o f  t he  negative b e l t s  is subdivided i n t o  
in tensely  negative,  moderately negative and s l i g h t l y  negative t o  
give a gravirnetric measure o f  the  l eve l  of  a c t i v i t y  i n  t h e  sub- 
duct ion zone. 

A current ly  a c t i v e  subduction zone must be character ized 
by both seismic a c t i v i t y  and a negative gravi ty  b e l t .  A f o s s i l  
(or ,  a t  l e a s t ,  dormant) subduction zone should be character ized 
by a negative g rav i ty  anomaly b e l t  with l i t t l e  o r  no seismic 
a c t i v i t y .  Activity i n  such zones ceased not more than 
3 x 10' t o  10' years ago--this time span is  t h e  decay time of  
the  e a r t h  t o  Pleistocene g lac i a t ion .  Major f ea tu res  i n  the  
g rav i t a t iona l  f i e l d  do not p e r s i s t  f o r  longer per iods  Unless 
they a r e  dynamically supported (Kaula, 1972a). A b e l t  o f  seismic 
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The l ack  o f  a negative gravi ty  b e l t  between Buenaventura, 
Colombia, and t h e  Costa Rica-Nicaragua Border corresponds t o  
a s i m l l a r  break i n  seismic a c t i v i t y  and shows t h a t  t h e  Hid 
America and Peru-Chile t rench systems a r e  not continuous. 

Due t o  t he  proximity of the North American land mass, t h e  
WAA do not  de f ine  t h e  Pac i f i c  p l a t e  boundary nor th  o f  t h e  Hid 
America trench. 

The Aleutian t rench is markzd with t h e  c h a r a c t e r i s t i c  
g rav i ty  anomaly pa t t e rns .  An in t ense ly  negat ive  (-1"'. m i l l i g a l  
maximum) KPAA b e l t  follows the  c e n t r a l  por t ion  o f  m e  t rench 
while t h e  WAA b e l t s  a t  e i t h e r  end o f  t h e  t r ench  are only 
S l i g h t l y  negative.  Whereas t h e  t r a c e  o f  se ismic  a c t i v i t y  p laces  
t h e  ea s t e rn  end o f  t he  t rench under t h e  Alaskan land mass near  
Anchorage, the  t r a c e  o f  t h e  gravi ty  lows continues lo0 f u r t h e r  
t o  the  e a s t  te rminat ing  un d e r  the  Gulf o f  Alaska near  5e0N, 
145OW. 

Although o f t e n  r e f e r r ed  t o  a s  a s e r i e s  o f  individual  
trenches,  t h e  Kwil, Izu-Bonin, and Mariana t renches  a r e  def ined 
gravlmetr ica l ly  t o  be  one continuous system which is here  
ca l l ed ,  co l l ec t ive ly .  t h e  West Pac i f i c  subduction zone. The 
IWAA express ion of t h i s  subduction zone begins on t h e  north 
with a s l i g h t l y  negat ive  anomaly b e l t  near  Kamchatka a t  55ON 
and 16b0E and become3 in t ense ly  negative at 45ON, 155OE. This 
gravimetric expression continues t o  12ON, 141°E where the  b e l t  
abrupt ly  ends. The maximum negative MPM values  i n  t h e  West 
Pac i f i c  subduction zone occur i n  t he  Izu-Bonin and Mariana 
por t ions  o f  t he  subduction system wi th  values  o f  -200 m i l l i g a l s  
and -225 m i l l i g a l s  a t  35ON, 14Z0E and l Z O N ,  l42OE respect ive ly .  

The Phi l ippines  p l a t e  genera l ly  is considered t o  be 
surrounded by t renches  with t he  Ieu-Bonin, Mariana, Yap, and 
Palau t renches  on t h e  e a s t  and the  Ryukyu and Mindanao t renches  
i n  t he  west ( I s aacs  and Ol iver ,  1968). However, only th ree  o f  
these  t renches  have a d i s t i n c t  g rav i ty  anomaly expression.  The 
Izu-Bonin-Mariana and Mindanao t renches  a r e  marked by b e l t s  o f  
i n t ense ly  negat ive  MFAA--up t o  -255 m i l l i g a l s  i n  magnitude. 
The negat ive  b e l t  over t he  Mindanao t rench connects with t h e  
negat ive  b e l t  over t he  Java t rench forming one continuous 
f ea tu re  here  c a l l e d  t h e  Philippine-Java subduction system. 
The Ryukyu t r ench  is marked by a b e l t  o f  s l i g h t l y  t o  moderately 
negatlve MPM--the maximum value being -57 m i l l i g a l s .  The 
Ryukyu t rench is  no t  connected gravimetr lca l ly  e i t h e r  t o  t h e  
Mariana trench on t h e  nor th  o r  t he  Mindanao t rench on the south .  
Although a st..~.t s l i g h t l y  negat ive  b e l t  of HFAA occurs over 
the  Yap and Palau t renches ,  these  f ea tu re s  a r e  considei.ed t o  be 
cu r r en t ly  i nac t ive .  

The authorsv  i n t e r p r e t a t i o n  of t he  pecu l i a r  Phi l ippine  Sea 
a r e a  r e l a t i o n s  i s  t h a t  a northwesterly moving Pac i f i c  p l a t e  is 
being subducted i n  t h e  t rench regions marked by in t ense ly  
negative MFAA. A l i n e  jo in ing the  southern  terminus o f  t he  
West Pac i f i c  subduction zone with the  nor thern  terminus of t he  
Philippine-Java subduction zone has t he  bear ing 286O (N7B0U). 
This bearing is in t e rp re t ed  t o  i nd ica t e  t he  d i r e c t i o n  of mve-  
ment of the Pac i f i c  p l a t e  adjacent  t o  t he  southern Mariana 
trench and a l s o  of t h e  Phi l ippine  p l a t e  adjacent  t o  t h e  
Mindanao trench. 

Tectonic movement marginal t o  Luzon inc ludes  under thrust in^ 
along the  west coas t  of the  i s l and .  A mean azimuth of  under- 
t h rus t ing  of 2830 has  been in fe r r ed  from analyses  o f  focal  
mechanisms i n  t h e  West Mindanao t rench (Allen,  1962). Thus, 
the  d i r ec t ion  of p l a t e  motion 111 t h e  a r ea  1 s  confirmed by both 
seismic and g rav i t a t i ona l  evidence. 
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With t h e  s o l e  exception of the8ukyu-Windanao t rench 
complex, t h e  t y p i c a l  a r cua t e  express ion o f  t r ench  systems i s  
always convex toward the  p l a t e  be ing subducted. The except ional  
and, probably, uns table  s i t u a t i o n  along the  western boundary o t  
t h e  Phi l ippine  p l a t e  has been correc ted  p a r t i a l l y  by an  ccean- 
ward migration of t h e  subduction zone and by the  c r ea t ion  o f  
t h e  convex Izu-Bonin-Mariana t rench system (Mitchel l  and Bel l ,  
1973). The Ieu-Bonin t r ench  is considered t o  be i n  a  nascent 
s t age  o f  development (Fi tch ,  1972). 

Cessation of subduction i n  Ryukyu t rench is suspected 
because o f  t he  lack  of an  in t ense ly  negat ive  g rav i ty  anomaly 
b e l t  over t h e  system and t h e  deposi t ion  of  a th i ck  sedimentary 
sequence (Mitchel l  and Bel l ,  1973). The numerous ep i cen te r s  
i n  t h e  region which suggest t h a t  t h e  t rench i s  still a c t i v e  
may be caused by t h e  formerly subducted p l a t e  seeking i s o s t a t i c  
equil ibrium. 

It can be hypothesized t h a t  subduction a c t i v i t y  gradual ly  
w i l l  become more in t ense  along t h e  Palau and Yap t renches  thus 
c r ea t ing  a  continuous convex subduction zone along the  e n t i r e  
western P a c i f i c  p l a t e .  

The e n t i r e  spectrum of MFAA values occurs along t h e  p l a t e  
boundaries from New Guinea t o  New Zealand. A s e r i e s  of d i s -  
continuous but i n t ense ly  negat ive  b e l t s  of UFAA extend through 
New Guinea and i n t o  t he  Bismark Archipelago. The ex i s t ence  of 
a  s l i g h t  i s o s t a t i c  imbalance around the  F i j i  p l a t e  i s  evident  
but t h e  discontinuous s l i g h t l y  negat ive  MPAA only provide a  
l oca t ion  f o r  segments o f  t h e  p l a t e  boundary. The Tonga-Ker- 
madec t rench i s  r ead i ly  d i s t i ngu i shab le  by t h e  c h a r a c t e r i s t i c  
p a t t e r n  o f  i n t ense ly  negat ive  anomalies from Samoa t o  North 
I s l and ,  N e w  Zealand. 

The uninter rupted  cont inuat ion  of t he  i n t ense ly  negat ive  
Philippine-Java subduction zone from the  Phi l ippines  t o  t he  
Java t rench begins near  t he  Junct ion  of the Asian, India ,  and 
Philippine-Pacific p l a t e s ,  a t  approximately 3ON, 128 '~ .  However 
because o f  t h e  uncer ta in  l oca t ion  of t he  Phi l ippine-Paci f ic  
p l a t e  boundary i n  t h i s  region, a  Juncture  o f  t he  p l a t e s  could 
a l s o  be placed north o f  Halmahero Is land a t  approximately 3OS, 
12g0E. 

I f  t h e  juncture is chosen a t   ON, 128O~,  t h e  p l a t e  boundary 
between the  Asia and Aus t r a l i a  would pass through the  ea s t e rn  
Molucca Sea t o  near  t he  nor th  shore of F':?_ Is land.  From Buru 
Is land the  boundary tu rns  eastward and passes nor th  of Ceram 
Is land and around the  Banda Sea. 

The MFAA i n  the  a r ea  f l u c t u a t e  around -100 m i l l i ~ a l s  with 
a maximum negative of -150 m i l l i g a l s  occuring over t he  Weber 
Deep a t  SOS, 13Z0E. The in t ense ly  negative MFAA a r c  over the  
Weber Deep is a  four  degree wide band, but narrows t o  one o r  
two degrees a s  t he  Java trench i s  encountered. The i n t e n s i t y  
decreases from -147 a l l l i g a l s  t o  an average of -75 m l l l i g a l s  
southwest of Sumba i s l and ,  Indonesia and, except f o r  t h ree  
i n t ense ly  negative a r eas  a t  Boss l l i O E  (-114 m i l l i g a l s ) ,  gOS, 
10eOE (-121 m i l i g a l s ) ,  and 60s. 103 E (-133 m i l l i ~ a l s ) ,  a  
gradual decrease i n  MPAA values occurs i n t o  the western t rench 
' e n i n u s  i n  the  Andaman Basin. 

Except f o r  t he  t r a c e  of s l i p b t l y  negative MPAA midway i n t o  
t he  Andaman Basin and the  loca t ion  of t he  a r ea  of subduction 
around the  Banda and the  Malucca seas  t h e  MFAA complement the  
seismic and bathymetric p l a t e  boundary loca t ion  along the e n t i r e  
length  of the  Java trench. 
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Continental  Bones o f  compression suggesting r ecen t  
c o l l i s i o n  of p l a t e s  is indica ted  by t h e  b e l t  o f  i n t ense ly  
negat ive  MPAA along t h e  India-China border and t h e  b e l t s  o r  
s l i g h t l y  t o  moderately negat ive  WAA through southern I r a n  and 
ac ros s  t h e  southern boundary o f  USSR from Afghanistan t o  t h e  
Black Sea. 

Another zone o f  compression i n  t h e  e a s t e r n  Mediterranean 
Sea is confirmed by t h e  negat ive  gravimetric expression.  

The mid-ocean r idge  i n  the North At l an t i c  is marked by 
r eg iona l ly  p o s i t i v e  lo x lo mean f r e e  a i r  anomaly. This 
s l i g h t l y  p o s i t i v e  WAA express ion is bes t  seen us ing mean 
anomaly p r o f i l e s  ac ros s  t h e  s t r i k e  o r  t h e  r idge .  There is not 
s u f f i c i e n t  g rav i ty  d a t a  t o  de f ine  t h e  eones o f  expansion i n  
o t h e r  areaa.  

The negative express ion o f  t h e  Caribbean p l a t e ' s  northwest 
boundary begins over  t h e  Caymen trough. i nd iv idua l  
f r e e  a i r  anomalies t o  -230 m i l l i g a l s  (B~*iAt:~;;b) were recorded 
over t he  Orient Deep, t h e  l a r g e s t  RAA over t h e  same a r e a  is 
-124 m i l l i g a l s ,  20°N, 57OW. The western end of t h e  trough 
becomes r ap id ly  l e s s  negat ive  with one WPAA being an unexplain- 
ab l e  +25 mi l l i ga l s .  The RAA i n  t h e  ea s t e rn  end of t h e  Caymen 
trough a l s o  becomes l e s s  negat ive  a s  t h e  bathymetric high 
between Cuba and Hispanola is approached but remains moderately 
negative.  This moderately negat ive  WPAA of -48 m i l l i g a l s  
between t h e  Caymen and Puerto Rico t r ench  suppor ts  t h e  contention 
o f  Bowin (1968) t h a t  t he  Caymen trough s t r u c t u r e  is  not a 
westward cont inuat ion  o f  t h e  s t r u c t u r e  producing t h e  Puerto Rico 
t r ench  negat ive  f r e e  a i r  anomaly b e l t .  

A negat ive  W M  (-119 m i l l i g a l s )  a t  2T0N, 7T0W, marks t he  
s t a r t  of a continuous s e r i e s  of i n t ense ly  negat ive  mean f r e e  
a i r  anomalies t h a t  pass seaward of t h e  nor th  Hispanola coas t ,  
through t h e  Puerto Rico trough and i n t o  t h e  Lesser An t i l l e s  
trough where t h e  i n t e n s i t y  decreases  from -168 m i l l i g a l s  t o  
-40 m i l l i g a l s  a t  14ON, 60°U. The maximum WAA over t h i s  
northern boundary o f  t h e  Caribbean p l a t e  i s  -268 m i l l i g a l s  i n  
t h e  Puerto Rico t rench,  but averages -180 m i l l i g a l s  over t h e  
length  of t he  boundary. 

Moderately t o  i n t ense ly  negat ive  MPAA pass between t h e  
Tobago and Barbados troughs (-90) m i l l i g a l s  and then through 
Trinidad and t h e  Pa r i a  Peninsula. Venezuela. The negative WAA 
expression continues along t h e  4000 metr ic  i sobath  of Venezuela, 
Colombia, and Panama. A gradat ion  from in t ense ly  negative 
(-157 m i l l i g a l s )  j u s t  nor th  of Caracas, t o  only s l i g h t l y  negat ive  
(-10 m i l l i g a l s )  a t  t he  western terminus of t h e  negat ive  t r end ,  
83OW. 10°N, with only one major r eve r sa l  i n  gradient  a t  12ON, 
74OW (-146 m i l l i g a l s )  occurs.  

In su f f i c i en t  g rav i ty  d a t a  i s  ava i l ab l e  t o  de f lne  t h e  p l a t e  
boundaries i n  the  v i c i n i t y  of t h e  Scot ia  Arc and South Sandwich 
t rench.  

CONCLUSION 

The feas1b:lity of us ing lo x lo mean f r ee -a i r  anomalies t o  
de f ine  and de l inea t e  p l a t e  boundaries has been e s t ab l i shed .  
This method is  present ly  l imi ted  t o  zones of acc re t ion  and sub- 
duction; however, study of MPAA over f a u l t  boundaries i s  i n  
progress.  In most a r eas  t h e  MPAA complement e x i s t i n g  seismlc 
and magnetlc da ta ,  but,  a s  s t a t e d ,  v a r l ~ . t i o n s  i n  boundary 
locat ion  and i n t e r p r e t a t i o n  do occur. 
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With the continuing collection of gravity data by the 
DaSe~rse ?Japping Agency Aerospace Center, the pavimetrlc 
delineation and interpretation of plate boundaries on a worldwide 
basis v:ill be continued. 
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ABSTRACT 

This paper derives the  C l a i n u t  equations, which govern the  do foes t ion  
of the  equipotential surfaces within a rota t ing mass i n  hydroutatic equi l lb-  
rim, a s  ordinary d i f f a r sn t i a l  egustionr containing up t o  third-order terms 
i n  a small pmamter .  'his has Men achieved by (1)  eliminating the  two 
in t eg ta l  terms which appeared i n  the or ig ina l  formulation, and (2)  by 
expanding the  aquipotantial surf rces  i n t o  a power wries of a small -tar, 
which i s  e s s sn t i a l l y  the  r a t i o  betwaen the  ro t a t iona l  and po ten t i a l  energy 
of t he  body. 

It is expected that the  numerical in tegrat ion of thew n w l y  obtained 
equations, vhich rer..'ram the  knowledge of t he  density p ro f i l e  wlthin the  
ro t a t ing  body, w i l l  contribute toward a solut ion of the  following problemm: 
(1 )  t h e  deterninetion of t he  geoid t o  a p r e c i s i m  of au -tar, (2)  correc- 
t i on  t o  t he  travel-tin* of seismic waves, and (3) the  detemdnation of t he  
ex te r io r  shape of t he  rapidly  ro t a t ing  planets  Jup i t e r  and Saturn. 

The need f o r  t he  third-order and higher order theor ies  is  dic ta ted by 
our i n t e re s t  i n  ascertaining tbe  planetary de fo rmt iu r s  +o a higher d.gree of' 
accuracy t h ~  heretofore available. In  ttn c r s s  of Earth .ad bone the 
accuracy requiramant is  of t he  order of one -tar.  Such atril lgent -re- 
m n t  is  re la ted t o  laser ranging Md w l l l  provide m r e  preci ro  in fb rmt ion  
on tectonic  pla tes  m m m t s  and on other questions of ln terent  i n  msrine 
geodesy. 

The fundwmta l  problem of geodesy I s  t he  determination of M accurate 
slmpa of t he  geoid vI th  r a s p e ~ t  t o  a homn reference nuflrce. For this pur- 
pore, geodetic a c t i v i t y  11. t h e  last few decades has been p r ima t iQ  concerned 
wlth obtainlng accurate gravi ty  anomP!y maasuramsnts i n  verious l c c a t i m n  on 
the  s6r th .  By introducing t h e n  manuements i n t o  Stokes in t eg ra l  fo ra r l a ,  
one can evaluate t h e  deviktions of the  geoid from the  standard r e fe~wnce  mu- 
face. n.is formula hwsver  raqui*ea contr ibut iars  from al l  war tha Euth. 
To g r a v i m s t r l a l l y  m p  oxtamive a ~ s  is an e x p e ~ i w  and t i n * - c o n d n g  
proposition, which soastimas is u r . z t t a h b l e  b e c a r e  of the  inacces s ib i l i t y  
of ce r t a in  areas of t he  globe. The t % o r a t i c r l  r e f i ~ n t s  d w  t o  Molodensldl 
(1760). although responsible fo r  having br -Ct a s l i g h t  incream i n  .ccurscy, 
are predicated t o  t he  MIWB l imi ta t ions  6.1. 'alls, ( m e ,  e.g., Repp, 1973). 

To r l l e v i a t e  t h i s  s i tuat ion,  recourse . men a, frum tin* t o  time, 
t o  theoret ica l  cmsidemtiona t n  provide altr rte and/or more su i t ab l e  math- 
odr. Recant r a s e u c h  has Men dMling with the  representation of t he  
geopotential by a se r i e s  of functions d i f f e ren t  from spher ical  harmonics. 

lornrrlly a t  the  Astronomy Departmnt, University a: Hanchesfar, England. 
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Tr. .. . ror  example, Hotine (1969) and Walter ( 1 x 0 )  have considered e l l i p -  
soidal  harmonics; Giacaglia and Lundqulst (1972) have introduced cer ta in  
nat r ix  transforms of harmonic functions which they have label lcd sampling 
functions. S t a t i s t i c a l  models have a l so  been introduced (e.g. by Jordan, 
1972) t o  systenatize the  numerous data pertaining t o  gravi ty  anaml ie s  m d  
deflections of the ver t ica l .  Elegant a s  they might be, these  mattremtical 
devices do not seem ultimately t o  help i n  the  f i n a l  numerical evaluation. 

S r t e l l i t a  geodesy has, i n  the  pas t ,  been qul te  succe3sfUl i n  ascer- 
ta in ing the harmonics up t o  the  t en th  order and dngree (Gsposhkin and Lambeck, 
l w l l ,  representing havelengths lonecr than 4 . m  b. Claims have b e q  made 
of having obtained undulations of only few meters. However, the deter-  
mination of higher order harmonics (say, up t o  the  sixteenth order and degree) 
by the  s ~ l e  metnod has not nnt with great  success and one has t o  f a l l  b a c k  
t o  surface gravi ty  meaeurcments f o r  r e l i ab l e  data. 

Recently, sea-gravity measuMmsnt8 perfonmd in  the western North 
At lant ic  ocean by Talhani (1972) have revealed undulations of the ~ e o l d  v l th  
ravelength of few hundred kilometers having amplitudes of few tens  of meters. 

Thus, one has the s i tuat ion whereby d u l a t i o n s  of' long wavelengths ( l e v  
thousand kilometera) have amplitudes of few meters, whereas undulations of 
few hundred kilometers have amplitudes one order of aagnitude higher. 

This lack of convergence and the  exis t ing discrepancy between data  
obtained by sea  o r  land masureernts  versus s a t e l l i t e  data  contrlbute t o  a 
s i t ru t ion  which is f a r  f ran being opL.imal and which c a l l s  for  the introduction 
of new ideas &id/or working procedure.. i f  one hunts t o  mrke use of a:l 
available gravi ty  erasurerents f o r  a more precise determiration gf the geoid. 

It i s  3 ~ 1  icntent ion t h a t  there  i s  a physical reason fo r  the observed 
discrepancy and thst ary knowledge on the  density d i s t r i bu t ion  v l th in  our 
planet i s  f\mdamcntal f o r  obtaining a m r e  refined f igure  of equilibrium tha t  
should be used a the "spheroid" of referen:e. The insrlequacy of ttne bresent 
reference surface (oblate e l l i p so id  of revol~+. ionl  t o  represent a good global 
f i t  of the  geoid is responsible, i n  our opinion, fo r  the f ac t  t ha t  one cannot 
accrmoQte a t  present a l l  the  avai lable  tat.. Both from a mathematical and 
physical point of view, it is  wlden t  t ha t  i f  i n i t i a l l y  one does not s t a r t  
With a good f i t  t o  the physical surface, a l o s s  of accuracy w i l l  ensue. 

The theory f o r  the equilibrium configuration of a rota t ing m s s  v l th  
a rb i t r a ry  density d i s t r i b ~ t i o n  under hydrostatic equilibrium ( the  so-called 
theory of Clai raut) ,  appears t o  be the  most locical  physical way t o  provide 
a good approxination t o  the geoid. This theory, r e l a t ing  the shape and 
gravi ta t ional  potant ia l  cf a heterogeneous Ewth deformed by diurnal  ro ta t ion 
vas developed by A. C. Clairaut t o  f i rs t -order  t e rns  i n  t he  c e n t r i f a a l  force 
t o  surface gravi ty  nrti*. I t  vas caprble of describing the  s tape of the 
Parth within the  e r ro r s  of t he  order of 4100 m t c r s .  To increase the  
accuracy necessitated re tent ion of second-order terms in  the  sune parame+er. 
The f i r s t  s teps  i n  t h i s  d i rect ion were * d e n  by S. H. tnrvln (1$W! and the 
Second-order theory has f ina l ly  brought t o  a ouccessful conc-usion by 
W. DcSitter (1924). P e r h p s  the most general r e su l t s  a r c  those obtained by 
one of us ,Kopal, 1760) and pub:ished in  a monograph which has since received 
er tensive  use. Applications of t h i s  second-order theory tc, geop!rysics 
(bul lard ,  1949, and J a m s  and Kopsl, 1963) have disclosed tha t  a re tent ion of 
Second-order terms w l l l  approximate the  surface of the  F u t h  by quant i t ies  of 
the order of a few tens  of meters. Should, however, the current openrtional 
requirenents c a l l  fo r  an inprovemnt of the precision t o  quant i t ies  of the 
order of i 1  meter or l e s s ,  a re tent ion of third-order terms in  ttm under- 
lying theory hecanes indispsnsablc. The f i r s t  s teps  t o n r d  developine such 
a theory were M e n  by LMzano !196P), and more recently both au t i~o r s  ukile 
a t  NRL have developed tne  Clairaut theory up t o  and including third-order 
terma i n  the smll p r u n a t e r .  Wc a m  virtumlly ce r t a in  t h s t  no slmiZar work 
has been undertaken anywhere e lse .  The numerical solution of the ensuing 
Clairaut equation should provide the  sought sph?roid c f  reference Lo a trigtier 
degree of approximation t t an  heretofore available. The e s sen t i a l  fea tures  
of t he  method are described i n  what follows. 

Conslder any de l~~ . . - ' ! e  nonvlscous b d y  and denote by C the 3cn;itj 
a t  an)' i n t e r w l  point,  by p tlie pressure, and by * 'ne sum of the self- 
gravi t r t ional  and disturbing potential.  Asswnlng hydrortatic e q u i l l t , r i ~ m ,  
ws have 



m P = e y r d t .  (1) 

m t i b i l r t y  eaadftimm f a r  this cpurt laa  renal t lmt  t mat be a 
ibctim of P U a w ;  fmm epua t lm (1). it follorn tbnt  p is tb.r. alas a 
r\ractilm of n d a m :  t& - ~ t i a l  of atate. (hr can t'a &uce 
ttnt tb. srpnas t I cm.trat cautitute cguilibtlum cauigumtiolu. 

Ut w .~ppoa tht the mu in c a u l d e n t i o m  r0t.t.e~ rbart M arls 
rhich flred rith raspcct to it. m. haum o f  tbir rotatian. 
both the out%rmxt .urhcc awl the other equlpotantial mmfams, rhich rare 

-rial i n  dup, rill be di.tolL.d into c@emid.l cmfig- 

repremts the man mdlu of the spheroid, ud M aucb tht tbmugh 
point r l t h i n  tbc u s  there paroas abe .ad aaLJ ooc rpbaroid. 

lat ru introduce a syataa of .pbarical poLv comdlmtes (0; r, e, e )  
r l th  tbs #rigla 0 c o i n e i d a  ultb tbc centroid of the rotat* u s ,  rhcn? 
the colatit* e is rrnuwl fnn tbc mtatimsl ul., adl ths 1-t* a 
is ranvad i n  the e q u t c r i a l  p l u m  frca na u b i t m r y  a s .  If rr uaur 
both d a l  cry and -try uith respect t o  the cpuator ia l  p h m ,  the 
equipotantial surfaces cm be raprerated u 

* t b n  P'r are polyncdals ,  rad 4 denotes the larn m i l u s  of 
the outrrrvt Nrfbce. 

T h  b l a t o r t i m  m f f i c i e n t a  f am bc det8-d Ror t& total poten- 
t id + upvlded in tern o r  *rial b a m a i c s  o r  a a c a ~ ~ ~ a g  o*r. PW 
t h i s  purpose, =place i n  this potent ia l  expansim the radius-rector r by 
.purrtim (2); bnd, after b r i n g  p e r i o d  all the ncoasary oymtiau. 
m e  tbl. expreuian i n t o  a ocv equu i~~  of * i n  LPLLQical Ixmmnics. 
Since + rust reduce to a coaat.ct, rc agrvte thc c o l m c i e n C  of 
P f ( j  = 1, 2. 3, ... ) to mro .ad the coeff ic ient  at Po to a c a s t a n t .  

m e  steps give rise t o  C h i r r u t ' s  in tegral  epurt i rns  for  the f's 
which .at.il not only the  density # ( a )  r l t h i n  the  ass but a l s o  i t s  rem 
density 

( 3 )  
0 

Zbw. arc &d be compelled to ascer ta in  the  density dls t r lbut ion vi thin  t.h 
ru by m a g  use of the Poissaa equation associated wlth t he  given poten- 
thl. For the  W h ,  t h i s  last s tep  is not e s sen t i a l  since M accurate nadel 
for its !ntemU density can be deduced  fro^ oe i smolog id  considezatiors. 

To e s t a b l a h  a recurrent a p p r o x l a t i m  procedure, n intrcduce 
rot.ti-1 p ~ t e r  

*ere G is the gravi ta t ional  constant, i s  the t o t a l  mss, o is the  
rate of r o t a t i m ,  we express the3i . tor t i rn  c ~ r f i c i e n t s  f J  as 
porar se r i e s  i n  q: 

lotice that q is eaaent ia l ly  the r a t i o  between the r o t a t i d  and the 
putential energy of the ru, f o r  the E u t h  tre knw t h a t  q = O.CS115. 
Prelimlmry computatior.s, memt t o  e r tob l i rh  order of mgnitude re la t ions  in  
q, reveal th.t f2 i s  of the first order, both fo and fb  are of the  
second order, f6 i s  of the th i rd  order, and f8 is  already of the  fourth 
cndar i n  q. l%us, up to  third-order term, the equations of the equi- 
potantin1 aurfacerr can be written M 

r / a = l +  jw t k..l S qk f2j,k(a/al)~2J (cos 9 )  

with 



~ t o ~ a t t r e e t f a ~ t h a r r s s ~ a r t s i d s r n r c h ~ u u l ~  
M f b r M t t I e t t . t B ~ ~ o f t h e b o a y .  U url V aresell-kamm 
trlp~a dttt respect to tbs mm raaid  am^ t w d w  variables 
(M, e a .  w, 1960); their htegmda m a s t  of products of porsra of 
r arrd Iss;labre pol$maUb. U2 a l m t b d c  texm Ln ?/a. 

m am-y out t h ~  r i m  &step of the ataveaescribed pwcemmt apac 
$ - U * V + V , ( b b . . i l t O :  

(1) Urn the c c t h m a u t y  carditiacr for spaeric3l kwmmics in its 
integral -; srrd 

(2) BedPg tba product of tm a ttme po- toa 
1- e%plwsioa of the arp palpoahls a- t o  the 
-4dnmu farmla 

far h - j + k + r, j + k + r - 2, ... , (me, e.g. Rbl1.f. 1935). 
'Rtw, the n-tb power o f  an equlpatentlal surface h m  bean expressad a6 

a d l a c - i r d t o ~ t a t b e a a t s o f l ~ r i d c o s w b r m ~ e ~  
in literal form. Rotice that h(r/a), requlmd ulthin U2, ma be eval-teC 
by teking M e  Ildt of equatfea ( 9 )  uim n t 8 d S  to mro. 

us* thew reaults, ro b.w gbtafmed the expmsiar of $ into 
spherical harmontce of the toll 

*horn the coefficients of tbo t r n r i w  barPmics era p o l p d a l s  i n  q. 'Ib. 
$'r for j - 0 and k - 1, 2, 3 need not be witton explicitly since they uat 
be v t e d  t o  e r b i t r y  constants. 'Phe wmaniehl coefficieatr of the 
e.pnsim are reproduced below (-8 denoting de%ativUs vltb =Wet to 
the mean radiur a): 



ORIGINAL PAGE 
231 OF POOR Q U m  



f a r  3 n 1, 2, 3, &wm 

and tha 8's are defined by e p r a t i m  (10). It is  a l s o  c l m r  that 

%1 ' $41 ' *G2 = 0- 

By epuatin& to zero we c b W n  an i n t eg ra l  apuation in G i c h  the 
-1- $(a) appears tnr -r ttx i n t e r n :  a im:  cr. i n t e r n  

vanishing at the center of 2lass ( a  - o), the 8econd v8nishing at tha e x t e d  
bomiary (a  = al). I f ,  i n  turn, we i so la t e  each integral and dif ferent ia te  
v i t h  mrpct to the variable a, -a ga t  an i n t e r n  equatia! e q m s s i n g  the 
raraining i n t eg ra l  of the unlrnam i\metim i n  terms of t he  density Pnd the  
d e f a m t i o a  coefficients.  lt%eae tua exprosaims u e  needed f a r  highar onier 
spprcnimtims.  M, cms ide r  that expreasim which cmto ins  the i n t y a l  
rani* at t b e  bammary, and evalmte it at  a - al; find the bourday 
cjndl t ica ,  a i d  at a = al: 

2f21 afil + 5 = 0. (16) 

A thild d i f f e m n t i a t i m  upon the praviaus r e su l t s  is required to reach an 
ordinary differential equation 

a* f;l + 6D(fZ1 + af' j - 6fZ1 0 ,  
21) (17) 

*em D = o l b  .od 5, the - density, i s  given by equation (3) .  ~y 
intmducins tbe logarithmic der ivat ive  

= &elf, (18) 

the C h i n r u t  equa t im w i l l  be taBsn i n t o  the Redeu equation 

which is oB t h e  f i r s t  ardar  but  nmllnear. 
¶?m conaerV8tim of total  acrs  vi thin  the dis tor ted cmfigunrt ian allow 

ocla to waluata tba  function fo(a! i n  its variaur approxinatims. I n  k t ,  
w arn mite 

where primes, as umml, deaotb derivatives n i t h  reepoct t o  a. Since ~ ( a )  is  
the m l t y  of the undirtorted cmfi((uration and no change In  total mts can 
occur becsuse of the rotntioaat e l m ,  the  f i r s t  term alone . p p u i n g  i n  the  
right-hand side -1 represent the  t o t a l  mas.  The other two intogrand8 
nrst nmi lb ,  thus yi*ldiI& 



By egunting to taro +2 ( j  = 1. 2 1. as given by eqmtion (12). and 
e l i a t n t i n g  the tm i n t e g d /  of f rre get intagx's1 apu.tioru i n  mhich ea& 

function r2J ap-s d!: under an int-1 s u n .  w 
differentia ti or.^ M kquired t o  reprssant each me of these ink(pals in  
f in i te  term6: them exprrssiond are required for  t)rt nett h-r 
order approuinrtim. b e  or  tkse axpressions provides the hmiwy 
conditions a t  a = al: 

A third differentiation yields the second-order Cleinrut equation 
2 fG,2 6D(raS2 d~j,2) - 2j(2j+1)f2J,2 ' 5 j . 2  

=lid for j - 1, 2 and eiere 

5 2  = f(2 - 9~)1)2~ + ls(l - D ) ~ I  fil + 

The come.pmdin(l Radau equation is easily obtainable. 
To obtain third-order terms. we equate (3  = 1, 2, 3) ,  t a  zero 

and follow bnsically the mm steps na isthew- -e d i n g  use cf the 
f i r s t  and second-order results. me differentiat im is required t o  get the 
boundary conditions and a second one t o  obtain the third-order Clairaut 
equetians. The aparotiona of uubatitutim and simplificatim en ta i l  the 
handling of appraximtely tuo huadrad llternl term. 'Ibis work ms dme 
by bsDd and checked independently by both authors. A c a p l t e r  program i r  
being enviaeged in  the near h t u m  t o  pursue expensions to h m e r  pw8rs of 
the V t e r .  

The third-order results can be 8-ized as follows: 



m e -  

  or a &aper insight into the rathalpatical detai ls ,  nee k m a u o  (1962 .ad 
lg14), aad (1973). 

Our p r i n c i p l  resul t  i s  the third-odor approxlmtion of the Clalanut 
eqwitiars. P*o amly t ica l  dmelapanta of our result* are the d u r t i o a  of 
tin eaterior potential aad the vaticme. pollants of iner t i a  tor the distorted 
cosrfiguratian up to thlrd-onler tam in  the m r .  We plan i n  tho 
Artwe to rmarlcally i-te the Clcrlraut equxtiooo ntbject t o  the b a \ n d q  
eaalitiana a t  the Pree suthce expressed by eqta. (23) to (25), and t o  tha 
bamdarJ condlticos a t  the contar of the conflgunrtim giwm by 

fZJs3(o) = fks3(o)  for  j = 1. 2, 3. 

Ibe numrical solution of this bo;udlary value pmblm p i d e s  nrlues for the 
def-tion f u r  my equipotontial surPaa within the Mtating body. This 
naturally ropuims tho knculedgu of the lmmr order a v i a r t i o n a .  

%a marl& i n t a y g t l m  of the Clairsut .pustian neceas1tet.s a bow- 
ldge of tho density d l r t r ibu t im d t M n  tbn rotating bady. In the case of 
the Larth, a very plwr ib lo  d e l  rrbich w are advocating i a  the 
of -on a d  m e n  (1969) ox- a - f ia t ion  =is m x i e h z i s  
chueckciud by i t8  pfusmtric a l q l i c i t y ,  mpresenta i n  our opinion, ow of 
the moat dl*aaced ateps i n  nu premnt k n a ~ l s d g  of the esrtb's density 
dlatributiao. In k t ,  not only i r  it c-tible Mth roiadc a m  t n m l -  
tim data sad W n  rooled *slw of the LsFthlc nmmt of ine r t i a  but it also 
i m o r p a t e ~  tbe free spheroidal and toraiorrrl o a c i l l a t i m  data. 



Jars (mb topal's 1963 nlPerical rrrrrk is based upon the 19h0& BulW 
modal .Id is lid- t o  the saemd-order a-tioa. 

Far a rapidly rotating planrt, lik* Jupiter or a t u r n ,  third-ord8r 
effects  mlght aot be N m c i a n t  to -ne tb. shap ot them planet8. 
If t h i s  be tha caao, w a m  in a position to anslytically extend mu th.or7 
t o t h e f D u r b b a ~ r o a d a r b y a s a s a i a c o q u t e r ~ c l h i c h a U o r s  
ma to perf- all tba algebraic .ad differential r rn ip l la t ims  t t u ~ @ ~  the 
capu+ar. Por the fourth-order case t h l s  bas mlm& been done, but t t m  
msults, dl10 available, LIP too c w e a t e d  for us to includa them i n  this 
ppper - 

In thetrmeArba arre, it i s  expeebd that  by sol*ilrg the third-atdar 
C h i n u t  -ti-. a precision of t 1 meter for the gaoid rill be 8chiewed 
and vil: repreant  the best "wiaea ot interpolntion- for isolating otber 
factors not attrfbu*rble to m t a t i c  equilibrium. 

Another reaam for  rratiq t o  )mar the equipatantial sur?*ces wlthin the 
IMh to a M@er pracisirm i s  to be ale ta calcuZata corractims to aeirnic 
nre tratal-ti=, u raaticmd recently by U e n  (1973). 

A ane accurate deterdnation of the geoid should a l so  help to  under- 
stand t r &  rotational m t i m  of the tectoaic plates. 

luture v i a  radar a l t i r t e r s  l lke  the oms pl8amd i n  the 
CEQL-C sa te l l i t e  ulll be very frui tful ,  h-r, i n  order t o  callbnrte the 
altiatar, it is iqtexatint to  L n a  the w i d  undulatioas by indqemhnt 
lams. 

In ccmlusion, we fee l  cmfident that  our aarlgtical promlure, vhich 
s t c s  har a deep-rooted physical cmdi t im,  i f  backed by valid &ensit data. 
wll l  pmride a , b e t k r  approxi r t im to the geoid and a better us- of the 
available or  future gravity meammmnts. 
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CBOP(;B T. WCR 
kttelle Columbus Laboretories 

ABSTRACT 

Battelle's C o l d u s  LabOrbtOries have developed for USA-Wellope a 
bistatic radar system capmble of sea state sensiw from en orbital or eir- 
craft platform. This system q l o y s  a slmle l w  power trarumitter in con- 
junction with a separate receiving unit. Operating in the UP reglon (3-30 
rn), a vertically poletixed pulse or RKW watnforr is tnwmitted. The 
transmitted energy is scattered Frau the sea surface sad received st a 
given ttme delay after reception of the direct signal f r m  the transmitter. 
By sweepiq or stepping the pulse carrier frequency or RlCbt center frequency 
through the AP bend, the heights of the larger ocean waves whose length ere 
equal to the radar wavelength ere sampled. Spectre1 processiw of the re- 
ceived aigrul permits the directional component of the ocean-wave spectnm 
in the sea scattering region to be detemined. This system can be cwfi- 
gured using the transmitter on the surface or in an orbital m airborne 
platform. Using the trenemitter in a eetellite end the receiver on the sur- 
face will a l l w  directional wave-height spectnu. measurements of sn area 
around the receiver to be made without the requirement for data processing 
in the eatellite or direct dsta transfer from the satellite. If the re- 
ceiver is placed in the satellite. directional oceen wave-height spectre 
u n  br obtained from large oceen areas. 

An aircraft test of the system has been recently conducted using 
a transmitter mounted on the Chesapeake Light Tower end e receiver mounted 
in a NASA-Wallops aircraft. Applicetiau, of this instrumentetion include 
precise aeeeurement of the ocean wave-height spectrum in conjunction with 
aatellite altimetry for geodetic determinetions. Directionel wave height 
spectra maasureplnts in conjunction with wind speed end directionel infor- 
mation will ella, various wind-sea lnterectlm-theories end wdels to be 
evaluated. In addition, detailed directionel wave-height spectrum rasuro- 
menu are required in order to design deep see drilling platforms end modern 
ship hulls to insure their safety and physical integrity during severe wave- 
height conditions. 

INTRODUCTION 

The bistatic scattering of high frequency radio waves can be used to 
observe directional oceen-wave spectre end consequently wasure RWS wave 
heights. The potential exists for carrying out such measurements using 
either aatellite or aircraft platform ellwing largo areas of the oreans 
to be mitored. Synoptic date on wave heights, directions, slope atatis- 
tics, etc.. are required if satellite altimetry is to provide the hoped-for 
accuracies of Goold definition as well as for e variety of oceenographlc 
a d  marine applications. 



B i o u t i c  .u s t a t e  ~ r o w n t s  are  poooible be- e t  loo# and d i u m  
w a v e l e ~ t h a ,  the s w  ourf*u scat ters  i n  a Brgg ocat ter  .rod. whicb a l l a n  
tb ocean-wvo opectrum t o  be -lad by w i n g  the iacidamt radio fre- 
queacy. A -remnt aye- can take LID coofi&au8timm. OIU i n  aid s 
t r8 luJ l t t e r  10 l o u t e d  on or near the rorfoee such 0s on a ship. bouy, t a r .  
o r  rnll islend and a receiver io  l o u t e d  i n  an orb i ta l  or airbow plat- 
form. mi. a l l a n  m e  receiver t o  oponte  i n  eoejbaction wltb rog trw- 
mittera and p t b e r  &u Pram a wide a m .  h o t b e r  aperatioor1 .oQ a u l d  
be to  p h e  the t a rml tu r  i n  am orb i ta l  or airborne platfore awl am or 
me receiwro on the eurfou.  I h i s  would avoid tbe requirawnt f o r  oag 
&to p t o c e o a i ~  or telemetry functioor i n  rh u t e l l i t s  or a ircroft .  01- 
though each receiver wuld  provide data only on wave ooedition0 i n  it. vici- 
nity. 

l b i s  peper rill dsacribe an exper iwnul  a i rc ra f t  aptem op.ratlng lo 
tho 3-Ul Mi# region which has been dewlopad fo r  NASA-Wallops F1Qbt Canter. 
and the curtant and expected resul t8 from the optem. A brief deocrlpcioa 
of the Bra&g scn t te r im process wi l l  s loo be given along with the require- 
mpnts for  a satellite aptem. 

II:CR FiUtQUERCY SCATTERING QROM THE OCEAN SURQACB 

The ocean surface can be deacr ibd  by 0 &el in rbieb the random wri- 
able h ( i ,  t) defimo the u r n a r e  heighta a t  mom pooitlon i and tim t relo- 
tip. t o  a reference surface f rn i l l ip r .  1966 and m e t - U i g g i n s .  1957). lba 
pouer spectaw of the surface height is tha generaliaed Farrier tramform of 
the aurface covariance function and i s  a fuactioa of the vector rp. t la l  unn, 
number, frequency, position. and time. If the son i s  o u t i o m r p  or howgo- 
ware,  m both. then our or pare of theoe variables u n  be suppressed. Fm 
a starionory, homogeneou8 sea, the aurface can be ful ly doscribed i n  t e r m  
of its three d i m ~ i o n a l  height spectrum (6. f). For omall -lit* gro- 
vi ty  wave.. which are  s good approximntion fo r  tbe aea. then the disperoion 
relat ion 

i a  valid, and for  deep n t e r  (kh =I) v2 a g/k &re v 10 the phase velocity 
of a rr.a with n v e  rmob.r k aod g is the acceleration due t o  gravity Cl(lno- 
a n .  1965). Qor am11 amplitude gravity waver, the eurfoce height spectrum 
for  l ststiolury. homogeneous sea becooas a function only of the vector wave 
d e r  k. f i e  t o u l  potential energy of the surface 1s given in thia case 
by 

r 

where 

the mean aquore surface height. 

For on electrolp.gnetic wave propogatlng w e r  a rough ourfoce such 0s 
the ocean a t  anglee near gracing incidence, the boundary perturbation the- 
ory of Rice can be uaed to  determine the incoherent energy reatrered from 
the surfoca (Rice, 1957 and Barrick end Peak., 1968). Q m  a plane wawe inci- 
dent a t  o polar a w l s  B i  with radian frequeocyuo and wave number ko, the 
acatceriag cross section per unit ourface area 10 



w' w( - b ( e i n  en cosUJe - sin 80, - ko(ein 8. sin@ 

2 2 1/4 * =so [(.in COB rp - s in  + (ein 8. s i n o n )  ] 
B 

The parmetere a i j  are  ceoqlax ecattering matrix elersnts  uhich depend upon 
the polarization e u t e s  and propa~. t ion anglee of the incident and rcactered 
f ie lds  and the dielectr ic  properties of the ocean surface. 

For incident radio rrvelengthr l w e r  than appmxiortely 10 metere a t  
gracing angles @ i  a 7712). the condition for  application of Rica'e s l ight ly 
rough surface theory is valid and the conductivity of saa water is euffi- 
cient that the polarization parameter a reducer t o  only rvo of i q o r u n c e .  
These a re  fot ver t ical ly  polarized i n c i & c e  and vart ieal ly  and horiaonullp 
polarized ea t re r ing .  The resulting crone eectionr become 

4 .v;ee. * ?rko (.in en - cos q j2 4 i+i} ( 6 )  

and 

with 

- 11, ko sin @,, nine 

w4 = w f - k o ( s i n e s c o e @  - I ) ,  -k , e inBee in@J 
(8)  

6- = b(w - wo + w ), 6' = b(w - wo - wg) 
B 

The nature of the muttering pheaolpear in  i l lur t rated more clearly i f  
a polar c a o r d i ~ t a  repraeent8tlm of the surface height spectrum in used. 
Ih i s  i s  defined by 

I f  thir  polar reprerenterion i s  ured i n  Kquatione 6  sad 7 above fo r  the 
cross eect i rm.  then 



If  tb rrutorlng direction ir alro noat gruing, wlth 0, ar. n/2. than the 
anpt.raion# for k a d )  reduce to  

k = k, 42-fc6;ao 0 '  
to. (p 

Ooly thore e m o x m u  of the rurfwe .hich aatirfy chrre eoaditioa~ contrl- 
buta to the ruttored fieldr. Pm favnrd r u t t e r  mere@, - 0,  than k 0 
and 0, uoU. the ruttoring 18 uro r w  only Lkow rurface ~a 
p~nontr of *.m number u r o  contribute and there a n  of rero upllntda. For 
tho 90° b i r u t i c  cue where cpr - h 9712. than k nk, and 6 t ~ 1 4 .  Thur, 
thore rurface c o q m n t r  of n w a d e r  J2L trawling 01- tha birectoc of 
the ru t tar tug  -10 coatrtbuu. 9or b.&tter, only componentr 4 t h  
umwm8ber 2k travellag -11.1 to the #cattaring direction contribute. 
TO the estantottw: ttm pde l r  am valid, ctm maturing p- i r  
Br.m mutter t%th the ocean rurface acting lib r diffraction gt.tlag of 
e l ec t r iu l  #pacing k. 

hporiwat.1 ooafirrt ion of thir perfot010~1 two b u a  obtalwd by a 
mab.r af nmarcherr. Filpln 1 pnrentr the beducattor. frequmcy -*Sum 
a p t i t &  rpectmm of a region of the ocean rurfaw louted appmiartely 
4) b off mrbada~ Irlard and lauurad a t  l freqtmncy of 2.9 MWa ( M i a ,  
1970). Accmding to OquatSoa 5. the rcattored amrgy rhoold appear a t  fre- 
qmocier o f f n t  f from tha u n l e r  or t.174 R.. Tblr is pmclralp 
&ere tkr rraaured mcattored enern   occur^. A t  the tlm of thir  m a r u m  
mt, the 8urf.oa rpectram ver higbly d imt locu l  rich the dmhsnt nwm 
miag tovardr the radar in accordance wlth the varcrrrrd trade windm in the 
rw. 

AB idlaud above, the rcnr.so p e a r  mattered from an incrslasnul 
a r u  of tb8 ocean ourface for g tu ing 1:lumirutiou or obururtion 11 propor- 
t-1 to the rurf.or height apecttcl. a t  r partlculrr nanumber k. If the 
wrface ir  illumiarted a t  r e r r  of n w l e q t h r  in the tlP relioa, tbir 
ir rpuivalant to raplily) the magnitude of ch. rurface rpwrmm a t  a mmhr 
of rvolengthr. Tim h. m~rfaca heifit ID the integral of the rurface rpec- 
trum owt a11 urv.arrPnrr. 81- .upl ing  a t  a11 vevrmd8rr wanor be 
r ~ l l r b d ,  tb. portion of the rpactrm ooc being rapled u r t  aoatrlbute 
wgl&ibly w the tom1 pountlal energy of the rurface. Both errpsrimou1 



maaucemncr and t h m  indiuate that for untenob.rr n r l l e r  than rom cut- 
o f f  value, tho mirface rpectrum for a f u l l y  developed vind a e ~  conC.Lm no- 
gl ia ib le u *rgy (Longwt-ttia&~~, 1969 md Char.. et.al.. 1951). For la-r 
nve adel, ,  the rpectrum h.r approwirtely l k-4 dspmdence. o f  r w  
B-1 .odd$ for the WECttum of l fu l l y  dOWlopad r i nd  B w  predict# C b t  

&+:a ti (B the rurface r i nd  wloci ty.  I f  th i r  ir wed i n  tpuat im 4 for a 
r,-try Ln uhich - n/Z or graring imidmnce, and 8. - 0. or Butter lag 
u e r t l u l l  y upuard then the cmrr  rection a, becomer 

for m i rotropic spectrum. This function ir plotted i n  Pigumr 2.. b, and 
c for  incldeot frequencies fma 1-30 MI8 end vtnd velocities of 5. 10. and 
20 knotr. At the hlgher fnquencier wrrerpondiag t o  h i b e t  rurface wrva 
&err. the B p e c t ~ n  BBtUrateB at  l Value of -17 dbm. Thir value ha* been 
w r i f i e d  by erp.rianta1 marurameatr o f  the typ. i l lustrated i n  Figure 1 
'Mud and nierenberg. 1969). 

Brnalning Figum 2a for 5 knot vlndr, i t  i s  apparent that a t  a fre- 
puoncy o f  30 IIRr. the u t u r r t i o n  value of k ha. not b n n  ruched and the 
r w e i w d  porrr vill vary greatly betmen d i e t e d  frequeucies o f  3 MHa and 
30 Mlis. For the arrumed rpectmm, thie .aountr to l 120 db change. P h i -  
:arly, for  B 10 knot vind. the difference i r  about 30 db. vhile for 20 knot 
windr. i t  i s  about 8 db. For vind velocities ruch that the rpectrum i r  
~ t u r r t e d  to 3 MM or abm,  no r i g a l f i u n t  cheage would oecur. This vauld 
be the care for 30 knot windr or above. 

The IM8 rurface h e i g t  ir g i w ~ .  y the integral over a l l  uawmderr  
of the murfrca height rpeccrum. Por wtnntaberr .bow the u tura t ion  
point, the contribution to the int.gral coma fm the 1-4 dependence. For 
uwnumberr v e l l  balav the cutoff point. tb contribution i r  negligible. 
Tbr. the reglon i n  the v ic in i ty  of the rpectrel p u k  ir the m j o r  uaknovn 
contributor ~o the n v a  height and Ir the region i n  vhich r a r u ~ t r  
lhould he &. For an oprat iag fmquency r.nge of 3 to 30 MHr, th in cot- 
m.pondr to a ru r f rw  v l t h  wind r p d r  of 10 t o  30 knot.. Por either 8ree- 
tar or rorlkr r i nd  roeedr, the 3 to  30 HHs region ir cot opt- for m e  
helght marummntr. 

Ihe cuwer given i n  l ipurer Za, b. and c n p n r s a t  ths rmpitude of 
the mrfrce rpctrum v i t h  no dimct ionr l  effectr exhibited. To obtain di-  
nc t l oo .1  infomttoa. a bimtmtic geometry ir ured with tho receiver carried 
on a moving pletfom. i.e.. a ratell i t .  or aircraft, @nd th. d i f f r m t i a l  
Doppler r h i f t  iapared on the ri-1 from different pbrtr of the surfacr i r  
urad to obtain the d i rec t ioml  intorrmtion. 

'l%o g.oatry appropriate to such a configurat~on i r  one i n  vhich the 
p o r i t i w  r-axlr oCthr coordlarte r y r t m  ir rmrurmd to H e  slow the maan 
vind dlrectim, and the receiver ir owing v i th  a velocity t0 i n  r dimctioo 
a dogreem from thr man vind dlmctton. T ~ B  l inrantenwur position of the 
receiver r r l a t i w  to the trrnomitter ir g lwa  by the polar coordiMte 8 .  a*, 
vh l l r  the location of the rurface region w n t r i b u t l ~ g  to the r a t t e r  i r  g l -  
veo by the c y l i a d r i u l  coordlmte 0 .  cp. 

I f  the radiated n w f o m  ured ir ruch that the r e w i n d  r l g m l  u n  be 
procerwd w er to rerolve rang. and Doppler, the l o u t l o n  of the variour 
rw t te r l os  mgionr on the rurface u n  ba detemimd. For er..ple. Fipure 3 
1lluetra:er conrunt time delay and Doppler cmtourm on the mrface for tb 
r i t ru t ion  where the n c e i w r  11 located at  CPA and m i n g  with a velocity of 



8 kmlaec at m angle of 40' with reapect to the mean vind direction shown 
ee O0 in thin Figure. Thin carteaponds to a netellits at an altitude of 
400 km uhoae zenith polnt la 70 km from the transmitter. 

The conatant de:ey contours are shoun for 20. 30. and 50 *roc delays 
and Doppler Contours for -7 .2 ,  0, and +7.2 Ht Dopplers. It ie apparent 
that for e specific tiam delay, a apecific Doppler frequefrcy can ba asaoci- 
atad virh each atimthal location on the surfece. There is, however, a 
1800 Doppler embiguity; for example at a delay of 30~sec. a Doppler rhift 
of +2.2 Hz is eesociated with 107O end 336" ezimtha. l h i s  can be resolved 
bv usinn tho redundant data gathered from several rawe cells. 

heed on the easocieted Doppler, the magnitude of the field scattered 
fram a11 aaiautha around the trensmitter can be determined. With the 
appropriate geometric effects included. the contribution to the dinctlmul 
surface apctrum from each aslmthal direction can thus be determined. The 
received Doppler resolved rlgnrt scattered with a constant time delay fs 
illurtrated in Figure 4 for the cases where the surface spactrum her the 
Phillips f o m  and is directionally isotropic or cosine snuared elong the 
wind direction respectively. This Figure illustrstes the vertically pola- 
rlted field received at a satellite vlth a 10 MHz trarsmitted frequency. 
The aatellite, locited at a 400 km height, is m i a g  8 W a e c  along a path 
oriented OO* relative to the surface wind direction at the tranrmitter and 
the subratellits point is 70 km from the tranamitter. The received aignal 
is from thoae surface regions which have l range delay of 63 rsec relative 
to the direct aigrul path. 'HI. differences in the spectre are obvlo~rs vlth 
only thoae portiow of the surface where m v e s  are traveling down vind c v -  
tributing to the cosins squared case. 

AN AIRCRAFT EXPERIMENT 

To deternine the capablll t ier of the technique as a function of the 
aystem paramtern end surface conditions es uell as to validate a hrrdvere 
and data processing approach. an erperimntal aircrsft system has been 
assembled and a prelimitwry test conducted. 

For a ratelllte-borne HP biatetlc see state sensor, the orbital motion 
of the retellite and the resultant Doppler shift imposed on the scattered 
signal can reeult in Doppler spreads of as much as 40 to SO Ha. and Dopp'7r 
proceasing to provide a l-Ha reaolutlon wuld allor the surface spectrum 
directionallty to be obtained with abnut a 100 resolution under these con- 
ditions. 

Por a typical eircraft-borne receiver, h m v e r ,  the Doppler aprerd vould 
be of tbe order of a feu herta. Ihus. to achieve the same surface resolu- 
tion rould reouire Doppler pr?cesaing to a reaolution cf the order of 0.04 
to 0.05 Ha. This requlrea more complex hardwre for an aircraft system than 
for the aatellite care, and an RlCU n v e f o m  w s  choeen a8 the only approach 
capable of meeting the requirements uhich could be asrambled using largely 
off- the-ahelf hardware. 

The WCV harduare configuration used in the erperlmant conalats of tro 
digitally controlled HP frequency synthesisere. One is uaed to drive an am- 
plifier providing a power output of the order of 5 W and conatiturea the 
trenmnlttlng eouipment. Ihr othcr 18 ueed aa the 10-1 orcilletor for the 
receiving equlpnt. An off-tha-ahelf HF comounlcatlona receiver is usad 
with thin configuration. The t w  ayntheslaera constitute the m e t  critical 
and evpenaive itema. with the rest of the required components. such as the 
tranmnltter paer amplifier, receiver. etc.. available either es off-the- 
shelf eouipiwnt or aerembled at ECL. The dlpftel swap cantrollere tucea. 
sery to control and progrm the syntheslter ewitc'ning ao am to provide the 
rewired frequency swrpa uere designed. constructed. end tested at RCL. 

The baeic PWCV ayatem is ralatlvely eimple, in that the tranamitter 
radiate# a coherent n v e f o m  uhlch Is auept over intervals of SO kHa at a 



basic cmp rwte of 500 kHz thus p r a l d l g  10 amps per second. Iba Ire- 
quency werous tLa warelom is essentially a -th in .b.p. At the 
receiver. the local o6cillator is - rhronauly suapt ewr the ..r fra- 
s l r o c y  intewal at the .u rate. e q t  that che n m q  startln(l points are 
&la)ad in f-7 by an -t COmSpOdln(l to the N w  &lay be- 
t t i  t r a d t t e r  and receiver. The receircr 1-1 occillator t s  a lw offset 
by an additioul f i d  . r m t  eorrrqoldln(l to a & r i d  IF Ihls 
is  to the RF brad. and a corrmtlonal -1catlmr receiver i s  used as the 
IF q l l f l e r .  The scattered siga8l. after m t ~ l g  d t h  the maircr  1-1 
oscillator then has a spectral -mad uhich -.pods to different Na~ps. 
At the receiver output. the sl8rwl for each ~ c e p  is  rre~rQd on am106 
tqe.  Thc d r  of sweeps recorded is  &temlmd by the &sired Boppler 
resolution. For e.qle. i f  7% .urcps are recorded at a rate of 10 ~ c e p s  
per second. a ODppler rewlution of 0.06 nt results. Typically. a 50 U x  
baduidth i s  rvept 10 t i r s  per rscaod for 75.6 s. If 198 received s iyv l  
v q l e s  per cvrcp are obtained in an NB cormrter. then rufficicat data 
e:ists ro genemte 64 r v  cells v I t h  a 6 - b  resolution per cell and 2% 
Doppler cells with s resolution of 0.06 Hz per cell. These are generated 
digitallv bv thc q~l lca t loa  of s Fourier tnnsfom ror by n o  and then 
-1- by c o l m  to the IT8 X 9% mtrix of data ~ l s t l ~ ~ ~  of the 128 
u q l e s  per nnp and the 2% rsacps. Actuall~. to save praesstq tir. 
only the desired r a w  cells are processed. mru. only. few of the colrplu 
rcsultlng f r o m  the first tau-by-row transforr are transformed. 

In t e rn  of hardure rccuirants. the stability a d  spectral plrlty 
remlrcd of the traarltter and receiver local oscillator for the R(QI case 
are thr .rl as for a pulse-Doppler systa. For the WCU mu'ccforr. hasmr. 

peak pour problas exist 4 the I F  badvldth rrquired in the receiver 
is  c-rable to that 110m11y ~(1001t.tered in HF ~ ~ ~ ~ n i c a t i ~ ~ .  receivers. 
For e r q l e .  vlth the muwefern parocterm quoted abowe. an IF budrldth of 
1.?8 kHz is required. 

The RlCY approrch does reauire good t i r  synchroolutim be- the 
t-itter a d  recrirrr. hawewer. For e r q l e .  s I v s  t:rtw error in the 
rrmp start time corresponds to a O.Eb r a w  error. 

T& traamltttng .~ltema system coasists of a bmmbaud .crtical rdia- 
tor a d  associated mtchlq net90rLs obi& are capable of operati- satla- 
factorily over the range from 3 to 30 H i k .  

Thc recdrtag equtpmt coarist~ of o m  of tbc syntheslze~ .ad Its 
associated m p  controller. an 6nttlru p n q l i f i e r .  an .atamtically band 
nrltchable PF prrselector-mirer md a c a m m t i o ~ l  c-icatimr receiver. 
Thc output of the receiver is  cdnrently reduced to a ha- frequency 
and is recorded an an anal- t a p  recorder for sub~girent AID corncrsim. 

The erp.riraPtw1 s p t u  n s  set up to transmit sequeotially m 10 fre- 
quencies spacrd frm 3 mz to 25 IOir. Iba t r . (~l l t t ia6 e-ipment uu in- 
stalled on the -st Guard operated Cheuocaks B.9 t ifit  T m r  located at 
?So 62.8' West lagitude and 36' %.(P' North latitude. The cover deck 
uherr the transmittiq  ante^^. n s  installed is  located 90' abow man sea 
1-1 and is 60' square. The average water depth i n  the tower area Is 50'. 

C a  April 26. an initial series of flight paths vere flow and data re- 
corded. In-so-far as can be ascertaid.  the bistatic equiprot appeared 
t~ be fu~~tioniag properly. The flight paths flmm consisted of t h m  rali- 
brarim rtrcles around the tmnnittlng site at an al t l tud~ of rpproxirtely 
500' s t  a radius o r ,  1 mile. Rariq thrse 'lishts. the trsnsmttter v u  not 
meping .sad uas trannitting pure at 3.15 hrlt. 8.53 W. md 25.15 M z  
'.n succession. Follwiag this. three alanprlad tiights =re mde wcr the 
tower ;t an sltitude of approrimtely SOOF'. Each path ws  flavr. for .p 
prmlately a 10-mimte perlad. A atmllsr series of paths ms flwn ic the 
crags-vind direction. The system was sweeping properly during these flights. 



tb8 lor m s u m  &sting st the tSm of cb f l ight  m.a lud  in  the 
~ I . I Y l - t ~ w i s e  cot10 of tb. s a t t e r e d  s-1 being mlte la. For M 8 
hw siaa, cb ~ i w  f o i  cb  SAC^.^ g.ct- I* ppror lo t81y  27 
Ilh. A t  3 Wi.. tb Lo d.p.rhruc of the ccotceriog -0 mccim d i n e d  
d t b  t b  rapid decrean in  .taf.oc oaecgy below the a t o f f  p i n t  mlud 
in l i t t l e  scattored energy. ~ ~ r b o r y ~  thm &t. obtained 1s of m for 
ama bekgbt & t e d m t i o n .  it did allow the i d a c i f i u t b n  of -1 u a i l y  
m t l f f e d  dmr h r d m c o  and apccocioprl pmblen  .nd rh u m i s i g  of tb. 
&u reduction swicbr. Snbaqmmt flfgbct d ~ ~ r i a g  period. of b-r 8ea 
s u m  &mold r a m l t  in  msaalagful &u. 

& ~ t i u o c a l  b i s u t i c  rd.r aircraft  rar s ta te  -remat s-tr 
b. b u n  c o w t ~ m d  md an i n i t i a l  fl-t test cmdocted. It I. mlticl- 
p.M that the p-t e a p o r i r p u l  s p l a  cm~. vitb dmr m d i f i u t i a ~ ~ .  
be wed coutimly fcr  d i m t i o n a l  mcfaca opectru -s * m i -  
f-t - h.Wu - from 3 cc I5 feet. lhe pc8.apt system o t i l h s  
a our fue  -cur ad am airborne receiver. Either t h i s  c a ~ ~ f r ( ~ ~ a t i m  
or a surface teainr old 0 dial t r a a i c t e r  can be rued for a sacel- 
lit8 OF-. &- of tbc V t e r  Doppler s h i f t  of cbt SCOttercd s i e l r l  
for a n t e l l i t e  s y s u .  the banhare reqnircaots  are ~ L g l e r .  Table 1 
lists rhe optem specificscioor for a p a l e  Doppler aatellice system. 

RR. Qtpwt - 10 mtts 
m q u e o ~ y  - 3 t o  30 mz. swltched in 1 to 2 M j z  s t e p  
Stabil i ty - 1 p e t  in 10' 
Spec ta l  wldtb - < 0.5 8. 
l b l r  uldtb - 10 t o  20 
Anteano - vertical polarizatim. azLlltb.11y o m l d i m c t i ~ l  

R.qomct - 3 t o  30 m. witched in 1 l@lz 0- 
mt.e - clot c r i t i ca l  
Local o e i l h t o r  s tab i l i ty  - 1 p u t  l o  18 
TSU s ~ r a t i z a c i m  - mt cricfcrl  
a - so LO 100 l r ~ t  
S p t a  b.ob.ldth - 25 to  50 8. 
colmmnc lntcgrat im t l m  - I s 
mag8 8.t.. - 3 or more 
Anteano - b a t i t m u l l y  polarized 

m e  b ismt ic  opt.. discrured bm is p ~ s m t ~ y  the -19 a11-rutb.t 
optem o p b h  of rum- cb. fill dft.ctlOml alrf.u g c t n m  in  ewO8a- 
t i a l l y  remi r i r .  of d i m t l e m l  .pcctrm a11m a11 of the 
.mtua .o.ot* t o  be ealrohted aod determlumtlon of the r u t i s t i c a l  pro- 
pertlem of tbr 0urf .u .Imb u lllPi IieQbcs. lun muface #lop.#, 8tc. 'Rnse 
m aolsru). for mtrrpnutim of u t a l l i t e  a l t i r t c t  atd s c a t m n a u r  
dam. 
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HEU STBATEGIES FOR ADVANCING W W E  GEODESY 
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Although  any changes a re  taking place i n  t he  various f i e l d s  of marine 
geodesy. what consideration should be given t o  c h a a ~ e s  i n  re la ted f i e ld s?  
Hov v i l l  the  marine geodesist react  t o  t he  increasing confrontatiolls with 
complex economic. p o l i t i c a l  and environmental changes occurring v i t h  respect 
t o  offshore areas? The energy c r i s i s  aloue r a i se s  ser ious  questions vhich 
a r e  of v i t a l  concern t o  t he  disc ipl ines  of marine geodesy. In t he  in ter-  
national debates over 71ho Olms the Ocean". the  varied exper t ise  of marine 
geodesists should be ready to  o f f e r  aaaistance vhich w i l l  he lp  i n  the 
a m r i n g  of legal ,  po l i t i c s1  and economic questioos. Elav damn& fo r  
maintaining and improving the  qual i ty  of the ocean enviroapent may place new 
and perplexing demands upon the science and technology of marine geodesy. 
The exploi ta t ion of resources r a i se s  numerous questions. In the  economlc 
coluiderstions. marine geodetic e f f o r t s  should proceed i n  harmony with govern- 
mental research progr- a s  well as  burgeoning marina indust r ia l  developaent. 
This paper reviews sole of the obstacles t o  exploi ta t ion by pr ivate  enterpr ise  
and r a i se s  the challenge of marine geodesy for  a widening concern in  solutiooa 
t o  these questions. 

I want to discuss a m  of the  re la ted challenges tha t  face marine 
geodesists today and i n  the  days ahead. Although the excel ler t  presentations 
of t h i s  spposium i l l u s t r a t e  many changes in  advancing marine geodesy, it 
should be recognized that  8~ a r e  a lso  i n  the midst of colplex ecocooic. 
pol i t ica l .  and enviroroental changes taking place i n  t he  coastal and oi fshore  
areas. The m r i n e  geodesist  should be -ontisual:y updating h i s  knowledge and 
understanding of these changes i n  such a way that  he is not deterred from h i e  
s c i e n t i f i c  and technological e f f o r t s .  A t  thb 3ame time he should be avore 
of  t he  presence of these r e l s t ed  developments a d  proceed i n  harmony with 
thei r  vicissitudes. 

The energy c r i s i s  alone has raised ser ious  questiooa a s  t o  the  growing 
shortage of fuels  which threatens  to  decrease our nation's output of goods 
and services. The search for  solutions wi l l  extend more and m r e  to  the  o f f -  
shore s r eas  which a r e  of v i t a l  concern t o  marine geodeey. Our Secretary of 
Sta te ,  Henry Kissinger, i n  h i s  f i r s t  speech before the  United Nationa sevaral 
wnchs  ago, s ta ted that  we a r e  members of a socie ty  drawn by modern science, 
technology and new fomn of comunicstion in to  a closeness for vhich ue a re  
po l i t i ca l ly  unprepared. With each passing day. technology ou t s t r i p s  the 
a b i l i t y  of our fn s t i t u t ions  t o  cope v i t h  i t s  f r u i t s .  Our po l i t i ca l  h g i n a -  
t ion must catch up with our s c i en t i f i c  v is ion. ( l )  



In  viewing the  controversies rag- over the  p u a s t h  of "who om18 the  
oceans". i n  other words. what is happening with respect t o  "LN of tha Sea" 
questiona. we must keep i n  rind that  t h i s  6-r there a r e  c ruc i a l  q u ~ t i o ~  t o  
be debated a t  t he  United Nationa sessiona in Caracas. Venezuala. A t  beat. 
m d e s t  progress w i l l  be made; already the continuation of t h u e  -ti- is 
being arranged for  Viemrs. Austria i n  1975. Out of tW interrut ional  dis- 
cussions there w i l l  cons an increasing need for  the  exper t ise  of m r f n e  
geodesy. fo r  the  legal  and po l i t i ca l  questioas carnot be  properly deweloped 
without taking in to  conaideration the  inputs of your science and technology. 

The possible enviroomental changes tax  the  intagination. '&en ma t a lk  of 
such advances a s  offshore o i l  por ts ,  nuclear power plants.  o i l  d r i l l i ~  p k t -  
f o r u ,  and re la ted water transportation. be again sea tbe  *.-ranee of the 
icnavledge that  is wind through marine geodetic e f fo r t s .  Vb.1 man does t o  
tbe ocean may become a s  important t o  the marine geodeaiat a s  what nature doea. 
This means n w  dfrcnaiona of meaauremeot. new .od sophisticated equipment, o w  
mthods of data analys is  and in terpreta t ion.  The physicist .  the  chmis t .  the 
biologis t  and the  engicloer - even the  econooist and p o l i t i c a l  s c i e n t i s t  -- 
m a t  join forces with marine geodesists,  across disc ipl icurp lies. ecross 
organizational l ines .  across geographical boundariee - united around the world - t o  be t t e r  understand the  oceaas.(2) 

CONPLEX DMANDS. CROUIli AND PUNNING 

?he contention here is  that fo r  marine geodesy t o  make proper progress 
there  nust be an appreciation of the  tremendous complexity and significance of 
the area i n  which we a r e  b r i n g i q  our axpertine t o  bear. Ed Wenk has said 
that  the principal i ssue  pecneating the cocut91 and offshore zonea is t o  pro- 
vide for man9 diverse and conf l i c t i n g  demands and s t i l l  obtain the greates t  
long-tern socia l  and ecoaoolc bene f i t s . 0 )  Ibv do we work t w s r d  the  mlu t ion  
of t h i s  principal issue? Several approaches have been evolving: On the  m e  
hand, t he  slow d m  o r  "stop" philowphy coateads tha t  i ndus t r i a l  progress 
sbould be cur ta i led  o r  stopped. This m y  be all r igh t  in ce r t a in  s i t ua t ions  
but generally, grovth ust be promted r a the r  than hampered. Tbe approach 
gaining rapid acceptance is  tha t  of coordinated plarmiw fo r  future  d e v e l o p  
ment in the m e  of marine geodetic sctfona. But the  d e t a i l s  of who does the 
planning may be troubleso~oe. Should it be Federal o r  S t a t e  govememt? Where 
does the United Natione organizstio-t  f i t  in. par t icular ly  with respect t o  
in ternat ional  waters where "Law of the Sea" problems a r e  ar is ing? 

EC0UX;ICAL AND SOCIO-ECONOMIC CONSIDERATIONS 

Whether we look a t  tha problew of p l w i m g  and development off the  coust 
of New England o r  California. or i n  innumerable other  regiow of the world, ve 
a re  confronted with the r e a l i t y  t ha t  (1) control of  ecological and physical 
disturbances end (2) design of the environment a r e  key elements of economic 
d e v e l o p n t  and planning work. % s t  s c i en t i s t s .  by the  very nature of  t he i r  
concentration of ef for ts .  have fa i led  t o  e f f ec t  a systepatic.  coordinated 
presentation of  t he i r  diverse findin- within the highly in terre la ted ecosystem. 
Iherefore. e pertinent object ive  is to  encourage planners and environmental 
analys ts  t o  become more aware of t he  i n t r i c a t e  in terre la t ionships  between the  
economy and the  ecosystem, and betveen economic development and environmental 
maneeement. (4) 

President Nixon made s very val id  point about the  oceans when he was 
dedicating the  Ocean Science Center of the  Atlantic a t  Skidway Island near 
Savannah. Georgia i n  October. 1970. He pointed out that  on the  OM s ide  we 
w i l l  develop resources of the waters around us for  the  future  benef i t  and 
progress of mankind. but on the  other side. w wi l l  see  to  i t  that  a s  we use 
the  oceans we do not abuse the  ocesns. However. it is not nacesnlry t o  make 
an e i the r lo r  choice betveen nature and progreen. The two a re  not mutually 
exclusive. Each individual is  s part of the ecological system. Uhat wst 
change is our a t t i t ude  toward nature. Oa the part of aom individuals or 
companies there has been s caval ier  or "puhlic be damned" a t t i t ude .  But these 
a t t i t udes  can no longer be accepted. 

We must appreciate tha fact  t ha t  our offshore enviromwnt is a natural 
resource in end of i t s e l f  and that  i t  is s scarce commdity with a large  
demand. In the words of Dr. T. D. Barraw, top o f f i c i a l  of Exlrrm Petroleum 
Company: "We lnuat plan fo r  i t s  use. Aa Herculean a s  i t  w i l l  be. we must make 



an inventoty and an ueeawment of the  a c t i v i t i e s  and rewurees  of otu offshore 
areas. Only by M object ive  socio-econoric .nalys ia  can we ever hope tha t  
technical considerations w i l l  be the basen for  our future  decisions." (5) 

FOBMULATION OF USE PIUOBITIES 

Pollovfng tho u k i n g  of .a inventory of re.ources. a f l ex ib l e  fr-rk 
of w e  p r b r i t y  mwt be created t o  o b u i n  the  g rea t e s t  Long-term wci.1 and 
e c o d c  benefits.  The fr-rk oeeda to  be f l ex ib l e  i n  order t o  analyze the  
c i rcuucances  of each individual c u e .  Probably the best approach t... 
determining w e  p r i o r i t i e s  is through the institution of performance standards. 
This waru t ha t  according t o  1-1 area  circumstances and requirements. we 
might develop @idelinos tha t  could degrade, protect ,  o r  improve our mviron- 
ment t o  my degree we wisb o r  can afford. Ac t iv i t i e s  within t h i s  area w u l d  
have t o  oaat these requirewnts.  Ilo use would be  pre judic ia l ly  excluded o r  
included using t h i s  approach. Each individual c r se  w u l d  etand o r  f a l l  on 
its ova ae r i t e .  It u y  be contended that  t h i s  approach w u l d  incorporate new 
tschnology and sci.nce wre readily t h ~  any other  method. It would baleace 
our economic considerations with our concern f o r  the ecology. enviroament, o r  
a u t h e t i c s .  Only with an open rfnd. accurate information. and plenty of 
comon sease can we hope t o  make the proper decisions. (5) 

INTERDEPENDENCE OF ECONOKIC/ECOUX;1C FACTORS 

Of high concern is the  extr-ly complex interdependeIIce of economic and 
ecologic factore. For example. a decision to  s top  offshore o i l  development on 
the continental shelf of the  O.8t @ r u t  la m t  merely a matter of i ssue  be- 
m a n  Eastern rer idents  and the o i l  companies. Any o i l  not produced from t h i s  
area over t he  n e r t  three decades w i l l  have to  be  replaced by o i l  brought i n  
by tankers probably from foreign sources. Thus. the  r isb of ecological damage 
in t h i s  offshore area from development muat be e q u s t d  t o  vh.t a r e  probably 
greater  r i ska  from tanker accidents i n  the New York. Philadslphis.  o r  
Baltimore a r m .  Furthermore, m y  gas not produced t o  fue l  e l e c t r i c a l  genera- 
t ion equipment may have t o  be replaced by increaaad nuclear generation capscity 
t o  s a t i s fy  the  increasing d a d s  for  e l e c t r i c a l  power. 

FIARIW GEODESY AND THE ENCOUBAG- OF PRIVATE INVESTMENT ENTEBPIUSG(6) 

Nthough exploi ta t ion of the  vaalth of the oceans may be -re firmly i n  
our grasp through t h e d f o r t s  of marine geodesy. there a r e  still many quut io ru  
that  need t o  be a d d r e a d ,  for  example: ( I )  fkw f a t  can pr ivate  en t e rp r i s e  p 
and what a r e  the obstacles  being encountered? (2) Should the  public i n t e re s t  
require that  public proarean support wme pr ivate  undertakinge? (3) Whet 
kinds of public programs would he wst e f f ec t ive?  

The f i e l d  of m r i n e  geodesy provides some ansvers t o  the s c i e n t i f i c  and 
technical aspects of coasta l  offshore. continental shelf and deep ocoan re- 
wurce  development. In support of these physical developments. socio-ewnomic 
s tudies  such a s  t he  following need t o  be made: (1) The development and growth 
of coastal lands and urine-or iented industries.  (2) Studies dealing with the 
e f f i c i en t  use of ocean resources. (3) Studies of the  e f f i c i en r  a l locat ion of 
scarce public funds f o r  marine program and projects.  

OBSTACLES TO EXPWITATIOU BY PRIVATE WEUPRISE (6) 

Nthough m r i n e  research i e  experiencing modest g r w t h ,  the i ~ i a t e  out- 
look has been enhanced by the energy c r i s i s .  Despite the  e f f o r t s  going forward. 
a l l  of t h i s  is still on a very small scale  i n  contras t  with the imeose task, 
and compared with other program, which. i n  the  long run may be l e s s  p r a i s i n g .  
One might wall question vhy indwt ry  has not made greater  investments i n  
oceanic exploitation. and why those vho hove made some research expenditures 
have not developed them into  c o m r c i s l l y  successful processes. What then a re  
these obstacles which prevent rapid development of marine resources? 

1. Nthough it is well agreed that  ocean resources a r e  becoming 
increasingly valuable. there is considersble uncertainty a s  t o  when t h i s  w i l l  
actually happen for various products. 

2. S o w  hasitancy r e su l t s  because of the poeeibi l i ty  that  one firm may 
develop bet ter  technology before the or iginal  innovation is put t o  s c tua l  uee. 
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3. Much of the necesasry marine research is such that the whole 
industry may benefit from the research being carried out by a single company. 

4. One of the grater deterrents to seabed exploration is the question 
of international jurisdiction in areas beyond our territorial limits. Aa 
mentioned above.great importance is attached to the United Nations Lev of the 
Sea Conference being held this summer at Caracas. Venezuela. 

5. There is hesitation by the financial community to make loans avail- 
able for marine resource development even where early pay-off seem possible. 
Ilwaver. this is w r e  true with smaller companies than large corporations 
which are more able to reinvest profits derived from other activities such as 
in petroleum development, or electronics fields. 

6. The outlook of the national program of ocean science and technology 
is uncertain. 

7.  There is always the possibility that alternative land resources will 
be developed in such a way that this wuld deter marine developments. 

ENCOURAGEXENI OF OCEANIC EXPLOITATlON THROUGH COVEENENT IIW\SURES (6) 

Exploitation of the oceans, as exploration of space. requires innovatior.s 
in managerial methods and government-tusiness relations and in international 
cooperation. One of the objectives of s Federal marine science program, ac- 
cording to the Marine Rescurces and Engineering Development Act of 1966. is 
to contribute to the "encouragement of private investment enterprise in explora- 
tion. technological developmnt. marine commerce and economic utilization of 
the resources of the marine environment." Although this implies a preference 
for private activities. nevertheless, there are functions that cen best be 
performed by direct Government operations. These activities are summarized 
here: 

1. There are basic needs such ss mapping the ocean floors, studying 
characteristics of the oceans. and surveying the potential resources of the 
oceans. which are a prerequisite for a step-up of private activitiea in this 
field. Such activities are now carried out by Government and private (mostly 
nonprofit) research organizations on a small scale. Research into tne 
potentially undesirable effects of oceanic exploitation and other activities 
on the oceans is a matter of s o w  urgency. 1 cluded are such concerns as 
t h e m 1  pollution flom nui.car or fossil fuel power plar.ts, the concentrated 
bitterns of desalination plants. and numerous other forms of solid and liquid 
industrial and urban wastepollution. 

2. There is a need for training of scientists and engineers in marine 
geodesy. oceanography, and oceanic engineering. 

3. There is the need for developing the infra-structure for a w r e  rapid 
development in oceanics. including an advanced weather service. (Here. 
cooperation is taking place between epace research and oceanographic research.) 

These three functions are of on "overhead" character for the general 
benefit of all oceanic exploitation to be undertaken or at least finaqced 
mainly by the Caverrwnt. Some of these research activities wuld be desirable 
even .f tiere were only a limited need for resource exploitatlon. 

4. There is need to assist private enterprise in the developent and 
teetins of technologies suitable for oceanic exploitation. The need for 
Government support is based on the fact that major development investments by 
private industry are not likely to be adequate because of the uncertainty 
about the tlme when these investments are likely to pay off, as well as other 
special risks involved. 

5. There is need to .upport research and promote international coopera- 
tion on the possible use of the products of the ocean. This is particularly 
the care for unconventional food, the use of which has tu overcome serious 
obstacles. 



THE LW\LLENGE OF SERVING SHE PUBLIC INTEREST 

We e r r  here today because each of us has ~ o m a  appreciation of  the  
tremendous complexity and significance of the  potent ia ls  and challeages which 
a r e  before us i n  the offshore areal .  Our aim has been to bring in to  c l ea re r  
focus a diacussion of the very inportant long-term t a sk  for  Government and 
pr ivate  enterpr ise  because i t  deeply involves the public i n t s r e s t  of the 
United S ta t e s  and the  in ternat ional  community. But perhaps our friend. Dr. 
Ba r rw  of Exxon whom we have refsr red to  above. has summed up the  problem of  
balancing in t e re s t s  bes t  of a l l  i n  t h i s  statement: 

What is needed today from government. from business, from science 
and technology, and from the  pr ivate  c i t i zen  i s  leadership which 
is r e a l i s t i c  ra ther  than dogmatic; leadership which can ident i fy  
not only i t s  oun best interests but the  t rue  public i n t e rea t  i n  a 
given s i tuat ion.  and reconcile the two; and, perhaps most of  a l l .  
leadership which greets  change with an open mind. 
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No. PB 178 ; 3). 



PHlXlDINO PAGE BLANK NOT 

M N E  ~mDEsy  - mBm SOWmON CoNCBm 

Naremdra Saxem 
Deplrment of Cwdet ic  Sclonce 
The Ohio S u t e  University 

Columbus. Ohid 

l h i a  paper deals v i t h  a concaptlolul geodetlc approach to a o l w  various 
oceanic problems. auch a# aubmeraible mvig. t lon uader iced a u a ,  demorsa- 
t ion/detemllut lon of bound.rlea i n  open o c m .  reoolvlag am-level  alope 
discrepancy, lmprovlng t a d  varnlng ayatem, ecology, etc. ,  ace. 316 
r e q u l r d  Lnatrumentation l a  not doacrlbad here. l'he achieved aa wll :0 

d e a l r d  poai t lorul  accuracy entimatea i n  open ocean for varioua u a k a  ar. 
a l a o  given. 

1. IHTBODUCTION 

Since over a decade aclenclata have been lnvolved v i t h  precise  locotion 
of a u t i o n a  i n  the ocean8 fo r  o b t a l n l ~ p  g r a v i u t r i c ,  geophyrical and ocean. 
ographic data. l'he f i r s t  publlahed paper, propoeing a method for the 
eatabliahment of such a ta t ion,  is the reaul t  of the  research done a t  h w n t  
Cwlogicol  Observatory IEvlng. o t  a1. 1959. pp. 7-21]. Wins  cal lad  auch 
a u c l o n s  aa 'Cwdetic bench mvrks a t  am", which were eaub l i ahed  by u a l w  
the  SOPAR aound tranamlaalon, by vhich tho high geodetic accuracy cruld not 
be achieved. Cmrge b u r a d  11965, p. 5-10] ptopoaed a geodetic ~ t h o d  t o r  
e a u b l l a h l n s  the ocun-bottom bench mrrka, by using u t e l l l t e a ,  BDn- and 
aomr  ina t ruwnu t ion .  Aa aolur irmtrumanutlon l a  the only n y  fo r  under- 
-tar maauramenu, b u r a d  lntroducad a n w  term ' b r i n e  gooderg" to 
d i f f e ren t i a t e  i t  from the c laaaical  g d e a y .  Ua w i l l  aee l a t e r  i n  #.ctionr 
3 and 4 tha t  to aolve moat of the problew,  pteclaaly located SUtiOM on 
the mean-bottom a re  needed, vhlch could be conalderad p l r t l a l  o r  local 
geodetic nets ,  thua the term ''marlno geodeay" appear# t o  be w r y  appropriate. 
Uo uould d&& mrrlne geodeoy u the acienca vhirh doflnee and eatabliahaa 
control-polnts i n  andlor on ocean, and the  ehape of the mean, including it.# 
floor.  

l h l s  paper describer a etudy of the publiahad remearch. the d r r b ~ c k a  
of the c laaaical  mrrlno goodetic tochniquea, a conceptional approach of an 
ocean-bottom control-net and the problem auch a conceptLna1 approach can 
solve. 

lhe  problem (appllcatlon) area# could be c laaal f led  e l t h e r  according to  
the  phyalcal aapecta of tho ocean (on the oceanic surface  o r  withln oceanic 
vater)  o r  according t o  the ac l en t l f l c  and pract ica l  needa. The f o l l a r i n ~  
ac lon t i f l c  problem a rum have been pa r t i a l l y  mentioned ln  many publicotlona 
[Anon. 1972b; h u l a ,  1969; Loomis, 1972; b u r a d  and Pubara, 19721: 



a .  Topography and Mapping 
b. Pos l t ion lng  and Navigation 
c.  Boundary Demsrcatt 7n and Determination 
d. Sea- leve l  Slope Detemln6t ion  
e. Tsunami Warning Syst6m 
f .  Recovery o f  Underwater Objec ts  and Equipment 
8 .  ecology 
h. Gravi ty  Measurements a t  Ocean f l o o r  
1. Ground Truth and System Cal ibra t ion .  

I t  i s  worth mentioning h e r e  t h a t  7ur e f f o r t  w i l l  be concent ra ted  on 
the  aubsur face  (underwater1 problems. 

a .  Topo~raphy end Mapping. As the  resources  of the ocean bottom 
become more developed, t h e  need f o r  a n  ex tens ive  survey o f  i t *  topography 
increases.  Pro jec t ions  i n d i c a t e  t h a t  by 1980 a t h i r d  of th- n i l  product lon-  
four rimes the presen t  ou tput  of 6.5 mi l l ions  b a r r e l s  u day - w i l l  come from 
the  oceans 'Anon, 1969, p. 851. Fur ther  f o r  l ay ing  c a b l e s  and o i l  pipe- 
l i n e s ,  f o r  emplacing geophysical  and geodetic s t a t i o n  a t  the  ocean f l o o r .  
f o r  determining the dump-sites end new land acquisition ( s i m i l a r  t o  Hawaii 
Experiment t o  a c q u i r e  land from the  ocean f o r  a i r p o r t  expansion).  and f o r  
bsthymetric navigation a reasonably good knowledge o f  ocean-bottom topography 
i s  necessary.  How f a r  a r e  the oceans mapped can  be r e a l i z e d  from t h e  
following statement [Cohen, 1970, p. i x ] :  "&en a s t u d e n t  r e c e n t l y  ;*quested 
a government agency t o  send him "a map of the  uncharted a r e a s  of t h e  
P a c i f i c , "  he  rece ived  exac t ly  that--. graphic based on extremely s p a r s e  and 
dated information.  I t  i s  dep lorab le  and dangeroue f a c t  t h a t  t h i s  s i t u a t i o n  
a t i l l  e x i s t 8  i n  v e s t  a r ~ n 9  of ocean. For much of the  P a c i f i c .  the  nos t  
recent  source of i n f o m a t i o n  i s  the  U?ited S t a t e s  Exploring Expedit ion which 
Lieutenant Charles Wilkes led !n 1838." 

b. w n i n a  and Navipetion. Pos i t ion ing  and naviga t ior~  c a n  be 
subdivided i n t o  the following three  ca tegor ies :  

(1) General Navlnation ( l o w  raneel .  This includes sh ips  anu o ther  
vehic les  on the  ocean surface.  I t s  accuracy requirements a r e  moat probably 
met with t h e  e x i s t i n g  Nav; Navigational  S a t e l l i t e .  and i n  f u t u r e  wi th  the 
s t e t i o n a r y  s a t e l l i t e s  using doppler s y s t  :nu. However, n a v i ~ a t i o n a l  accuracy 
requirements f o r  c e r t a i n  f i r h i n g  "boats" i s  +45 m; t h e ~ e  boat. a r e  used up 
t o  300 mi les  o f f  c o a s t  i n  up t o  250 fathom depths [Anon. 1972bl. To achieve 
such accurac ies  b e t t e r  nav iga t iona l  systems a r e  required.  

(11) Submersible N a v i ~ t i o n  ( shor t  r a w e l .  The a h o r t  range 
s u h e r s l b l e s  a r e  used f o r  underwater r e l a a r c h ,  f o r  multipurpose e x p l o i t a t i o n s  
on the c o n t i n e n t a l  s h e l f  and deep oceans. These n w l l  v e h i c l e s  a r e  usua l ly  
b a t t e r y  opera ted ,  and a r e  brought to the  vork-arc6 from where they i n i t i a t e  
t h e i r  opera t ion .  Their  navigation system i s  l lmi ted  wi th in  5 mile range 
with c a p a b i l i t y  of p inpoin t ing  t h e i r  pos i t ion  t o  f l  foo t  In each o f  the 
t h r e e  dimention. of movements; t h i s  2 1  f o o t  accuracy I s  wi th  respec t  to  
l o c a l  cont ro l .  

To ach ieve  t h i s  accuracy three  bas ic  types of dev ices  a r e  used: sonar 
d o p p l c ~  syscem t o  o b t a i n  speed and d i r t n n c e ,  a e c t o r  d i s p l a y  system for 
pass ive  t a r g e t  loca t ion  ant: genera l  c o l l i n i o n  warning, snd sonar buoys f o r  
pos i t ion  f i x i n g .  The l a s t  system using sonar buoys I s  o f  i n t e ? e a t  t o  us. 
f i e  conventional  p o s i t l o n  determinetion underwater i s  done by emplacing 
t h r e e  transponders on t h e  ocean-bottom, whose known posit ion.  a long  with 
sonar  range d a t a  a r o  used to  determine t h e  unknown post t l o n  of t h e  
submersible. D e t a i l s  of  t h i s  system and i t s  drawbacks w l l l  be d e a l t  with 
in  s e c t i o n  3. 

( L i t )  Submersible Navlnation (long-rannel. To t h i a  group belongs t h e  
sukrvr lnes  ( P o l a r i s  i.e., m i s s i l e  and non-missi le)  and t h e  submrrine cargo 
tankers.  The system# used f o r  submarine naviga t ion  inc lude  3 SINS ( s h i p ' s  
i n e r t i a l  nav iga t ion  system). Doppler and Loran-C. Due Lo the  lack of p r e c i s e  
information regarding nubmnrlne naviga t ion ,  which i s  a c l a s s i f i e d  a r e a ,  l e t  
us eva lua te  t h e  a c c u r s c i e s  o f  the above mentioned syatema. 



AI- SI.S is a self-coouloed s p ~ .  ubicb neeis IID a t e m a 1  
r e f e r a r e .  its accuracy is Lou. c d  by am i o a r t i a l  d r i f t  of 108 llhr 
A i c b  is occaular iwe wicb respect w time. To W C e  SULP, do)pler 
&emtior a r e  regularly made by "poepb up" thc -1- pole au- 
over the ocam .arf.re a f t e r  a fcu days. a d  a l s o  coatLuoor, podt ion( ly  
is Qoc u s i w  Loran4 f l o a t i q  .ncemu. uhlch a l w p  rmiu oa tbe ocean 
surface. lbe positions1 accuracies &mined by dopprer ( h v y  Meti- 
Sa te l l i ce )  is + 0.22 n.r. a d  by Loram4 + 0.5 m i l a  up to 1OOO dies a d  
+ 5-IS milea cpd 1000 miles o f f  c u t  T u k .  197.. p. U%Y)I. As soch 
-& r o u ~  a c ~ ~ r a c y  of -rime ~ I y L i o n  can mt L.C better _+ 0.5 
dl- an, w c e r )  q w loo0 miles a d  _+ 5-l5 r i l s  apad loo0 dles off 
the forst. 

lbrse accuracy atlrtes d g h t  be sa t i s f ac to ry  f o r  log-r.qe submarine 
~ Q a t i o a a l  requiraemtc so f a r  as Chq cam obtain lauo-L. f m  
b r d  ud doppler. Eut fbe g r o b l s  remaim6 f o r  thc C o l l o d q ~  tuo 
rubrrr iae  n a v t y t i o a a l  needs: 

1. Suluar ia t  navigation under ice-cuoed x e .  &re one has to 
depud  oaly  upom fhc SIU-sysI.LII. uhicb have a d r i f t  race of 2.6 Wday .  
To updace SlIS uoder ired .tu. cbe only pcssibl-? uay is sonar navigation 
by p r w i d i q  ocean-boctcl t r . ~ . p o o b r s  aloug t h  desired route. Such a 
tecbaiqse could open an easy rod f a s t  uay of t r a n s p o r t i ~  o i l  f r m  the 
Ilortb "lope of AIraLo. 

2. Short ..'to submersible navb. t ioa  belood LOOO miles off coast. As 
w shor t  r-e n c r s i b l e  is brought tn Eha mrk-area due co its l ia iced 
5 mile r a w e  ~ v i . p t i o o  s y s ~ m .  cblr  "carriers" - me l o g - r q e  sub- 
mersibles - should bn their p o r l c i o ~ a l  acc.~racy witkin 2 5 d l e s  * ChCy 
&re beyd 1000 miles. Ib i s  La however not r& case. l k s  ue require better 
narl5.Clonrl s y s t a  a t  l ea s t  for fk+w I-.-ru\gc m t n r a i b l e t  vhich 
cooper at^ witb s h o r t - r q e  sutmertiblea. 

c. Boundam D a r c a c i m  &d Drt.rrtaarico. Tbc boundrry dsurcac ion  
c'uld be either 'or rutionai.  internatioP.1 o r  c a l r c i a l  purposes. 
l n t e m r t i m a l  bouad.ry lhiu. uhlch Loclude nat ioaal  l i m i t s .  for  territorial 
seas and f i ?  .iw j u r i s d i c t i m  a r e  m s t l r  *.thin 12 n.m f m  the  coasta l  
line. seldom up co 200 n.= [Awn. i912s. pp. 118-1211. 9oudary d e r a l r i r  - 
rion Md d a r u t i o a  up w 12 n.m f n n  the coas t  call be &a. by using ECn- 
l a s t ~ n u c i m .  Ihc d.r rcat lon in  i r e  ocean. sucb a s  200 n.r l imits.  
remains M ~.-m.lved n rob l s .  

Further c t . . t incn~al  &e lves / s lops  and f r e e  oceans a r e  being searched 
for mLneral m o u r c e a  and fuel  (llss and o i l ) .  As the  exist:^ p r c  
f u i l i t a e s  a r e  irvdcgrute for  luqle o i l  UI*ers, p'h.s a r e  w 'onscruct 
super-poru in  the  ocean far n a y  f r m  the crawad wt-deep e w g h  c o a s u l  
ama. Recommended a r e  conrcructioo of lame m c l e a r  pam plants i n  rhe 
o c u n  for tlae ocwa  wi l l  re- a s  che logicsl coolaac [Shoupp. 19731. A 
nuclear povcr p lant  is under conaiderstion fo r  the Pacific Orean - of f  che 
California C o u t  IRuaw. February 7. 1974 - Fersoml #2mnunicat&nl. Al l  
these developlrnts u k e  the  cc 5.m very valuable. To sccomdate a l l  these 
groups in teres ted in  gettir, t he i r  s b r e  of o c u n .  it should K divldcd in  
t e l l s  and l r w s u  praated t o  che i ~ t e r e s t e d  grm . b a s i n g  of c e l l s  tnxmlws 
legal Je f in i r ioa  of underwater boundaries and .-. ;r p rac t i r a l  dcu rca t ion  
h,:oou cecessary apccis l ly  den  chc l a s e  Lid f rop the  o i l  industry went a s  
high a s  $27,400 per acre  [Anon.. 1970.. p. 2151. kco rd ing  to Joms  and 
S l i t h  Ikron, 1970.. p. 2191 an accuracy of 2 ?5 f e e t  is sa t i s f ac to ry  for  
prsctics!ly a l l  w r k  p..rfonud ir. the d e v e l o p m t  of an offsi-ore o i l  f ie ld .  
l a  deep-occsr. a f t e r  LOO . ~ i l e s  inn ctie coast  chis u t u r a r y  is not ye t  
*-I lable,  C h w h  perhaps t e c h n o l b ~ i ~ a l l y  feasible.  

Thus the situation reaainr the same whether t ( H  boundary determination 
i s  E m r  oLl exploration, for superport s i t e  or for mcl..ac paver plant  s i t e .  
Due tr the hlgh leasing c o l t s  Lhe boundaries i n  the Mcalu  have to be 
deterpined accurately up r o  f 10 r. 



d. Sa-1 Sloe@ Eb -lc ~ a l t s .  a b.cb 
cb P r l f l c  .d & W l c  Certs *f d m  O.S.. lpeiuu a slope dovoord Co 
Um oorth. vlrh the luw -Pda m 5e & W U c  Cent. 11.8. 
kvell- .at djvbaot of 1%3 l n d h u  a r b e  lo --law1 frol .a& to 
-ch, d r h  r s b p e  of 2.8 r l0-I m both sUa IS-. 1974. p. 901. A 
dbc-y of .boat 1 m crlsts bemaem @Uc and ecercrlc I a v e l l ~  lo 
w rth-ssmrh dlrectlm. 

-Qw th CkudLrrZerl ~ l t i m o  of cb. e t a  cmmpaka is 
knmm. &age of r c e r  001- heQkc wlLL an m n c y  of _* 1 - cmld be 
mnored by t h e a c s r p r a u a r e  essaor I W .  1912. p. C-Dl. Ihu rb. 

ma-Ionla for cerUlo at.CLOP. m Cbl h l f l c  m d  Ih ACLIUc 
M.U codd be doeemiod, from which cbe coqarleop of gednuc  a d  
o c w i c  1 6 m l l l ~  taralts can be rQ- 

e. Iaawi W u n i . 0 8  Sn+a.  -a are 1- w -. rrblcb 8ce 
maentd by. ladda  vertical -1- (shift) of 5e m-floor  ...oclaced 
el* by an urchomka r i c h  its Llpoceater (focas) w r h  Um m W or 
by a .rbptlcre lMdrlide @ by 80 curthquab wlch i t s  spicmter poeslbly 
00 lMd. 

Ib. abrupt rsrtlul di.pLcaeot of cam floor 1s m t t e d  Co .a 
.orface u a creat or a -. Oa nave Oe propym ln a11 dltectiana 
uroma Ba sntlra ocun brim vlrh a sped, d l c b  la a faactim of aca 
&pa. II;= by m. uhere b - water daprh. In the open ocarp 1000 mter 
deep. a u m a l  r w  will b..s the spaad of 100 4- a d  the lnra hLlbt 
i. lllllced to l feu meters. -1ly a f w  teotb. of a mut .ecordlm to 
~ m ~ i m .  1963. p .  319-20;  pod.. 1972. p. c-9 ro c-101; ad doclc fo a 
I h c l a .  1972. p. 26-22]. hat the ptirrlp.1 -la@ m y  be of dm ordsr 
of raa Wra0. of k l l a e u r .  and Lb. prlmclp.1 --period of cbe order of 
s o w  cap. of dmcea IBnllea. 1%3. p. 3191. 

Aa thae aras approch  tb. r o u u l  riopes. &a bcr- 
a d  the q l l t d a  l o c t u e s .  balldlm up Co d e s M t i v 8  k l g h u .  In 0- m d  
V- .b.pcd inlets rhe t m m n l  umm can t u c b  a beigbt of the order of 20-30 
meters vlcb an on-tuab speed of above 1Wsec (36 idk). 

Dncrac iw  Cmcurl - bm hen a L a C  8aCtrely restrictad to rb. 
Rclflc &a *re 90-9'52 bnn occurred [ l a a i s .  1972. p. C-101. lhey ham 
tdd to be geoer8ced in approxircely U epaeiflc s e l r i c  a r e a  in rh. 
qprorL.tely 36.000 l l l e  eucbqudu aod *olucric belt c l r c r r c r l b l q  tbo 
Rciflc;  anly about balf of -e are cmrrently utive. Bmraar. rhe uUwe 
a ~ .  ace llLIted LO approxintely U.000 riles. 

8. QlaEiog UO(L.;.L warn- . I n c a  vltb hwdquactm a t  cb. nmA 
BoaDlulu Obemcory uses .a srrq of 21 nl.logr.ph aod 61 Ude s t a t i m  
a d  the Relfic. Th. lelCla1 ramlag of a pot.cCi.1 Uuaal i s  the 
recordlq a t  cbs Ibnoblu a d  T a p  Cancers. of an earthquake of 7.0 mi- 
tld. or L.rp- wlchin rir Rr i f l c  sru. me locatlop of aa epiceater for 
such a ear. .qudce 18 -1ly coqoced lo less rho aa bau. l l ~ e  tide 
sut laaa  near c h  eplcmter am Cbg m k d  to report thelr data and to 
conf ia  i f  a t s d  waw has acslully baa generated. 

After revlsviw the solamlc sad tlde-gruge dam, arb Lbe post bisCotia 
of the kaouo tmmmd orlgln points ewl tbelr destnctloa amas, a daclsloo 
to isma a cowmi warnillg 1s d e .  For loc8lities near the epicontar 

r y  be 18strd oo selrological  d8u only l b t l e r .  1972. p. 26-27:. 
Mv-thlrda or mre  of a l l  C a d s  warnings are fslsa slams Iloods, 1972, 
p. c-11). 



l b a  WR h r e  three problarr: 

8. m. For e c o l q l u l  rauoa cmd L. m d m  of r& 
i I cha - a t  pta-selarcd s i t r .  ace b e e  cooibfcd hew 
Lo ASRCLU d LO Japm foC f i d m  snll lble q Eor oram s u t m  dl..parl. 
Pb. Bf-ptodat. of ebb srpcttrant am: (I)  c i t ies  b w  m w- damp 
sice prob1.r. d (11) r p a b l U m  of .hsr lad" E r a  cb. -; .ab 
iPu ard.t to obrain ' b ra  h a d a  h tbs oc- fec airport expos'am la 
wit. 

Ilr w e  ankwea rhriul Uu and ttaprot; kdon eapftm 
the e u h s e  lo  racemsulmc bmodlw. it .ba ld  b.w a wll-defknd &mica1 
colpaltlon 8d daWltp. llsme rec-Lu p.ct.Cg un thm be 

a t  p c e - n k u d  aLC6s. for shies a good b o u l ~ e  of ocean bocta  
Dpqm a d  a poeLCio~1 -uy of ck Bq vehicle (shiplboac) 
ua necasary. Both of rcpul-a are IackLcg. 

b. 5-n murammu a t  OCCQ F l w ~ .  6-1- work 4 other 
gasby.ic.1 mrwp in the or- could micbar be locetcollpccd la 

-tad to a &an. A c c o c d ~  to tkdacsbtt [ M s .  1972. p. C-lbl for 
meuli~hl m l u  tbae mrmp k l d  be cmlnected to sera ocean-bocm5m 
control net. Pblcb doer mot pt aist. 

1. C c d - M C h  m d  Qf.LI Calikacloo. IC L. surprbing chat Ch. 
exisctnn inst-utian for ESIMO~LIIU -tar b r b  LO fm ac- can aot be 
tested for it. c h i r d  eccermcy d w  e o o - a i s i l a  clvil1.n E~~ilitlu Em 
callbratloo IlbOq600. 19731. Uowver, there m i a t  5 -1 calibcaUon 
s1W.u [Anon. 1970b. p. 1181. 

.a Table 1 are .barn tbe accotvy raquirmmt. for a r loas  uslu u 
emtimtd by varioua etudias. In the iaat colum ate given om wtimacd 
accuracies. 

Iha abotn-mencioned problem atem om be solved by .curu of (A) a 
Global mrio.  Cadetic Control-llrc (WXII) on tbe acean-lhr, (B) Advsa~ed 
Satallite InetcumeaL.tlon @&I). a d  (C) Uadenater Sonar lnetrumentatlon 
-1). 
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The idea of a global n r i n e  gsoQatic control ot (BCCII) ur f i r s t  
m e a c i d  by Wag a d  h i s  .s.ociscee i19591. .od later modified by Hoax& 
I 1%: ! . &I% proposed SOFAR aotmd CraumisaIM to M u r e  distmmxa 
be- k n c h e  &ere a bm& rut uu defined u Cba point on o r  
below the w t e r  surface f r a  vbich the round-trip t m l  t la  CCI all  tho 
three ocean-bottm u n t s c i c  transpodus. placed a t  Cba corners of an 
eqai la teral  ui.ssle. would be equal. brd propoad geodetic (electronic 
distance measuring i m t z m e a t l ) .  acoustic (- Last-t) and apace 
( s a t e l l i t e  ~MLMOU~~QO) techniques. 

llae deficiencies of the 8hoverentionsd systeas am:  

(1) Tba aecur8cies giran by them a r e  not "rrdis t ic" .  rs these ocean- 
b o t t m  a m p  nre neither c o r w c t d  to = geodetic c m r d i m t e  systa uor 

p r o t i s l m  u s  u d e  fo r  such a c-tion. which Ls one of the r i o  
objectives of BOW. 

(2) Altbougb a ship  is used to determine the positions of  the ocean- 
bottom cranspoaders. i (ship's) coordiaacas a r e  coosidered error less .  
which a r e  e i the r  o b u i b  , by l b y  tbvig.tiom S a t e l l i t e  o r  by airborne 
techniques (Loru )  to an accuracy of  a feu Qlucters o r  v r e  (30-lWm) 
[ M s .  1972, p. IV-61. llms the accuracies of transpmder positions a r e  
derived from in-error sbip  positions. 

(3) ~ p m d e r  depths a r e  usad i n  the c ~ t a t i o c u .  h e  a r e  wt 
the m u r e d  quantities,  but a r e  ~ o ~ p l t e d  f m  s h o t  r a q e s  between the ship 
.od the t r ~ ~ p m d e r a .  To be r r b e t i c a l l y  rigorous, the depth shrmld be 
permred quant i t ies  and due weights shoold be applied to the. 

(5) Ibc r e h e m t i c a l  derivations a r e  rigorous io the  beginning, b r t  
a r e  approximated la ter .  thus introducing w d e l l i a  error.  

The above mentioned deficiencies can be overcor i n  the following way: 

(1) A n  ocean-botca transponder a r m y  sbould consis t  of 4 crmspocdars 
i a s c d  - he coatentiom1 3 i n  each s r r a ~ ;   chi^ w i l l  avoid the s ingular i ty  
of the am. and slw w i l l  be useehle i f  o c ~  transponder cspres 
f u n c t i u n i ~ .  Mowever. a study is i q e r a t i v e  to find har r a y  tr.nspooders 
a r e  necessary i n  one oce8n-botmm transponder array. We b.ra a l so  to think 
bow these truuponder arrays a r e  placed: before e m l a c m a t  of Lbese 
tr=nsponders a rsuocvbly large area  (7.540 mlles squares) of the ocean 
bottom is mspped using Depth Sounders. %en s smaller f l a t  area  propor- 
t ional  to its vater  depth i s  selected fo r  transponder arrays. Ih i s  u t e r  
depth-flat area  r a t i o  l imits  the array conflguratiom. and hence the m d a r  
of transponders in  each array. For pract ical  reasons the tem h n h u r k  
should be defined physically a s  a pnr t icular  truupooder of a par t icular  
array and not a s  a f i c t i t i o u s  point as defined by M a g .  e t  a l .  119591 nod 
Hourad I 1965 1. 

(2) The number of transponders in  each array could be decreased to 3 
i f  s d w  the direct ions  becueen the  mean-bottom transponders and the 
ocean-surface transducer could be determined. Ihese direct ions  would 
provide necessarg constra int  to the control-net,  thus avoiding the 
s ingular i ty  snd p r o v i d i ~ ~ ~  a unique solution. A system t o  measure the 
direct ions  between cw sound sources can be designed with the existing 
technical knowledge s tmilar  t o  thet  of Electronic Angles Measurement Svstoui. 

(3) The depths of the transponders should be ac tus l ly  measured. and 
then compared with the  coqu ted  depths. Ihe only problem i n  th i s  is tha t  
there a re  no exactly known depths i n  the f ree  ocean. which can be used a s  
grobnd-truth to  ver i fy  the accuracy of these modern sonar instruments 
IThoapson. 19731. Ihe instrument ( l ~ e r s p a c e  Autotrack h d e l  404) can 
measure depths up to 10.000 meters with an accuracy of _* 4.36 a. *is 
optimistic sccuracy e s t i u t e  takes into  account three sources of error  
( s s s u i n g  s constant velocity o t  sound 4800 ftlsec.):  ( i )  timi.~g accuracy 
c f  the osc i l l a to r  w.00 25%) ( i i )  resolution of the display (9.3 a) ( i i i )  
reply integrator time constant (. l  to 10 me). 



Unuawr. the abme u c u r u l e s  a r e  qu i t e  mll coqud to the e f f e c t  
c d  by cha differ-e be- the ac-1 aad u d  velocity of -4. 
A 10 f c l sec  veloci ty  d i f f e r a x e  w i l l  cmt r ibuca  to an e r r o r  of 2.042, uhich 
is one e t u d e  larger  tsle tha a c c u ~ y  of the spta  (0.04%). ltw to 
obufo g e d e t l c  reur&ies.  i t  uoald be wfeasary to d e t e r d m  a p ro f i l e  
of cb. sound v e l o ~ i t y  vs. depth .nd then to ca l cu la t e  cha average v e l a i c y  
a t  the  location o f  InLersrt. 

(6) Iba mmqaadar u r a p  should be c-ced to sola geodetic &cum. 
whlch can be u h i d  by us- M Active h e r  S a t e l l i t e  r imt l8r  to Qole 
s y su  of DIAIDGUB R o j e c t  [PhLeriet. 19721. "f loatla buoy reflectoc8" 00 

the am s u r f r e  and ground-based r e f l ec tom a t  kmm stations. Um~8 a 
t r u l y  uoif ied  global network can be achieved even in the rsnocest o c m  
areas. 

(5) A r@orous r t h a a t i u l  m d e l  is necessary. and the  uee of the 
gravi ty  infomat ion should be made. 

(6) To mmke the transponder arrays  more ~ e r s a t i l e  co be used a l ao  a s  
a geophysical r t a t i o r  f o r  Iaunami w a r n i e ,  it should cons i s t  of a water- 
pressure sansor .nd a v e r t i c a l  sei-tar, both of chase would be on tbe 
a e a n  f loo r  [bods. p. C-151. A study o f  the essen t i a l  inntrrmentation a t  
t he  a m - b o t t o m  transpooder site to a b l e  it a u l t i -pu rpose  s t a t i o n  is 
necessary. f o r  uhlch discussion with oc-graphers. geophysicist6 and other  
users  a r e  needed. 

An utiw h e r  s a t e l l i t e  l i k e  Cgle s y s t c l  of Malogue Ro jecc  could 
be very useful. Ihe k a l e  system should obtain  accurate positioning of 
slowly moving points ( l i ke  buopr) to f lm over one-&y m a ~ u r ~ t a .  and to 
f 10-2(*1 every Cuo k r s  from one s ing le  u s u r m e n t  [Thieriec. 19721. l h e  
s a t e l l i t e  w i l l  be a t  3500 km height and w i l l  make the ~.aururemenCs. 

c. Undemte r  Sonar Instruments 

As the only form of radiation. which propagates e f f ec t ive ly  underwater. 
is 8 4 ,  it is most h p o r t a n t  f o r  underwater msaaurement. Ib. sonar 
i n s t n m e n u  operate  on a fixed rbcoret ice l  sound veloci ty  (4800 f t l s u ) .  
although veloci ty  of sound depends upon the  conditiorrs of Ute uter layers  
( s a l in i ty ,  pressure. Ceqerature)  .ad depth of water. lhm to calcula te  t he  
co r rec t  veloci ty  at required depth o r  the  average veloci ty  d u r i e  -9 water 
layers b. been achievad by d e e e d n i ~  a p ro f i l e  of the  sound veloci ty  vs. 
depth. and then to calcula te  the average velocity. 

Ulut has not been done and should be done is to ver i fy  the accuracies 
of these instruments, which indirect ly  rill involve ver i f ica t ion of the 
calculated average velocity. %re i r  no ca l ib ra t ion  range for c i v i l  
s c i a n t i f i c  purposes. although f ive  test ranges e x i s t  fo r  naval use [Anon.. 
1970. p. 1181. 

A compsratively easy development of an acoustic instrument to determine 
di rect ionr  between two round sources is necessary Lo lessen the number of 
transponders in eaeb array. 

me eoncentlonal a~oroaches  mentioned i n  t h i s  sect ion can be 
sumari red 86 follClS: 

(1) An ac t ive  laser  s a t e l l i t e  around 3500 kn high in  c i r cu la r  o r b i t  
is necessary. Thus the  position o f  f l oa t l ag  buoyslrhlps could be determined 
within f 1 to 10 meters. which w i l l  fur ther  i .pmve the ocean-bottom 
transponder porition. I t  w i l l  a180 connect t he  ocean-bottom transponder net 
to a unifted global datum. and d.rsrc6te and datemine the boundaries 
(national.  in ternat ional ,  leasing) i n  t he  open ocean to a high accuracy. 

(2 )  Underwater sonar instruments requlre  cal ibra t ion fo r  which a 
Civi l lan  Test Range I r  needed. A naw d e v e l o p n t  to determine the  di rect ion 
between the sound aources is necessary so  ss to lessen the number of 
transponders in each array. 



J u t  t ilhutnte bov our cocueption818pprorh w be lud to 8olve 
the p rob la r  m t i o a e d  in  Section 2. it v i l l  be applied to improve the 
tsun8mt mraing system. 

c c o o c  ta. & 
-cloned a r l i e r  r h c  avo-thirds or more of a11 wltvd n r n w r  a r e  fa l se  
alarms. the existiug T s W  U8rning Sptem needs Lnprnvement. 

Van Dorm [Loari.. 1972. p. C-121 stysested th8t s u t i o c u  8houId be 
louted on the o c u n  floor (8d wt on the cwtioaat.1 .belve8) off the 
seismically act ive belt. Be 6uggesCed a 6 stat ion c r i t i c a l  net u folloua: 

1 s tat ion off .lap80 
2 s u t i o n a  off the A l e u t i w  
2 stationto off South America 
1 s u t i o n  off the Southwestern P8clfic Isl8nd. 

Zetler (1972. p. 26-27] a n t i o n e  tht i f  a rm*lpi could be decocted 
on the open ocean. it uould be very valuable t o  the warning system. 
According to Zetler. it does not seem likely that  sp8ce c r a f t l s a t r l l i t e  
m u s u r ~ t s  could be helpful for t . u ~ m i  detection i n  open oce8n. 

I t  i s  qui te  ar ideat  ch8t Lsuapd &ta from the open ocean is rary 
valuable to iqm the exisci~ag tsunami n r n i n g  system; th i s  could be 
rchieved by wmbining h e r  and ocean-floor s t a t ion  b r a .  

A system could be designad wing the existing Cacheology: A t  
"suiuble" locaciom on the R e i f i c  ocean-flwr acoustical tzaespood.r 
arrays wuld be placed. Each trmopooder sbwld be equloped v i t h  r c e r  
pressure sensor. ve r t i ca l  sei-cer 8nd other essent ial  b t r u m o t a t i o n  
Lo m8ke it a multi-purpose station. On ch, ocean surfrce u e  placed 
stabilized platforme (floating buoys) ubose bottom i s  -red with 
acoustical U u u ~ i t t e r l t r u u p o n d e r  and upper surface with a l u e r  reflector. 
Ihe active h e r  u c e l l i c e  of DIAlDCUB type cmld  position t h u e  reflectors 
( s l w l y  moving obJects) Lo f 10 m for one -r-t. 8d _+ 1 m fran one 
day &ta;  the range accur8cy i s  _+ 2 m and r8dF.l rccuracy _+ 2 d s a c  
[Thierlet. 19721. 

Ibe sonar dam from &e occua-bottom tronspoader ~t will pr-ride the 
relat ive position of the "floating buoy" i n  a l l  the three dimewions. 

Uote that the somr  bur ell be a l w y s  available on c e ;  but 
l m e r z  s a t e l l i t e  d a u  w i l l  be available when the s e t e l l i t e  i s  in  
that  region. 

Owrational Rocedure: After tho recording of en earthquake of 6.3 
magnitude [lid.. 1970. p. 31 and cmsequently locating its epicenter. the 
ocean-bottom transponders, the surface buoyr and the l m e r  sa te l l i ce  wi l l  
be mked to  report their  "haigbt difference" data a t  one mirmte interval. 
lhus a complete record of  the wave-height r d its speed u n  be computed. 
% i s  "somr" helght d a u  i s  meuured automntically and with the speed of 
round. wh'eh i s  approximately equal t o  the velocity of P--mves (1.5 W r e c )  
[Bullen. 1963. p. 3211. thereas the Lsun8mi speed i n  open ocean of 1000 m 
depth is only 100 mlsec. Ihus the tsulumi warninn - a f t e r  reviewins the 
soMr. laser-and seismic & u  - could be issued &re reliably wichl. minutea 
a f t e r  the earChqWe oceurence. 

Due to the fac t  chat s harmless t a ~ a u i  wave of tt : open ocean ma9 
become destructive reaching the shme depmdr upon the topography of the 
eont:nenul slope and of the continent81 shelf ,  a feu transponderslfloacing 
buoys have to  be located in th i s  reglon. 

Although it h8s been ahow thst a mlti-purpose ocean-bottom control- 
net can solve various problem areas, 1 thorough research in the follcalng 
areas i s  urgently needed: 



:a) Aceoracles Available uul Reauird. I b  iostrumentntioa accuracies 
u g i a n  by the mnufacturer  have to be evaluated. I b i s  w i l l  require study 
o f  lnvwtIgat ioas  don8 by variau w a r s  ulng the i n a t t u m t  under aoaltu- 
tion. After cbis m l l u t i o n  it could be decided whLb h t r u w n t s  should be 
u s 6  f o r  o b t a f d n g  the  specifkc accurules .  

Also mded Da a a c i m t l f l c  survey of users '  accuracy requirement. 
l h i r  is s vary d i f f i c u l t  task u, most users do not want to discuss  t he i r  
desired accuracie.6. 

(b) Sim~krad Keolorlr Derlpn. A basic s L u L t e d  network design by 
using tbe  madern U u t n a o u t i o n  is nges . a rg  aa t h i s  is  the "beck-bone" of 
the  e n t i r e  o p a r a t i a .  For such design one h. to consider primarily. the 
users '  requlrmentr .  t he  configuration c r i t e r i a .  and how best  a t , b r i d  
system can be u d .  

Iba b p o r t a n t  adwantage o f  ocean-bottom tramponder n e t  over s a t e l l i t e s  
is Lbt mtellites can track fo r  a l u t e d  t h e  when tbey a r e  a b w e  a 
p r r t i eu l a r  statim, ub i l e  ocwn-bottom trmmponders can e i t h e r  track 
contirmoualy o r  ere be act ivated on c d .  I b i s  is very hporCbnt f o r  
rsucum~ warning system. 

Iba nemrk deslgn a n  be conducted Lo tbree stages: (1) Unit Array: 
Configuration and mmber of tranoponders naces saq  i n  one array;  the type of 
&.orvations needed; tyw of ins t r t l rmtacion in aircb array andlor a t  each 
transponder to u*e it a multi-purpose s ta t ion;  (2) Begional Net: Configura- 
t i on  of transponder s t r a p  i n  srcua of s c i en t i f i c  i n t e re s t  and i n  p rac t i c s l  
problem areas. l i k e  boundary determination; (3) C l o h l  Bet: Bvantually to 
plan design a global oa t  based upon s c i e n t i f i c  regional ne t s  mentioned 
in (2) a h .  

m e  network design i n  encb of the tbree stages should be -.mected to s 
gaodetic &Cum. 

(c) Mean Surface Determinution. lbe exis t ing discrepancy between 
geodetic .rd oceanic level l ing should be c l a r i f i ed .  I h i s  could be done by 
using a regional net  i n  the areas  of discrepancies. 

(d) General Havlnation. 111ertlal navigacim  system^, which usually 
have large d r i f t  rates.  can be updated with geodetic i n f o ~ t i o n .  A study in  
t h i s  area ,  probably supplgent ing i n e r t i a l  ~ v i g a t i o n  systena with gradlo- 
meters, could provide a solution t o  other spec i f i c  navigational problem. 

(e) Me te r  Plan fo r  Ocean-bottom Network. Looking a t  ce r t a in  publics- 
t ions, it becomes c l ea r  that  s m e  users and ec i en t i s t s  have the i r  "om" 
transponder net  on the ocean bottom. It w i l l  be worthwhile a t  l ea s t  to plan 
a global n e w r k ,  using the existirt6 scat tered transponder nets ,  i f  possible. 

A Psster plan should be prepared which should provide infotlurtion about 
the truurponder typea. t he l r  locations and working frequencies. obtained 
data and type of data. 
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REAL TIME MAPPING OF HORIZONTAL AND VERTICAL GRAVITY ANOMALIES 

ABOARD A MOVING VEItICLE SUCH AS AN A IRCRAf l  
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ALBERT JIRCITANO 

BELL AEROSPACE DIVISION OF TFXTRON 
BUFFALO. NEW YORK 

ABSTRACT 

The horimntal gravity anomalies are known at the lower harn:mic degrees of the eanh from 
satellite data. However. little m v i t y  anomaly data exists at the higher harmonic degrrn which 
arc of  primary conbrm for h@ p r f o m n a  inertial navigation system. Resent day inertial 
navigators have reached a performance level where the horizontal gravity anomalia arc the 
predominant error source. 

The paper consists o f  two parts. 

I. Definition o f  problem. 

2. Themtical solution o f  measuring gnvity anomalies on a reat time basis using gravity 
gndiometer, statistical model o f  gnvity tield, with Kalman integration of inertial 
navigation system. The accuracy o f  gravity anomaly measurements to be expected 
under various cciditions such as vehicle speeds. altiiude and gradiometer errors arc 
discussed. 

I .  INTRODUCTION 

This paper d~scusses the analysis of an airhorne or shipboard gravity field mapping $/stem 
for real time determination o f  the gravity gradient, gravity and undulation anomalies. The study 
was originally prompted to determine the errors induced by horizontal yavity anomalim on hlph 
performance inertial navigation systems and to explore possible appmaches for correcting them. 
One promin~~s method is the real time meuurcment o f  the horizontal gravity gradients and 
deriving the gnvity anomalies from them. The main purpose o f  the analysis was to utahlish how 
to integrate the gravity gradient measurements with the menial navcption'system m d  what 
gnvity gradiometer performance levels were mquimd to he useful. A Kalman filter intcgmtion o f  
the gravity gradiometer. the ~nertial navigation system using a statist~ul model of the eanh 
gravity field was formulated and a computer analysis conducted for various vehicle velocity, 
altitude and instrumentation errors. 

A slight variation of this system was subuquenll~ mmt ip ted to explore how a~:urately 
the n i o u s  anomalies of the gravity field could he measured using the add~tional informat~on 
available. such as periodic pait ion update of the inert~al navlgrtion system from external 
referenas, deterministic anomaly data o f  the gravity field known from surveys or satellite 
information and a gnvity meter. This appmch to moving base yrdiometry is attractlw in that i t  
Jon nut invulve the development o f  a new instrument nor electronic or electromechanical 
requirrlnents beyond the prcvnt state of the art. The rntat in~ aralrrometer gnvity grad~ometer 
nthcr depends on systems technique to accomplish the very dimcult pmblcm of  moving has 
grdiometry. 

- ' R I G m '  PAGE p 
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Tlie conclusion drawn by thts analysts is very encouraging A gravity field measuring system 
comisting of ava~lable inertial navtgator and gravity meter. K a l m  ~ntegrated with a wavily 
grddiomeler could map the anomalirr o f  the gravity Rcld to a high degree o f  accurdcy. The 
mapping could be achieved on a real time basis and hence largc area muld he rwvered in a short 
time Crdvity anomaly data at the higher harmontc degrees o f  the Ckoid would hew%, available 
where at this tlmc little information exists. 

Bell is prrwntly developing a movlng hasc grdvlly gradiometer for the Technolosy 
DI'CC~O~~IC of  SAMSO USAF using a slightly modified vmion o f  the proven Model VI I  
~cccleromeler mounted on a rotatlng fixture m d  hence our Interest In thts subject. Thts 
gradiometcr is not the subject o f  this paper. 

II EFFtCT OF HORIZONTAL GRAVITY ANOMALIES ON INERTIAL NAVIGATION 
SYSTEM 

lforizontal grav~ty anomdm affect an inertial navtgator 111 the ume minner as 
accelerometer notu. Cravtty anomalirr at or near the Schulcr frequency drlve the Schuler Loop 
and caua veloctty. position m d  attitude orcillatlons whlch gcnrrally tncrrau as a funct~on o f  the 
square ruot of ttme Thlr IS -.cl~emattcally shown hy hlwk dugram Figure I Sln~e accclention 
enon predomtnmtly propagate in the Schuler Lour rnd since the orthogonal horizontal erdvity 
anomwlr-. arc not htghly correlated. (has ,lmplificatloli of an error model of the inrrttal systrm is 
permisrhle. 

Thr Idtcst gcneratton of hlyli perfomlance ~ncrtrdl systems harr attained a performance level 
where the hor~rontal gravity anomallrs arc In fact the major error wurce and hence the pmcnt 
inten31 in movlng b a r  gravlly gadiometry. The c%tlmaled navtgation vcloc~ty m o r  o f  an alrcnft 
flying at 30.000 ft dnd at $40 knots is ~llvstratrd in Fl~.ure . A gravll). anomaly wlth a onc upv 
value of 40 m~lllgals and zorrclation distance of 200.000 ft has been assumed. Wlth an undamped 
Schuler Loop and In the dhxnce of other errors the estimated velwtty crror will exceed 2 ft!wc 
after 4 hours of Ilrght. 

I l l .  STRAICIITFORWARD IXTtGKATION OF (;RADIOMkTER WITH INERTIAL 
NAVIGATION SYSTkM 

Multiplying Ihc appropnate honront~ l  gravity gradtent, with vehicle veloclty and 
suhsrqucnt tlmr integration yields the change In the horizontal anomaly from a refrrence pv:nt 
Tlic instantaneous hortzontal anomaly can he exprersed a\ folluws. 

where 

p IS the horizontal grav~ty anomaly along thc x coordinate dxls. 

W,,. WRY. and Wx, are gradlcnts of grdvlty. 

V,. V .and V, are the component% of the vehlfle along the navtytlon coonltnatr. Y 

g,, e the reference honzonldl anomaly along the k cw?rd~nalc In port 

g, 1s the Instantaneous hor17untal anomaly 

A stmtlar exprc-.stoa ran k wntten lor the orthogonal honrontdl dnomdl) py dnd the v e r t ~ ~ ~ l  
dnomdl) g, 

I1 the ~rad~omclcr hdd no erron. the stmple p r w w  o l  multtplt~rtlon an lnlegrdlton would 
rewlt In perfect inmpcnwtton uf the hor~mntr l  grdnty dnomrllrr However d red l t r t~~ emyr 
model must he awumed. ~n~l i ld lng h t a ~  Wl,,,, whlle nor* Wwn dnd pc~nhly tome correlated 
notrr WLn Th~-c yrad~omcter errors will dlw he mult~pl~cd hy vehlclc velocity dnd time 

~nte~tated to yleld the followtng hor~ronldl anurnilly crtor 
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where 

h i s  the anomaly error at the reference potnt, 
she is thc computed anomaly error. 
other t e r n  have becn defined previouslv. 

The error block diagram for straightfornard iih?gration c f  a gndiometer is i l ludratd In Flgure 3. 
The gndiometer error model is shown on the lefthand side exciting the Schuler Loop described 
previously. 

Even a small bias will ewntually integrate to an acceleration emor lamer than the gnvity 
anomalies to be r~meclcd. Moving base gravity gradiomctry is m extremely dtfficult 
instrumentation problem. one EU producing a difference o f  accxlmtion o f  only Irrl gat two 
points 10 cm apart. A gravity gradiometer btas must therefore hr expected and as) stem devised 
which will tolcnte this. 

IV. KALMAN INTEGRATION OF GRADIOMETER AND INtRTlAL NAVIGATION 
SYSTEM 

The conventional inteydtion o f  the gmdiometer with an inertial system discussed In the last 
secticn cannot achieve the ultimate prrrbrmance capability o f  the combined systems became the 
lmplied characterization o f  the wrvity field is inaccurate. In particular. by assuming the output 
of the gradlometer IS the gradient. the white noise and bias errors o f  the instrument imply a 
similar charilctcrizat~on o f  the phyucal pnvity field itself. Such n vlcw mul ls  i n  both the gradienl 
and gravlty anomalies hanng unbounded power spectra. Much IS known about the statistical 
mture of these fields. The Kdman integralton discussed in t5n sectton ut i l izn a more accurate 
charactcriwt~on of the pravity field along wllh a modeling of the gradiometer instrument ~tself to 
arrive at an optimal lntcgr~lion of Ihc pradiomcter and navigation system 

The statistical charactenwtlon of the gravity gradient. gravity and height undulat~on 
anomltcr whtch has hccn assumed for thc Kalman filter is  l lust rated on Ftgure 4. Power spectra 
ar a function of earth harmonic degree uwd wlth one sigma content of 24 EU. 43 ml l l ipk and 
27 metcn respecltvely. The comela.ion datances are 200.000 ft and IS .OW at sea level 

Th~s characleri~atlon of the <kold grdvlly anomaly field can he modclled In the frequency 
domain as shown by the hlcrk diagram on the right The break polnts corresponding to thr 
~omlat tun distances are gencrdted hy feedhack functions Vt I!D, + I. D, I and Vt I 'I), Dl ) 
mpcctivcly. 

Repmentations of the anomaly field in this manner usually raises a numhr  of questions 
since power spectra from deterministic data may not be exactly like tha. A few words of how 
this model o f  the earth pavtly gradient field is used is therefore in order. The white notv of the 
wavily gndiomeler i* mprcvnted i n  Ftpure 4 by a dolled line. Gradiometer blas would he 
IrpmCnled by an infinite splkc at zero frequency. The purpose of thc modelled pnvlt) gradlelsl 
anomaly power spectra IS l o  dectde fvr whlch ponion of the frequenr.y domaan the ~ c l v ~ t y  
padiorncter signal is used and for which portlon the cxpenenccd horitonlal ~(rav~ty anomallcs are 
allowed to dlsturh thc navigator At the very low fnquncy end (low harmontc drgrm)  11 would 
be unnecessary to accept gndiometer null hias and low frequency notre when the actual gravity 
gradient field has littlc power The same IS true about thc high frequrncy end. The gndiomrter 
signal IS only wanted wherc the gnvtty gradient mo~naly field has a hi@ar power sprclcll dmstty 
than gradiometer poise. I f  erron are made In the characterization of ellher spectra. ruboptlmal 
filtering will wrur  with little change in the mults, as long as the assumption I\ not out hy ordcn 
of magnitude. 

Grrvlty ~ndlents dlmtntsh npldly wlth dll~lude hcrduiu of dvcrmglng efferts An cx tn  hrrak 
polnt has becn added to the power spectrd whlch vdnes tnvcrul) wllh dltltude IV 'h I  dnd results 
In a reduction In the one Sllmd grdvlty pddlcnt dnomrly vdue l o  17 LII to 2 O . m  ft hut wlth 
rcprexntlng thc cfkct o f  rltrtudc on the prdv~ty powrr spectrum tr r n  drwmptlon dt tht* tame to 
show J trend 
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Block diamm Figure 5 i l l u r t n tn  the K h a n  filter integrnti~n of the gravity mappiw 
system. The inertial navigation system is shown on the lowrr right hand corner. I t  is being 
disturbed by the cxpcrienecd horizontal gravity anomalies and comcted by the modelled onu. 
The gravity f idd modrl at the lower lenhand romer is  the nmc  as d i r d  pwiourly. The 
gradient anomaly output fmm the model is compared to the mcosurrd gravity griidicnt anomalies 
by the gradiometer and the differcncc fed to the Kalman filter. Should gradient infonnation of 
the model and the gradiometer be prfect no error signal to the Kalman filter would exist o r  be 
required. Howerer. the gravity gradiometer output arill rwta in  random noise and bias. and the 
wadicnt signal from the model will initially bc zero. Hence. a rorrection signal to the Kalman 
filter wi l l  develop. The k h a n  filter output corrects the gravity anomaly field model as well as 
the pdiomcter c m r  model. 

Additional inputs for the gnvity mapping field system can be obtained from determinirlic 
undulatton anomaly information Imm satellite obscnations. This would yield improved gravity 
anomaly mapping accuracies at the low 1,armonic d c y m  of the earth, as there is little gravity 
gradient information at the low frquender. I t  wil l  also be useful i n  reducing the ut i l ing out time 
in rnponse to gnvity gradiomctcr bias. The undulation data i n  this CIK would he s t m d  in a 
rvmputer, The output o f  the gravity anomaly model and the stored undulation data arc 
compared and the difference fed to the Kalman filter similar to the gravity gradient anomaly 
cnor stgnal. 

Position updatiw at thr navigptor is pcrmisible for the mapping mission whew secure 
opention is not an issue. I t  rcdurrs the navigation system errors and pmvldn additional 
comction signals for derving the gravity anomaly field data. Tha is also *own on Figure 5. 

For the vertical guvily anomaly channel. a gravity meter is substituted for tne undulation 
anomaly map as an additional mapping aid. Recision mv i t y  meters such as the BGM-2 (Bell 
Gnvity Meter) arc excellent for measuring venial  gravity anomalies in the low frequency 
domain. but rrqutre falrly long tame constant fillen to remove higher fmquet~cy noise and vehicle 
accckrations. The vertical rravity anomaly output o f  the model on the other hand yirld good 
data at htyher frequency. Fwurr 6 is a block dlagrdm of tile vertical axis Kalman filter inlegratton 
of the gravity anomaly mapplng systcm. 

V. RESULTS OF COMPIJTER ANALYSIS OF GRAVITY ANOMALY MAPPING SYSTEM 

An enor model of the pravtty anomaly mapping system ou!ltned in the previous section war 
analyzed wlth a computer to program the dccuracier to which gravity gradients, gravity m d  
undulat~on anomalter could he mcaulrrd. Two principle Lases wen sclr.ted. at r a  level 
lravrlhng at 20 knots and dl 30.000 I t  flying r t  300 knots. 

The computcr proyrJm IS flexlhlr and dmenahlc to charactenring 01 each subsystem 
prrformnse wtth hlas. whltr and colored noise. Gym dnft, acscler~~mrtcr htas, undulatton map 
accuracy. gravtly meter r*rformance and up'tting were charactenred as descnkd hclow on 
Tdble I, The gradtometcr ~iolsc, k i n g  the ohjcct o f  thtr malyrls. was vancd from 1 to 5 kL1 a\ 
?r&,und ovrr a 10 wcond pen~nl for the airhurnr car.  dnd 5 to 20 EU for the shiphoard caw. 
No htaws wew tntmduced lor lhls k c a u v  the mapplnp .iystcm compt'7salo for h141 dncr r n  
tnltul v t t l ~nyvu t  pcnod. Tl~e analy31s w fdr has h e n  carncd on Ilmttcd ~n-houw funds and we 
have not hccn ahle to tnvesttgatr even r small frastlon trf fhe t.ondrticwn the system 1s cdpabk o f  
cvaluattng. 

A. DISCUSSION OF RCSULTS 

The computer dertvrd hon~onl r l  and vrrtical gravlty ar t r~mr l~c~ as a function of gr;lnty 
gradtometer n o w  is \bows on Fl~urer 7 ~ n d  8 .  Grrvlty padlometcr notw Is dclinrd hy the 
onrstgmr nndumnrss a\ mrasurcd ovrr a IOu.cond prriod The padldmetcr nolu spectrum liar 
k e n  assumed to bc whitr lor thlr onaly\s Tlir rule o l  thc !!ra\tty grad~>metcr for Jcriv~ny the 
horizontal gravlly rnomaltrn and the vcrltcal ones arc d~ffrrctit rnrl sepdratr d~scurstons fur the 
two caw- are lyvcn. 

F~gurr 7 shows thrt at s'r level ~ n d  11rw bpcd r 10 1 U prJ\It> prrdlonlctrr w ~ l l  result 
In r r~u rd t r  mdpptng o f  the Iton~ontdl yrdvll) rncpn~dlw* tc* hrttcr Oun 4 m~ll~@ls For the 
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hl@npcd drbo.ie apt on the other hand a I EU gravity #radiometer is required. t h e n  arc two 
lmwm for this. 

a. A l  lower s p d  the K J m n  lnteption pmvidm 1-1 tim: consfant filtering for 
the lndio~ntkr noise becrusr the m y  anornab power spcctrwn i s  tmr b led  fmm the spatial 
lo the fqusacy domain by whidc wlodly. 

b. Them k kr power in  the gravity rnonuly field r t  h i f i r  rltitudn because of 
avengh# e f f w .  md hence lm accurate mapping of  the higher hlrmoni~t o f  the gnvity 
anomUcs ir pouiblc. 

Not expliat In thin data b the fact that Ihe horizontal gnvity anomdin a n  vny 
accuntely mapped at the higher humonic dmgrccs of the @old whem little mfonnalbn is 
rvrllrblc at the pment. The m&n of  accuntc mapplng n defined by the intercepts of the 
mv i t y  gradbmckr white noise and the g~arily gndknt anomaly p o w  s p a n  shown on F i p m  
4. the remaining mapping e m  of the horizontal gravity anomdim a shown on F i u n  7 lie in 
the intcncdirte region of  harmonic degrees where the undulation map has little information and 
the gravity gradients arc dl. A better undulation anomaly map than assumed for this mnlysh 
in combination with J I EU gravity gradiorncter could result in near perfect mapping of the 
horirnntal gnvity ~nomaliu. 

A Inv additional observations cm be made. Pailion update of the inertial navigator. 
which for this malycir bounded the navigation e m r  to a onwima value of 220 ft. don not 
significantly help in  the gravity anomaly determination for the airborne or+. For the am-ievrl 
ssrc the paition update measurn the raw gravity anomdin of  42 mil l ids tc about 28.9 
miMlgslr without using a gravity gradiometcr. 

The primary purpose of the undulation anomaly map for thk analysis war to raist in 
the rcttliw out of initial condltionr. Near steady.rtate values wen achieved in I 2  hounat slow 
speed and 1.5 houn in the aircraft travelling at 300 knots. 

2. Verlical Gravity Anomalies 

Thc relationship between the mappins accuracy of  the vertical gravity anomalies and 
mvi ty  yadiometer noise is illustrated on F i u n  8. The primary mll  o f  thc gravity gradiometer in 
thia case is to furnish gravity anomaly ,'**a at the hipkr frequencies where the vertical 
acceleration of lllc vehicle prevents accurate gravity determination with a gravity meter alone. A 
rather uvetc vertical acceleration input o f  0.1 one sigma with a correlation time uf I S  r c o n d ~  
ha, been auumed. 

For the shiaboard caw thr drtcnninut~on of  vertical gravity anomillin Jetcrioraler to 
3.73 mi l l iyh nithuut I grrdiometer. Since i t  in unlikely that mvppingmiuion would take place 
under the vetiical rccelerationa auumrd (SO R.  waver at sea for example) then is l~tt le need lor a 
gravity gndiometcr. This 1s born out by the survey data ohtained by the U.S Navy for the 
BCM-2 (Brll Cnv~ty Met.[). 

A pnrd grdvity grYdl~mCt~r with a nalu of I EU would makr accurate i rhnnc  
gravimetry possible. T k  reawn for the detcnwation of vcniwl grvity anomaly data with a 
gravity meter alune is similar to the one given for the horironlal anomalies. L*u rmwthing of the 
vertical vehicle accelerdtiun is permissible at hlgher sped 

(;wd knowlrdge of the alt~tuJc ol the mapptng vehicle has hwn rsrumcd 

8. CONCLUSION 

A moving bau yrrvily grrJiometer would :nrkc accuntr mal41me mapping of the yo id 
gravity acomuly field paJLMr uung avvilahlc pavrty mrtera and ~ner t r l  navlytiun systems A 
gravity $ladiumrltr w~ lh  a prfurmmcc o l  I t U  r r  wasurrd ovcr n IO-recond pntd will hc 
q u ~ r e d  for h~#h*ln.ed a~rborne gravity mappin$ vrl~~clc wh~le r 10 EU gravily gradiomrtcr will 
ruficz fur the rolcvel lowapwd case 
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Figure 3. Stmghilorward intcgalion of gmdiomcter and indial gdcn. 

Fire 4. CharactcrizaIion of gradient. gravity and all i ldc rnomdn of-. 
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Fiyw 6. Block D-nm - Vmtul Gnriiy Anomaly Mappmg SyMtrn 
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tEOl0 OEFlNlTlOlOS FOR THE STUW OF SEA SURFACE TOPOSRAPHY FROM 
SATELL1 TE K T  IMETRY 

ABSTRACT 

fhe s a t e l l i t e  I t imeters proposed for  the CEOS-C and SEASAT missions 
have *be potential  t o  provide valuable information uh ic t  could l e l d  to  the 
eve ;ual de f in i t i on  o f  sea surface topography. I n  the f i r s t  instance. t h i s  
paper concentrates on the developncnt of techniques fo r  obtaining geoid def i- 
n i t  ions from mixed data sets consist in0 o f  oceanic "geoid heights" deduced 
from the altimetry. and grav i ty  m a 1  ?s la rq?ly  i n  c o n t i ~ n t a l  a-eas. *ran 
solution- of the geodetic boundary value problem. I t  discusses har data sub- 
ject  to .,anif icant systematic er rors  with substantial wavelengths can bc 
successfully used i n  the c .adrecures evaluation cf such solutions. 

Argumntr are w t l i n e d  for the incc r~ora t ion  of grav i ty  f i e l d  models 
wi th  er.-ors at  the 5% level i n  the disturbins w t e n t i a l .  i n  the system of  
j ' t i c  reference. The adoption of such a procedure would permit a c m  
mde l  t o  be used both i n  the solut ion o f  the b . -da ry  value problem. as w l  l 
as i n  o r b i t  determination. on reinforcement with the appropriate resonant 
terms. The adoption of  sue I a procedure would be an important f i r s t  btep in  
minimizing the influence of s)stematic errors i n  the grav i ty  model on deter- 
minations of  sea surface topography. The advantage o f  quadratures methods in  
high p -cision determinations l i e s  i n  the el imination of prohib i t ive matr ix 
inverstw problems. provided conditions for  convergence can be establ i shed 
by appropriate modification of the data acquisit ion procedures. 

The successful operation of the a1 t ; .a ters  on the NOS-C and SEASAT 
missi-.es (NASA 1972) could well  open up a new era i n  uhich high precision 
techiques' in geodesy may provide opportu.>i t ies fo r  the eventual achievement 
of some f inancial return on the high ins:runcntatic.r capital outlay for 
obtaining the observational data. l m c ~ r t a n t  tasks are the determination o f  
sea surface topography (APCL 1972) anu a systematic assessment of i t s  var ia t ion 
wi th  time. The term sea surfa-- : rapk i s  used t o  define the departure 
of the sea scrface fra-~o, su?face of the Earth's grav i ty  f i e l d .  
The existence of such phenomena on a quasi-stationary basis has been implied 
from meteorological and other oceanograahlc data (e.9.. STURGES 1972) i n  open 
oceans, and apparent stationary values deduced along coastlines frcm the con- 
parison of the resul ts  of  geodetic level l ing and t ide gauges (e.9.. H M O N  L 
GREIG 1972). I t  should be stated that the sea surface topography dcsduced i n  
the la t te r  instances i s  the subject of controversy in  chat i t  is  not consistent 
i n  several cases wi th  the magnitudes estimated from oceancqraphir 
considerations (WOFREY 197j; STUSGES 197)). 

The geostruphic effects associated with s iqn i f  icant ocean currents 
give r i se  t o  sea surface topcgraphy at the 1-2 m level. h i c k  could be 
detected a d  m i t o r e d  by s a t e l l i t e  alt imetry l f :  

(a) the instantaneous geocentric pos i t ion of tho sea surface were 
k n m  at  the 1 0 m  level; and 



(b) the ocean geoid were defined wi th  rerpect t o  the geocentre t o  f 10 on 
f o r  obvious reasons (e.9.. sae WITHER 1973b.f i r e  1 f o r  an i l l us t ra t ion ) .  
Such nonitoring could have potent ia l  cost benefit. especlal iy i n  navigation i f .  
fo r  enarple. an accurate knowledge o f  ocean c i r cu la t ion  could rave even It of 
fue l  consumption. Such ecotumles, when assessed i n  terms o f  projected growth 
i n  world trade over tire next 80 years. even on 1972 fuel costs. could well 
amunt t o  hundreds or mi l l ions o f  do1 l a r s  per year (source o f  figures - NAE 
1972). 

At the present tiwe, . I  global network o f  tracking s ta l ions i s  
avai lable t o  permit the Setenninetion o f  the goocentric pas i t ion of a space- 
c r a f t  t o  t10 cm. Re:ative o r b i t  determinations over res.r icted areas are. 
M e r .  possible where the radia l  caaponent o f  the o rb i ta l  pos i t ion can be 
determined wi th  a precision equivalent t o  those o f  the tracking systcms, even 
though the alonr track conponent i s  more weakly determined by about an order 
of magnitude (AGREEN 6 SMITH 1973). The princ!ple error source i n  t h i s  case 
i s  the uncertainty i n  the de f in i t i on  o f  the g rav i t y  f i e l d  used t o  model the 
spacecraft's perturbat ions. 

The alt imeter on CEOS-C i s  expected t o  have a resolut ion of tSO cm 
i n  the short pulse W e .  I t  Is  the expectation that the use o f  10 cm laser 
tracking systems t o  observe the spacecraft during a l t imetry  should define the 
chan es i n  the radial cmponent o f  tt.e s a t e l l i t e ' s  pos i t ion a t  the resolut ion 
I+- eve o f  the altimeter. Such data c w l d  be used t o  study sea surface topo- 
graphy i n  l imi ted areas of !nterest. where the phenomenon i s  s ign i f icant ly  
largcr than the noise le'.el o f  the altimeter. provided a geoid p ro f i l e  wi th  
su i tab ly  small re la t i ve  error  between the terminals c w i d  be defined. 

Areas o f  interest i n  these terms are the north-east coast of 
Austral i a  (ROELSE E l  AL 1971) and the Gulf Stream (STURGES 1972). While the 
existence o f  the l a t t e r  has %en deduceJ from oceanographic considerations, 
the fonaer i s  the subject o f  controversy and an independent evaluation could 
provide fresh insights into t3 t  nature of the coastal phenanenon. While 
a l t i n t r y  does not provide an e a c t  v e r i f i c a t i m  o f  coastal comparisons, i t  
could be a source o f  independent information on whether o r  not the discre- 
pancies are purely coastal i n  nature, and whether they are i n  any way cor- 
related with aspects of the inter-relat ions betweer the coastl ine and the 
shelf sea-bed. Successful resolut ion o f  t h i s  pheraneoon, even m a local 
basis. would provide pointers on how best t o  i n i t i a t e  experitrentation I n  th i s  
area using the SEASAT mission altimeter. rh ich are erp. cted t o  have a resolu- 
t ion a b u t  5 times in  excess of  the Ins..-. n t  on GEOS-C (NASA 1972) 

The d i f f i c u l t i e s  encountered i n  sea surface topography dcterminaticos 
a t  the present time using the above methods a r r  t b  foilawing: 

1. A nodel for  the vari :  ions i n  the d i s t u r b i n  potential  a t  the 
surface c' the Earth i s  s t i  ii unknovl a t  the 1% level. 

2. The geocentric posit ior.  of the spacecraft cannot be defined as yet 
a t  the duimetre level. 

One of the nejor goals of the NOS-C mission i s  the improvement of the defi-  
n i t i o n  of the g r r v i t y  f i e l d  (CHOVITZ 1972). Broadly speaking. the a l t i m t e r  
data h i s  f i t t e d  t o  a set o f  o rb i ta l  peranaters e and a set of grav:tational 
f i e l d  parameters gi using observat ion equations oh the form 

where ; i s  the un i t  vector normal t o  the ocean surface. ; and ; are thr  geo- 
centricnvectors t o  the s a t e l l i t e  and sub-sate l l i te  point d the ocean surface. 
d r  i s  a rad ia l  offset term due t o  o r b i t  dereninat ion error .  and Cgi, Cai 

being the c o r r e c t i ~ s  t o  the adopted parmcers .  

Another set of equetims similar i n  form could be car.structed around 
the laser rages  1 from the tracking s tat ion to the spacecraft. The alt imetry 
could therefore be used conceptually i n  t h i s  manner t o  determine the corrections 
c . to  the repnsentat ion afforded by the adopted coeff icients g. and thereby 
igb rwe  the def in i t ion of the grav i ty  f i e l d .  This type of apprdach could bf 
u5.d e i the r  wi th  sphericel hdtmmic models o r  a variety of  other representattms 
SUC'I as surface density models (e.9.. KOCH 1970). smpl ing functions (LUNDQUIST 



Mather 

6 GlACAGLlA 1972). etc. 

I t  i s  obvious that  thin stage. where it i s  hoped t o  i .vrove the grav i ty  f i e l d  
model largc l -  hv using s a t e l l i t e  alt imetry data I n  the spars~ ly  survepd ocean 
regions, mL:t pm,.h the geoid determination which i s  needed for  the da f in i t i on  
of  sea surf; :e topography. The precision eventually sought i s  t10 an, though 
only a t  Have tngths equivalent t o  the s a t e l l i t e  altimetr:. (say, 100 ks foot- 
pr in ts) .  An representation of the grav i ty  f i e l d  which can provide a geoid 
def in i t ion wi h t h l s  degree of resolut ion requires abo.~t 10' - 10' parameters 
for adequate ode1 ing (MTHER 197b.p.751. I t  w u l d  appear that s ign i f icant  
problems haw to  be overcoar i n  the practical use o f  modeling techniques 
involving so many parameters i n  the context o f  the computer technoiogy avai lable 
at  present. 

Alternatively. i t  .wid be more practicable t o  compute the required r e w l t  fron 
solutions o f  the gecCt i c  boundary value problem usin; data representing 10' - 
10' surface elements c ~ o v i d e d  the data were not subject t o  systematic er rors  of 
long wavelength (IBl0.p.b;-8). Solutions prcposed fo-  t h i s  problan a t  tha 10 
an level hove -cknouledged the poss 'b i l i t y  o f  only a single type of data. i.e.. 
grav i ty  anael ies.  On present indications. the typos of data avai lable for 
solutions of the geodetic boundary value problem w i l l  be: 

(a i  grav i ty  ancmaiies. mainly i n  continental areLs; and 

(b) "geoid heights" derived f r m  alt imeter ranoes. 

The in ter- re la t ions between evaluations f r m  these Ira types o f  data w i t h i ~ r  the 
fr-rk o f  a solut ion of the ~ e o d e t i c  boundary value problem capable of tie- 
f ining the geoid i n  oceanic areas t o  f10 an. are discuss : i n  section 3. 

A discussion on the acceptable l im i t s  o f  accidental er rors  and systematic 
effects i n  the data type (a) above i s  avai lable (IBIO.pp.63-9). Secr:on 4 
deals wi th  the specif ic problem l i e k l y  to be encountered when evaluating the 
resul t  using guadratures procedures for geoid heights i n  oceanic areas. 

Section 5 looks a t  the problems encountered i n  sea surface topography determi- 
nations f r m  s a t e l l i t e  alt imetry and tha avai lable grav i ty  data w i t h  a view to  
obtaining the best possible geoid def in i t ions for  t h i s  purpose. 

A - set o f  surface harmonics o f  degree n i n  the representation of f 
d! - elenent o f  so l id  angle 
f (l) - Stokes' function 
C - set o f  surface harmonics o f  degree n i n  the representation of bgc 
NTXI - g i o b l  men  value of x 
n(+) - - ( I  + 3 cos v )  
1) - ocean geoid td ight  (9  C i n  ocean!c regions) 
W - Stokesian contr ibut ion t o  C 
N' - indirect effect 
R' - geocentric distance; subscript re fers  t o  point of cmputation 
K - rsdius of B r i l l o u i n  sphere 

- 2 R s i n t V  - disturbing potential  of so l i d  Earth and oceans ) - T on Br i  l l ou in  sphere 
7 - set o f  surface harmonics o f  degree n i n  the representation o f  
lJn - potential  on surface o f  rotat ing eguipotential refccence e l l i pso id  
V' - potential  o f  atmosphere 
V - potential  of the geoid 
a0 - azinuth 
y - normal grav i ty  at  Earth's surface 
C@ - ~ r a v i t y  anomaly a t  the surface of the Earth 

&gc - Ag Z(V/R) aV/ah * (r - R)(;,Ag/ah) + o i f  41 

AgC - Z(Uo- Uo)/R 

c - height anomaly (equal to  geoid height i n  oceanic regions) 
$ 0 angular distance a t  gwcentre between canputation point and do 



2. SOLUTIONS OF THE GEOOETIC BOUNDARY VALUE PROBLEM FROM ALTl METRV DATA 

A solut ion has k e n  proposed for the geodetic boundary value problem 
which i s  capable of deflnlng ths oceanic geoid to f1O an. provided suf f ic ient  
arav i tv  data were avai lable (HATHER 19738). This solut ion has been developed 
;o thai:  

(a) the location o f  the reference r l l i p w i d  used i n  defining the grav i ty  
ananalies i s  known i n  re la t i on  t o  the geocentre (Earth's centre of 
mass) ; 

(b) spherical hannonic representations are used i n  the intsmodioto 
modeling of  paramters only under conditions where Laplace's equetlon 
i s  sat isf ied; 

(c) orthogonal propert ies o f  surface harmonic representations are used only 
under circunstances & e r e  such re la t ions hold without approximation; 

(d) the e l  I ipsoidal reference f igure i s  rewgnized; and 
(e) the relevant topographic ef fects  are allowed for. 

for consistency. th i s  requires that the potential  o f  the atmosphere V 
and i t s  gravitat ional e f fects  be separated from those o f  the so l i d  Earth and 
oceans before ccmputing the disturbing potential  t and using i t  i n  the basic 
equations re la t ing the grav i ty  anonaly Ag t o  the height anomaly C and the 
gradient of the disturbing potent ia l .  It i s  also necessary that the topo- 
graphy ( i  .e.. elevations) can be considered t o  consti tute a continuous f l e l d  i n  
a tw dimensional senst. at the surface of the Earth. which I s  also assuned t o  
be non-singular. A sin.'lar condition i s  also considered t o  apply t o  the 
disturbing potent ia l  a t  the surface of  the Earth. 

I t  would not be unreasonable to  adopt these assumptions i n  the case of ocean 
geoid determinations as most o f  the problems a r i se  vhan disturbed regions, where 
these conditions may nat be f u l f i l  led on a scale equivalent to that of the 
elment of  surface area used i n  the quadratures evaluation. are close to the 
point of computation. 

The resul t ing solut ion can be expressed conceptually i n  the form 

W - Ns + Nc (2). 

where Us i s  the Stokesian tenn, given by 

a l l  terms being defined in section 2. The form of W, i r  given i n  fIBlD.p.h5). 

I t  i s  conservatively e ~ t i m r t e d  that over 90% o f  *', power i n  the solu- 
t i o n  i s  contall.;j i n  H'lat i s  connonly cel led the free a i r  geoid. given by 
equation 3 w i t h A g  peplaced b y t h e g r a v i t y  ancmalyAg. l n e u s e o f  al'higher" 
systm of referencg uhich models the Earth's gravitat ional f i e l d  more closely 
than the grav i ta t ing equipotential e l l i pso id  of revglut ion, i s  also possiblr 
as discussed further i n  ser;ion 5 (WTHER 1974). R i n  equation 3 i s  the radius 
of the B r i l l o u i n  sphere whicb i s  concentric with the reference e l l i pso id  and 
~ncludes a l l  the Earth's topography. The solut ion out1 ined i n  equation 2 i s  
oriented twards defining the ocean ~ e o i d  to t 1 0  on concomitant wi th  the re- 
quirements of sea surface topcqraphy deter,:.nations, but t r a  a global coverage 
of gravity anomalies w i th  an uncorrelated error o f  representation o f  t 3  mGal. 
equivalent to  a 10 Ivjn g r i d  i n  wn-muntainous areas. 

Complcte occanic coverage o f  gravity anomalies s ? i l  I appears to be a 
long range v:al which w i l l  probably not ba real ised i n  time for the 5:ASAT 
missions at the end of the decade (NASh 1972). An altcrnat ive type of data 
which should be avai lable for  the representatinn of the grav i ty  f i e l d  i n  
oceanic ;reas are the "geoid heights" inferreJ from sate l l  i t e  a l t i ne t ry  l o  the 
ocean surface. The quotat:on marks are used because tha heiqhrs deduced Vefer 
to  those of the ocean sur:ac.! above the referer.cc f igure. The former cannot 
be assumed t o  coincide wi th  the ocean geoid. These differences. *hich may be 
characterized by amplitudes of 1-2 m and wavelength$ which cobld be as large as 
80°, require careful consideration then attempting the de f in i t i on  o f  the qeoid 
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w i th  a resolut Ion which i s  possibly an r & r  cf magnirdde amcZZe~. 

I n  the f l r s t  instance, consider t he  relevance o f  the d e f i n i t i o n  o f  the 
boundary value problmn which i s  the inverse o f  that due t o  Stokes (i.e.. 
g rav i t y  anomalies f m  geoid heights I n  t he  case of a spherical  Ear th  w i t h  no 
n~a t te r  ex te r i o r  t o  the bounding equ ipotmt ia i ! ,  general ly a t t r i bu ted  t o  Holo- 
densky (MOLOOENSKI I ET AL 1962.p.50). The main def ic iency i n  using t h i s  
approach f o r  sea surface topcgraphy d e f i n i t i o n  i s  t ha t  t he  g rav i t y  ananalies 
sa conputed ( i n  what i s  presumably an intermediate stage i n  the use o f  a so- 
l u t i o n  of the type described by equat ions 2 and 3) do not contain an estimated 
20% of  the s igna l  - l a rge l y  cont r ibu t ions o f  short  wavelength - which are 
damped out as a consequence o f  the nature o f  input a l r ime t r y  which represent 
f i n i t e  area footpr in ts .  Further,  the  use 6 f  t h i s  k i nd  o f  information i n  a 
subsequent d i r e c t  so lu t ion  o f  the geodetic boundary value problem i s  a ra ther  
exhaustive conputational process. I n  add i t ion ,  as in tegra t ion '; impl ied 
over the surface o f  the Earth and d is tant  zone e f fec ts ,  having long wavelength 
character is t ics .  are not nepi i g i  b le ,  the cont inental  areas require represen- 
t a t i o n  and have t o  be dea l t  w i t h  i n  a manner s im i l a r  t o  that  described i n  
sect ion 4. 

Useful information can be obtained by formulat ing a so lu t ion  o f  thc 
boundary value problem where the daninant cont r iau t ion provided by the Stokes 
term, w . th  over 90% o f  the power o f  the so lu t ion .  can be obtained by quadratures 
evaluat ion based on "geoid heights" from s a t e l l i t e  a l t ime t r y  data, ra ther  than 
g rav i t y  anomalies; the former i s  a data type which should hopeful ly provide 
global oceanic coverage of adequate prec is ion (see sect ion 4). a t  l e ~ s t  i n  the 
next decade. 

To achieve the ob jec t ive  o f  a replacement f o r  r q ~ a t i o n  3 which represents 
the daninant e f fec t ,  by one which can handle "geoid heights" f r m  s a t e l l i t e  
a l t imet ry ,  subject t o  the l i n i t a t  ions out l ined above. i t  i s  necessary t o  go 
back t o  the basic equation f r a  which i t  i s  derived(R4TKR 1973a.p.37) 

where A are the set o f  surface harmonics i n  the spherical  harmonic represen- 
t a t i o n  8 f  the d is turb ing po ten t i a l  T o f  the s o l i d  Ear th  and oceans erterirr t o  
and on the surface o f  measurement, which i s  the surface of the Earth t o  the 
order o f  accuracy required f o r  geoid determinations (f10 cm). given by 

Other s p b o l s  are explained i n  sect ion 2. On def in ing Ag' as 

rn A 
%' - 1 (n-~)-$, "+I 

nu0 

which takes Ihe values on the Br i  1 i ou in  sphere, given by 

where Gn i s  a set o f  surface hanonics, i t  can be recognized that 

I n  the general i t e d  Stokesian treatment which has equation 3 as i t s  end-product. 
the procedure adopted i r  t o  use equation 7 t o  transform equation 4 i n t o  the forrr 



whose w l u t l o n  i s  (lBIO,p.41) 

T = 2 u 0  - M c  + & 11 f ( 9 )  q c d o  (91. 

the r e l a t i o n  between Agc and being given i n  sect ion 2. 

It can be seen that  the adoption o f  a surface harmonic representat ion 
f o r  Ag ( ' *  e f f ec t )  gave a so lu t ion  which i s  i n  terms o f  a kernel containing 
69 a n 8 S t . ~ e s ' f u n c t l o n f ( ~ ) .  I t w ~ u l d b e e q u a l l y v a l i d  t oadop t  a surface 
hahon i c  representat ion 

for T on the surface o f  the B r i l l o u i n  sphere and obta in  a so lu t ion  o f  equation 
4 i n  terms of a kernel containing T (and hence N it- oceanic areas t o  which i t  
i s  re la ted by the general ized Bruns equation (IBID.p.25) 

N = + ( T  - (wo- uo))+ v + 0 ( 1 0 - ' d  (11) ) .  

and some funct ion of $. say M ( l L ) ,  such that  

on surface in tegre t ion,  as both  $ and T a r e  harmonic on the B r i l l c u i n  $?here. 
The form of M(o) can be obtained ag follows. On adopting the tondl harmonic 
expansion 

for r-I, separating the term o f  zero degree from the other terms, and on using 
the orthogonal proper t ies  o f  surface hermonics on the B r i l l o u i n  sphere, t he  
inclusion of equation 10 i n  equation L gives 

which can be w r i t t e n  as 

Th* use of the r e l a t i o n  at 13 gives 

R cos ; , ; - L j  1 .  
ii7 j 

E i f f e ~ e n t i r t i o n  and evaluat ion as Rp* E, when (E - R cos . I )  2r s in ' l ,  and 
r + 2R s i n  i,. ~ i v e s  P 

Thus the adoption of the expression 
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where - yN + $(E - P) - V + o{  (a2T/ah2) ( T - R ) ' ~  

a l l  quan t i t i es  being described i n  sect ion 2 ,  def ine a l t e rna t i ve  methods of 
compdting the S tokes im  cont r ibu t ion,  providing over 90% of  the signal,  i n  
so lu t ions o f  the boundary value problem uslng eithor g rav i t y  ana.a l ies  o r  
"geoid heights" from sate l  I I r e  a l t imet ry .  

I f  t he  kernels I n  the two in tegra ls  were interchangeable r simple 
answer would be provided t o  the canplex problem o f  quadretures evaluat ion of 
the boundary value problem when data o f  d i f f e r e n t  types I s  avai lab:e for  *ha 
representat ion o f  d i f f e ren t  ereas on the surface (e.g., g rav i t y  anomalies i n  
cont inental  areas and "geold heights" over oceans). Such interchange i l  
unfor tunate ly  i n v a l i d  because the existence o f  surface d i s t r i bu t i ons  o f  1 and 
Ag i s  imp1 i c i t  I n  the der iva t ions o f  thase expressions when u t i l i z i n g  the 
prgpert ies o f  surface harmnlcs  i n  in tegra t ions on the surface o f  the Br i  l l o u i n  
sphere. The lower e l  te rnat ive  i n  equation 17 i s  nevertheless o f  value i n  
studying the r o l e  s a t e i l i t e  a l t ime t r y  car. play i n  geoid determinations f o r  the 
evaluat ion of sea surface topography. 

3. QUADRATURES EVALUATIONS OF THE GEODETIC 0OUNDAP.b VALUE PROBLEM FRO4 
LARGELY ALTI METRi C DATA 

E i t he r  a l t e rna t  ive  i n  equat ion 17, #hen used i n  the proper context I n  
equations 2 and 3, i s  capable o f  providing oceanic geoid determinations t o  i 1 0  
cnr pmvided tho data i s  p o d  enough fo r  thc p u ~ o a e .  For example, i n  deter- 
minations from g r a v i t y  ancmalies, a goal o f  f30 cm prec is ion i n  N wouid require 
that the er rors  i n  the values adopted f o r  the representat ion of one degree 
squares t o  be he ld  t o  below i 3  mGel (PdIHER 1973a.table 2) w i t h  no co r re la t i on  
between the er rors  i ?  thc representat ion o f  contiguous squares. c a l l i n g  for  
an even r m p l i n g  o f  the grav , ty  f ; e l d  i n  the square w i t h  15-20 r t ed lng r .  Simi- 
l a r l y ,  the magnitude o f  cor re la ted er rors  i n  g r a v i t y  anonulies which have nodal 
po in ts  abodt 500 km apart  should on the average be less than 0.5 mGal. 

For g r a v i t y  observations which. a t  the present time, tend t o  represent 
cont inents and t h e i r  imnediate environs only,  the p r i nc ipa l  sources o f  such 
er rors  are due to :  . e levat ion datums not l y i ng  on the same equ ipotent ia l  surface !geoid) ; 

. g rav i t y  standardi: ion n e t m r k  er rors ;  u h i l e  these are es:imsted a t  
present t o  on l y  be about 0.2 mGal (IURELLI El AL 1971). they a re  I i ke l y  
to cause e r ro rs  w i t h  long wavelrngtl due ?o the large rpacicq between 
s ta t  ions i n  the network; and 

. t h e u s e o f  regional gwde t i cco -o rd ina tes  ins teadgeocent r icva lues 
t o  canpute normal g rav i t y ;  t h i s  e f f ec t  i s  a t  .raise level for 10 cm 
determinat;ons. 

I n  the case of evaluat ions from "geo~d  heights" deduced from a l t ime t r y  
data, the er tent  o f  s y s t m a t i c  er ror  w i l l  depend on the nature o f  

(a) the er rors  i n  o rb i  t determination; 
(b) the er ror  sources e f f ec t i ng  the a l t ime t r y  i t s e l f ;  and 
(c) the departures of the sea s~ . f ace  from the geoid. 

From the flominmt cont r ibu t ion t o  the e ond a l t e rna t i ve  i n  equation li, i t  can 
be shown that  the c'fect o f  an errornefmf i n  the "geoid height" which behaves 
as r systematic e..ror over an no . m area. but exh ib i t s  accide , t r l  e r ro r  cha- 
r a c t e r i s t i c s  over larger reas, w i l l  a f f e c t  the f i n a l  caputed value o f  the 
Stoker im term Ns by e~Cm9, given by 

Variat lons o f  !he c f f+c t  w i t h  amplitude and wavelength of the er ror  nre  
s u m ~ r i z e d  i n  t,ble 1 f o r  ease 0,' reference. 



While recognizing t ha t  o r b i t  determinat ion i s  the resu l t  o f  batch pro- 
cessing using numr i ca l  in tegra t ion procedures, i t  could be broadly s ta ted 
that  there a re  two conceptual poss ib i ' i t i es  when attempting t o  assess the 
e f f ec t  o f  o r b i t a l  e r rors  on e : . the spacecraft i s  t r a d e d  during the a i t ime t r y  such that the o r b i t e l  

pos i t ion  1s dc'ermined w i t h  a prec is ion equivalent t o  that  of  the 
tract n9 systen; o r  
no d i r e c t  t racking o f  spacecraft i s  ava i lab le  during the period o f  the 
a l t imet ry ;  the o r b i t a l  pos i t i on  i n  t h i s  case br ing deduced from the 
best ava i lab le  models f o r  the force f i e l d s  in f luenc ing the o r b i t .  

TABLE 1 
Inf luence o f  Systematic Ef fec ts  on Quadraturer Caputa t ions o f  
Stokesian Contr ibut ion from "Gmid Heights" (Relat ion 19) 

I n  the second cese, i t  i s  general ly held that  the main weakness i n  m- 
del ing the relevant force f i e l d s  i s  from the  g rav i t y  f i e l d  (AGREEN 6 SMITH 
1973). For exmnple, i t  has been est imeted a t  2-5 rn i n  the case of GEOS-C 
(WE1 FFENBACH 19721, the dominant e f f ec t s  being due t o  uavelengths greater than 
50'. A favourable so lu t ion  for the geoid a t  a tl m leve l  i s  the best that  
can be expected i n  such a cese, provided t he  larger er ror  ert imates occur 
w i t h  shorter rmvelengtt~s. Such a resu l t  w u l d  hard ly  be of use i n  the resolu- 
t i o n  o f  sea surface topoqrephy i n  global t e n s .  

ea , 

At the other extrune. a planned global netwurk of c t  leaat 25 tracking 
s ta t i ons  w i t h  a1 l rreather capab i l i t y  and 10 un reso lu t ion  may hopeful ly reduce 
the o r b i t a l  uncertainty t o  an equivale-t  rragnitude. The use o f  a l t ime t r y  
data obtained under c l  rcunstanccs o f  continuous tracking. should reduce the 
uncertainty i n  the ocean geold t c  en accepteble l i m i t  I n  terms of the reckoner 
embodied i n  tab le  1, provided 

e) oc:ancgraphic ef fec ts  o f  long wavelength and amp1 i tudes i n  excess 
o f  50 cm have been e l  lowed fo r ;  and 

b) any e l t imeter  bias es large as 1 m has wavelengths o f  less than 20°. 

e,, (m) - 
(pa m ~ ) ~ ( d e g )  1 1 5 10 50 

There are two types o f  oceanqrnphic e f f ec t s  which cause concern when 
using a1 t imet r ic  " g s i d  heights" i n  quadratures evaluation6: . tha: 11ke.ihood o f  r l i m a t l c  e f f ec t s  being cor re la ted w i t h  la t i tude,  

thereby exh ib i r inb  ;heracter~st ics  of even degree zonal harmonics 
i f  magnl tuder wnre o f  order i s 0  yo (e.g., see STIIRGES 1972.f i g .  1) ; 
prowbnced features wi th  b 'pn l f  icent wavelengths l i k e  the ~ u l f  Stream 
(NASA 1972,fig. 4 .3) ;  end 
oceanic t i d a l  models. 

I t  appears po i s i b l e  . crate the evaluat ions of the second a l t e rna t i ve  
i n  equat ion 17 t o  convergence n an acceptable manner using data sat i s f y l ng  the 
above condit ions, provided the e r ro rs  i n  the computed geoid introduced i n  the 
" q s i d  heights" by the existence of sea surface topography c y l d  be held t o  
amplitudes o f  nut more than 21 m and wavelengths o f  upto 100 . This wuuld 
enable sea surface topopraphy t o  be determined t o  t50-60 cm f o r  the second 
i t c ra t  ion. g i v i ng  favourable condit Ions f o r  a geoid determination t o  i 3 0  cm. 
I t  can be concluded that between three and four i t e ra t i ons  o f  equation 17 
should enable a geoid to be determined to  i 1 0  c n  from a l t ime t r y  of adequate 
accuracy, measured from spacecraft tracked continuousi,~ by 1 cm systans. 
provided a l l  re8 surface toprqraphy w i t h  amplitudes i n  excess o f  I m and wave- 
lengths greater than 80" have been modeled. I n  the case of t he  minimal 25 



s ta t i on  w n f  igura t ion discussed ea r l  i e r ,  the  w n d i t  ions for  convergence i n  the 
i t e r a t i o n  o f  equation 17 w i l l  depend on the r o w l u t i o n  o f  the best g r a v i t y  model 
ava l lab8e.  I n  t h i s  case, any substant ial  weakness i n  the g r a v i t y  model w i l l  
have t o  be improved i n  the i t e r a t  ive  process t o  improve the " g w i d  heights" 
obtained from areas where no d l r e c t  t rack ing i s  possible. 

The discussion w f a r  has a s s m d  tha t  a1 t imetry i s  avai lab le  on a 
global basis. This i s  not the case. I f ,  as discussed i n  sectfon 5. 3 
"higher" reference m d e l  than t ha t  afforded by an equipotent i a l  e l  l lpso id  o f  
r evo lu t i on  were used, f = 015 k b l  ml, though posstbly cor re la ted through po- 
s i t i v e  values. This co r re la t i on  could b r  reduced s i gn i f i can t l y  by using 
spherical  cap ca l cu la t  ionc ou t  t o  say, 20' using t he  surface g rav i t y  anomaly 
representat ion ava i lab le  over land. when 

as the con t r i bu t i on  o f  the harmonic representat ion o f  the p r a v i t y  f i e l d  through 
the Holodensky truncat ion funct ions (NOLODENSKI 1 ET AL 1962 ,p.148) I s  substan- 
t i a l l y  zerowhen the"h igher"  referencemode! i sused .  Theg rav i t y  f i e l d  
representat ion required for  10 cm solut ions i s  a 10 Irm g r i d  i n  non-mountainous 
areas (MATHER 1972qp.78). 

The weakness i n  the values o f  7 so c~mkuted i n  cont inental  areas ar ises  
from the assumption that  the "higher" reference model has co.:pletely absorbed 
di~t.4,: zone e f fec ts .  This i s  no problem i f  condit ions are favourable f o r  
convergence o f  ro lu t io . is .  A5 geoid de f i n i t i ons  w i l l  be preceded by g r a v i t y  
f i e l d  de f i n i t i ons  from CEOS-C data. we can hopeful ly t a l k  i n  terms of these 
er rors  having a 1-2 rn nmgni tude rc=n.lting I n  a quadratures e r ro r  o f  f - 3/4 m. 
Convergence i s  therefore 1 i k e l y  t o  oc wr. 

5. THE DETERMINATION OF SEA SURFACE TOPOCRAPHV FROM SATELLITE ALTlMETRV 

The recovery of sea surface topography f r an  s a t e l l i t e  a l t imet ry  w i t h  
confidence I s  one o f  the most axacting tasks facing not only spec ia l i s t s  i n  
o r b i t  deterninat ion but also those def ln ing oceanic geoids. The phenunenon 
on the basls of both  oceanographic considerat ionc (e.9. . STURCES 1972; WAnON b 
G t l C  1972; STURGES i> /3)  as well as coastal e:.idenrr (see HATHER 1973b for  a 
smmary) appears t o  have magnitudes of 1-2 m, but w i t h  ra ther  long wavelengths, 
inc lud ing e f fec ts  which may be expected t o  have t he  character is t ics  of even 
degree zone 1 harmon i cs . 

I n  the absence o f  an ideal s i t ua t i on  where the spacec-aft i s  continuously 
tracked by 10 cm systuns, a weakness w i i 1  a r i se  i n  the o r b i t  determination i f  
the g rav i t y  f i e l d  representat ion i s  not adequate. As mentioned previously.  
long wave g rav i t y  f i e l d  improvements and o r b i t  determination has t o  precede 
sea surface topography evaluat ion un t i  1 such time as a g r a v i t y  f i e l d  represen- 
t a t i o n  adequate f o r  10 an gecid determinations ( i .e. ,  vaiue adopted f o r  the 
representat ion of a 100 bm square has an unco;related e r ro r  o f  around f i 
nCaI) becomes avai lable. I n  the inter im. i t  i s  desirable t o  adopt cvery 
possible procedure which would p lay  soma ro le  i n  mlnlrnizing the e f fec t  o f  
sys '~me t i c  er rors  i n  both  o r b i t  and geoid determinations so that the e f f ec t  
on the sea surface topography determinations are minimized. a t  least ,  on a 
r e l a t i v e  basis. 

A procedure mentioned i n  sect ion 4 and worth serious considerat ion, i s  
the adoption of a s y s t n  of reference i n  physical  geodesy which i s  of a ttiqher 
order than that  afforded by a ro ta t  in9 eqdipotent ial  e l l i p s o i d  o f  revo lu t ion .  
Desirable c r i t e r i a  for such a "higher" refcrencs modal are the f o l  lowing: . I t  should be equivalent t o  the g rav i t y  model c m o n l y  used i n  o r b i t a l  

ana lys is  a t  s a t e l l i t e  a l t i tudes.  
. I t  should have a c l ea r l y  def ined geometry i n  Earth space fo r  so lu t ions 

o f  the geodetic boundary value p rob lm  at the surface o f  the Earth. . The e f fec ts  o f  the cannon g r a v i t y  mooel adopted f o r  both the o r b i t a l  
ana lys is  as wel l  as t he  ocean geoid computations should be c l ea r l y  
separated from the considerat ion o f  i t ~ d i ~ i d u a l  g rav i t y  values r o  that 



m unintentional d i w i t y  i s  possible on ura i n  solut ions of the gacr 
& t i c  b o m b r y  wlw problaa. 

Such a procedure -Id ba vrthrhi l a  i f  the "higher" reference system 
*.re t o  p rw ida  m accurate rcpmsentat im o f  the long wave features of tha 
grav i ty  f i e l d  i n  the l i gh t  o f  ths r y y n t s  advamd i n  section b. Present 
day solutions may rm l l  provide a de f in i t i on  o f  such features w i th  errors a t  
tha S t  leuel. It wwld  be m surprise i f  the uncertainty i n  tha terms of 
Iuq ~ u l n g t h  uem, at  l e m t  i n  part. a function o f  distance fm s i t a r  i n  
th tracking stat ion -hark. For u u p l e .  w i d  solutions b r a d  m bodd.rd 
Earth Wabt 6 (GEM 6) have an average d isc repmy of around 0.2 m d m  caaprrcd 
with values derived frm gsolstriul s a t e l l i t e  geodesy a t  158 tradttng stations 
( M L L E R  1973,p.tB). On the basis o f  these conridsrations. i t  i s  not unrea- 
sonable t o  ass- tht the *tion o f  the concept of a 'higher" reference 
mdel  u u l d  red.,- the ~ l g n i t u d e  of T by a factor of  20. The p s a v t r y  of 
such a system i n  Earth s p a  h s  baen defined fo r  solutions o f  the geodetic 
boundary value problem ( M I I l R  197~.section 2). 

The foilowing points d i s h  a m  relevant to the present development. are 
s lau r ioad  from the abovm refer-: . I f  tha "higher" reference d l  i s  rest r ic ted t o  long wave phenomma. say 

500 coa f f i c imts  for i o b l  represantation (similar t o  present-day grav i ty  
f i e l d  rapresentations!. the upni tude o f  the grav i ty  -ly on th is  "higher" 
reference system i s  not subscantiaily smaller. evan though changes i n  I 
with posit ion a t  the Earth's surface over l imi ted areas are at the 5% level. 
For e x r p l e .  sea (MllER El M 1971) for  determinations i n  Australia on a 
50 bn g r i d  using grav i ty  data on a 10 bn grid. The edvsntages of a "higher" 
reference mdel  are thus only o f  arrginai significance i n  such circlrastanccs 
for other aspects of quadratures evaluations. 

. lhe ef fect  o f  a given e r ro r  i n  tha g rav i t y  f i e l d  de f in i t i on  has di f ferent  
consequences through geoid and o r b i t  dateminations respect ively. on the 
coaputed difformtiaZ sea surface topography along th. altimeterad p r o f i  Is. 
lhe foraar i s  affected largely through higher frequency term errors while 
the la t te r  i s  influenced .ore by errors i n  resonant terms, while lar 
frequency errors affect both determinations bur not t o  the saxe axtent. 
lhe ef fect  o f  gravi t y  f i a l d  errors on the def in i t ion of see wrfaca topo- 
graphy through geoid determinations i s  a function of  the in tar- re lat ion 
between these errarc and the ground track of the r e t e l l  ice; the ef fect  
through o r b i t  determination i s  due t o  o r b i t  d is tor t  ion i n  the absense of 
direct tradcing, due t o  the rote of 4julrt8e of  the radial error  as evaluated 
througn tne equations o f  orbilrl wt:on. 

I t  can be concluded that i n  instances where the gravity f i e l d  de f in i t i on  i s  
not adequate for determinations of the global gaoid to t10  a. i t  i s  preferable 
that m y  local determinations o f  speci f ic  features of sea surface topography 
be based on: 

(a) a conmn model for  the long wave caponents of the Earth's grav i ty  f ie ld;  
and 

(b) an adequlta representation o f  tha regionel surface grav i ty  f ie ld.  

Such determinations cannot be carried out sa t i s fac to r i l y  o- a ro&tive 
h i s  unless -he local grav i ty  f i e l d  i s  adequate fo r  the purpose ( i  .e.. a 10 h 
gr id  i n  the region i s  most desirable). 

AGREEN. R.V. CSMlTH. D.E. 197% ASimulat ionof  the SanAndreas Fault Expe- 
riment. Doc. X-592-73-216,Goddard Space F1 ight Center.Creenbelt nd. 

APEL. J. (od.) 1972. Sea Surface Topography from Space. Teoh.Rop. ERL 228-AOM 
7,~at ionai  Oceanic 6 Atmospheric Mministration.Boulder Colo. 

CHOVITZ. ;.H. 1972. Refinement of the Geoid frun CEOS-C Data. 0p.cit.uupra. 
2-1 - 2-8. 

CODFREV. J.S. 1973. Mean See Level : The Oceanographer's Point of View. Pmc. 
AAS/fAC Synpoeim on Ear th ' s  Crav i ta t iow l  F i e l d  6 SsmZar V ~ r i a t i o w  i n  
Poeition.Univ. o f  New South Wales,Sydrey,560-564. 



W N .  B.V. s SMlh, n.A. 1971. k. Leuel i n  Relation to fieodetic Land Lrvsl lng 
Around Austral la. J.geqts(s.Res. 77(36) .7157-7162. 

OCH. K.R. 1970. Gravity Values f o r  Continental Shelf Areas fro k t e l l l t e  
A l t i ra t ry .  l n S 1 6 L . ~ . ( d . ) R e p o r t a t h e ~ s i r a o n ~ t o L C s o d e a l y .  
Technical Univ. .lluni&,S67-572. 

LUIYDQUIST. C.A. S GIAtAglA. G.E.O. 1972. 6eopotentlal Represmtatlm w i th  
S.rplinp Functions. I n  '7h ' u o f  A r t i f i c i a l  Sate l l i tes fo r  6eodesy". 
&ncpzph 1 5 . h r i u n  6eophysiul Union.Uashlngton DC. 

IIRTHER. R.S. 1973a. A b l u t l o n  of the 6eodetic Boundary Valw Probl- t o  Order 
a'. Ibc.X-592-73-11.6odCrd Spaw F l igh t  Center.Grwnbelt M.128 pp. 

MlHER. R.S. 1973b. thc ln f l lgnca of h a  Surface Topography on b o d e t i c  Con- 
siderations. R.90. A A S / I A C S ~ . i U n o n & m t l r ' s M M i o ~ Z F Z e t d  
etc. ,Uni v. o f  Nau South Males.Sydney ,585-599. 

MATHER, R.S. 1974. On the Solution of the b o d e t i c  Boundary Value Problem 
for the Definit ion o f  Sea Surfaw Topography. (To be published). 

MATHER, R.S.. BARLOW. B.C. C FRYER. J.G. 1971. A Study of the F.arthls 6ravl- 
ta t ional  F ie ld  i n  the Australian Region. XV Gmeral Assembly. IAG. 
*scar 1971. In  UlfISURV Rep. 22.Unlv. o f  New South Uales.Sydney.1-41. 

MOLOOENSKII. M.S.. EREMEEV, V.F. C YURKINA. M.I. 1962. Methods for Stud# of 
the E a r ~ ~ r 2  Cmvitat iomZ F i e l d  A P M  of the Emth. Israel Progrm 
for Sc ien t i f i c  Translations.Jerusalan.248 pp. 

MORELLI. C. ET AL 1971. The Int-t'anaZ Crcwity Stmdurdiaation Retwo& 
I B f l .  XV General Asaaably. IAC. Moscow 1971. 

MUEUER. I. I. 1973. I n  "Discussion on Sassion C'. Proc.AAS/IAC S p i u n  on 
Earth's Q w i t a t i a a Z  F i e M  etc. .Univ. o f  New South Wales,Sydney,202. 

NAE 1972. To& Fulfilment of a RatioML Ocean C&tmmt. Marine Board. 
National Acadefny o f  Sciences.Washiqton OC. 

NASA 1972. Earth J k a n  PFyeica A p p t i ~ t i o n s  Rograw. Vols 1 6 2. National 
Aeronautics C Space Administration.U.shington M. 

ROELSE, A.. GRANGER. H.W. b GRAHAM. J.U. 1971. The Australian Levell ing Survey. 
1970-1971. Tech.Rep. 12.Dlvision o f  National Mapping.Canberra.81 pp. 

STURGES. U. 1972. Comments on Ocean Circulat ion wi th Regard t o  Saml l I t s  
Al t inst ry .  In  "Sea Surface topography from Space". Tech.Rep. ERL 228- 

7-2, Hetional Oceanic b Amospheric Administration.8wlder Colo.. 
24-1 - 24-17. 

STURCES. W. 1973. Discrepancy Between G d e t  i c  and Oceanographic Level l ing 
Along Continental Boundaries. Pmc. AAS/IAG S p p a i u n  on Earth's Cmvi- 
tcrtionaZ F i e M  eto. .Univ. o f  New South Wales.Sydney.565-572. 

WEIFFWBACH, G.C. 1972. An Observational Philosophy for  GEOS-C Satel l i t e  
A1 t imetry. I n  "Sea Surfaca Topography from Space". Teeh.Rop. ERL 228- 

7,National Oceanic C Atmospheric Ahin is t rat ion.  Boulder Colo.. 
1-1 - 1-9. 



PR~XEDING PAGE B w  NOT FILMED 

SKYLAB S-193 ALTIMETER EXPERIMENT PERFORMANCE. RESULTS 
AND APPLICATIONS 

J.T. McGoogan and C.D. Leitao 
NASA Wallops Flight Center 

:..S. Miller 
Applied Pcience Assoc. Inc. 

W.T. Wells 
Wolf Research and Development Corp. 

ABSTRACT 

A description of the SKYLAB Altimeter instrument system along 
with the appropriate system error model is presented. The data 
processing flow. orbit computation, and topographic recovery 
techniques are discussed. Some data analysis results are presented 
which indicate excellent correlation with underwater topographic 
features. In addition, results are shown whicn indicate that 
the instrument performance was as expected. 

INTRODUCTION 

The S-133 satellite altimeter experiment was conducted in 
1973 and 1974 during the SLZ, SL3, and SL4 missions for which the 
primary objectives of the altimeter were to obtain data needed for 
design of future altimeters and to demonstrate that the instrwen- 
tation did have a capability for surface topography mapping. These 
topographic measurements have significant applications to marine 
geodesy. 

Both the aiientific value and the application were emphasized 
in the Terrestrial Environment, Solid Earth and Ocean Physics 
study held during k~gust 1969 ( 2 ) .  Presently the NASA Earth and 
Ocean Physics Applications Program (EOPAP) has adopted a long range 
physical ocean sensing program with objectives that rely heavily 
on satellite altimetry. 

In all of these activities to date the role of altimetry has 
been visualized to include detection of dynamic ocean features 
(tides, waves, currents, etc.) or mapping permanent topography 
(geoid). However, even though it was realized that the subsurface 
topography has a contribution to the geoid, results obtained with 
the SKYLAB altimeter have shown that this correlation might well 
be stronger than anyone realized. In fact these corrrlations 
could well lead to new applications of altimetry fa: ,.~sitioning 
and density determination of underwater topographic features. 

INSTRUMENT SYSTEM 

The instrument system geometrically consists of a space plat- 
form (the SKYLAB satel.ite) and a radar altimeter oriented to make 
vertical (nadir) measurements of the distance to the ocean surface. 
While the SKYLAB orbit (440 km height, eccentricity .001 and incli- 
nation SO0) was not an ideal reference system for long arc geodetic 
measurements. it did represent an excellent test bed for altimeter 
sensor development and short arc topography measurements. The low 



orbit, payload weight and size capacity made it possible to build 
a radar system with good signal-to-noise and instrument versati- 
lity and flexibility. Therefore the 5-193 altimeter system was 
optimized to provide a variety of aeasurements under various 
operating parameters. Within the hardware 181, five basic modes 
were developed to perform various pre-set data taking and calibra- 
tion operations to gather data needed to design improved altimeters 
for future space missions. Basically the five experimental modes 
can be summarized as follows: 

TABLE 1. SVUI & L M R  UOOfs 
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The most important measurements provided by the altimeter 
consist of altitude, waveforms and Automatic Gain Control voltage 
(AGC). The altitude measurements are made approximately 8 times 
per second with a 2 Hz bandwidth tracking system. The spatial 
footprint (spot size) is about a 3 Rn radius for the narrow pulse 
operation which represents a two dimensional filter for topography 
mapping missions. 

The waveforms are sampled by eight moveable sample-and-hold 
gates placed at regular intervals on the return signals. These 

i ates can sample the return waveform 100 times per second and can e utilized for wave height and antanna pointing angle estimation. 

The AGC is available approximately 4 tines per second and is 
useful to calibrate the above waveforms, to detect rlouds, rain 
and other anomalies which affect signal strength. 

For mapping the ocean topography [ S ]  a typical *ystem error 
model has been produced. (See Table 2.) Both the uncorrected 
magnitude and the residual, of the best known corrections are that 
applied to the data are shown so that one can appreciate the 
importance of the various error sources. 

It is readily apparent that pointing and bias are the two 
factors most critical to aapping to ography. Since short arcs are 
being used and feature mapping can fe accomplished in the presence 
of bias the pointing errors are considered the most critical. The 
pointing is continually changing and without correction would yield 
errors that cannot be easily se arated from the short wavelength 
topography. Therefore methods gave been developed to extract 
pointin information from the altimeter waveforms and to apply 
correctfons to the altitude data based on this information. 
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DATA PROCESSING 

The PCM analog tape is converted by NASA JSC to a digital for- 
mat and both editing and decommutation is performed. In addition. 
the airlock module time (AMTI of each frame of data is converted 
to GMT. The raw altimeter two-way range bit data (20 bits) is 
converted to measured altitude bit data (21 bits) by making the 
Zlst high order bit a one if the 20th high order bit is a zero. 
Finally, the following algorithm is used to convert bits to 
kilometers 11) : 

A,,, - f(21 bits) X BW + ID] X (c/2) 

Where: EN = bit weight, 2.5 x loq9 sec/bit, 

ID = estimate of the internal delay 
40 X 10.' see for SL-2,s 
-195 X 10.' sec for St-4, and 

C - speed of light, 299792.5 km/sec. 

A processed digital tape with frame GMT, measured altitude 
and other altimeter measurements, statuses and housekeeping data 
is sent to approved Principal Investigators. 

The tape received from JSC is converted to a format compatible 
with Wallops' Honeywell 625 Computer. Then, the following al~orithm 
is used to preprocess the altitude data: 

C A, = A,,, - (ID X + (PC-M) + MC - R 

Where: A, = corrected altitude, 

A,,, = measured altitude provided by JSC, 

ID X C/2 = correction to remove internal delay correction 
made by JSC, 

PC premission calibration of delay line. 



M inflight measurement of the delay line, 

MC a error caused by switching pulsewidths, bandwidths 
and pointing within certain modes and submodes, and 

R a tropospheric refraction correction. 

The magnitude of the different corrections vary. For example. 
the inflight calibration correction used is 35.97 m with an uncer- 
tainty of less than 20 cm detected in inflight measurements of the 
calibration delay line. The pulsewidth/bandwidth correction varies 
from 0 to 103 ns depending on the mode and submode used, and the 
pointing angle correction being used in Mode 1 is 13 ns. The 
refraction model(31 

assumes a constant surface refractivity of 340 N units, and E is 
90 degrees when looking at nadir. This results in a correction ..f 
2.79 m. 

Unified S-Band (USB) data and in some cases C-Band data are 
used to estimate orbital parameters. The orbital elements are 
used as initial conditions to integrate an orbit from which alti- 
meter measurement residuals are calculated. The residuals are the 
differences between the altimeter measurements to the sel surface 
and the calculated altitude from the spacecraft to the ellipsoid. 
Finally, the altitude residuals, and both the Marsh Vincent Geoid 
and ocean bottom topography along the subsatellite track are 
plotted for further analysis. Both qualitative and quantitative 
correlations are evaluated and reported to the scientific community. 
Figure 1 illustrates the data flow. 



DEFINITIVE ORBIT DETERMINATION FOR SKYLAB ALTIMETER DATA ANALYSIS 

Analysis and evaluation of the SKYLAB altimeter data, can best 
be accomplished by reducing the measurements to quantities which 
can be compared with independently derived data. Since the ocean 
surface, except for tidal and wind effects follows an equipotential 
surface, it is convenient to derive an estimate of the geoid height 
from the altimeter altitude measurements. These can then be com- 
pared with independent determination of the geoid height. The 
relationship between geoid height and satellite altitude measure- 
ments is given by: 

hg = hs - h a ' Ah 
Where hs = satellite height above a reference spheroid obtained 

from the satellite orbit determined from tracking 
data, 

ha = satellite altitude measured by the altimcter, 

and Ah = dynamic ocean effects of tides, winds and currents. 

The relationship of these quantities is shown in Figure 2. 

It is obvious from this relationship that any radial orbit 
errors will propagate directly into errors in geoid heights deter- 
mined from the data. Therefore, for analysis and evaluation of 
the SKYLAB altimeter data it was necessary to obtain the mcst 
accurate orbit possible from the available tracking data. 

Several factors make the deteimination of accurate SKYLAB 
orbits a difficult task. The altitude o f  the SKYLAB orbit is 
approximately 440 KM and its effective area is 293 square meters 
with a mass of 87.441 Kg. These factors mean that atmospheric drag 
has a large effect on the satellite orbit. In addition, thrusting 
is used for spacecraft maneuvers both before and after the alti- 
meter data is acquired. The tracking data is provided by the 
Coddard Space Flight Center, unified S-Band System (USB) with some 
C-Band support. The US9 system is a worldwide system but due to 
workload and scheduling every station did not track at every 
opportunity and hence the density of tracking data is sometimes 
sparse in the vicinity of an altimeter data take. 

Error analyses have shown[4] 
that in order to minimize systema- 

Y T C L L R I  
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tic error effects due to drag, 
thrusting and geopotential errors. 
the length of arc fitted should be 
kept as short as possible. The 
arc length necessary to be able to 
determine an orbit with reasonably 
low error depends on the available 
tracking coverage. Experience has 
shown that this can vary from 2 
hours (SL-2 Pass 6) to 25 hours 
(SL-2 Pass 4). The difference in 
the effects of systematic errors 
on these two orbits is estimated 
to be less than a meter due to 
drag on the 2 hour orbit and 50 
meters on the 25 hour orbit. 

RESULTS PLpaZ teZ%o%- 
The following pages present some selected samples of the 

results which have been obtained from an analysis of the altimeter 
data. Some additional results can be found in [ 6 ] .  



Fi ure 3 shows a pass of data over the Cape Verde Islands 
obtainel on 3 September 1973. For comparison the Harsh Vincent 
Geoid (10) is shown on the graph. The absolute difference between 
the altimeter geoid and the Marsh Vincent geoid of approximately 
45 meters is well within the estimated orbit uncertainty. The 
dotted line on the raph is the Narsh Vincent geoid shifted for 
shape comparison. ft is seen that the overall compariso;~ is good 
except for the 12 meter undulation in the vicinity of the islands. 
A detailed analysis of the altimeter footprint, noise characteris- 
tics, and ground track indicate that the altimeter was not over 
land during any part of the pass. It is estimated that dynamic 
sea surface effects coull explain only a few meters of the 
undulation observed and hence we surmise that the geoid undulation 
observed is e real feature in the geoid. 



Figure 4 presents the results of a pass of altimeter deta 
taken on the SL-111 mission on 12 August 1973 off the coast of 
Borneo. The noise level is somewhat higher than usual but again 
there is overall good general shape agreement with the Marsh- 
Vincent geoid. Matching the round track with the altimeter geoid 
it is seen that geoid undulatlfons correlate very well with the sea 
mountains and ocean trenches. It is to be expected that these 
short wavelength features would not be seen in the Marsh-Vincent 
eoid. The loss of date around 2h 3610 20s is due to a loss of 
foek as the eltimeter paesed over the island of Flores. 



axe 1 

Fi ure 5 illustrates the altimeter derived geoid for a pass of 
data teeen on the SL-Ill mission on 13 September 1973. This data 
was taken as the altimeter passed over the Hid-Atlantic Ridge in the 
North Atlantic. Again there is excellent agreement with the general 
shape of the geoid and the offset is well within the expected orbit 
accuracy. A comparison of the altimeter geoid with the bottom 
topography in the area again shows excellent correlation. The 
ocean depth contours shown were obtained from (91. 
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Figure 6 displays a power spectral density (PSD) of the 
Puerto Rican Trench region which was con uted using Fourier Trans- 
form methods and a Hanning type COnVOlUt!On window. The data 
base comprised SL-2. Pass 4. Mode 5 with 100 and 130 nanosecond 
pulse widths (pulse compression was not functionin during SL-2). 
The Puerto Rican Trench data was used since we desfred to obtain 
PSD results for an a~omalous region, which should contain more 
energy in short-usgelen th components than anomaly free re ions. 
The PSD so obtained, an% data processing results derived tferefrom 
should represent the best opportunity for the altimeter to obtain 
information relating to short wavelength undulations. 

Referring to Figure 6, the arrow corresponds to the den- 
sity level for which a 3.3 HZ. rectangular bandwidth, white noise 
spectrum would yield an rms level equal to one meter. Since the 
S-193 tracker has an approximate 3.3 Hz. equivalent noise bandwidth, 
this level is consistent with observed m s  noise levels in the raw 
data of 1 to 2 meters, and a cross-check on the computed spectral 
magn*tude. The level is seen to be close to the noise level implied 
hy the celculated spectrm. We also note that the spatial filter 
function [6] arising from the finite zone illuminated by the 
altimeter, corres onds to considerably shorter wavelenfiths (less 
than 13 km) and tRat the calculated PSD should not be contaminated 
by the altimeter footprint. 

The PSD data given may be used to derive altimeter data- 
processing uidelines. Under the assumption of Gaussian statistics, 
or if a minfmum-mean-square linear estimate is desired; the 
Wiener-Hopf formulation for additive noise measurements shows that 
the optimum filter Ho(f) transfer function is 

where S(f) is the geoidal spectrum and N(f) is the additive noise 
spectrum. Figure 6 shows an approximation to S(f) as a break- 
point plot using 

solving for the half-power value of Ho(f) we find it to be 0.164 Hz. 



Using the satellite round track velocity, this may be expressed 
as a 45 km wavelengtff. Therefore, we conclude that this analysis 
shows for geoidal regions which contain pronounced short wavelength 
components, that (1) the Skylab altimeter is limited b measurement 
rrise in profiling wavelen ths much below 45 km and (2r data 
smoothing time constants of several seconds are required to ade- 
quately reduce the random error in geoid undulation measurements. 
This analysis can readily be extended to yield two-sided weighting 
functions 17). which are appltcable to smoothing solutions using 
both past and future observations--as is appropriate for digital 
computations. 

SUMMARY - 
The SKYLAB altimeter data analysis results presented here are 

representative of a large smount of data which has been studied. 
It is concluded that the instrument performancr was excellent and 
that geoid shape information derived correlates well with the 
Marsh-Vincent global geoid. It is further concluded that there 
appears to be a strong correlation between the derived geoid and 
underwater topographic features. 
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ABSTUCT 

The processing wan based on a time se r i e s  i n t r in s i c  re la t ionship  be 
between the s a t e l l i t e  ephemeris. a l t imeter  w ~ s u r d  ranges, and the  corre- 
spondlng a p r io r t  w l u e r  of subsa t e l l i t e  geofdal heights. Using l ea s t  
squaras processing with parameter weighting. r'le objective m a  t o  recover 
(1) the  absolute g w i d a l  heights of the subsate ; l i te  polnts. and (2) the 
associated a l t imeter  ca l ibra t ion constants(s).  Preliminary r e su l t s  f r m  
Skylab misslon 8L-2 a r e  given, using varloua comblnations f r o m  two s e t s  of 
o r b i t  ephemeris and altimeter ranges. Tha influence* of o r b i t  accurazy, 
and a pr ior1  geoldal ground t r u t h  a r e  deocrlbad on the  basts of varlous 
combirution solutions. I t  i s  shown tha t  corract ly  scaled g w i d a l  heights 
cannot be deduced by merely subtracting the a l t imeter  range from :he 
g w d e t l c  height of the u t e l l i t e  unless tha s a t e l l i t e  ephemeris and the  
a l t lmeter  have no unknown s ign i f i can t  systematic e r ro r s  o r  biases and 
d r i f t s .  In par t leula  . the  r e su l t s  of such d i r e c t  subtraction can be very 
misleading i f  the  o rb l t  used is mputed fmm data ineludlng a l t imeter  data 
used a s  height conntrs tnt r .  In view of the c u r r r s t  s t a t e  o f  our knwledge 
of (1) s a t e l l i t e  a l t lmeter  blases and (2) r ad l e l  etrorm In o r b l t  computation 
r e l a t ive  t o  geocenter, and because s a t e l l i t e  s l t imetry  1s a "geodetic 
geometric leveling from space". the use of geodetic ground t ru th  samples 
a s  control "benchrkm" appears lndlspanaablr f o r  t he  recovery of abmolute 
g w l d a l  heights w l t h  correct  scale.  Such gwde t i c  ground t ru r :~  in  m e  
oceans has to be determined from u r i n e  geodetic techniques involving 
astrogravlmetry and satellite geodesy. 

It should be emphasized tha t  the  priuary object ive  of the Skylab 
a l t imeter  is to detemlne the instrument f ea s ib i l i t y .  Any addltlonal appli- 
cations of the d a u  such a r  fo r  geodesy. ~ w p h y s i c r .  and oceanography ure 
desirable. Al thoqh accurate o r b l t  is required for  such appl icat lnns ,  it 
i a  nnt a prerequlr i te  fo r  determining the i..atrument feasibility. This 
imest lp . t ion.  nevertheless,  considered the influence of o r b l t  accuracy and 
the  e f f ec t  of other parumterm to  assess  the  geodetic requirements for  
fu ture  s a t e l l i t e  a l t imetry  missions such a s  CEOS-C and SGABAT. 

The 'Yilli .mrtmm Study" IRrula, 19701 racollenrld the  use of space- 
c r a f t  a l t imeters  fo r  gendatlc. 8 -  physical, and oceanogr~phic s tudles  of 
t he  ocams and the ear th ' s  gravlry f ie ld .  An e f f o r t  of t h i s  type ves 
implawntad for  the f l r s t  time in  his tory  un,:e- sky lab'^ experiment 8-193. 
Stanley and k c o o p n  119721. llte primacy e1,iecr1ve of the 8-193 is t o  
determina the ewineer lng f e a s i b l l l t y  of the a l t imetar .  The 8-193 a l t imeter  
experiment is one of a number c l a s s i f i ed  '~nder  "Earth Bnsourcer E x p e r h n t r  



eacbge- (-1 aeca ad abjcti..s are m solve rriou prpelcs OII 

srrtb. tbt directly affect ava~ the m m  h th. stmet. 

ntaa I.rmad *lrL .b..las*2. SW3. oP sub--are to prswlaa &to 
f- C h  S-1- O y I J t a .  &&eIC aImIySL. of sky- 5-193 a I t lml s r  
p r s l l d ~ y  8.t. fra a i m  SV2 a d  P6D pus 9 1s Ck ombject of &la 
p8per. Iba -11 abjc t lve  of a r  L ~ a t L g e t l m  us ta dwnstrmte LLa 
fmsibil i ty of d n e c v  caditiooa 1.1 wing cbe a l t i u t r r  &u tor  
detemiaatiom of dr WrLns W i d  (1.e.. tL. gaol4 La ocav arau). Ilr 
~ l d  i8 tbe sp.lp-tl.1 m r f s u  &t wnld oalrri& d L h  ' b d i c i a ~ r i d ~  
rru, .a I m l  of the srrtL*s gravity field. "Udi8tarBcda i s  tbe eodlltioo 
that r a l d  ulst i f  rh aemm rma a t e 4  on by c*t wrCb.8 force of grarity 
mly. a d  m ocLr  folree rrh .s ofem -ts. dds, t l d a .  etc. Ib... 
decrrriutlor of the t g l d  (- w 1-1) la b s l c  to rredarstmdlq Ute 
oc- m d  M i r  d-c - .rh as correots. rldas, circdation 
pmttarPr a d  h e  air* 1nmcUcioos. 1- m i c a 1  vather  
predlctloms repwlce -te Lnorlcdla of Lhse o c a m d ~ c s  pbmaem. 
urb . t i on ,  waste di-1. m d  gollwtioo cootre1 also &fi t  f r w  M 
-rate k m u l ~  of oca.  dp ldcs .  Rpre accurmte Becemlnatloo of cha 
s a i d  d l 1  1 4  ta a better d e f i a l t i o  of the mr&'r gravity mdel. 
CoqoucioP of tbe s l o b 1  g o l d  by ammmtkmal mecboa i s  m a p r u l r a  rad 
t i r  commllp a d  is b e e t  rich ro my p d l m  a s  discrssed in Fbbai. 
.rd b m r d  1197tI &r these wmeotiolul tedu~igws c-t be iapaod.d oa 
for c q l e t i m  of Lhc job h the fort.cable fwtuce. ¶'hen= factors justify 
ch d fa - system and Mniqnea. Qr r s~ t  I a d i u t l a s  frol, tha 
Skylab alclmeur are cb.t 1~ce1lir.e a I r l w w  my be Lha -. 

Flyre  1 sbars echemtlc gaoceotric tolatlons of che various surfaceg 
assoelated ulth ra te l l l te  alttmtry. l?l i s  the rev altimeter mqe fi lch 
baa to be corrected for 1.borator]r iwt-ull calibration. electromgnetlc 
effects, *cia rtate. and periodic sw outface influences to 8L.c TS. S 
roptosmw Lbc noiperlodlc "sea lewel". CT .pd CB the saocaatrlc ndii of 
the altimeter and F. ( l u  oubutell i te point on the reference ellipm~ld) are 
caputed fcm satell l to tracking. infomtlon. EG i s  the absolute gwi&l 
undulation to be ~ a q u t e d  tram thls ia*artlytlon, h i l e  8C 1s the quasi 
statlolury departure of the mean i~ncanunoous see surface from tho geoid-- 
the "undlsturbd" mean sea level. 



Bmcb lsurucd 81ti.scm rauga 4 with ma -iamd .wrmcrlrslrt 

msidP.1 vi L. LaMar iu l ly  mk tad  to (1) Xu. Pa. .ad Xs (Uu u t e l l i t e  

coordirnta a t  LBe iascmt of -0. (2) the .kohta mid81 

~ k t i a a  < (of Uu m b n t e l l i u  point) bud an s refamace eLlipsoid 

of a. .nd e. and (3) Uu b l u g  in a11 armrrsat wtcr 
i a u o l d .  me  cedi t ion  aqmUon for ah iraimlc rektioarbip can be 

.t?ted u: 

Ac = fi ( s y ~ r s ~ a t i c  errors in Xs, Y,. 2,. the mltimoter b l u  and 
r a  state correction bias) is the total  -tic ultbration 

c0ns-t 0 b deterdad.  The exact folwtiop.1 mUu- 

-tical m i o n  for Ac i s  unkwnm .ad is h a t e d  bear; 

4 = $ + dill ($ ia an appro=imate vat* for <) - f2(a. a): md 

hi L. the geodetic sa te l l i te  height abow the ref-e ellipsoid, or 

where ; d ; ua p a m e a n  of the reference ellipsoid for the geodetic 

ham of Uu tracking station# c%mra eoordicmtw are d in c m t i n g  the 

satell i te c o o r d i o a ~  f .  Ys. .ad Zs. Equation (1) pmsamw Lb.t a - ; 
od e e. mad. also, cht the two refareace ellipsoids are eoncmntric and 
gaoteatric. 

In cmrsat geor'etic pr8ctice. bauwe of multiplicity of geodetic 

&DID a d  the mmmlstence of an uni-lly accepted hmm. the a - ;. 
etc. requirement. are lurd:y ever mat. A geodetic dam is uniquely 

d.tardned by s- parrmststr. One mcb se t  of parperat. is a. e. Ax, 

by, As, Ag and All. .ad e define the sisa d .hapa of the reference 
ellipwid; 6.. Ay. and A s  relate the center of che reference e l l i p i d  to 

the geecenter d are purely tnnahtory: while AC and All are angular 

value# 0 enemre p.rala1li.a between the minor mad lpjor uras of the 

refaglce ellipsoid .ad the mem rotational mi8  and msm t o r r ~ t r i a l  

aquator of rhr arch.  nspecti*.ly. For each geodetic ham. every 

effort i. made to anmure tbt A6 - All - 0. Bantnr. u shown in Fubara 

d Rmtrad I1972aJ. while this coaditiaa bas never heen exactly realized, 

isr eff.cc can be naglaccad. 

ma change Ahi i n  bl due to the clungee & and Af in the dinsarioar 

a€  the ta€taaee ellipnoid and Axo, 690, and Aso in i U  position relative 

Cw geocanter i s  givmn by Beietunan and HDrits t1%7] as  



cp and 1 - geodetic latitude aad loogitude correspowl- to 

Xs.YsBadzs 

Pos the current investi~.tLon, uhich involves &tee different geDdstic 

drums. it Is fu~ the r  a s 4  that Axo = AyO ba0 - 0 because theae 

valuea h a t l r s  not been reliably detednad end a l l  Lbree datum6 are 

supposed to be geecentered. Therefore. instead of -tion (2). Equation 

(3) w i l l  be q l o y e d  

aa the correction parameter to Equation (1) which should be rewritten as 

to reflect changes in reference ellipsoidel paremeters whenever neeweary. 

Bgtution (4) or (5) was used to process the data by geaemliaed leaec- 

squares &;uamaat model ma developed in Fubara 119731. 

l'he analytical data-handling formulatio~ for this investigation ca l l  
Pot the following basic inputs: (1) the altimeter r w e e ,  and exact time 
(ustully m) of each aeuurement to correlate it with (2) the assc~lated 
orbit ephemeris, MQ (3) geoidel information used as geodetic control or 
benchark al- the subsatellite track to help define the geodetic scale of 
the m~cpute. The min ouy .ts are: (1) the residual b i ~  of the altimeter 
or calibntioa courant required to give a correct absolute geoidal scale, 
and (2) the geoidel profile. both deduced fram the c-ter praemeing of 
the i-uts using 1-t-squares processing with permueter ueightiog according 
to the aforementioned fomnlacions. 

Ptso set# of input data from Skylab mission SWZ,  X K P  p s s  9, are used 
ln this paper. Set A altimeter ranger have been corrected for a11 known 
eounes of syatercic errors including internal calibration constants. 
refraction, and pulsrotdth/bandvidth biaass. Set B altioeter rangas were 
not corrected for there specific s y s w t i c  errorr. Figure 2 show# a 
@ample of both Beta of mnges. The objectives for processing these two sets 
are to investigate 

(1) how well the d a l l i a g  for ap t amt i c  errors in the analytical 
data-processing procedure can a c c d s t r .  recover, end prevent 
such speermrtic errors from degrading the fino1 results 

(2) the conditions required to optiamlly achieve the above 
objective. 
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Orbit A data  a r e  baaed on (a) referrnce el l ipsbldal  psrsaatars 
a = 6,378,155 m and f - 1/298-255, (b) SAO 1969 Standard Earth model wleh 
geopotentlal coefficleots c b m  degree 22 and order 16, (c) c-band 

B ~ i f l d - S - U )  ra&r t r a c k l a  data, and (d) GM 3.9S6013 x LOdd 
Isec . Orbit B dam are  b a r d  on (a) a 6,378,166 m and f 11298.3, 

(b) u r t h  gmvlty model of 3 acetorial  and tossoral t e r m ,  and 4 .owl 
t ma, (c) C-band and USB fldar trackins data, and (d) M - 3.966032 n lo1& 
J l r e c 2 .  Both o r b i u  corrected for other percutbation brcee each ee 
luepr gravltatloa. w l a r  8ravltatlom. earth tldc, drag, and solar  r e d l a t h  
prerrura. The geodetic dam for  the trscklrp rtationa wed in  each o rb i t  
c o q u u t l o n  wan e r d  to be geocantrk d i c b  LPpllw that  Ax,, = byo 
bso - 0 aa described in the rationale for using Equation (3) instead of (2). 



A a m t  of o8ch of rtrue mo orbit, La h in Pigare 2. In theory. 
the Om orbit, h o l d  be nauly p u a l b l  aed radially asp . t . td  by no .ate 

eh.a 11 matea ti.... the madmm w 8 b  of Ph of Eqoation 3). Ear to the 
11.8. ap.t tout. (-re 2). Ute cw orbit. am radially clors ht not 
pra11e1. ~um.t fra the 0.8. cmc-c .ad tt.ckiqg smtionr, th 
orbita di- to a radial . a p ~ t ~ o a  of abmt OI mwm ud win to ma 
-1lal. One or a cabha t ion  of heton inc1odi.g tlm f o l l a h g  may 
.occamt for Lhare dari.tiom fmm thevretiul expect.mcy 

( i )  (kw, or BeYk of tlw Qlo g h t i c  dahrr of Ute rrackiag 
staciom may oot be a u l y  geocmuic .ad free of routlocl.1 
errom u or there my be mdatected symccutic 
e m r o  io indiwidoal track* atatton geocantric coo rd i rm~ .  

( i i )  Ib. different ~.v tq  d l .  infloeace tba eoqoted 
r t e l l i u  ephmrLa differently. Bareosi, tbe p u r l l e l i m  
of t& orbit 0-t, rimy from COntirmIrnl tncUlq 
aur ioo.  is either M rc ideaml  wiPcidace or a 
mfl.ccion tb.t th. -trial w a r m i a t e  of the radar 
tracking data M caued to be M inf1oeoti.l &tor. 

(Ui)  Differ- i n  orbit compotational Lschnique8. 

B r ,  it i a  mewary to piat O O ~  that by i t a  configwatioa 8kyI.b 
is m t  and au not daigaed to be a geodetic u t e l l i t e  wicb h-t Mdsr 
tmckim mtem. It's -8 LI about 87,440 kg. &ile  the "effoc ive" 
c-a-wctLolul am8 c lq lopd  in tha orbit caapotatioru Is 293.d. fn .a 
abmlote sonme, Lhe -tad orbit my not be of gaodetic qumlity. Itovanrr. 
it is valid to ~ t l a  that doring rbort tire intervals weh u the 3 dontea 
i a o l w d  in the d ~ t .  rapliel be- mu1yse.d. MY symLertk erroro in the 
orbit will be c o r u a t  in mqoimde .dl sign. Ilr. &MlytiCal data- 
p m u a i a g  p m d o t e  i. d..@aed to effectively -te thia type of 
uscnption. Therefom, the precision of the altimeter data .ad the 
rullite ephemerta are c o ~ i . t e n t  emq& bayed expecmtioas to -t 
geodetic malysir. 

The a priori w i d  inplt rru taken from Oilreat .ad I(.mh I19131 gedd. 
Tiuc g a f d  is mc parely @avhe&ic u the name iap1i.s and tlmrefore, in 
addition to a f l e t t a ing  of f - 1/298'255. a - 6,318,102 m is a180 speci- 
fied for it, raferatce ell ipoid.  b amore q t i b i l i q '  of geodetic 
reference &am i n  Eqrutioo (1). Quation (3) ar applied u lueeamry. 

two nt, of altimeter and orbit ephaerib pmmeat fom differmt 
data cabin8tionm rbrt rar. procereed. m e  war- caabimtLon r o l o t i o ~ ~  
uare tud io the .culysu of (1) the efficiency of the &u-b.ndi* 
formlattoar. (2) t h  i o f b m c u  of orbit e-. .ad (3) the role of rhe 
choke.of a primi gsoid.1 woad trotb. Soma school. of tbotybt believe 
Umt geoid.1 hbighta could be obuimed by a m l y  sob t t . tC i~  the altimmter 

f m m  tha eorrmpondinp gedetic hdg$t, of &e sstellite. A l t l m &  
!m computed ud evaluard renolt, from such a maw, re consider l c  invalid 
because it rqui rea  c ~ . p l e t e  absence of s y a ~ t i c  emm i o  the orbit md 
the altipater which also must aot drif t .  m orasr to m u r e  reliable 
rsru1u. 

me 8kyW a l t imte r  &t. beiq aIs1ymd a n  from dssioiI8L-2, w 
p u s  9 doring which data vet. obtained In Hod.. 3 and 5 of rhe i~ur r sn t  
operation. For thin paar, there sppvra to be ram iluthrrmot ~ l f u a t C i o a  
during M e  3. Therefore, oaly the Mode 5 data era being analpad. 

Pmm UIO given r a u l l i t e  orbit a d  msuured altimater rang-, UIO 
c9.ral1 objec t in  of tha inoerti@tiw is to riullaaeowly (a) d a t e d m  
a geodetie mlibmtion c o ~ t e n t ( s )  that @) corrects m adjwta B e  
altinuter raage.8 for (c) &.rarsimtion of absolute gloi&l heme# with 
correct wale. Table# 1 and 2 and Pigore 2 rho* the geodetic beighta of 



c L s o r b i t s . d r S u a l e t P . W ~ d . r ~ t s d u & t A & ( l e t B u  
pmvlawly dmcribd. A11 the -1- a~lp..d hn baen difid 
to ba bmed on l rakeace elliproid of a - 6.378.l42 m & f - U238-255. 
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Calibration Constants aod Adjusted AltlPacer Bnnues 

As dsvelopad ea r l i e r ,  tbe altimeter bias, radial errors  in  o rb i t  
detemlnat iw,  and errors  from l n a d e p ~ t e  o r  total  lack of correction for  
significent sea-state variacloo. a m  a l l  algebraicelly additive. Theme 
errors  are  ioeeparabla unless h o  of t h m  e r e  absolutely knrra. In th i s  
in*aetl&ation. the to ta l  sum of a l l  three is the geodetic celibration 
constant to be determined. 

Unforrunately, unless the radial o rb i t  error i s  sero, son knam 
absolute geoidal height most be uaed a s  gsodetfc control o r  b e n c h &  in  
order Lo detenutoa rbe required geodetic calibration constant. In th i s  
case. the ul ib ra t i cm camtsa r  w dutoiatod is scalauiaedepedent  on the 
geodetic datum oL the a prbri geoidal tnput or  the geodetic control used. 
This is daanstrated t o  P i p r e  3 i n  which GG-73 is the subsatel l i te  geoid 
profi le  taken fmm Vincent end b r e h  (19731 geoid. AA i s  the rerulreot 
s e t e l l i t e  altimetrg geoid profi le  based on GG-73 a s  a p r io r i  iaput. This 
a pr ior i  input a d  its arcput a r e  used as  a yardstick o r  contml of the 
experiment to investigate the effects  of errors in a p r io r l  geoid height 
lapom mad scale  dependency of the camputed geodatic calibretion conatant 
and s a t e l l i t e  altlmetry geoid h e i ~ h t s  on geodetic control (ground truth). 
Erron, were introduced in to  60-73 t o  produce A-I. m e  resultant s a t e l l i t e  
a l t i w t r g  geoid r e g a o t  from ustns A - I  a s  a pr tor i  input is 64. Similarly, 
8-0 resul ts  from the use of 8-1 a s  a prior i  iaput. 

It is OMOW that  the shape of M (the control experiwnt) i s  
identical to of A-0 and 84. In a l l  cme8, even though the resultant 
point-to-point geoidal b e b h t  differaaces were exactly i d e n t i u l ,  the 
deduced calibretion constants and M a e  the values of the c g u t e d  gcoid 
hefghts depended on Lha a prior i  geoidel height inputs. Pipure 3 defini tely 
sham that  such a pr ior i  input. and the errors  in  them af fec t  only the 
linear scale  of the celibration constant and not the shape of the deduced 
geoid from the type of analytical processing used herein. In  other words, 
the w i n  effect  of the a prior1 geoid input fa reflected i n  the position 
of the corputed geoid relat ive t o  geocaater. To determine the aeoid with 
correct shape and scale  and centered a t  geocenter (1.e.. an absolute geoid) 
1. the ultimate objective of a l l  m i d  computations, and the c r i t e r i a  for 
the gsoid to contribute to solutions of problem i n  oeemograpby, 
geophyuics, geodesy, and the earth's gravity f ie ld model. 

I n  the current Skylab data, the altimeter bias appears to  vary with 
the mdes rod the submodes described i n  Kern and I(atuck1 119731. This we8 
anorher factor  Uken into account. For the current data processillg. the 
additional assumption i s  tha t  (for s "short time interrrsl") the s y u t m t i c  
radial orbi tal  errors a re  of corutant magnitude and sign. These two factors 
col3strsin the current "sbort time interval" for th i s  s e t  of date to  be no 
w r e  than 3 minutor. P m  h e  calibration coasesllU sharr, in  Tables 1 and 
2 the u s u p t i o n  of constant radial  orbi tal  errors is bet ter  sat isf ied by 
Orbit A than Orbit 8. Por Orbit A, the r a t e  of change in redial  errors  
d u r i w  th i s  period (closa to tracking s tat ion)  is about 0.3 m per 2 miautee. 
for  Wit B it i s  about 3 m per 2 minutes of time. &me avoidable errors 
a m  in the caputat ton of Orbit I3 s s  shmn in Voll~aheupt and &hieseer 
119731. In  partlfular, the gravity w d e l  can k -roved. This r s su l t  
.upport# s well-known fact  thot earth gravity model required for  accurate 
orbi t  computation i s  a very imporeant factor. 

A key indicator of  the re l i ab i l i ty  of tL. anslyt ical ly  camputd 
g o d e t i c  calibration eonst.nt is the c o n ~ ~ i s t u ~ c y  of the d j u o t d  ranges. 
The mLhsprtical model developed fo r  th i s  analysis anticipated imporfee- 
rims i n  the knowledge of (1) the o rb i t  and (2) the d e w  cowtantm (biases) 
for t rensfordag the n d e r  altimeter r e t u r n  into range0 i n  mgiueeriag 
units for  geodeey. These problemr algebraically add up to be a l inear  
radial error  relat ive t o  the wrth 'n  g.scenter. Throqh the m e  of the 
discwsad appropriately we1ght.d a pr ior l  geoidal height.; (a) no l r t t e r  
vh.t the e m r r  i n  the different  Beta of ramen w d ,  the darirsd adjuoted 
rswee should be identical i f  the - orb i t  is u a d ;  (b) aI terrut ivelp,  i f  
a unique s e t  of ronges i~ usad with different  o rb i t  data, Lhr adjusted s e t  
of ranger rhould d i f fe r  by only the radls l  differences betvaen the orbits. 
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Tbs expectatioat (a) md (b) ace antabllsheid to within the aoire 1-1 of 
th. &to by th mault. of W l e o  1 and 2. ~ r ~ l y ,  ths Wucd &edletic 
ca l ibr~t ioo  w o s w t .  should alao u t i s f y  conditim (b). l l ~ w  from Table 1. 
tbs c o n r t ~ t a  22.8 rlaur 33.5 rhould equal -6.6 minus 6.1, and from Table 2, 
23'2 miow 38'8 sbould equal -6.1 minua 9.4, meters. 

9 L . 1 - A M . . l O o U U * a ~ ~ ~ b . W I 1 t . O . l ~  
i - M - ~rrl(a  nmwllua *~r(rcn  oil kr &I 

• a - ~ ~ - ~ k i a ~ o ~ ~ p ( - ~ m )  
*r 0 -110 110- Q.U kr CU-13 

D - l - A k i a W 1 -  -20a : B-0 - I u m l u t  Qm111" 111- O.U frm l t  r oomCoL. 

f1° 

- . 
. 

-50.- 

. 
Ut .  36.901 35.131 33.301 
Imng. 286.048 288.688 291.208 

Latitude md longitude, degrees 

P I B B  3. WET W EFIUORS a A PRIOR1 =ID IlgIGRl' IlDVls AID 
SCALE -CY OF CUIBMTIOU COHETNT ARD GEOIMt 
m1Gm ON mmxc COllTIUn (CBOrnD TRUTH) 

Aoalyt iu lh  Deduced -te A1- 

Pigum 4 shmr tlPs dadcreed gwi&l hrlgbu from the uulyt ica l  
ptocarai~~g of b four ate rombioatlooa already bancribad. Figure 4 alro 
show tbrw other pmfllan for the mm r . suat  of Cke w i d  as giacl by 
Viaront, st a1 I1972 .ad 19731 wing dlfferaat caomotialul Uchnlquu.  k 
wual, (moo Pubam .ad burad [1972.1 aod tiwhwt. a t  a1 1 1 9 6 8 J ) ~ s  other 
coa*sn t io~ l  gooid p ro f i l u  d i u p m  v i a  cuoh o t t w  sLgnlei~.atly. Ia 
Pigwe 4, 00-72 and W-73 am aoowotiolul gaoid prof i lu  pctmarlly bud 
oa global eravity &to which a m  too span* and oftan atg iaaccumu io 
oeua u-• (70 p.rcaot of ch. 8lobe); L&rafore, utellita-dorivad &so- 
potmotin1 coefficients were wad to a q w o t  cb. u u u r d  grmitg &t.. - 
prumt-deg accuracy aod .rrt.at of coPmge of global gravity data .ad the 
gaoid are di8~~80eid tn Decker 119721 and Fubara ml HDDlrd 1 19731, 



In  wing  Orbit A, tbe -kable ag-t achieved (PQum 4) b t u a m  
the analytically coqutad u t e l l i t e  al-try m i d  rypmato AA &d AB, and 
GG-73, tho Viacant and Wroh I19731 geeid i r  beyod a l l  -totiom. I t  
h p l l u  tha t  i n  the ~w of the i m t i g a t i o n  ei ther  the 00-73 gooid and 
Skylab e l t i m t e r  a n  a t n v l y  accurate or  U u t  cartaim faatotr  haw 
cancelled out to produce ruch a .obrter .gra-t. Thio -kable match 
bameun the mnalyt iul ly  vtd gooid p m f i l u  fcm EMP pur 9. bud on 
Orbit A end the corraopondiag conventional w i d  profi le  of  Viacmt and 
Wroh 19731. ohnuld be v c e p t d  r l th caution. Pnc i r ton  u t imnte  of B i o  
comr~ltionol gooid i e  about f 5 to _+ IS mteza i n  ocean a m .  a c c o r d 4  to 
i t o  .othon. R1rth-eB Ch. p r o f i b  of the comantional g-id p l o t t d ,  
u r u l e d  off l very wll r u l e  world mp. I b i r  latter pmasu uould 
o o r r l l y  introdace a r m  into the plotted profile. lBio ooodition e u i l y  
introducu ryoLIPltic dirphc-t a r m  which a r e  not conduciva to 
rmliable compuiroo bemean the mm typ- of gooid .-to. Ruthe-re. 
Orbit A and Lhe QO-73 geoid profi le  a m  b e d  on an ident ical  u r t h  gravity 
model. Zherefora, profilar M, AB, .ad 00-73 u e  not indapendent. 

In  opite of a11 thwe  po8aible o a u n w  of diocrsp.ocy. &d the &a 
error@ and uncbrtaintiw previoculy outlined. th r  comparioon of fmtureo 
bemaon the a l t b t r y  gaoid .ad B i r  p u t l c u l a r  coap.ntiocml g o i d  (no tw 
comantiorvl gooid. a r e  alike, of- d i f b r i n g  by teno of u t e r o  and 
mlatiwo t i l t o )  LI vary amouraging. Tim current preliminary ~ l l l t o  haw 
not bean c-tad for  the influencar of rm rutel porrible d i r - a l i - t  
e r r o a  and dqmrturw of the renoor f i e ld  of view from the nadir. Bola of 
the hi@dmqwney featurea of the uu1lit.e bltimetry geoid Jhich may bm 
a reflactlon.of W e  uncomcted i o f b e n c u  haw boon -Chad out. 'Ibm 
r l t b t e r  ranger r e f r r  to - maan raa r u r k a  topography of Ch. &tent 
of auur-t  called HIS8 i n  Figure 1. The q u u i r u t i o r v r y  doparturer of 
MISS frm the gooid i r  aisnif ieant  in  the a r m  of  t h i r  invwtigetion 
aeeordiag to ~iguiw 1 and 2 of 8turgoo (19721. I f  the altimeter 10 u 
p n c i o r  u there r w u l t o  idiute. the v t e d  tndl in -age r- rmf.ce 
t o w e p h y  of the aceo could ha*. b u a  o d .  Thio i r  b e 4  otudied 
Eurthar and caqmutiono from BPBP paor 4 of  d r r b n  S t 2  and data expected 
from mirnion 8LQ should confirm o r  negate th i s  expected carrelation v i t h  
#or ru r fwe  topography. 

The reoultr from w i n g  Orbit B shown u prafileo BB and Bb of 
Pigure 4,  ohow a #yotamtie tilt relat ive to 06-73 and the reoultr b r e d  on 
Orbit A. Ihe a i m  difforancw betaman Orbit A and B h a w  bua dluue#ed 
e r r l i a r .  The coaslurion io that the 8aod.tic o u t a m  of omtellit0 e.'imetry 
is a t . a s l y  r a u i t i w  to the w t e d  orbit.  l 8 e  a g m t  betweon 
profilar AA and AB bared on the mw orb i t  but diffe-t ro t .  of cangoo. 
one of which bet IN. knoun ryararr t ic  e r r o n .  . ...m thot our analytical 
barla i r  valid and workable for  r-ry d elimination of tho influancw 
of much s y o t a p t i c  error*. The aama rutchinp. epplieo to 88 and M. 

By r r r l y  oubtractiag the measured r l t lmeter  r u l y .  E r a  the 
correoponding n te1I iLe  geodetic hei&tr, the r u u l t m t  profiler for  the 
four data combinationo a re  r b m  i n  Pigum 5. Compared to  the r u u l u  i n  
P i y n  4. tho rimple rubtraction reoul tr  of F igun  5 #how, lor the Orbit A, 
r a r k a b l e  coatrer t  be- B e  "gooid" M (-19 m to 27.5 m) and A8 (-49 a 
to  -56 m); tor Orblt B and the mm tm reto of a l t i m a ~  r.nesr, "geeid" 
BB (-38 m to  -40 m to -39 a) di f fe r  from M (-8 m to -11 m t o  -10 m). llu 
thio rlmple-rubtrretion approach i r  r eno l t iw  not only to the o rb i t  but  aloo 
to  the ryotmmotir e r m r r  i n  altimeter ranger unlike the umly t ica l  apprmh.  

The prellniWry w n c l u r b w  f m o  theme quick-look dote inoeat igat lno 
end previour rtmuletion rtudier include: 

(1) The analytical data-lundliag Eormulotioru d m l o p d  for Lbio 
imeot imt ion  a p y u r  to  be wry ut i r fac to ry .  Tho a i n  outputo r q u i r a d ,  
the gwdatic  cellbratLon comtant. tho gooid height, and the corrected 
eltlmeter rangar uere rel iably de tenbnd .  
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(2) To ensure t h t  the  dduced ca l ib ra t ion  constant and geodetic 
heights are  absolute, the use of grodetic control  o r  a benchr rk  whore 
abaolute g a i d a l  height is Lnaa ia  indispensable. Tha eaLablishP.nt of 
such controla fmm a combination of a s t rog rav iwt ry  and a a t e l l i t e  data La 
diecursed i n  b u r a d  .dl FuMrs 119721, and i n  F u h r a  and Hourad 11972.1 
and the pract ical  implementation i s  p a r t i a l l y  d m n s t n t e d  i n  P u h r a  and 
Nwrad 1 1972bl. %ere is an  i . p l i c l t  corre la t ion beeween t h i s  conclusion 
ud the conclusion b u e d  on a d i f f e ren t  type of investigation i n  Rapp 119711 
that: ''In carrying out  a i m l a t i o n  atudiem with aon-global data  it m a  
concluded tha t  a l t imet ty  data could not  be uaad alone for potent ia l  
c o e f f h i e n t  de t edns t ion . . . .  Consquently, the a l t imetry  da t a  was combined 
with  soi id undulation infnrmstion in non-ocean blocks and with exis t ing 
t e r r e s t r i a l  gravi ty  data." 

(3) On the assumptions that  the a l t imeter  system is s t ab le  and that  
s g s t s r t i c  o r b i t  radi.1 e r ro r s  f o r  rho r t  time periods a r e  conatant, the 
a l t imeter  geoid rhas w r y  htgh frequency d e t a i l s  ubich have been smoothed 
out i n  t he  plot ted  g w l d  or more accurately the see surface topography. 
Such high frequency de t a i l s  m y  a l s o  r e f l e c t  the  inexact f u l f i l l a ~ e n t  of 
various implied sssumptions o r  the uncorrected influence of sea  s t a t e .  

(6)  Subject to addi t ional  data-processing corrections which the  
current a t a t e  of t he  SL-2 d a t ~  precludes, these preliminary r e su l t s  indicate  
thmt s a t e l l i t e  a l t imetry  wi l l  be a val id  and useful tool fo r  computinp 
qws l s t s t i ona ry  departures o f  bea surface topograp1,y from the  geoid. This 
pract ica l  application is important to o c e e m ~ r s p h i c  work re la ted t o  ocean 
dynamic phenomena such a s  c i rcula t ion patulrns. u a e  water transport,  ocean 
t ides ,  and ocun-current  influences. These in  t u rn  r e l a t e  to air-oea 
in teract ion and the knowledge for global m~morical weather prediction. Such 
oceanographic factors  e l so  a f f e c t  our knowledge of pollution dispersion by 
the oceans. an importent guiding f ac to r  in waste disposal.  and prediction 
of d ispersal  and control  of o i l - s p i l l  hazards. Further developments on 
these issuea a r e  i n  Pubara and Hourad 119731. 

(5) Orbit computation i n  which inadequately cal ibra ted a l t imeter  
ranges a r e  employed a s  const ra ints  in not deal rable  and presents m 
advantage for processing a l t imetar  data ro compute the  geoid. F i r s t ,  the 
u r p ~ d e l l e d  range biases introdbce large syatsmatic e r ro r s  that a r e  not 
admissible i n  least-squarer o r b i t  computation. Such syetemntic e r ro r s  
cannot be accurately eliminated through modelling unless s o w  valid geodetic 
controls a r e  used a s  constraints.  Second, the use of orbttm collputed in 
fhia m y  t o  deduce a geoid from the  same al t imeter  dat4 with purely 
d ~ f f e r e n c i w  o r  graphical tachnlquer would be m l r l u d l ~ .  For exaaple. t h r  
gwid so dduced muld closely match the  o r i y f ~ u l  gsoid used i n  applying the 
a l t imeter  ranges a s  a const ra int  i n  the o r b i t  computation. 

(6 )  Deduction of a correct ly  scaled geoid from a a t e l l i t e  a l t imetry  
cannot be achieved by merely aubtractlng a l t imeter  rangee from the corres- 
ponding geodetic heights of t he  s a t e l l i t e  unless (a)  the  s a t e l l i t e  01 h i t  is 
error less .  (b) the altlmete? does not d r i f t ,  and (c) the a l t imeter  system 
biases a r e  a i the r  nonoxlstent o r  a r e  absolutely known. Therefore, i n  
current pract ice ,  r a c e l l l t e  a l t - t ry  ransea cannot be regarded a s  
repreasnting d i r e c t  determination o f  absolute geoid heights a s  one would 
l i ke  to  a s s u y .  A t  chis time marine gwdesy. inmlving the use of as t ro-  
g w i m e t r i c  and a a t e l l i t e  geodesy techniques. appears i nd i rpenub le  for  the 
provision of geodetic controls required for  the  f u l l  achievement of 
u t s l l i t e  a l t imetry  obJecClws of GIDOB-C, and SEABAT se r i e s  of the RABA- 
proposed "Earth and Ocean Physic8 Applications Pmgram". 

The rerearch reportad in  t h i s  paper i s  s p o ~ o r d  by the  Mbtional 
Asronautlca and Space Mminietratlon through NAShlJohnson Spree Center. 
The MSAIJBC Technicel Konitors are  Hr. 2. 11. Byrm and Dr. Dun Blorris. 
The w t h o r s  are  indebted to Hr. J .  T. kCoogan for  soau, of the a l t lmetry  
and some o f  5kyi.b e p h a e r l a  data  u a d .  and fo r  several helpful  diecursions 
on the oysteau character ia t ica  of t he  Skylab 9-193 altimeter.  
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OEOlD DBTERMIWTION FROM SATELLITE ALTWSTBY 
U S I O  W P L E  FUNCTIONS 

& D. BBOOVhl 
Computer & ~ ~ r  Corponth 

W b l l e m t . I M r m - b p r o r n n t b r . b l l l W d . I t W r W b y  
W t o d e i b ~ ~ ~ ,  I r r ~ d ~ ~ ~ d p o l d o r ~ W  
W e l m ~ b d t o M . ~ P n d d e f W W ~ t d L n ~ w b m ~ r  
~bmpnrm~. I m D d O u l r t m d O L . o y l t . ( i m D ) h ~ ~ c u l n l a ~ l r l  
model maprbbq opherbd hum0010 rampla fuwUoo1 for Wm problornt the -- 
Uolur mpbmtoal hvmoDlo model hnrlng been found tmrcltt.bb bwuue d tb ghbd 
n r t u n o t t h e l l s m m l u ~ .  h O ~ r e r * p m p o r s d ~ ~ . o d  
~ L . C o r c l p d l a t l o o o f t b e M n l R l e ~ h n o t b m ~ t o d ~ r ~ m b b m .  Tb 

m e r l d m r l m u k l i o o r d t h e ~ ~ p d p r o + b m L n o & r t o ~ t b e m t p r o m -  
b ~ ~ l t h m f o r l c Q a l d a a ~ ~ l o g .  Algor#hr I I r f o u n d t o b e W r l y ~  
tmt umm aaarumlng and dlftloult to Impl.m for Ugh Jqpm mod&. AlgorUhm 2 
I# lnl~~mntly l o r  -rate but mwh h t e r  and can &lly model geotd det.llr am 
rmdl u lo by lo quarer. 

f b d s ~ l ~ d b b s * p o ~ m b ~ ~ m ~ r n l l b g r l ~ r ~ * ( ~ ~  
@.&. 4974)). But muff~~bat U m e t e r  daa lor WLOLDI tb @.I tnr rim mid to 
1 ° b g ~ O ~ ~ ~ ~ y . u r ~ ( b e ~ ~ t o ( b ~ m l t . d - ~ m t . r , n l ~  
rltlmrtbr mtellltu d tbir ope- cosrtnalntm. A h  thlm dlmt mrthat d @nM 
~ U I n n d a e m o o S p r o v ~ ~ h e ~ m u s u ~ ~ n  I#nodUmaWrdrtr mob 
u ~ ~ r d . t . ~ .  F o r t h e # e a ~ ~ ,  a ~ d l & ~ 1 . ~ . O b u l n -  
terpolatbn from a mrthsmntld model of tbe geold ar popotmtlil mwt be wed. 

h ~ d  .ndhcagU ( 1 8 8 8 ) ~ p o ~ d ,  .oms-lmodebue 
more -Wa t o w  alUmetw problem h~ otba. The rltimnsr prdtbm I# 
L r e d d f n s d u ( b e ~ m ~ ( D C ) d m o d J ~ r t o ~ t b e  
~ o t ~ m a r u ~ r e m L b u r L ,  d t b e a h e @ K m t ~ ~ ~  
b ~ f m ~ ~ m o d e l .  lhetothoplob.l~ot~mpbrb.lbus3aolor8 
t t i ~  ~ r p b r l c r l h a r m m l o ~ b o m d l r t  b ~ m p ~ f o r ~ r h y 1 ~ b y  
1 ° ~ l d ~ l ~ U u ~ k b n o o ~ d l r t r l b r D d m d ~ ~ . L t l m r t . r  
data. -rn d nroh a model to thlr problarn aou!d rrgulrm laverrlm of 8 n o r ? ~ I  
mrtrlndlrnrr88,761toprlormaDContbehrmorloW~tr .  l b l r ~ ~  
w a r L d p o u ~ o e n H o o t l n m r a o ~ ~ M l e B . t . ~ . p n b L M i o r m o t b r k r p r t  
oomputerr. A pornfbb roluthn b the utllhtbn of a geopatonthl model cauprbbg 





Flgnre lb: -rtc Polyrmm~ of &gme 0 

F b r e  lc: T-c Sample Punctha of Degree 2 

F@re 1. Sample F'uncUm AppUcstfm Example 
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~ 2 ~ c b ~ t o b d I r l ~ ~ ~ d t h e s e h r o  
algorithms as appllad to tbe lltrmrtar pmbkm. 

~ S p ~ a d ~ I a n d t h e ~ f a D c u a n ~ r d * ~  
d ~ ~ o f t b s g n q r l e ~ r b l e b l o ~ t o ~ ~ ~ ~ r t t h m 1 .  
A a ~ ~ d t h e e m u ~ L n ~ m d t l m e o r r r m m J r L b  
algorithm 1 L also presented. 

F&mlta d mumrlCPI sImulaU00 t e a  us@ both a@r&ms are dbcussed .nd 
~ormparsd~8sctb05 .  

l o t h l s p a p e r b o t b ~ a r e ~  h ~ s ~ d t h e ~ r  
pmbbmudtbirpadommmm b u n n p n m d a l ( b a r ( a ~ ~ l n g ~ ~  
PULmetsrdata. T h e m o s t ~ c r l t s r f m f o r ~ t l t e s e ~ ~  
~ n t o d a . 1 o o ~ b ~ o n t b s ~ m r h c e .  ~ l o t b ~ t & t  
b ~ ( b l t b s ~ ~ * ~ ) b y t b s . I t l w r * a d l t b r 6 a d l l y ~  
 panmet met err. T ~ . ~ ~ M ~ L ~ ~  
a d- p&enw T . Thlwgb Bnm-a formula. (~~ a d  mritx (ls6.1)). 
Wm lwdels tpacmta a c o r r e ~ l n g  model d geotd be-. To coaqwe 
the madel dgorIthm. it la pmpor#l to: (1) generate shdated dUmater daW a a r  8 

p m d e t e r m l m d ~ ~ .  ~ ~ c d ( D B Q ( d * i l l b ~ s o 8 s t O n p ~  
. c Q a l ~ r c M . d ~ o v e r a r a l l o e p l ( l e o l d ;  (8)1me&le8lmdated.ttlm- 
e W r c M . t o d I O [ d ~ c o n v c t t h e d ~ d t h e ~ B a c t t o o s a D p d P o t W  
m o d e l r i . ~ ~ r a h m s P l d ~ e t ~ ~ ~ ~ l d ~ ;  ad@)ooslp- 

plrscb~Ybs~dth~rb.ad.rdgeoldrltbtlmoealeoLOBdbythemodddgo- 
rttbms. ~ ~ ~ ~ ~ d ~ t n ~ ~ b s ~ ~ ~  
~ g e o l d a d t b b e c n h t e d ~ b a ~ m d t h e ~ o f t b e ~ r l t h m  
~ L n ~ ~ ~ ~ m f r o m a l U m e t e r d a t n .  Webavede- 
rhed the attlmeter mtdpnl M 

Prom Brossn, (l972) the ve* relattoa betwemu dtllude and gald cmdulotloo L 

Tbereiore we may replace the altitude mldpnl by aa mduhtlon ceaidupl 

aammbthtAm~-iif amdimear. T I U E ~ U S ~ ~ ~  -AN ~n 
coldtrtoo eqmtbm, maktng rmneces~cug tbe 8 ~ 0 0  d tRe ratelUte p k l a  lor 
g e o p o h w  model te*. 



Geold um&htlm o r  geold helgM renkhda AN are canatmeted by aubtrcrdlng a 
calculated w i d  be* I- sfrrmlUed obserred lpebdd helgbt at a paNcular po- A 
ntadmd -Id apeelfled by a table of mid belghtn w l l l  be ueed ae the simulated ab- 
s e n d  geold belghts. Caleo)abed geofd befghte wlll  be sero Jl l l twv. 

Tbe choees -rd gaoM b d e M  frolo -e -- Eompl)ed 
b y t b e ~ a t l m a l ~ s o d a t l e ~ . ~  T b l o g e o l f J b s p e e I f f e d b ~ a ~ O f g e ~ ~ h e @ ~  
at certab loc ~tim (latuude and longitade) on the 163- el4woid- 

The stPadnrd geoM serves an a standard for oomplriMll of fff of the popobkial 
models d lleo ru, a hsb for slnuhchg the o b e e d  altthuiea @wid unchbU008). 
The slmuin08d observatlme are ganerated by adopt@ th6 standard wid vabs 6th- 
out rnodlficatlm. 

The condition equatl- formation thtre d e d ,  normal equations are formed and 
solved Pod a new w i d  b calculaOed from the sdju!d -al eoefficlenta at the 
standard gedd pobt Ilofatiauur. The R N S  value of the g d d  helght dMe-8 a t  tbese 
polcrte. after adjusted coeffklent values b v e  -verged? shall be the primary crl terh 
of the comparison. Both d l d a t e  sazqle fuoctta~ a~~ e l d l  be flt to tha smnd- 
ard geokl by the above pnmdure. Co~sideratboa d the compter  & proeeMor 
mIt (CPU) Ume d in&outplt (I/O) tlme reqnlred shall be lmporcant factors lo the 
cornparhum. however. 

The performnnoe d the ~~ wlll  be mmpnred at vnrkm level6 of M I .  
1.e.. for vanate degreeo of model expmsims. The mtcllmum level d detd  teared 
will cormipacd to 25.'1° by =.'I0 6quare elements m the surfam of lke gfobe aad the 
maxknum level of aletau will correspond to 1.4' by 1 .4~  squan, ekmenta. 

5. SAMPLE FUNCTKlN CEOPOTENTIAL MODELS - AI.GORITHM 1 

To cmdruct  the sp11lple hctiasw Lo tennu of spberlcal bpnnollles. m e  must 
evahrote the mat* d traadormattar w e f f i c ~ t s  [CT' of -on (2). ~ h i a  may 
be done in ssperal ways. We may slmply numerienlly evaloPte and Invert tbe LC] 
matrix. Equatlm (3). pnrrtlded tbat the chosen sample polnts el. A:) do w t  render 
this matrix slngukr. Wblle atraIgWonvard. this method b dlffIcult to Implement ae 
N Increases. For N = 180 . correspmdtng to an empasloo capable of modeltng lo 
by lo geoId detaU. tbe matrix [c? Is of rank 32.761 and Ie m r t a b l e  only by 
laborlous partitlorhug methods. 

Amther way to Implement tbe  formation Equation (2) Is to trsnsfonn the 
spherld barmonlcs to a net of RmcttoDa which an, orthonormal h rummstlm over 
the sample potate. Thea the new tranaformatlm matrix [ D] becomes orthogonal 
aod 

Lundqulst and Glncaglla (1969) suggest ImplemenUug #Is tmrformatlon by Gram- 
.Schmidt ortbogoaalleatlon w e r  the ehoaen set of sample polnts. Thls method. which 
fnvolws a good deal of computer tlme tor hlgber N vdues. Is the method currently 
used tn sample htoctlon-spherical harmonlc tranaformatlons. 

Of crmrne, I the set of sample nn be i d  for whlch the spherlcd bar- 
mmlcs are  orthonormal In summation, then we may wrlte for the traadonnatlon 
equation 

where [c] 1s @van by EquaUon (4). 



A t t h e p ~ t t m e t L e ~ ~ b r w h ( a h t h e r g b e M h u o l m l o o a r e o l t a o -  
goml am rmlmoam for degme N w r  tben 1. For blgher degree modelm. spbrlanl 
~ c - l l k e n n p l e ~ ~ ~ b y t L e ~ - B e b m l d t ~ m a s e t  
d a s . o d e ~ d ~ ~ o p e r t B 8 g I o b e a e c o r d f n g t o ~ ( l p d  
clamgua'a 196 dwrumma rule. 

a la the equatorhl cadi118 of tbe reference e&mold 

bern pre the dlffermcea bet.reca tbe d Eoaflicleut~ of tbe gravity field 
model and the refercam fleld model 

fce hl 56. Z = [ D I ' [ E I ( ~ ~  

+re [DJ letbaorSb@mstrixofvectors [E] (lP@, A).?@, AJT edmtedpt 
the porn  nod [ E l  le the mot* o b u d  from Gmm-Schmidt ortboeolpllra- 
tho d tbe apherhl  barmoalfs. RssritfllO Equatlao (l6) In .ecLor form MKI ~~- 
fng the Inverse of EcptIm t l 7  I we Re for the dts0urblng potentM fn sample fmctbs 

where f . the vector of eample function coeffictpnts, is given by 

Fatlorlag*hewbBm(1978)..Bbp-rlth-@)ud 
(10). we &tala a dlagad normal metrtx crblch may be solved for adplltmemta to the 
eample fflnctloo geopotsn#sl d l e l e  an 



m ~ d t b l 8 d ~ ~ u e ~ I n T a b I e l .  'mecmm&nts 
~ i r o m t l m a ~ n b M m o d e l ~ r e p r e & t n ~ d ~ ~ I l r ~  
-dtlmeampb-urp. T B e d l t l e ~ ~ t o m m l ~  
I.ebolofortbs.oLrCLaadtlmiClllMmtrLt(-gsdfeolle-)ardbor 
~ r p l t D b m ~ d t l m ~ d t h e d t . s m e l e o w P l ~ ( ~ ~ O l l r ( s t a -  
time). TbsEasctadjlumenb. 1.9.. ~ f c a m ~ h e m d * f l I l l n o d  
matrh baw an average of -2.8Brn with a etaudard d w h t h  d 30.607~1. 

Pnnu tbomtid -(P d thma aatbtica, (sawn (1974)). a amrrt cam 
~ e f i o r d 4 1 . 8 B n r l a ~ r b e n t b o m d m P t r l a b d ~ .  T b  
RMSdbv(nt lo lroft lmd~arJmalmatrIxadjwtmer&fromtbeoorrectud~ 
was u.93m~~tbenrrtft4rrtkm,&'oppe(o1~mlatbeftosl1terntloO. ~ b b  
1 . a ~ c a n t ~ w e U ~ t l m p r e d ~ m u t n r m n e r r o r .  Thead-tafromtb 
t 9 1 l w r m s l m a t r i x 6 o i o u o n ~ c m r s f t a d ~ ) r e m w e d t o ~ g e o t d  
b~.ttbedot.@t9atbedm~betaeglwtrPblB.dtbsob*,md.ts 
L.4.96mRMS. T B e ~ r e r t d u a l ~ a U c f m m t l m ~ & d t l a s  
d ~ ~ r b r 8 o ~ I 8 9 . t i b r r r i t M a  T b M d ~ d t b b e n o r m a l m o t r l x  
resulted la an (ncmaae of RMS error of fII of about 108 percent. 

Table 1. sample mctton CoetrIcl~ - 
h a c t h  A Prlorl 

No. Value - - 
Mftutment 
u- ml 

N o d  MS~TIX 

47.16 
41.68 
38.01 
42.32 
32.90 

Ibrcltlm Iteration Rerattaa 
No. 1 No. 6 No. 11 --- 
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gpmpl. 
Function APriorl UabgEhl l  

No. Value No. 1 No. 5 No. 11 - - 7 - - 
16 -16.97 26.54 24.94 19.99 19.99 
17 38.68 7.69 13. SB 8.16 8.11 
18 0.80 9.91 20.42 8.20 8.1'1 

4. SAMPLE FUNCTION GWPOTENTfAL MODELS - ALGORITHM 2 

AWrEthm 2 rep- a mbkmt ld  dmpliflcntkm of the sample hmctIan DC 
~ m L l s .  of m& mefflcfents (as- &em a prlorl valwt le merely 
i p-8s form& tbe average v a b ~ ~  of the geoiti ~ g h t e  eieornpaesed by the w p l e  
region. That io. by analogy 6 -08 (80). 

where the geocentric tadtun to the data poiat0 hm been Bet to the comtmt value a . 
the c~quntorlpl rsdlna of the refexence surface. Tbls valne AC, b mcrlhed to the 
catmid of tbe sample re-. Le.. Uae m l e  padnt. A8 Glaw~lla and Ldqu i s t  
(1972) poiut oat. them coeff~cmt daea  may be t ~ o n w d  by the matrix LC] 
(Eqmth (4)) to oMaln estimstes of the equlvaleat set of spherical harmonic d l -  
clenb. 

Conalderable slmpUfkath also oeeclm In the 4- d pOM blghtr at p o w  
htewedlate to tbe sample polots. GiacagMa and IamdWa (3972) suggeat tbe use of 
tbe ephertcal trample fuction ae an LDterpotatioD functlm h&men usxnple pohte. 
T b ~ ~ ~ ~ n r l t & P t a D a r U c t l l r v e a a m l e m t n t d ~ u l l v a l u e a t a l l  
immediately ad)-t sample points.- Numerlcd s~~ hnve revealed tbs ex- 
letence of more suitable LdemLetloo functlone but Ure appllcatfa, prbc:ple is the same. 
We d w ~ r e  tbe intermediato i m i g ~  va~wa  to ~ t e  oo a rmnooth mrtaci ~II~~II tlm asam- 
ple I&& Is canthaus and preferably dlfferenLLPble a& all potnta In the modeled 
regim. Thlr le tbe chsslcal IoterpolotloDl problem In two dimenslom. However. ae 
mentioned by Janmtua and JtmLlne (1973). the sbndard bterpolatlon tecblques re- 
nult In oawleldy tlnmIom or mmertcal dlfflculues when -led to a large two dlmen- 
r i d  army of cnlaee such u are formed by ~~ 2. To avold tbebese dHIcultles. 
JuokW and J&tb hove developed a seqtleDtiPl averaging method baaed on 
locally valld p0Iywrnl.b W h  yfelds mtb order eaPtlrrultp at tbe bouDdarles of the 
regl0M of vdidlty. Tbey bpoe fo\md that tble lnterpolath method slrproxlmatee 
l d  data in a weighted leaat spllare 6enae: permfto efflclslt dculat4m md direct 
access of Ite detewmlng parameten; L easily utillsed for arbltrarlly large data 
eets; and allowo elgnlficant m m p w t h  of etorege of the Interpolation potynomld 
parameters. 

In Fmn, 3. the proflle of a mquea~ce of n l p r l t h  2 sample functlrm d i c l e n t a  
In OM dlmenotoo L preaentod. To obWn a mooth thnftionrl reprawntation of thls 
mqumce, rm Inteapolatlor, hctlon WX) L ~ r u c t d  ae a welghted average of two 
adjacent sample functlon coef t lc le~.  

The wslghthg functloam are ahown Lo FQnres 3b thm@ Sd. The domnln of a 
*on IoCd polynomfal bct loa  spane tbe domagr of the aesocr td  naolple f u n c t ~  
PI@) and exkmlr to cover half the doamh of the adjoceat spmple functlona. Note that 
the welf~btlng thnctlonn have unlt value at the h e o u o c L o t e d  sample polnt and dllnlnlsh to 
eem at the adjacent sample polnb. The Interpoiatlon curve proflle io shown In 
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Ffgure 3. Local Welghtlng Fu~ction Approach to lnterpolatlon in One Dhansh .  



F w r e  3e. Tb redtlag aume In d, nchlwlng the d u e  of the aeample funetloas 
at the sample plnt cud hevlng mro derivative at the sample point. 

aemembattoa to two d ~ o ~  b obtdmd by formlng the product d the wenreigbt- 
lng functions in enoh of two orthogonal dlrecttons. 

6. COMPARIBOW OF &AMPLE FUNCTION ALGORITHMS 

In thb aeotlm ttm msulto of numerld s l m ~  d the m r  problem a m  
pre@ and compared for the two sample functlon model algorithms. 

Computer slmulrrtloos of the abillty d tb apherpbsrical humoolc sample hwtlon 
model to recover tb he ~ l d  were d u c t e d  for degree6 I, 9, l2. nod 16 uelng 
algmithm 1, dkgmPLlmtloe of the normal mcrtrln. Tbe slmalatian reAlltr am sboan 
InTable8. TbeRMBerrordfltlotbortrod.ldpMb~trw~sbaveenl.lBm 
and 1.591~ and mema lo bear no laUomehlp to the degree of the expamlon. 81na, 

the 8taDdard gsold area La mlg m0 by Lo sUe. tbeee relatively low order moddm 
do not rspreaent tb fine details of the atandad geold. Tim nu.n ephertal arc db- 
t . n o e b e t r e e o p d j d s u n p l e p t n t r I n t h e t e r t ~ I r 8 1 . 8 8 ~ f o r  N - I  ad 
lS.~5Ofor Nm15. BecaumdUlir. s ~ r h W I i n t b b e L o a d t h e d ~ ~ ~  
r e L a t i r e b t h e ~ g e o l d d p t p ~ ~ p l y e L P ~ c ~ i n t h e q r u l l t y d t b m o d e l  
fLt. ~ r n a y ~ I n t h e r b ~ d a p e t t e r o o f ~ m l n g L ( H 8 e m r m  N In- 
c r s u u .  At N = 16 we llee ale0 the efteat of numericat Inafablllty due to the &am- 
&bmldt process. 

Table 2. Atgorlthm 1 Teat Redta 

-8PmplB 
Point m l n g  RMS Error 

( d a b  of FIt (m) 

I Zl. 28 5.24 

9 24. T I  1. 19 

18 19.10 1.99 

16 16. SB 7.69 

38 

180 

Computer ~Ime'  Number 
Used Per d 

lteratlms lteratlon ( W C )  

Extenelam of there cilmulatlon tmta to blgher degree La n& prnctlttaal at tb@ Ume 
due to the prohibitive amaur~ta of computer tln:~ iequlred. Ar the degree of the model 
N increaae8, tbo computer time (CPU plum 1/0) needed to converge to a rolutfoa in- 
c m  drnnutl* Tba computer tlmer in Table 8 ace oboewed to b c m e  pm- 
potuomUto ( N + l )  . ~ I r ~ r ~ t h e r m m b e r o f m a d e l t e r m r b  ( N + I ) ~  
andtbnnmberoftermeIn~normelm(LtrlxIr ( N + I $ .  'Iteol~~rvedpraportbm- 
nllty hnn been exteaded In Table 8 to &in running tlme eatlmater for canes N = 96 
and N = 180 . 
6.8 Sample Fuoctla, Modd Teat - Algorithm Z 

The umple ful&lm dgorltbm 8 nu rmplopd to flt the t w o - d ~ l m ~ I  rtmd.rd 
geold uslog a aquare p l d  of rample reglono. mngbg in s h e  betweea 21.8 ad 1.4 a~ 



T b ~ b ~ d ~ l e s l r ~ ~ ~ ~ ~ ~ @ l ) t r r ~ -  
-4. A n & ~ m b ~ ~ ~ r r m p l . p o ~ t r ~ ( b . o r l b e d O ~ -  
Uoa 4 In order to  obtain a smooth mocbl auhe. Tb m d t a  d then rtmahted 
g e o l d r e ~ o v r r y a u w a r o r ~ O W 3 .  ~ a n a l l a m a m t d c a m p u t e r r e -  
wumcu required for am put at la^ d tbsm model wmfflabnt. complrd to tba W r C  
calbummlcmmplefmctlondlclenb.Ilarrmode~d~r5.nlud~to 
much higher d a d .  %'be nuxlmuan detail (mintmum ama) repre& L. about 1.4' 
by1.4°curd-r ~ t e f f r p p r o r d m a t s l y t o ~  N-196. Thefitoftbe 
~ ~ r n o d e l ~  4 '  ~ t o t b s ~ ~ d I a 7 4 c m .  RMSh(1!bcue(m 
FLgure 4). Tb fft a. r an the degree decreanea pbg from 0.74m to 6.74 BNEB an 
N decreacm from 188 w . 

Table 3. Algorllhm 2 Teat Iteadtm 

Computer TLmo 
RMS Error U d  Per 
O f P i t r n ~  n4tatlon(aac) 

Number 
d 

tteratloM - 

Ltbecuea No60 .ed N = U S . t h e q l n n t ~ d t b s ~ p O I d ~ ~  
~ n b ~ r e g i o n n r e a u l t e d ~ m r ; l l u m p l e ~ ~ h ~ ~ ~ ~ .  To 
remedy thin problem, a rlmple tee)mllue for ea thn tbg  o r  extrrpo- a d W  for 
the b a h t  d the empty r @ o ~  WM wad. If them re%ollll were left dm. 
the fft woraenr to  .88m for the cane N n 186 . 

Wlpd.tlmrl~bua~ry&ctrntbeRLbI)errordfitwbg.teor~ 2. 
For sxomple, wlt4out InterpolatioD, tbe tit degrader to 1. lam for N = 188 . 

C o o a p u l r m d ~ h r p b s ~ ~ r . m p L h o t l o o . L g o r ~ L o b m d  
a c a ~ r ~ s ) . o d f f t d t b ~ g a o l d L . d ~ l l o u l t .  ~ c t i o n d t b e ~ r l a n l h u -  
m r m c r a n p l e ~ o o ~ l ~ . I g o r t l h m  l f o r d ~ u m y l e ~ r l s e r ~ r  
t b p D 1 5 b U 1 r c ~ I r L m p M U c o t d u e t o t b e ~ l m o o r t d ~ r t l m e o o m  
d. F o r l a ~ r r a m p l e r e g l o n ~ .  tbelwulLi laroamb~daetodata 
d l r t r l b u t t o o - r c r m p l e ~ l o c a t l o n ~ t l r h l c h o c c o t w l m t b e ~ b c e U r l s e  
r p p m b r U d t b e r h o f o t W d p t . ( - 8 0 b y Z O ~ r r d - r ) .  Thew 
fltwUbalprMuulL.1.7BmBIdBfordegres N-B a n d a m e a m u m p & p o l a t ~ b g  
oflbout24.77arcdeg~rm. T h l r c o m p a r e a ~ t o t b e o u e  N - 0  Indgo-Wun2 
~amsanumpbpobnt.p~&d81.78~~~RU8orrmdfftob6.74m~ 
T h u r m s ~ a o a c l u d e t b r t t I m . L g o r l t b m 1 u m p l e ~ r n m o d e l  batper lor to  
W r W m 2 .  ~ f o r o n r ~ t b e ~ r t ~ , ~ m r r y ~ a r o l u t l m I n ~ -  
rUhm2wblab~mUerdotPllroltbrtrrdudpOIdandrltbrnRMBerrrrd 
74 cm. In pnotlce, by Lnot.ulng model dogma N , tbl, 8lg0Mu~ cxm N-r tbe 
r e d t a  d Pfilorltbm 1 In acovnog wltb I l W  or  m Incmue Lo tort to amputa. 
Purtbeimore it h u  bwa propcm f e u i b b  md prorttocil to mmtntot a UghIy detalkd 
(1.4' by 1.44 local goold md gaaptmtlrl model by p m l n g  PULmrter dam ~ r b g  
&orBb 2. At proreat thlr L. not pmatlul wlog dgorltbm 1. Thw for tba fo rm-  
able &&re W r l t h m  2 Ia reownmslded lor m o w r i n g  ge~apdsllSL.l and geold Moimr- 
Urn from aa td l te  dtlmoter data. -loll of thlr modolfly *ecWqw to a .global 
geold Ia elementary. Elma tbs rample fmaUone aro orthogonal, rered .l gemW 
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 re 4. &lutlon Map for Algorithm 2 (N 125). 

ORIGINAL PAGE I8 
OF POOR QUAtpry; 



BROWN 

mc + ':. m y  be adjolned at  thelr common boudarlee to form Larger. perhaps global, 
gem.: : ..dels. 
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The aotms BopLilts m i w r s i t y  

? lid mylBiC6 mborrtory 
i l v e r  Spring. *.ryland 

A smtem is psopasad to megare the  *flection f t b e  
w r t i n l ( m )  a t  sea. % e a r t h  s a t e l l i t a r  a r e  3. -rated 
5 y  about tm i n  the same, near-pobr o r b i t .  h h  carries a 
rrd.r altimeter. A 3 g h  ~ t e l l i t e - U t e l l i t e  doppler l i n k  
connects t h e  t w o  ertellitss. Ey sub t rac t ing  eogcepti.6 readings 
of the a l t ime te r  i n  ooe srtellite. t h e  O W  rmpoaaot  along the 
s a t e l l i t e ' s  groumd tn& is determined. h e  to t& ea r tb ' s  
rotatima, t h e  satellite groaad tmch a r e  separated by abas t  14 
b: tbna b m b t n c t i n g  t h e  a l t ime te r  re8di- i n  one satellite 
from tbocM i n  t h e  o ther ,  t b s  W mmpomnt tb gmaed 
t e  L. f m .  St- 811 a l t i w t e r  m a d i m  diff-, 
oa ly  p f e c i s i  ... oot  absolute  acconcf  of  .Itit& m e u m r a e n t  &a 
remired. S8tellite o r b i t s  i n t eg r8 te  high f r eqwacy  -tic 
e f f e c t s ;  tbese a r e  h ighly  correlated betmeen aod slang t h e  s a t e l -  
lite orbits. and introduce little e m .  T4te s a t e l l i t e - t o -  
satellite l i n k  pror ides  the n e c e ~ a r y  inf-tion to w v e  
hisses. Detailed s t d y  of  the  e f f e c t s  of geodesy, trrcLimg, and 
otber errors ind ica t e  t h a t  it is f e a s i b l e  to cover t b e  r o r l d  
oceans i n  3 t o  6 months; measuring the  O(11 to an aecrtncy of 4 to 
4 a r c  see a t  points  m a 10 t o  15 b m i d .  A s a t e l l i t e  a l t ime te r  
c a p b l e  of 10 cm precis ion is required and is docmented i n  a 
report by M8eArthur (1973). 

The Applied Pbysiar laboratory ,  spomored by the navy Sprce 
Projects  Off ice  (PI-16) hrs s tud ied  the  use of sa t e l l i t e -bo rne  
a l t ime te r s  i n  messuriug t b e  mll scale s t r u c t u r e  o f  t h e  geoid. 
1n p . r t i co la r ,  to determine t h e i r  f e m i b i l i t y  i n  docameoting the  
de f l ec t ion  of  the vertif.1 (DOIT) i n  b m d  ocean are88. This 
p8per is a spll tbasis of  t he  de ta i l ed  r epor t  (APL, 1973) 

?beax a r e  seve ra l  f a c t o r s  which b v e  w t i v a t e d  i n t e r e s t  i n  
the  use of  sa t e l l i t e -bo rne  m d a r  a l t ime te r s .  

P i r e t ,  a l l  evidence ind ica t e s  t h 8 t  mean sea level (IsL) is 
r very close a p p r o x i n t i o a  to the  geoid: a m r f a c e  of  canstant  
po ten t i a l  i n  tbe combined g rav i ty  and cen t r i fuga l  f i e l d .  of t he  
ear th .  The larges t  depmrtrirea of m L  f r o l  the geoid a r e  6rae to 
the major ccean currents .  T b  Gulf Stream. one of t h e  strongest 
currents ,  prodocem a 1 l heisht  change over a 100 h dis tance ,  a 
slope of 2 a r c  sec (Sturgus,  1StP). Wind r a t m ,  teunamis. t i d e s  
e tc . ,  cause even s a a l l e r  deviations.  Therefore, de t a i l ed  

i - - ~  This work was supported by the  Wavy Sp8ce Projects Office/Waval 
Blect ronics  Systems Coaand,  Department of t he  loop under Navy 
Contract Ii00017-72-C-4401. 



infoamation on tbe s h g e  of the sea -face rill greatly m h n e c  
knowledge of the eartb.8 gravity field. 

A sPcood factor is the currwnt status of satellite gcsmkey. 
m i c  satellite geodesy b.s Been a hQhly successful techique. 
Wbeo the first satellites rere launched. errore in deterriniw 
the position of the satellite rere of the order of a kilometer. 
With models of the gravity field thlt are mow availrble, the 
errors are (am the order of) 10 rters. Since, baever. a satel- 
lite's vtlon is very insiem8iti.e to the small scale features of 
the earth's gravity field. the existing gravity -1s reflect 
features rith a scale of 1000 kiloleters or larger. Po a-nt 
the current lodele and reflect in t h  tbe -11 (10 b) scale 
structure. oer measurement techoiqoes are required. 

Since satellite-borne altimeters are capable of resolvillg 
features OP tbe order of tenssf-lilaeters over the broad ocean 
areas. tbey praise to yield sipificant improvement in our 
-1-e of t k  earth's gravity field. A u J o r  challenge has 
been the design of a radar altireter tbat could provide the net- 
essary precision. Surprisingly. rithin tbe current statesf-the- 
art in hardware dewelopent. this now s- feasible. SbcArtbur 
(1973) and Goldfi~er (1973) present and analyze the design of 
a l+cr ptecisioo altimeter. 

T!m most precise ray of using tbe altimeter data is in c a -  
putt- the deflectlop of the tertical. a n y  of tbe error sources 
are straagly correlated betreen amsecutiwe measurements; ttum 
tbeir net effect is coasiderably reduced in computing the surface 
slope. 

The 009 is defined as the angle subtellded by a) the normal 
to the geoid and b) the normal to a reference ellipsoid at the 
point of intersectiom on the geoid surface. This angle, at any 
point. can be represented by two independent capooents; usually 
taken as the deflections in the wrth-south and in the east-t 
directions. Ilowever, re can start by finding the deflectioam in 
any two independent directloas and subsequently resolving them 
into the north-south and east-t caponents. In studying the 
use of satellite altimetry, it is convenient to take the tro 
directions as the "along-track" amd"cross-track" directions, 
respectively. The along-track component is reasured along the 
direction in which the sub-satellite poiqt is moving on the sur- 
face of the earth. and the cross-track component Is measured in 
the perpendicular direct ion. 

The orbital motion of the satellite supplies the borieantal 
displacement needed for finding the along-track component, but 
some independent r . must be found for finding the cross-track 
component. 

In the GBW Program (NASA, 1973) this will be accoaplished 
by lacing the satellite into an orbit rith an inclinatioc of 
11~g. Thus, the intersections of north-westerly transits rith 
south-rosterly translts will provide the two necessary indepen- 
dent measurements needed to define the DOV. 

This method is straightforward. but it requires that the 
altimeter continue to work in orbit for a long period of time. 
llore seriously, cwplete reliance on the results obtained by a 
single satellite is required. The limited redundancy in the 
technique leaves much to be desired. 



A method (Black. 197%) that overeaee these disadvantages is 
based upon the use of two identical satellites that are placed 
into the same orbit (Figure 1). Each of the two satellites would 
contain the following instrumentation: 

1. A radar altimeter. 

2. Deta storage with tele-try readout ooer selected sites. 

3. Doppler baa- to permit tracking by means of the 
PBAUET tracking system, 

4. A satellite-to-satellite link to permit each satellite 
to measure tbe Doppler shift of the radiation f r a  the 
other satellite. 

5. La-level thrusting instruentation to make minor 
adjustaents in the along-orbit position. 

We call this tm-satellite instrument "the Dovimeter" since 
it is quite literally a deflection of the vertical "meter". The 
coron orbit would have an inclination of about 70°. This 
permits covering all open-uater areas of the oceans. In the 
ebent that one satellite fails before upping of the entire earth 
is caplete. this inclination allows the single-satellite aethod 
of operation. An orbital altitude of 1000 b does mot impose 
severe w e r  requirements on the altimeter design and is high 
enough such tbat drag effects on the satellite are not a problem. 

Both satellites would be launched on the same vehicle. as 
nearly as possible into the save orbit, except that they would 
be separated along orbit by 200 kilaeters (30 seconds in time). 
This separatiocl distance is not critical and needs only rough 
control to keep it within acceptable bounds. Whatever the 
spacing, it will be carefully monitored using th* tracking data. 
This satellite configuration is shorn in Figure 2 as viewed by 
an observer on the earth. 

As satellite 1. the lead satellite, moves around the earth, 
its sub-satellite point traces out the line CD on the surface of 
a reference ellipsoid that approximates the earth. Satellite 2, 
the trailing satellite. is in the saae orbit as seen from space. 
Rowever. by the time it reaches the point ana'logous to C. the 
earth has rotated by a small aaount. Thus, the sub-satellite 
track of satellite 2 is displaced westward from CD, to AB. the 
line BC is a cross-track line between the satellites. With an 
in-plane separation distance of 200 kilometers, the maximum east- 
west distance between the two satellite subtracks will be 14 kil- 
ometers at the equator. 

The deflection angles would be computed in two different 
ways. 

First, a polynoaial fit to each one-second span of altitude 
data f n m  each satellite would be perfolred. This computation 
could be done on the satellite and only the fitted parametem 
saved for transmission at s o w  later time. This would greatly 
reduce the storage requirements needed by each satellite and 
simplify the logistics of transmitting the data back to earth. 

The along-track slope detemined by this fit will not be 
affected by any constant bias in the radar altimeter. The two 
major error sources are the differential satellite altitude 
errors over the data span and the altimeter measurement noise. 
Because of the relative geometry, estellite along-track and cross- 
track errors do not have a significant effect on the slope deter- 
mination. In co-ter simulations that we have performed. 



satellite ephemeride6 were generated which comtained RRS errors 
of 40 raters. TIm differential altitude errors over 1 s e c d  
time intervals in the e-ris of each satellite had an PLS 
amplitude of 1.5 cm. This would cause an error in the DOV of 
less than 0.9 arc see (see Appendix for details). 

To eolplte the cross-track capooent of the W V  we use those 
height r a a s u m t s  between satellites rhen both occupy 
(approximately) the sole argument of latitude om the same orbital 
revolution. 

Tbe success of this slope determination depends on several 
factors: 

The aoeorrelated geodesy error between the two satellite 
epbPlerides computed for the same arguments of latitude. This 
error depends oa tbe u p i t u d e  of the geodesy errors in each 
ephemeris and on the in-plane separation distance between the 
two satellites. It is also important, when determining the 
orbits of both satellites, that a "eap~tible" set of initial 
conditions be found. For example. if the grand-based Doppler 
data obtained from one of the satellites contained errors tbat 
are uncorrelated with tbose obtained f r a  the other satellite: 
this could introduce uncorrelated orbital frequency errors in 
the ho epmrides. To minimize this effect. the satellite-to- 
satellite Doppler data would be processed together rith tbe 
ground-based tracking data in a simultaneous deteIniluti0n of 
both satellite orbits. This technique will highly correlate the 
errors in two ephemerides. 

A comparison of the two generated orbits containing 40 meter 
llYS errors. showed that the differential errors had an BIO ampli- 
tude of 16 a. This was further reduced to 10 cm by applying 
short-arc tracking techniques to the differential altiaeter 
measurerents. This is equivalent to a 1.4 arc-sec error in 
computing the cross-track component of the MW. The si.n;lations 
also showed that differences of 100-150 meters in the mean orbit- 
al planes of the t w o  satellites did not have a significant effect 
on the size of thase errors. 

We emphasize that those results are based on BUS orbital 
errors of 40 meters, a highly conservative number. It is reason- 
able to assume that, if necessary, using data from these satel- 
lites, current gravity models could be improved to provide 10-20 
meter tracking capability. This implies that we could expect a 
factor of two reduction in the size of the sarellite errors. 

Finally, in utilizing the height measurements between satel- 
lites. we must be able to eliminate any relative bias or drift 
between the two altiwters. This can be acamplished via a 
linear least-squares fit to the differential altitude data over 
clewera1 orbital revolutions. If there is no bias then the avzr- 
age value should reflect the difference in the w a n  semi-major 
axes of both satellites. All other contributing effects should 
have a zero mean. An accurate confirmation of this is provided 
by the satellite-todatellite data: Over a -parable time 
interval this data provides an accurate measure of the difference 
in the w a n  periods of the satellites. The period difference 
can be used to infer an independent determination of the differ- 
ence in the mean semi-major axes. 

Thus. the Doviaeter gives both components of the deflection 
for any part of the ocean that the satellite pair passea over. 
In addition, since the orbits are not polar. if the altieeters 
continue to operate, each satellite ultimately Elves both com- 
ponents, as in the GXBS approach. Rowever, in the time that a 
single satellite needs to achieve a particular amount of coverage, 
the satellite pair rill give three independent measurerents of 
each component. It will also provide more data and cross checks 



than will t w o  satellites operating independently. Finally. the 
tro_different lethods that are involved in finding the capoeents 
are smerhar independent; thus re may infer the accuracy of the 
results with considerable confidence. 
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ERROR ANALYSIS OF DOV YBASUBEMERT 

Rotation -- 
rs,~s,is - inertial radius, latitude. and longitude, 

respectively. of the satellite 

Hs,Ls,Cs - satellite ephemeris errors in altitude, along- 
track. and cross-track, respectively 

re,Wc,Ac - geocentric radius, latitude, and longitude of a 
point on the reference ellipsoid 

ae,fe - semi-major axis, and flattening of the reference 
ellipsoid 

- geocentric radius, and latitude of a point on 
the geoid 

'Dc - geodetic latitude of re 

h - altitude of satellite above geoid 
C - Rorth-South component of the deflection of the 

vertical 



m - Bast-West component o f  t h e  d e f l e c t i o n  of t h e  
v e r t i c a l  

ha - h e i g h t  of  s a t e l l i t e  above r e f e r e n c e  e l l i p s o i d  

"R 
- g e o i d a l  h e i g h t  r e l a t i v e  t o  r e f e r e n c e  s u r f a c e  

R - d i s t a n c e  a long  r e f e r e n c e  e l l i p s o i d  o v e r  which 
d e f l e c t i o n  a n g l e  is computed 

s 
- s a t e l l i t e  t r u e  anomaly 

The d e f l e c t i o n  of  t h e  v e r t i c a l  can  be computed u s i n g  t h e  
fo l lowing  formula (see Figure  A-1). 

The a l t i t u d e  measurements ob ta ined  from t h e  r a d a r  a l t i m e t e r s  a r e  
g iven  by h l ,  h2 and a s  s h o r n  i n  t ~ ~ e  f i g u r e  w i l l  mt  i n  g e n e r a l  
be measured a long  t h e  perpendicu la r  t o  t h e  r e f e r e n c e  s u r f a c e .  
Bowever, ve can w r i t e  t h a t  

s2 hl-h2 - (hlo-h20) c o s  6  r (hlO-h20) ( 1  - T) 
o r  ( 2 )  

2 (hlo-h20) - (hl-h2) 4 (hl-h2) 2 4 0 ( b4) 

S i n c e  t h e  maximum va lue  t h a t  t h e  DOV a t t a i n s  is about 150 a r c  sec 
then  

bmax 7 . 5  x loa4 r a d  

and i n  t h e  worse c a s e  

hl-h2 5 lo5 cm - 1 ism . 
Therefore  

b2max (hl-h2) 7 5 3 x loe2 cm. 

and t h e  approximation 

hlO-ha0 - h -h 1 2  

r e s u l t s  i n  a  n e g l i g i b l e  e r r o r .  This  approximation is used i n  
Equation (1) .  

The parameter  $ i e  t h e  perpendicu la r  d i s t a n c e  f r o a  t h e  
s a t e l l i t e  t o  t h e  r e f e  ence  s u r f a c e .  Given t h e  s a t e l l i t e ' s  
pos i t ion .  hR is computed a s  ( s e e  s k e t c h  above) 

%2 - rs2+ re2- 2  r s r e c o s  ('P,-(P,) 



w - as + s i n  w S +  + 2 a + - 
e - 5 - 1  (4b) 

rs 

The subtrack distance. R . between eieasureeients is commuted frae 

where 

Performing an error expaasion of Equation (1) we obtain 

The first and third terms on the right-hand side of Equation (6) 
are the result of satellite epheweris errors. The riddle term 
includes the errors associated with the altimeter measurements. 

From Equation (3) we can obtain, with sufficient accuracy 

utilizing Ars f Ifs . 
Also, from Equation (4c) we have 

r 
A(re -r e - aefe sin 2 % l [ ~ ~ s l - ~ s 2  

1 e2 1 
As an upper bound we can write that 

Also 

n s [(L~~-L~ + (cs -C 1 
21'/2 

(10) 
2 1 s2 

Using the above results, the satellite ephemeris errors contri- 
buting to the W V  com~utation can be written as 

In Equation (11) note that 

a,fe sin 2ac - Ib (10-5 (12) 
rs 

therefore the satellite along-track and cross-track errors will 
have an insignificat~t effect on the computed DOV. As is 



intuitively obvious, the satellite altitude errors will have the 
rost direct effect on the DOV errors. The results given in (11) 
are applicable for both the single satellite as well as the inter- 
satellite determinations of the DOV. 

To minimize ephemeris error6 when using the data f n n  a 
single satellite, to compute deflection angles, only consecutive 
measurements are used. Thus the determinations are subjected 
only to the time rate-of-change of the errors between measurements 
which are at a wee-per-second data rate. Similarly, mlnt.ua 
differential errors. between satellite ephemerides, are achieved 
when those ephemerides are compared for the ssre argument of lati- 
tude (on the same orbital revolution). Ewever, it is also nec- 
essary that compatible sets of initial conditions be determiaed 
for both satellites. Uncorrelated errors in the doppler data 
w e d  to determine the satellite orbits introduces these latter 
errors. 

To study the magnitude a d  character of the expected satel- 
lite ephemeris errors. two different models of the earth's 
gravity field were used in performing computer simulations. 
Several existing models of the gravity field yield caparable 
tracking accuracies. For these simulations the S W  1969 model 
(Gaposchkin and Lembeck, 1971) and the APL 5.0 model (Yionoulis, 
Beuring and Guier, 1972) were selected since different satellite 
ooostellatiocu and data types mere used in the determination of 
the model coefficients. Tbe SAO 1969 model is complete through 
the 16th degree and order of the potential expansion. with higher 
order resonant coefficients deteraiaed througb deeree 22. The 
A P L  5.0 model has values for the coefficients complete through 
Ill, 111 with additional terms through the 17th degree. 

In the simulations we assumed that the SAO wdel represented 
the "real" gravity field of the earth. Two 1 1/2 day ephemerides 
were generated with this model to represent the "true" orbits of 
each of the two satellites. Initially, both satellites were 
placed in the same mean orbital plane with an in-plane separation 
distance of 210 km. The true ephemerides were in turn used to 
generate doppler data for the TRAlDET system of tracking stations 
over the 1 1/2 day span. This doppler data for each satellite 
was then processed by our Orbit Determination Computer Program 
(ODP) to obtain "tracked" ephemerides using the APL 5.0 gravity 
model. The data spans contained 68 transits at 13 different 
stattons. The total BUS error after fitting to the data was 38 
meters. The "true" ephemerides were then compared with the 
tracked ephemerides, based on the Am. 5.0 model, for both satel- 
lites and the differences in position and velocity in the H L C - 
space were computed. The unit vectors associated with thisssBa$e 
are defined as 

-s bf la; .'.I 



hs s t a t e d  e a r l i e r .  f o r  the s i n g l e  s a t e l l i t e  determinations 
of t he  DOV t h e  s a t e l l i t e  error equation, (11) can he w r i t t e n  a s  

where A t  - I sec.  The ephemeris c a p a r i s o n s  yielded a maximum 
a l t i t u d e  veloci ty  e r r o r ,  U , of 4 cm/sec with  an tUS value of 
1 .S a / s e c .  Thus f o r  R 2 6 . 4  x 105 o t he  r e su l t an t  maximum and 
BP8 e r r o r  i n  the  DOV is 1.25 and -47 a r c  sec ,  respect ively .  

To determine t h e  ex ten t  t o  which t h e  e r r o m  w i l l  be corre- 
l a t e d  between s a t e l l i t e s ,  t he  poe i t ion  errors generated above for 
each s a t e l l i t e  were then compared a t  t h e  same argument of  l a t i -  
tude. The e f f e c t s  of along-track and cross-track e r ro ru  were 
again negl ig ible .  Rowever. t h e  a l t i t u d e  d i f f e rences  had an RMS 
of 16 cm which r e su l t ed  i n  an BY8 DOV e r r o r  of 2.4 a r c  sec .  

lVmae r e s u l t s  were obtained wi th  both s a t e l l i t e s  i n  t h e  same 
mean o r b i t a l  plane. To test t h e  s e n s i t i v i t y  of the e r r o r s  t o  
t h i s  assumption, t h e  above computer runs were repeated with d i f -  
ferences i n  t h e  mean kepler  elements of both s a t e l l i t e s  of 100- 
150 wters, with  t h e  exception of 5 , t h e  w a n  semi-major axis.  
(Since T d i r e c t l y  a f f e c t s  t h e  s a t e l l i t e  period and thus  t h e  r e l a -  
t i v e  in-plane phase of t he  two s a t e l l i t e s ,  it w i l l  be des i r ab le  
t o  keep t h i s  d i f f e rence  small .  Because of t h e  r e l a t ionsh ip  
between the  T and the  per iod,  maintaining small  d i f ferencen i n  
these elements should be e a s i l y  accoaplished.) A s  was expected, 
these  changes did  not have an appreciable  e f f e c t  on the  f i n a l  
answers. 

Not included i n  the  above r e s u l t s  a r e  t h e  con t r ibu t ions  from 
uncorrelated e r r o r s  i n  the  i n i t i a l  condi t ions  of t h e  two s a t e l -  
lites. There a r e  seve ra l  ways i n  which tbese  e r r o r s  can be e l i m -  
inated. S a t e l l i t e - t o - s a t e l l i t e  doppler measurements can be pro- 
cessed together  with t h e  ground t racking da ta  t o  so lve  simultane- 
ously f o r  the  i n i t i a l  condi t ions  of both s a t e l l i t e s .  This data  
w i l l  s e rve  a s  a very s t rong  cons t r a in t  between the  two s a t e l l i t e  
o r b i t s .  

To f u r t h e r  minimize t h e  uncorre la ted  s a t e l l i t e  o r b i t  e r r o r s ,  
t he  a l t ime te r  measurements would be used i n  a least-square f i t t i n g  
procedure. This  would a l s o  se rve  t o  e d i t  t he  measurements and 
de tec t  bad da ta  points .  Computer s imulat ions  were performed t o  
determine the  e f f ec t iveness  of using the ' a l t ime te r  measurements 
i n  t h i s  manner. 

The a l t i t u d e  of t h e  s a t e l l i t e  above the  geoid can be com- 
~ u t e d  from 

where 

vg - (PC - (re/rg-1)sin l+fe( l /Z + cos 2WC) + O(fe ) 

rg - - z reng ( I  - cos [C-B])lllz 
1 

% - :ail[+-. t an  
( 1  fe)  

and r and 0 a re  computed from Equation (4). Again the  8AO 
model gas  used 'to s imulate  the  "real"  a l t i t u d e  da ta  f o r  each 
s a t e l l i t e ,  inc ludine  t h e  computation of t h e  geoidal  height,  . "f One migma noise of 10 cm was added t o  t h i s  data  t o  s imulate  t e 
expected a l t ime te r  instrumentation e r r o r s .  Residuals i n  h were 
computed f o r  each s a t e l l i t e  using the  ephemerides generated with 



the APL model which included the integrated effecta of initial 
condition errors. A data selection was made to retain only those 
rmiduals occurring while the satellites were over the broad 
ocean areas. Then thr residuals froa both satellites were differ- 
ehced for the s a w  argument of latitude of the satellites. These 
residuals were then w e d  in a least-squares fit to solve for 
relative initial condition errors between the satellite ephemerides. 

Ra a firet order error analysis, the residuals that are 
fitted can be writtsn as 

Ahl-Ah2 - Hsl-Rs2- (AHgl-& ) - &(re -r ) + N1-N2 (16) 
g2 1 e2 

where the integer subscripts are used to distinguieh between the 
residuals obtained from each of the two satellites. 1 -12 rep- 
resents the noise added to the data. As was shorn eariier, the 
only significant satellite errors are those in the altitude cam- 
ponent. From perturbation theory we get that initlal condition 
a:-rors iu altitude will propagate as 

ns - + A~ sin fs + A~ cos fs (17) 

where fs is the satellitn tnle anomaly and the A 's are func- 
tions of the initial corilition errors. The difforhntial errors 
in altitude between sa*e..:~tes ran also be yarameterized as in 
Equation (17). 

In performing the leastsquares fit to the residuals over 
the 1 1/2 day span, we were able to recover the relative initial 
condition errors to better than 1 cm. 

The final BMS altitude error in the residuals was 15.2 cm, 
after the removal of the initial condition erro-s. By partition- 
ing the data and fitting over shorter time intervals (each con- 
simting of approximately four orbital revolutions of data) this 
RMS was reduced to 10.5 cm. 

There is an added advantage in fitting to the differences in 
the altimeter measurements. If there are relative biases in the 
altimeter data they could be absorbed into the A parameter. 
These biases will cancel in computing the deflecPions in the sat- 
ellite along-track direction and therefore do not contaminate the 
results. A further advantage is that the magnitude of these resi- 
duals will be considerably smaller than for that of each satel- 
lite's taken separately. This is due to the correlated satellite 
errors being cancelled in differencing the two satell?tes0 resi- 
dua 1s. 

SUMMARY AND CONCLUSIONS 

It is conservative to expect that the use of modern (1972) 
gravity models will result in (no greater than) 30-40 meter ephem- 
eris errors in tracking these new orbits. The studies indicate 
that with ephemeris errore of this magnitude, the uncorrelated 
errors between the two satellites' orbits will be 15.2 cm R I B .  
This is for en in-plane separation Qistance of 210 km between 
satellites. There are two ways in whtch this error can be easily 
reduced. 

1. By short-arc tracking techniques using the altimeter 
measurements, some of the geodesy errors can be absorbed 
by the orbit parameters. In the simulations, the data 
were partitioned into groups each consisting of roughly 
4 satellite revolutions of data. Pitting over these 
intervals resulted in a reduction from 15.2 cm to 10.5 
cm RUB in the effect of the uncorrelated geodesy errors. 
The use of a more sophisticated error model should result 
in a further reduction. 



2. We believe that the recent (since 1972) improvements in 
gravity models have more than halved the geodesy errors. 
Consequently, the uncorrelated altitude error is most 
likely in the 5-10 cm range. Interestingly enough, data 
from this experiment itself is adequate to confirm or 
deny our belief. In the (unlikely) event that it is 
not true, the data shouid be adequate to supply the 
improvement. 

In computing the deflection angles in the satellite along- 
track direction, the computations are sensitive only to the dif- 
ferential errors in each ephemeris over one-second intervals, 
the elapsed time between altimeter measurements. In the simula- 
ted case, these errors were less than 2 cm RMS in the presence 
of 38 meter W tracking residuals. 

Figure A-1. Geometry Aes~ciated with the OOV Computation 
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Figure 2. Geometry of the Two-Satellite Approach 
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THE APPLICATION OF GEOS-C DATA TO MARINE GEODESY 
BY MEANS OF THE SIMPLE-~ENSL.~Y LAYER CONCEPT 

F o s t e r  M o r r i  son 
Geode t ic  Research & Development L a b o r a t o r y  

N a t i o n a l  Ocean Survey ,  N.O.A.A. 
R o c k v l l l e ,  HD 20852 U.S .A .  

ABSTRACT 

The ava i lab i l i  t y  o f  GBOS-C a l t fme ter  data w i l l  provide a  crucial 
t e s t  o f  the  met t le  o f  t h e  simple density layer concept. Altirae- 
t ry  w i l l  supply data about the geopotential i n  bhe frequency 
range between that  o f  s a t e l l i t e  orbi tal  perturbations and the 
very f i n e  s tructure  obtained by dense gravimetry for geophysical 
exploration. 

Required for analyzing s l t ime ter  data are formulae for point 
gravity anomalie8 lor means over small areas,  1' square or I s # % )  
and for  high frequency components o f  the  geold height .  The 
e f f e c t  o f  local density anomalies must be computed accurately 
and those o f  remote density anomalies rapidly and e f f i c i e n t l y .  

Geopotential representat io~.  - may be thought o f  as interpolations,  
even though the parameters used are not d iscrete  values o f  po- 
t en t ia l  or gravity.  As such, they nay ba evaluated i n  terms o f  
accuracy and e f f i c i e n c y .  Por an enormous amount o f  information 
as i s  contained i n  the  f i n e  s tructure  o f  the  earth 's  gravity 
f i e l d ,  the questions o f  e f f i c i e n t  storage and recovery are 
crucial .  

Attempts have been made t o  evaluate the  e f f e c t i v e n e s s  o f  the 
density layer concept by computer eimulations.  New algorithms 
have been devised i n  the process. 

Another question. important for s a t e l l i t e  geodesy and orb i t  
determination, i s  the  s tructure  o f  the  errors i n  computlng the  
gravity.  S a t e l l i t e  orbi t s  are highly s e n s i t i v e  t o  t h i s  s truc-  
t u r e ,  since large perturbatlons may be caused by small force8 
i f  resonance or secular accumulation e f f e c t s  are present. 80th 
computer simulations and analyt ic  models are being used t o  i so -  
l a t e  and eliminate such problems. 

1. INTRODUCTION 

The sur face  d e n s i t y  d l s t r l b u t l o n  a l r e a d y  has been a p p l i e d  
w i t h  c o n s i d e r a b l e  success t o  d e t e r m l n l n g  t h e  long  wave p a r t  of 

t h e  g e o p o t e n t l a l  [ ~ o o h ,  1 8 7 4 3 .  Thfs  and s e v e r a l  o t h e r  methods 

have been suggested f o r  coping w l t h  t h e  problems engendered b y  
t h e  slow decay o f  s p h e r l c a l  harmonic c o e f f i c t e n t s .  Xrarup 
1 1 8 8 8 1  has g t v e n  a  p r o o f  t h a t  t h e  g r s v l t y  f l e l d  of a  p l a n e t  can 



be approximated a r b i t r a r l l y  w e l l  b y  eons s p h e r i c a l  harmonic 

r e p r e s e n t a t l o n .  The t h e o r y  of g e o p o t e n t l a l  r e p r e s e n t a t l o n  i n -  

c l u d i n g  t h e  s o - c a l l e d  g r a v l t y  prediction t h e o r y  [von Luotrow, 
l e ? a l  s t111  has some unanswered questions. For  some r e c e n t  

r e s u l t s  see Xooh and Pope ClBYPl. Even t h e  e x a c t  s t a t u s  of t h e  

t h e o r y  I s  n o t  w e l l  known due t o  t h e  l a c k  o f  communlcatlon be- 

tween g e o p h y s l c l s t s  and mathemat ic lans.  

F o r  t h e  purposes a t  hand. l e t  us rev lew t h e  p r a c t l c a l  imp le -  

m e n t a t l o n  o f  s u r f a c e  c o a t l n g  g e o p o t e n t i a l  models and t h e  heu- 
r l s t l c  reason lng  t h a t  m o t l v a t t i  what has been done. VCnti 

[I8711 and CCaoagLia and Lundquiet I18723 cons ldered  sur face  
c o a t l n g s  on an e n c l o s l n g  sphere. T h e l r  sugges t lons  amount t o  
n o t h l n g  more than  changing names. however. I n  thase  approaches 
t h e  fo rmu las  and a l g o r l t h m s  f o r  g r a v l t y  and p o t e n t i a l  would be 

no d l f f e r e n t  f rom those u s l n g  t h e  usua l  s p h e r l c a l  harmonic 
s e r i e s ;  t h e  d e n s i t y  l a y e r  I s  l u s t  an a u x l l l a r y  concept. By 

c o n t r a s t .  ~ o o h  and Norrteon [ I8701  used a  d e n s l t y  l a y e r  l o c a t e d  
on t h e  sur face .  o r  r a t h e r  on a  s u r f a c e  genera ted  by adding mean 

topograph ic  h e l g h t s  t o  a  s a t e ! l l t e  genera ted  geoid.  No s p h e r i -  
c a l  harmonlc coefficients were used, r a t h e r  t h e  numer ica l  quad- 

r a t u r e  a l g o r l t h m  was Identical t o  p o l n t  massns f l x e d  I n  l o c a t l o n  
b u t  n o t  I n  magnl tude CMorrieon, 18711 .  I n  a  s l m l l a r  v e i n  I s  t h e  

work o f  BatmCno CIB781 and some o t h e r s  who have sought  o p t i m a l  

p o l n t  mass d l s t r i b u t l o n s  and s o l v e d  some o f  t h e  problems of  
s l n g u l a r l t f e s  a t  t h e  s u r f a c e  by b u r y i n g  t h e  p o l n t s  a t  a  safe 

depth. 

Morrieon C1878bl observed t h a t  t h e  b a s l c  I n t e g r a l  f o r  po ten-  
t l a l  as a  f u n c t l o n  o f  d e n s i t y  

i s  a  r e t a t t v e l y  t r a c t a b l e  improper  doub le  I n t e g r a l  and suggested 
t h a t  j u d l c l o u s  c o o b l n a t l o n s  o f  a p p r o x l o a t e  a n a l y t i c  and numer l -  

c a l  quadra tu res  would s o l v e  most o f  t h e  p r a c t l c a l  problems o f  
g e o p o t e n t i a l  mode l lng  [Morrteon,  18720. 18781. The i n 1  t l a l  

t e s t s  of t h e  a l g o r l t h m s  f o r  ( 1 )  were made o n  l a r g e  1 5 0  x 1 5 O  
b locks .  Even though s p h e r l c a l  harmonics may w e l l  be  b e s t  f o r  

po ten t181  u n d u l a t i o n s  o f  such wave leng ths ,  t h e  severe c u r v a t u r e  

o f  t h e  e a r t h ' s  su r face  facilitated t h e  a n a l y s l s  o f  numerical 
r e s u l t s .  The use o f  t h e  I m p o r t a n t  sma l l  ang le  approx fmat lons  

needed I n  t h i s  approach was c r l t l c a l l y  t e s t e d  b y  arguments of  
7 4 O i  and hav lng  o n l y  286 d e n s l t y  b l o c k s  k e p t  computer s x p e r f -  

ments Inexpensive. 



The amticipated ava i leb i l i ?y  o f  6EBS-C a l t i o e t r y  Ims rmowd 
the discusslea o f  & l ing  the f loe st roetars of tbe g r a v i t y  
f i e l d  fra tbe academic tr :he p r a c t i c a l  a m .  I w v i t a b l y .  
r t b e m a t l c a l  rrrd bear i s t i c  argameats ml11 b n e  t o  y i e l d  to tbe 
ra lent less dlsclp11ne o f  tRe dak. To pla~.m f o r  t b l s  arm- 
tumlity, ue sha l l  e r m i n e  i n  a u l e m t l c r l  u d  h s o r l s t t c  way 
I e  c w a b l l t t t e s  o f  tbe smrface coating metbods m d  a l g e r i t t m  
to Cops dtb the e a - c  data. SUCChsS of l i S  W ~ E ~ S  d l1  bl? 
a r s a r s d  by bou l l t t l e  numerical erphrlmeatatioa we s h e l l  hawe 
to do to make oar computer programs operat iearl .  

Ganerrlizad preBlct loa tecbnlqoes were Introduced t n t o  geod- 
esy by Kaata CIOSOI an4 extended and re f ined  by [1#6#1 

rad lo l - t ts  Cl#tSl. Gaodesy has been plrgaad by high prac ls iea 
data w i th  a very poor d is t r ibut ion.  a problem shared by other 
disciplines i n  geophysics. 

E v e r y  n ~ . e r i c a l  process. iac lud iag geopotential modeling. has 
truncat ion and rounding errors. For simple problems i t  i s  
easiest and most ec0110.Iea1 Just t o  use computers w i th  long word 
lengths o r  doable precision. There i s  sucb a vast mount  of 
l a fo r ra t ion  i n  the earth's grav i ty  f i e l d .  boueuer. t b a t  we are 
strongly motivated t o  to le ra te  as w c h  t r u n u t i m  e r ro r  as pos- 
s ib le  so tha t  storage problems do n o t  a r i se  and also so t h a t  
rousd-off er rers  u y  be kept i a  cbeck by tbe simple expediency 
of having less computations. The i.gortaoce o f  the spa t la l  
d i s t r ibu t ion  of truncat ion errors. o r  t h e i r  ' s t a t i s t i c a l  prop- 
ert les'  i f  you wish, was noted by Ilorriwoa CIOPSaI. S a t e l l i t e  
o rb i t s  i n  par t i cu la r  sample the g rav i t y  f i e l d  i n  such a way t h r t  
small t runcat ion errors  could become s ign i f i can t  if they had the 
proper d is t r ibu t ioa  t o  cause secular. long period. o r  resonant 
'perturbations.' Estimations o f  s ta t ion r ry  quant i t ies such as 
po in t  o r  w m  g r r r i t y  anoaalies or def lect ions of the v e r t l c a l  
are auch less dnandlng. 

A pr inc ipa l  too l  fo r  studying the statistical propert ies of 
a ~eophysica l  parameter such as oravf ty  i s  the autocorrelat ion 
funct ion (ACF) .  I t  i s  defined as 

eff I".#) ' E [ f I X , Y l  f(X+". Py)I (2 )  

where E 1s the "ensemble expectation operator,' whfch i s  Jbst an 
average over a s u f f f t i e n t l y  large por t ion  of the domain o f  f. 
For the theory to  be viable *fp should not  change s fgn f f i can t l y  



f o r  a l te ra t leas  i n  the area of the averaglng o r  i t s  ereclse 
'f.catlon; I t  I s  said tha t  off I s  *stationary.' Usually. I s  
even assumed *isotrepic.' 1.e.. 

Where Q I s  a funct ion of one varlable. cbooslng an4 @sing tbc 
ACF i s  as mach an a r t  as a science. What we r a n t  are sera can- 
didates for the  ACF for  a surface demsity layer. The nrnblam of 
Berlving l n t e r n a l l p  consis:aat ACF's etc.. f o r  9eapeteatlal 
quant i t ies bas been discussed i n  de t rs l  By C J O ~ ,  lfi?Zl. 

Experimentlog r l t h  Jordan's tecbnlques has suggested tk 
fo l le * ing  sequence of de f la f t foos  and transformatloas leads -st 
e r s l l y  t o  the desired resul ts .  Ceasider. flnt o f  a l l .  Brun's 
f o r r u l e  E e o f e k a e n  m d  mritx, lout1 

The der ivat ion o f  (4) indicates tha t  I t  daes. i n  fact.  fnvolvr 
a l i near i ta t lon ;  f o r  mast purooses and p a r t i c u l a r l y  f o r  s t a t i r -  
t i c a l  analysts the formula I s  su f f i c ien t l y  accurate. Fmr tAe 
d ls turb lng po ten t ia l  r we subst l tu te the in tegra l  over the sur- 
face coating t o  obtaln 

I n  the terminology of t i n e o r  eyetome EPapouZSe, ZOSSI. our sur- 
face densfty x 1s IIV input  proasso and the geoid height U I s  an 
output proeeee.  The impute8 reeFoaea i s  

Bg de f in i t l en .  the 8ys:em func t ion  I s  the Fourier transform o f  

Obviouslg. we are retafn ing the ' f la t -ear th*  appro~imations used 
by Jordan [1#72). The pouor e p e o t ~ f  d e n 8 i t y  (PSD) O f  a process 
fs the Fourier transform o f  I t s  ACF 

+o 



The foadamental T b e e m  o f  l t a e a r  system re lates tbe PSBms of 

the lapu t  and oatpot o f  a l l n e a r  systea by means of the system 

functlen: 

Were i s  the system foaction for  the l i n e a r  systea x -. I. 

Foarler transfoms ef functions w l th  c i r cu la r  s y r e t r y  can 

be ' s i ~ l l f i e ~ ~  t o  Heakel t r a a s f o m  

7 (a) I s  the Hsakel transform o f  f Ir) and Jo i s  the Bessel 

funct lon of the f l r s t  k lnd o f  order zero. Equation (10) i s  ob- 

tained by expressing the two-variable Fourier transform F 
(u,,ra) I n  polar coordinates; a factor o f  2 r  arises 

The fmpalse response fo r  our I lnear lzed surface density t o  

geold helght transformation i s  evidently o f  the form l/r. whose 

Hankel transform i s  w e l l  known [Papowiio, 19681. Then the 
system funct ion 1s 

As an approxlmatlon. y i s  belng treated as a constant. Substi- 
t u t i n g  (12) i n t o  (9) and rearrenglng. we obtaln 

To obtain the surface density ACF we need only compute the I n -  
verse o f  the Hankel transform o f  (13). Ffnding 6XX from 4 

X X 
I n  the most general case would involve tedious calculat ions 
uslng the convolutlon theorer o r  d f rect  Integrat ions. For t h i s  

par t leu la r  problem we cen use a special I d e n t i t y  IPapouZie. 186fl  

where the symbol Indicates the appl lcat lon of the Hankel 

transform. i d e n t i f y  f f r l  w i tn  bB1 and obtaln 



Several obsewetioss sLeold be u 4 e  a t  t b i s  pa ls t .  One ( 8  t h a t  

egg aad e dt f fe r  only by r constant factor. ubere g i s  anon-  
XX 

loas gravity.  The re ls t lonsh ip  I s  

Flat-eartb Stokes* m d  Venlng Heinesr* forrelas a m  given by 
8.Caka.n a d  r o r i t a  f leet .  p. 18z l  as foroatas (2-231 and 
(2.232) (derived tbere f o r  o te  l a  inner  rent corputatloas). 

For a spherical approx lut ion.  tbiags are not  as slmple as i n  
(16). Spherical harmonic expantioar for a surface Bansity 
[Finti. 1Ot l l  and g rav i t y  C B e i b b n  w d  Ilodta. 19tf91 are not  
q u i t e  the same f o r  a glven external potent ia i ,  even w i th  the 
proper I l near l ra t lons  CmiebZ. I S t l l .  For the ssrface densities 
the geopoteatlals are a c l t l p l i e d  by 8 + b and f o r  tbe g rav i t y  
anooelies by a + 1. where i s  the degree. The g lobal  ACF f o r  
density would be a b i t  d l f ferent  f roa  t h a t  f o r  gravlty.  d l c h  
1s no* w e l l  known Clunta, 18S8f 

The ona I s  the sue of the squares of the f u l l y  n o n s l i r e d  gaopo- 
t e n t l a l  coe f f i c ien ts  o f  degree n. The coefficients f o r  a coapa- 
rab le formula for  +xX would be s l i g h t l y  mom colpl lcated. nu- 
merical comparisons should be made. 

I n  hrriaon 1197981 i t  was assumed tha t  a su i tab le  approxloa- 
t i o n  t o  the surface density could be w r i t t e n  

where + and (y are agaln. l o c a l  coordinates. Let  us use (18) t o  
estimate *xx for very small values of r ,  the se~ara t ion .  By 
def l n i  t i o n  

Thls becomes 

I f  we subst i tu te 

r s i n  o r 



where o i s  the  atimath. ue can average over a and obta in 

eXx E [aoZl + rD E [C a. (a, + as) ]  + 0 (re) (22) 

Tbe f i r s t  term i s  j u s t  tbe mean square o f  the density and the 
second term mwt be negative. It makes sense for a. and 
(a, + as) t o  be o f  opposite signs on tbe average. When a. > 0. 
tbe function shoald be concave dwwrrd and when a, < 0. the 
funct ion should be concave upward. again. on tbe average. For- 
mula (22) shews rose of tbe advantages of using an approximation 
l l k e  (18) for  x instead o f  the step foact ion l a p l i c l t e l y  assumed 
by d i r e c t  n loa r i ca l  quadrature. Estimates o f  *xl could be made 
ana ly t i ca l lg  from tbe ceef f ic ients  no. a,. a,. ... f o r  small 
separation. A four th  degree model for  x looks very p r w i s l n g  
i n  t h i s  regard. 

To r k e  a prel iminary estlmate of density block s ize for 
6EOS-C data reduction. we can use (22) two ways. F i r s t  l e t  us 
assume tha t  (22) gives a good estimate of e . say t o  w l t h i n  11; 
t b i s  could be a lower l i m i t  o r  block slze. '$he upper l i m i t  
would be the s ize  o f  the corre la t ion distance r, f o r  whlch 
eXX (r,) = exX (0) / a .  where e i s  the base of the natura l  loga- 
r i thas. t h i s  1s a very reasonable upper l i m i t  when e i s  t o  be 

XX 
approximated by a parabola. 

Although funct ional  forms f o r  ACFms and other s t a t i s t i c a l  
functions o f  geodetic quant i t ies abound. there e x i s t  very few 
deteminat ions of the parameters i n  these functions. One ex- 
ception i s  the Ohio anomaly model. derived by Birvonon t1fi681 

from surface g rav i t y  data. 

Ye do not have t o  convert (23) t o  an expression for  eXX, since 
t h i s  would change i t s  magnitude and uni ts .  but not the r a t i o s  o f  
values f o r  given separations. Ye can j u s t  say 

and require f o r  our present purposes the value o f  a '. The 
X 

"maximum" block size comes f o r  



Thls i s  easy t o  solve: 

To f i n d  the  "mInI.umm b lock  s i z e  we can expand t h e  denominator 
of  (24)  i n  a geometric ser les.  assuming r < D and have 

t runca t fng  (27) a t  t h e  second order  and observing t h a t  t h e  

se r i es  a l t e rna tes  w i t h  decreasing terms, we can compute 

A b lock  s i r e  tw ice  t h a t  of rmin o r  rmax i s  t o  be used, 

Bma, = 2rma,. Bmin = 2~,,,,,,. These can be expressed i n  angular 
measure: 

R e a l i s t i c a l l y ,  one may as w e l l  s r y  

A l l  repor ts  have indicated s u r p r i s i n g l y  l i t t l e  d i f f e r e n c e  
between the s t a t t s t f c e l  p rope r t i es  o f  g r a v l t y  a t  sea and land 

measurements, so the use of ( 23 )  i s  pe r fec t l y  j u s t i f i e d  f o r  
order o f  magnitude estimates. 

This s imple ana l ys l t  does no t  take i n t o  account the dens i ty  
o f  the  sampling of the  geotd he ight .  Along the s u b s a t e l l i t e  

t rack  the  samples w t l l  be a t  ra tes  o f  10 t o  100 per second. For 

purposes of geofd determinat ion,  these readings n i g h t  be snooth- 
ed t o  en average o f  one per second. The area coverage w i l l  



probably be no denser than a  lo square g r i d  a t  m y  place, be*- 

ever. EGEOS-c Mienton PZan. 1#9bl  Another l w d i f y i n p  fac tor  i s  

t h a t  the geoid he igh t  I s  ra the r  swmth. whereas t h e  ) r a v i t y  
anomalles or  sur face dens l t y  oeat ings have w r e  "power" i n  t h e i r  
PSO'S a t  h i ghe r  f requencies [ N e i e a t ,  r e r l ] .  A l l  these censld- 

e ra t l ons  i n d i c a t e  a  smal le r  b leck s i z e  i s  not needed, a t  l o r s t  
f o r  t he  GEOS-C pro jec t .  

A surface dens i ty  l a y e r  medeled l o c a l l y  by (18) w i l l  be a  

s u i t a b l e  method of parameter iz ing t h e  r e s u l t s  of t he  CEOS-C. 
Blocks lo x lo should be smal l  enough t e  r e d e l  the data and nsne 
smal ler  than 12'  x 12' should be needed anywhere. 

I n  most ways, g r a v i t y  anomalies and surface coat ings hove 

s i m i l a r  behavior [see alse:  MeieeZ, I 9 7 I I .  One advantage ef 
surface coat ings i s  t h a t  the  p o t e n t i a l  o r  g r a v i t y  compcnentr are 
obtained e x a o t t y  from dens i ty  through a  l i n e a r  system. The 1.- 

pulse response I s  i s o t r o p i c  en ly  t o  zere erder  er  f o r  a spher i -  

c a l  coat ing.  This impulse response i s  s t i l l  f a i r l y  simple. 
Fewer l i n e a r i z a t i o n s  are  needed i n  p r a c t i c e  and those t h a t  are  

needed can be extended t o  Aigher order eas i l y .  

The ACF and P S O  o f  dens i ty  and o f  see id  hofpht w i l l  La mcefr\ 
i n  analyzing t h e  data. Sea s t a t e  in formot ion  should have I t s  

own d f s t i n c t i v e  s t a t i s t i c a l  p roper t ies .  i t  sheuld be p o s s i b ~ e  
t o  f i l t e r  the data i n  a  f a i r l y  ob jec t i ve  ray .  

Truncat ion e r r o r s  should be inc luded l a  the  s t a t i s t i c a l  anal-  

y s i s  o f  geopotent ia l  models w i t h  A I q A  r r s e l u t f o a .  Ideas e f  
Hard# [IQ711 and Junkine,  s t  a l ,  [ I B ~ S ]  should be use fu l  i n  f a -  

p rov ing the algor i thms f o r  qeopotent ia l  from a surface c e a t i y  
model. Hodeling o f  the  surface dens i ty  f r r e t f r n  and t h e  i q # u l s e  

response both can be improved and t runca t i on  e r r o r  reduced. 
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CQHBIUATION SOLUTIONS I N  OEOID COMPUTATIONS 
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A b s t r a c t  

P o t e n t i a l i t i e s  of  d i r e c t  predic t ion of  geoid heights  i n  c o n n e c  

t i o n  with a l t ime t ry  e tc .  are discussed i n  d e t a i l ;  p e c u l a r i t i e s  

i n  comparieon t o  Ag-prediction on s e a  and t o  geoid height  on 

land a r e  pointed out.  The p r a c t i c a l  app l i ca t ion  of  Holodensky's 
f o r m l a  f o r  computing Ag from N ,  i.e. the  inverse  of Stokes's  
formula, is invest igated.  Problems inherent  i n  the Molodensky 

formula r e l a t ed  t o  p red ic t ion  of Ag s i m i l a r  t o  as t rogravimetr lc  

l e v e l l i n g  a r e  s tudied.  Corresponding p o t e n t i a l i t i e s  of 'combined 

f30l~ti0ns" are s t r e s sed .  Different  aspects  of high-precision 
computations of de t a i l ed  and regional geoids by Stokes ' s  and 

Molodensky's formulas a r e  presented. Consequences f o r  computa- 
t i o n  of oceanic geoid sec t ions  are discussed. 

1. INTRODUCTION 

Unt i l  r ecen t ly  f i e  p rec i se  evaluat ion of t h e  geoid i n  the  

oceans was hampered by t h e  lack of  data.  S a t e l l i t e  o r b i t  analy- 
sis y ie lds  only the  low order  p a r t  of geoid undulations,  as t ro-  

geodetic information is seldom ava i l ab le  and g rav i ty  da ta  a r e  

a f f ec t ed  by seve ra l  8e f l c i enc ie s .  Meanwhile, a l t ime t ry  da ta  be- 

came ava i l ab le  e o  an e s s e n t i a l  improvement is feas ib l e  and new 

types of  combination so lu t i cns  i n  evaluat ing geoid undulations,  
N,  a r e  of  i n t e r e s t .  In  t h i s  connection the  d i r e c t  predic t ion of 
N has been s t r e s sed  i n  a previous paper (Groten, 1973) and 

s p e c i f i c  d i f ferences  between autocovariancea of N on land and 

a t  sea  were shown. The use o f  the  r e s u l t s  of  such p red ic t ions  
have previouely been out l ined i n  Groten (1970). 



The main advantage i n  geoid computations a t  s ea  l i e s  i n  the  f a c t  
t h a t  t he  problems r e l a t e d  t o  g rav i ty  reductions do not  a r i s e  ae 
grav i ty  is d i r e c t l y  measured on the geoid i t s e l f .  Even i f  gravi- 
t y  reduct ions  a r e  appl ied  i n  order  t o  p e t  smoother funct ions  i n  
the numerical i n t eg ra t ion  corresponding deformations of l e v e l  
su r faces  can be exac t ly  taken i n t o  account. Actual devia t ione 
from mean s e a  l e v e l  and the  correct ion f o r  t h e  e r r o r  of  f l a t t e -  
ning i n  the  ephe r i ca l  approximation (according t o  Stokes's  and 
s i m i l a r  formulas) a r e  not  c r u c i a l  a t  t h i s  time. 

2. PRACTICAL ASPECTS OF COMPUTING Ag PROM N 

The app l i ca t ion  of Molodensky's wel l  known formula which solves  
the 'inverse problem", i.e. 

where R = mean rad ius  o f  the ea r th ,  
Ago = Ag a t  Po, 1.e. g rav i ty  anomaly a t  Po, 

No = N a t  Po, 1.e. geoid height  a t  Po, 

a = e a r t h ' s  surface ,  do is its surface  element, 
& - chord d i s t ance  P,do, 
y normal gravi ty ,  

i n  combination so lu t ion  waa proposed i n  1969 by Groten, (1970) 
and a l s o  by Roch (19701, Young (1970) e tc . .  I t  is wel l  known 
t h a t  equ. ( l )  holds exact ly  on s e a  where topography does not  e x i s t  
s o  the terms represent ing the  deviatic.le from the l e v e l  surface  
i n  Molodensky's genera l  formula, i.e. 

where a = tilt of surface  normal, x = coat ing function and H 

corresponds t o  N i n  (1) , 

a r e  a l l  equal  t o  zero. On the  o the r  hand. i n  numerical evslua- 
t i o n s  of  N from Ag according t h e  inverse  formula of equ. (2 )  

using lo x lo blocks o r  even l a r g e r  compartments these  correc- 
t i o n s  do not  p lay  any s i g n i f i c a n t  r o l e  even on land a s  shown f o r  
a geoid sec t ion  i n  Centra l  Europe by Groten e t  e l  (19741. 

Koch (19701, Iener  (1972) and other8  were mainly in t e re s t ed  i n  
g lobal  combination solut ions .  But on comparing 1 / k 3  i n  (1) with 
the  s tokes  function St111 (where l, = sphe r i ca l  d i s t ance  on o) t h e  
o v e ~ h e l m i n g  inf luence of the neighborhood zone i n  (1) is  seen 
i n  comparison t o  t h e  corresponding inf luence of the  neighborhood 
zone i n  case  of Stokes's  formula; Pig. 1 shows both funct ions  



multiplied by #in(lO/?) du = sin$d@d'o. The graph reveals h-1 
careful ly t h i s  influence has t o  be considered. We knw a s imilar  
problem i n  geophysics when the ver t i ca l  gravity gradient 

i m  evaluated from surface gravity. consequently, the  main part  
of the information is drawn froto (N-No) i n  the small zone around 
Po ar.d i f  Moothed values of N are wed a l o t  of information is 
los t .  Mei61 (1973) has discwsed the corresponding d i f f i c u l t i e s  
mcstly i n  terms of spherical harmonics. 

aotaever, the p rac t ica l  application of equ. (1) is e m w h a t  l ess  
i n t r i c a t e  than the use of (3)  because N is smoother than Ag. 
Therefon, the global application of (1) is indeed useful. But 
the grincipl@applied i n  the present study a r e  d i f fe ren t  from 
the previous attempts i n  tha t  the local and regional differences 
of Ag a m  di rec t ly  computed from (IP-No) and not Ag i t s e l f .  

Instead of equ.(l) we could, of course, consider the d i r e c t  nume- 
r i c a l  solution of the integral  equation 

where N is supposed to be k n m  and Ag is ~~~ hcwewr, the 
solution i n  form of (1) seems t o  be optimal. men the e f f e c t  E 
of the  outer zone, i .e.  ) > $to, is considered we a r r ive ,  on in- 
troducing some simplifying assumptions, a t  

" 1 2  E(Oo) = C I s in )  d@ 
u-8, r 

where C is  a constant. 

Using L - 2 e in  ( $ 1 2 )  we get  f ina l ly  the decrease of E(*o) fo r  
increasing *o as  shown i n  Pig. 2. On inspecting the  curve i n  
t h i s  f ipurt  it is realized t h a t  the lnfluence of the zone# 
$o > 30' is almost negligible. When S(9) is introduced instead 
of L-) i n  equ. (5)  a completely different  behavior of the ir.ta- 
g ra l  is realitod. 

E($) shows the e r r o r  of truncation in equ.(l) whenever an ideal  
evaluation of the integral  fo r  l(, 2 l(,o is feasible. 

Further, when (U-No) 1s replaced by block averages fo r  compart- 
ments of f i n i t e  oize the corresponding e r r o r  covariance# might 
i n  addition be taken i n t o  account i n  C s o  the corresponding 



e f f e c t  can be evaluated.  But, a t  p r e sen t  time, only t h e  low o rde r  
p a r t  ~f N is mostly k n w  wi th  s u f f i c i e n t  accuracy s o  any e s t i -  
mate might be misleading a s  long a s  t h e  s u f f i c i e n t  r e s u l t s  of 

a l t ime t ry  a r e  not  ye t  avai lable .  For Wo << 30' v a r  ( N )  and 

cov ( N ) ,  i.e. var iances  and autocovariances of  N ,  need t o  be 

known f o r  very high degree n as both depend on n. 

For $, + 0 t h e  e r r o r  corresponding t o  t h e  g lobal  ure  of block 

averages (T) ins tead  o f  (*-No) is  obta ined from epu. ( 5 ) .  But 
as 1-3 tends  s t rongly  t o  i n f i n i t y  a s  L 9  numerical evaluat ion  of 

E(o0-0) is indeed i n t r i c a t e .  On assuming t h a t  AN=(N-No) follows 

a quadra t i c  law AN($?! i n  t h e  neighborhood of PV and t h a t  

(N-No) 0 f o r  1 2 10 km q u i t e  p l aus ib l e  r e s u l t s  a r e  obta ined 

which show t h a t  averages (-1 f o r  blocks of 10 km by 10 km f o r  
#, 2 lo y i e l d  useful  accuracy 0: Ago. Using blocks sites of about 

30 km by 30 km wi th in  11, 2 a few degrees around Po reasonable 

r e s u l t s  i n  r test a rea  have been found by proceeding s i m i l a r l y  

a s  descri1red f o r  g rav i ty  anomalies i n  (Groten e t  a l .  1964). I f  
N follows the  above mentioned law the  error-prrduced b,' repla- 

c ing  AN = (N-No) by bij n (-1 can be evaluated  i n  a n a l y t - c a l  

form f o r  t h e  c e n t r a l  cap 1, 2 0,. By combining t h i s  e r r o r  with 'he 
corresponding e r r o r  whlch i s  due t o  t h e  o u t e r  zone we g e t  E(JIo-OZ 

Using po la r  coordinates  (r,;) we g e t  i n  plane approximation the  
computational formula 

f o r  t h e  contr ibut ion  of t h e  k-the compartment where Aa is t h e  
animut d i f f e r ence  and r i ( i - l , 2 )  a r e  t h e  r a d i i  o f  t h e  compart- 

ment. When the  g lobal  average of N is asswned t o  be zero equ. (1) 

reads simply (Molodensky et a l .  1962) 

Ant! t h e  corresponding i n t e g r a l  formula f o r  p r a c t i c a l  app l i ca t ion  
becomes 

I t  should be not iced  t h a t  t he  sphe r i ca l  approximation formulas 
a r e  found by simply replac ing t iend t i  i n  t he  plane approxima- 

t i o n  formulas. 

When t h e  e r r o r  m(Ago) is considered then r e l i a b l e  information on 

t h e  e r r o r  covariances of t h e  i npu t  da t a ,  i.8. a l t i rne t ry  r e s u l t s  



e tc . ,  is necessary. Even though such information i s  not y e t  
s u f f i c i e n t l y  ava i l ab le  i t  can be ant ic ipated t h a t  when long range 

error-autocorre la t ion and a l i a s i n g  e f f e c t s  a r e  corrected f o r  we 

end up with a formula m(Ago) which corresponds t o  the  a b ~ v e  
formula i n  computing E, i.e.Cthen becomes d corresponding "error  

constantu .  

Moreover, it is necessary t o  have a dense net of N-values i n  so l -  
ving equ . ( l )  numerically. This can only be achieved by interpo- 

l a t i n g  N within l imi ted  areas  using autoregression procedures. 

The corresponding autocovariance function have t e c c  i i scussed 

previously and s p o c i f i c  problems r e l a t ed  t o  t h i s  question w i l l  

be d e a l t  with below. 

Besides t h i e  f a c t  cov(N) is an e f f i c i e n t  t oo l  i n  p red ic t ing  m a n  
values of N and AN even though N i s  much smothe r  than Ag, 1.e. 

the  amplitude of high harmonics decrease much f a s t e r  with in- 
creas ing n than i n  case of Ag, and, consequonrly, predic t ion is  

e s s e n t i a l l y  e a s i e r  with N than wlth Ag and f e a s i b l e  even over 
q rea t e r  d is tances .  

Un t i l  now a l t i n e t r y  d a t a  were mainly considered i n  r e l a t i o n  t o  

g lobal  combina t f c~  so lu t ions  of geoid and gravi ty  f i e l d  determi- 

nation; i n  connection with evaluat ion of spher ica l  harmonica 
coe f f i c i en t s  a l i a s i n g  e f f e c t s  e t c .  (Rapp, 1971) were found to  be 

of main concern. In  t h i s  case the  a ~ p l i c a t i o n  of surface  coatings 
using H e l m r t s  sphe r i ca l  approximation i n  combination so lu t ions  

a s  proposed by Groten (1970) and by Molodensky's methods a s  pro- 

posed by Koch (1970) a re  of p r inc ipa l  i n t e r e s t  because a unif ied  
approach becom@feasible. 

To some extent ,  autoregreasion predic t ion of N might be consi- 

dered a s  a supplementation t o  the  sampling function method 

(Giacaglia e t  e l ,  1972) and s imi l a r  procedure6 or even as an 
a l t e r n a t i v e  method i n  g loba l  solut ions .  

3. PREDICTION OF GRAVITY DIFFERENCES FROM AN 

I n  l o c a l  and regional  appl ica t ion a procedure i s  useful  which, 
i n  p r inc ipa l ,  is q u i t e  s i r l l a r  t o  a s t rog rav ine t r i c  level ing.  L e t  

Ag o r  corresponding m a n  values be known a t  a few s t a t i o n s  
(and blocks, respect ively)  wi thin  a spher ica l  cap of  y 2 If  

abeolute o r  r e l a t i v e  geoid heights  N a re  ava i l ab le  a t  and around 
these  s t a t i o n s ,  too, w e  can p red ic t  Ag a t  any other  point  Pi 
where only N is known a s  follows. 

Prom the  truncated equ. (61, 1.s. 
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we get  the laln part of Ag a t  the point Pi, i.e. 

I f  +be separation of points Pi is small then 6(Agl is nearly 
constant; i n  any other case 6(Agli w i l l  be a small quantity 
which can be interpolated l inearly so t h a t  Ag can be evaluated 
a t  any point Pi where W is knam but Ag is not knam. In our 

applications eQ w a s  of the order of 2O. the sepazations si of 
s ta t ions  Pi were somewhat greater.  Of course. the smaller 'Jsi 
the greater are  the variations of 6(ilg)i. 

f o r  any i ue can predict  gravity differences between the points 

ri i f  6(Agli can be amsidered as constant. In  t h i s  case we only 

need I a be kaam. P r o  equ. (101 iol laus then that differences 
between Agi are equa: t o  the differences between Gi *re the 

l a t t e r  are evaluated f r a  equ. (91. 

In our test eo~puta t ions  we used astroqeodetic geoid heights i n  
Ge-y the absolute or ientat ion of which has previously beer 

detemlned (-ten, 19741 because detai led (gravimetricl q8uds 
on oceaar! were not avaiLable to us. si was of the order of 
> 100 km. * taking in to  account the po ten t ia l i t i es  of altimetry - 
(Kaula, 1969; Chovitz, 1972 etc.1 the application of global as 

w e l l  as regional procedures i n  computing Ag from ti shoula be use- 

ful.  

4. WAUlATIa OF PRECISE I PROH Ag 
Whem continental geoid sections computed from lo by lo mean f ree  

a i r  gravity v a l w s  a re  ampared with c ~ r e s p o n d i n g  oceanic see 
t i a s  it is realized t h a t  there is no L w i c  difference i n  the 
s t a t i s t i c a l  behavior of U ;  t h i s  holds l o r  degree n 2 180. Uever- 

theless, soam spec i f ic  .¶ifferenas of autocovarianc+s have been 

pointed out by 3roten (1973). However, the accuracy of U  ob- 

tained from mean values of lo by lo block values a t  sea is not 

b a s i c l ~  different  from those a t  seas i f  the number of gravity 
measurements within the block is not much different .  

Besides same coestal areas where relat ively dense Ag-distribu- 

t ion  ex is t s  -Ae best p r e ~ e n t l y  available gravity material a t  sea 



is i n  form of 0 . 5 ~  by 0 . 5 ~  blocks8 a t  l e a s t  in Europe. T&e 

corresponding accuracy of U might be of the or&r of oae meter or 
mmwhat less. In continental w i d  8ect)oes tbe ab8olute aenr 
racy can be investigated by cxmparieon with astrogeodetic geoid 
sections as f a r  as re l i ab le  information is available. Pnm O.1° 

block averages of f ree  a i r  anamalias we have abtained a geoid of 
Gemany which by comparison with the astrogeodetic section W a 8  

found to have a re la t ive  aocuracy of 2 0.4 m and be t te r  (6mten 

el e l .  1974). Because of the uncertaint ies  i n  GI4 (gravitational 
constant) the absolute armracy is, c f  course, d i f fe ren t  f n n  
t h a t  value. The above va1i.a of about 2 1 m f o r  U as obtained from 
lo by 1' block averages is i n  agreement with continental geoid 
sections e0qmx-d with astrogeodetic geoid ccnnputatian8 i n  Bum- 

pe. 

5. PFEDICPICBl OF W 

Linear autoregression prediction aa proposed by Horita (tleiska- 
nen e t  a i ,  1967) can be applied t o  qeoid ~ I I d u l a t i ~ S  as f a r  a s  N 

i n  the spec i f ic  area can be consickred as  a isotropic  s t a t i w  

nary process. Problems a r i s ing  when anisotmpy, nonstationarity 
e tc .  prevails and corresponding e f f e c t s  have besn discussed, f. i .  
i n  (Grotcn. 1973a); s imilar  problems ar ised when oceanic geoid 
heighta (Vincent e t  a l .  1913, 1973a) and continental geoid s e e  
t ions (Groten e t  a l .  1973) were analyzed s t a t i s t i c a l l y .  The 

oceanic resu l t s  w i l l  be discussed i n  d e t a i l  and. i n  order to  
point out discrepancies. ~ n t i n e n t a l  data are discussed for  corn- 
parison. 

For the direct prediction of N w e  wed  the we. i known matrix 
formula 

where Nk known geoid height a t  s ta t ion  Pk 
N, = predicted geoid height a t  point P 

cpi 0 cov(N) related t o  
cik = c-v(W) related t o  m. 

One-dimensional prediction along profi les  is essen t ia l  in  dealing 
with altimetry data. Two-dimensional prediction is necessary t o  
get a densiftcation a s  necessary i n  evaluating bqi  but i n  the 
isotropic  case where Cik depends only on the separation the 
twodimensional case is, i n  principal,  a l so  one-dimensional. 

The d i rec t  evaluation of cov(N) seem t o  be superior t o  the 
transformation of cov(Ag) i n t o  cov(N) by well known fomulas 



(18eiBl. 1971; Lauritaen, 1973) because of the ~ t h n e s s  of N. 

The anisotropy of cov(U) whicir is. of course, also inherent in 

COW(&) was clearly realized in the evaluation of cov(U). For in- 

stance, in ttte German geoid of O.1° block site cov(N) becomes 
zero for i = 2O along leridians. and already for = 1.3~ along 

latitude circles 4 = const. Simllar behavior is found for the 
lo-blodc -id by Vincent and Narsh, where cov(W) beewes zero at 

sea for la0 alcng meridians and only for 13 3. 40° along lati- 

tude Zircles + = const. Pig. 3 shows the normalized m a n  cov(N) 
along marldians for the western part. i.e. 160~(~) 2 1 50O(~), 

of the northern hemisphere *ere the most reliable infornation is 

presently available. Typical at sea is the relatively great nega- 

tive autocorrelation for remote data. 

The results of onedt~~nsional linear nutoregression prediction of 

N can be s w i z e d  as follo*;: ! a !  On land, 1.e. for the above 

mentioned geold in Germany, we found: (a) prediction was made £ram 

10 to 25 profile points of equidistant separation 0.2': the re- 

sults were not auc!! different for any nllnber ob points 10 2 8112% 
(b) prediction was made for points at separction 10 km 2 d 80 

kn; depending on the trend functions of orders 0 to 4 the predic- 
ted v a b s o f  N varied alaost linearly with d where the maximum 

error of about N/2 was found for d = 80 km along meridians; along 

latitude circles the situation was better; errors of about N/5 = 
2 meters were found at C 0 80 km; (c) the choice of specific trend 

functions had great influence whereas the regional variations of 

cov(N) were not of great impact; (dl when off-shore values of K 

were predicted from continental N-values the prediction error was 

smaller than on land. (2) At sea we found for the Vincent-Harch- 

~eold: In twodimensional prediction the trend elimination is 

still more critical than in the one-dimensional case. When N-va- 

lues at stations are available which are separated from the 

point (or area) of prediction by 50 kn or less the accuracy of 

erediction is much iaproved in cuinparison to one-dimensional pre- 
diction. Twodimensional prediction of mean N-values of l0-blocks 

at sea is feasible over great distances because of strong nega- 

tive ~utocorrelation of N-valuesat @30° etc.. Aftcr problems re- 

lated to the appropriate analytical dtennination of covariance 

function and to corresponding trend elimination h a w  been solved 

two-dimensional predlction was applied in the belor mentioned 
area of Pacific and r-tlantic and was found to % adapted to N- 

prediction. 

Using trend functions of first and second order onedimensionai 

extraeolation in the Facific and interpolation in the Atlantic 

(57' 2 9 ' 51'. 30' 5 1 ; so0) was applied to N. In both cases 



equ id i s t an t  po in t  values  having separa t ion o f  3' were used. I n  

the P a c i f i c  eas t -west  p r o f i l e s  of known IN-values contain& 20 t o  

45 polntsr  po in t s  t o  be predic ted  were s i t u a t e d  along 4 = 51°, 

54O. 57 and a t  170° (~)  2 A 2 2 0 0 ~ ( ~ ) ;  t he  nuaber of known po in t s  

from which predic t ion was ma& was again found t o  be not o f  g r e a t  

iagortance; bu t  the r e s u l t s  of predic t ion depended on t he  order  

of  t r end  polynanial ,  i.e. predic t ion within s = 3O separat ion 

d i f f e r e d  by 2 1 meter o r  so, f o r  s ,  the predic ted values 

d i f f e r e d  by about 2 3 m; f o r  s = 30° even 2 5 m d i f f e rences  were 

found. When i n t e rpo la t ion  i n s t e - 3  of  ext rapola t ion is used sli*t 

l y  b e t t e r  r e s u l t s  ware obtained. 

6. CONCLUSIONS 

On concluding tha t .  i n  general,  a bas i c  d i f f e rence  i n  s t a t i s t i c a l  
behavior does not e x i s t  between co3t inenta l  geoid sec t ion  and the  

geoid a t  s ea  a nearly l i n e a r  r e l a t i o n  of cvv(N) -. 0 (i .e.  tne  C- 

value of the f i r s t  c ross ing of cov(X) r i r h  t h e  abszissa)  t o  the  

s i d e  length,  s, of corresponding block compartments might be in-  

f e r r e d  f o r  0 . 1 ~  2 s 5 lo. The extrapola t ion of N using l i n e a r  

autoreyress ion procedures seems to  be appropr ia te  f o r  d i s t ances  
< 50 ko even i f  accuracy a s  necessary i n  converting a l t ime t ry  da- - 
t a  i n t o  A g  is desired. For n - :80, i.e. fo r  lo-blocks, t he  mean 

N-values show negative autocorrelatirrn f o r  JI 15' which might be 

a pecu la r i ty  of geoid heights  a t  sea; consequently, autoregres- 

s ion p red i r t i on  over g r e a t e r  d is tances  might be f e a s i b l e  then on 

land even f o r  O.1° blocks and cocabination ao lu t ion  i n  terms of 

Ag and of N becoraes f eas ib l e .  However, i f  mean N values f o r  l0- 

blocks o r  s imi l a r  smoothed da ta  are  used some p a r t  of the infor-  

mation is los t .  Local app l i ca t ion  of the  N-Ag transformation is 

not  e f f ec t ed  by long-range devia t ions  of tne sea  surfac5e from the  - 
geoid. On the  o the r  hand, t h e  p rec i se  appl ica t ion of the  trans- 

formation can yie ldshor t -per i& devia t ions  by comparison with sea  

gravimetry r e su l t s .  
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Fig.  1 Stokes 's  function S( lr )s in  lr (broken l i n e )  and  si sin $ 

f o r  comparison. 



Fig. 2 The truncation function f 1/64 (sin'4 $/2)-1). 



Pig. 3 Autocorrelation function of N for  the western part 
160° (W) ( A 2 SOO(E) o f  the northern hemisphere 
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7ETAILED GRAVIMETRIC GEOID FOR THE CEOS-C 
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ABSTRACT 

The GEQj-C spacecraft scheduled for launch in late 1974 will 
carry a radar altimeter for the purpose o f  measuring sea surface 
topography. In order to calibrate and evaluate the performatice 
of the altimeter system? ground truth data are required. In this 
respect a detailed gravimetric geoid has been computed for the 
GEOS-C altimeter calibration area in the Atlantic Ocean off the 
East Coast of the U.S. That is, the area bounded by Wallops 
Island, Bermuda, Grand Turk and Merritt Isrand. This geoid is 
based upon a combination of mean free air surface gravity ano- 
malies and the Goddard Space Flight Center GEM-6 satellite de- 
rived spherical harmfnic coefficients. Surface gravity anomalies 
consisting of lo x 1 and 10' x 10' mean values have been used 
to provide information on the short wave length undulations of 
the geoid while the satellite derived coefficients have provided 
information on the lcng whve length components f >  1500 Ln). As 
part of these analyses, GSFC. SAO and OSU satellite derived gra- 
vity models were used in the computations. Although geoid 
heights based upon the various satellite models differed by as 
much as 30 meters in the Southern Hemisphere. the differences in 
this Atlantic Ocean area were less than 4 meters. 

1. INTRODUCTION 

A new detailed gravimetric geoid has been computed for the 
GEOS-C altimeter calibration area in the Atlantic Ocean. This 
detailed geoid is based upon a combination of the GSfC GEM-6 
Earth Model (Lerch. et al. 1974) and a set of lo  x 1 surface 
mean free-air gravity anomalies. This geoid incorporates a new 
set of lo x lo surface data consisting of values in the North 
Atlantic obtained from N O M  in addition to tLs previously avail- 
able lo x l0 data (Vincent and Marsh. 1973). This new set of 
data replaced some of the older observed data and filled in 
areas previous;:' predicted. 

In order to assess the effects of long wave-length errors 
in the satellite-derived gravity model, comparisons were made 
with detailed geoids computed using the Ropp 73 (Rapp. 1973) and 
SAO-3 (Gaposchkin, 1973) Earth Models. Comparisons were also 
made along a SKYLAB-Altimeter Pass in the vicinity of the Puerto 
Rican Trench. 



2. PRINCIPLES OF COMPUTATION 

The gaoidal undulations at any point P on the Earth can be 
computed using the well known Stokes' formula: 

where 

A - the geocentric latitude and longitude, respectively 
of the computation point. 

$',A* = the geocentric latitude and longitude, respectively 
of the variable integration point. 

N($.A)= geoid undulation at $,A. 

R = mean radius of the Earth. 
- 
y mean value of gravity over the Earth. 

AgT($',A') free air gravity anomaly at the variable 
point @',A1. 

1 
S(V) -0 - 6 sin(ll2) + 1 + 5 cos V 

- 3 cos V ln(sin(V/2) + sin2(*/2)) 
(21 

where 

v = cos-'[sin@ sin4* + c o s ~  costv c o s ( ~ - ~  * ) I  (3 )  

In order to provide a more accurate representation of the 
geoid undulations, particularly with respect to the wavelengths 
shorter than those resolvable with satellite obsewations, we 
have combined the satellite derived gravity data with surface 
ID x lo mean free air gravity anomaly observations. This was 
accomplished by dividing the Earth into two areas, a local area 
(A1) surrounding the point P, and the remainder of the Earth 
(A2). The anomalous gravity was partitioned into two parts re- 
presented by the syrpbols Ags and 802. The Ag values are de- 
fined as that part of the anomalous gravity ffeld which can be 
represented by the coefficients in a satellite derived spherical 
expansion of the gravitational potential. The Ag2 values are 
defined as the remainder of the anomalous gravity field. Using 
the division of the Earth's surface into two areas and of the 
anomalous gravity into two components one can write Equation 1 
in the form: 

where N(9sA) N1 + N2 + N3 (4) 

N3 11 Ag2($,.A1) S(V) costw d$' dl' 
4377 A2 



For the corn utations described in this paper, the area A 
for a point at w h c h  the geoid was being computed, was definei 
to consist of a 'denty de ree-by-twenty degree area centered on 
the computation point. ~ f s o  in the calculations described here. 
the term N3 in equation 5 was set equal to zero. T:~is is equi- 
valent to assuming that the satellite derived approximation to 
the gravity field is adequate for the area A2 at a distance of 
greater than lo0 from the computation point. 

3. ANALYSIS 

3.1 The GEM-6 Detailed Gravimetric Geoid 

Figure 1 presents a contour map of the geoidal undulations 
for the Atlantic Ocean area (from 10' to SO0 N. latitude and 
280° to 320' E. longitude). Figure 2 presents the same geoid 
in the form of a three-dimensional plot. These geoidal undula- 
tions were computed using the GSFC GEM-6 Earth Gravity Model and 
a set of lo x 1' mean surface free-air gravity anomalies. The 
GEM-6 gravity model is a set of spherical harmonic coefficients 
complete to degree and order 16 with additional terms to degree 
22. This model was derived from a combination of (1) a satellite 
solution based on optical, electronic and laser observations of 
27 satellites and (2) a global set of So x So equal area mean 
gravity anomalies developed by Rapp. 

The parameters used in these computations were: 

wo = the potential f the geoid 
(62636875 mt/s!) - 

y = the mean v lue of gravity 
(9.789 m/sf 

the semi-major axis of the reference ellipsoid 
(6378142 m) 

l/f = the flattening coefficient for the reference 
ellipsoid (298.255) 

GM = the product of the universal gravitational c ns ant 
and the mass of the earth (3.986009 x 1014 m!/si) 

3.2 Inter-Model Comparisons 

PI-eviously, we have computed global detailed geoids using 
several satellite-derived gravity models with the same set of 
surface data (Marsh and Vincent, 1974). Comparisons of the 
geoids indicated that the precision of the geoid is highly 
correlated with the availability of satellite observations and 
surface gravity data. For example, differences as large as 30 
meters were ncted in the southern hemisphere. These large 
differences are illustrated in Figure 3 which presents detailed 
geoid profiles at SO'S. latitude. These geoids were computed 
using several recently published gravity models. In the northern 
hemisphere where satellite observationiand surface data are more 
abundant. the differences in the detailed nravimetric neoids are 
#enerallj less than 10 meters. Figures 4 and 5 preseni contour 
maps of the geoidal height differences when the Rapp-73 and SAO 
73 models are compared with the GEM-6 model in the Atlantic 
Ocean area. The differences between the GEM-6 and Rapp-73 geoids 
are in the raqge of 0 to 2 meters while with the SAO-3 model, 
the differences were as large as 4 meters. However, these 
differences are relative to GEM-6 and are not necessarily an 
indication of the absolute long wave-length error. 



3.3 Comparisons with S K Y M B  Altimeter Data 

As is well known, the value of Stokes' function increases 
rapidly as the computation point is approached. This is illus- 
trated in Figure 5 where the value of the Stokes' function is 
plotted as a function of the distance from the computation point. 
As can be seen in Figure 6, the steepest variation is in the area 
of O D  to 30' from the computation point. With 1' x 1' mean 
values of the surface data, the shorter wavelength features can- 
not be detected. Therefore, with the availability of point 
anomalies from NOAA, a set of 10' x 10' mean anomalies were 
formed and incor orated into a modified program for a preliminary 
computation of tRe geoid in the vicinity of the Puerto Rican 
Trench. In this computation, 10' x 10' dat? were used for the 
first 3' of the computation area and lo x 1 data were used from 
3' to 10'. However, there were a large number of unobserved 
10' x 10' blocks in the area o f  the computation. Figure 7 pre- 
sents a comparison of the SKYLAB SL-2 pass 4 altimeter data 
(McGoogan. 1974) with the lo x 1' detailed geoid presented in 
Figure 1 as well as with the preliminary 10' x 10' geoii for the 
Puerto Rican Trench area. As is noted in Figure 7 the relative 
agreement between the 10' x 10' geoid and the altimete;. data is 
very good however. because of the large number o f  unobrerved 
10' x 10' blocks, the 1' x 1" geoid is more representat~ve in 
terms of absoluts scale. 

4. CONCLUSIONS 

An improved detailed gravimetric geoid has been computed 
for the Atlantic Ocean area. This geoid incorporates a new set 
of 1' x lo surface data obtained from NOAA in addition to the 
data pirviously available. The precision of this geoid is on 
the order of 3 meters. The primary sources of error are: 
1) errors in the long wave-length representation of the undula- 
tions by the satellite-derived gravity models and 2) the accuracy 
and density of the surface gravity data. To partially alleviate 
the long wave-length errors it may be necessary to increase the 
area of integration. The preliminary incorporation of 10' x 10' 
data into the geoid computations provided a better relative 
agreement with the satellite altimeter data as anticipated. 
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Figure 1. Detailed Cravimetric Ceoid Based Upon a Combination 
of the CSFC GEM-6 Earth Model and l o  x 1' Surface Gravity Data. 
Contour Interval 2 Meters Earth Radius=6378.142 km, l/f - 
298.255, CM = 398600.9 kmf/sec2. 



Figure 2. Detailed Cravimetric Geoid for the Caribbean 
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Figure 3. Caparison of Detailed Graviaetric Geoids at SO0 S. 
Latitude 

Figure 4. Detailed Gravimet ' C  '-.mid HeiL,lt DiCfarences Cbl-6 
Minus RAPP'73 
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Figure 5. Detailed Gravimetric Geoid Height Differences GEM-6 
Minus SAO 111 

Fig- . Plot of Stokr's Furction versus Distance from the 
C ,  ration Point 
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ABSTRACT 

Localized ba thymet r ic  f e a t u r e a  produce l a r g e  ampl i tude  
p e r t u r b a t l o o 8  t a  t h e  u r i n e  f r e e - a l r  8 r a v i t y  a u o u l l e s .  In  o r d e r  
t o  s tudy  long wavelength a n o u l i e s .  which a r e  of p a r t l c a l a r  
i n t e r e s t  i n  u r i n e  geodesy. i t  1s desirable t o  remove t h e  topo- 
graphy "noise level" .  Bouever. t o  do t h i s  i n  a t r u l y  t h r e e -  
dlmensioaal  fasb loo  a long  a marine g r a v i t y  t r a c k  1s oot  p r a c t i c a l  
because of  t h e  formidable amount of d a t a  p r e p a r a t i o n  r e q u l r e d .  
I t  is 81.0 uudea l rab le  t o  use convanclonal  Bou8uer a n o u l i e s  
because t h e s e  can e a s i l y  be i n  e r r o r  by 602 beeauae of t h e  one- 
dlmeasional  o a t o r e  of  t h e  c o r r e c t i o n .  We have developed a 
computer program uhich  c a l c u l a t e s  tbe  rea-aur face  t h r e e -  
dimenslooal  8 r a v i t y  e f f e c t  of  a  c o o i c a l  seamouuc from a p o l n t  
above the  apex t o  any d i s t a n c e  o f f - a x i s .  The r e z u l t s  of  t b i s  
program a r e  compared wi th  those  of  a  Ta l tmni  two-dimensional 
e q u i r a l e o t  of a  s h i p  t r a c k  a c r o s s  the  o f f - a x l s  hyperbol ic  s l i c e  
of t h e  cone. A s tudy  of more than 100 s e a l o i n c s  10 the  P a c i f l c  
Ocean shomd t h a t  t h e l r  r l o p e  a n g l e s  range from 4.5. t o  17.. For 
t h l s  reason. model c a s e s  with s l o p e  angle. of 5. 10 and IS 
l o  u a t e r  deptt.8 of 1 t o  6 km were cons idered .  For a  seamount 
with i ts apex a t  2 km depth and bare a t  5 km depth  a 10. s l o p e  
.ogle, t h e  t u o 4 l m e o s i o o a l  method o v e r - c o r r e c t s  by 182 over  t h e  
apex, but  g ives  t h e  same r e s u l t  a s  t h e  three-dimensional  method 
a t  an o f f - a x i s  d l s t a n c e  o f  602 of  the  bare  rad ios .  Par tber  ou t  
than 60% of the  bas. radlua.  the  two-d imas lone1  method under- 
c o r r e c t s .  We have developed a second computer program vbicb  
uses  a tw-d lmens lona l  n c b o d  t o  c o r r e c t  t k c  f r e e - a i r  a n o n l y  
For topography a l d o g  ehe sh ip ' s  crack.  Curves from the  cone 
program a s  u e l l  a s  two-dimensional topography c o r r e c t e d  f r e e - a l t  
anomaly t r a c k s  a r e  prenented.  

Cravl ty  aoomaly d a t a .  p a t t l c u l a t l y  i n  the  i c ~ a  of 1 .~1 '  
means. a r e  needed i n  o r d e r  t o  dtterm;ne undulu t ioos  of t h e  
grav lmet r ic  geoid. determine components of the  d e f l e c c l o n  o t  t h e  
v e r t i c a l .  and t o  d e r i v e  an .arch g r a v i t y  model. 1.e . .  a  ewherlcel  
harmonlc express ion  o f  g r a v i t y  v a r l a t l o n s  on a g loba l  ; -b ls .  

In cont tnenca l  ares.. soad a p p r o r l n t l o n s  of mean I 'x l*  can 
be made i n  most a r e a s .  P a r t  of t h e  rcasom for  t b i s  1s t h a t  land 
g r s v l t y  mtaouremencs can be made a t  r e l a c l v e l y  low c o s t  t o r  q u l t e  
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a  l a r g e  number o f  s t a t i o n s .  Any s t a t i o n  l o c a t i o n  is w e l l  know. 
and t h e  e r a v i m c e r  Is s t a t i o n a r y  d u r i n g  t h e  u h s e r v a t f o n .  Many 
a r e a s  o f  l a r g e  e x t e n t  have  o b s e r v a t i o n s  on a  g - i d - l i k e  p a t t e r n .  
and t h e r e  a r e  enough p o i n t  a n o m a l i e s  a v a i l a b l e  .o t h a t  s i m p l e  
a v e r a g i n g  c a n  b e  done  and  a  r e l i a b l e  mean i s  o i t a i n e d .  Good 
t o p o g r a p h i c  l a p s  a r e  a v a i l a b l e  s o  t h a t  t e r r a i n  s o r r e c t i o n s  c a n  be  
made. 

The s i t u a t i o n  is  n o t  s o  goad a s  r e g a r d s  m a r i n e  g r a v i t y  
r e s u l t .  . One f a c t o r  is t h e  h i g h  c o s t  o f  t h e  s e a  g r a v i m e t e r  
i t s e l f .  r t  l e a s t  1 5  t i m e s  t h e  c o s t  o f  l a n d  m e t e r .  A n o t h e r  is t h e  
v e r y  h i g h  c o s t  o f  s h i p  o p e r a t i o n .  A  s h i p  s u i t a b i e  f o r  s e a -  
g r a v i t y  o b s e r v a t i o n s  c o s t s  t h o u s a n d s  o f  d o l l a r s  a day  t o  o p e r a t e .  
These  two f a c t o r s  a l o n e  i n d i c a t e  n o t  o n l y  why t h e r e  a r e  g r e a t  
g a p s  i n  t h e  s e a  g r a v i t y  d a t a .  b u t  a l s o  why t h e  a r e a l  c o v e r a g e  
u s u a l l y  c o n s i s t s  o f  a  l o n g  s i n g l e  t r a c k  t h r o u g h  a  r e g i o n  r a t h e r  
t h a n  a  g r i d  p a t t e r n  o f  o b s e r v a t i o n s .  Then i t  becomes much more 
d i f f i c u l t  w i t h  t h e  s e a  d a t a  t o  d e t e r m i n e  mean 1 .~1 .  a n o m a l i e s  
t h a n  i t  h a s  been  f o r  t h e  l a n d  C a t a .  T o  make m a t t e r s  worse .  t h e  
ocean  bo t tom v e r y  o f t e n  ha.< r e l a t i v e l y  h i g h  r e l i e f  which u s u a l l y  
c o n s i s t s  o f  s eamoun t s .  Because  o f  n a v i g a t i o n  u n c e r t a i n t i e s .  t h e  
e x a c t  l o c a t i o n  a s  w e l l  a s  c o n f i g u r a t i o n  o f  bo t tom topography  i s  
n o t  w e l l  know. I n  a d d i t i o n .  s l o v e  c o r r e c t i o n s  t o  t h e  e c h o  
s o u n d e r  d e p t h s  have  p r o b a b l y  n o t  been  made. s o  t h a t  i n  bo t tom 
topography  c o n f i g u r a t i o n s  where  t h e r e  I8 a  h i g h  . l ove  a n g l e .  t h e  
c h a r t e d  d e p t h s  may b e  i n c o r r e c t .  I n  t h i s  r e g a r d  s e e  Rreuse  
(1962) .  

Fo r  l a n d  g r a v i t y  o t s e r v a t i o n 8 . a  s e v e r a l  km h i g h  t o p o g r a p h i c  
f e a t u r e  q n l y  a  few k i l o m e t e r s  away h a s  v i r t u a l l y  no t e r r a i n  
e f f e c t  on t h e  v e r t i e a l  component o f  g r a v i t y .  At  s e a .  however. 
t h e  o b s e r v a t i o n  p o i n t .  i n s t e a d  o f  b e i n g  a t  a l m o s t  a  r i g h t  a n g l e  
t o  t h e  f e a t u r e ,  i s  u s r a l l y  above  t h e  l e v e l  o f  t h e  t o p  d f  t h e  
f e a t u r e .  T h e r e f o r e  t h e  a n g l e  f rom t h e  o b s e r v a t i n n  p o i n t  t o  t h e  
c e n t e r  o f  mass o f  t h e  t o p o g r a p h i c  f e a t u r e  v i l l  b e  c o n s i d e r a b l y  
d i f f e r e n t  from n e a r l y  h o r i z o n t a l .  and t h e  s r a v : t y  e f f e c t  much 
t a r t e r .  

I t  i s  w e l l  known t h a t  m a r i n e  g r a v i t y  r e s u l t s  a r e  o n l y  a s  
good a s  t h e  c r o s s - c o u p l i n g  c o r r e c t i o n s .  h o r i z o n t a l  a c c e l e r a t i o n  
c o r r e c t i o n s .  and Eo tvos  c o r r e c t i o n s .  These  m a t r e t s  v i l l  no t  b e  
d i s c u s s e d  i n  t h i s  p a p e r .  The problem vir ich  we want t o  examine 
h e r e  i s  t h a t  o f  e f f e c t i v e l y  removing t h e  " n o i s e - l e v c l "  o r  p e r t u r -  
b a t i o n s  i n  t h e  f r e e - a i r  anomaly,  c a u s e d  by t h e  bo t tom t o p c j r a p h y .  
t o  o b t a i n  a  r e s i d u a l  g r a v i t y  f i e l d  which i n c o r p o r a t e s  o n l y  t h e  
e f f e c t  o f  t h e  d e e p e r  mass d i s t r i b u t i o n s .  The s i t u a t i ~ n  i s  t h e  
i n v e r s e  o f  t h e  one e n c o u n t e r e d  by t h e  p a l c o m a g n e t i c  i n v e s t i g a t o r s  
where  t h e y  remove t h e  i e g i o n a l  s o  t h a t  t h e y  can  look  a t  t h e  l o c a l  
e f f e c t s .  The most d i f f i c u l t  t opography  e f f e c t  t o  remove is  one  
t h a t  is t r u l y  t h r e e - d i m e n s i o n a l ;  one  o f  t h e  most common f e a t u r e s  
i n  m a r i n e  bo t tom topography  I s  t h e  submerged seamount  Ua 
t hough t  t h a t  i t  would be  p r o f i t a b ~ e  t o  s t u d y  t h e  d i f f e r e n c e  
between t h e  t h r e e - d i m e n s i o n a l  O D ) .  cwo-dimensional  (2D) and one -  
d t m e n s i o n a l  (1C) g r a v i t y  e f f e k t  o f  c o n i c a l  s eamoun t s .  

THE GRAVITY EFFECT OP A  CONIC. SCAUOUNT 

We f e l t  t h a t  i t  was r e a r o n a b l e  t o  assum<? t h a t  t h e  form o f  a  
submerged seamount c o u l d  be  approx ima ted  a s  a  p e t f e c t  cone .  
a l t h o u g h  we r e a l i z e d  t h a t  n o  l u c h  seamount probab!y e x i s t s .  Our 
c h i e f  pu rpose  i n  a d d i t i o n  t o  p r o d u c i n g  a  t a b l e  o f  T r a v i t y  e f f e c t s  
w r .  t o  c o r p a r a  o n r  and two-d imens iona l  a p p r o x i m a t  l c n s  w i t h  t h e  
t h r e e - d i m e n s i o n a l l y  d e r i v e d  g r a v l t y  e f f e c t s .  We exrmined t h e  
ba thymet ry  c h a r a c t e r  o f  more t h a n  100 " r e a o o n a b l e "  s e s a o u n t s  i n  
t h e  c e n t r a l  P a c i f i c  Ocean. The s l o p e  a n g l e s  were  c a i c u l a t e d  'rom 
t h e  h e i g h t  d i v i d e d  by b a s e  r a d i u s ,  and were found t o  r ange  f r o r  
4 . 5  t o  17 d e g r e e s  w i t h  10 d e g r e e s  a s  a  r e a s o n a b l e  mean. Appendix 
A g i v e s  a  summary o f  t h e  deve lopmen t s  l e a d i n g  r o  s g r o ~ p  of 
e q u a t i o n s  used f o r  c a l c u l a t i n g  t h e  o f f  a x i s  v e r t i c a l  g r a v i t y  
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e f f e c t  of a  h o r i r o n t a l  c i r c u l a r  d i s k .  The s eamoun t  was t h e n  
a p p r o x i m a t e d  from s t a c k i n g  up t o  100 v a r y i n g  s i z e d  d i s k s .  Ye 
used  3 d e n s i t y  o f  2 . 3  g l c c f .  o r  a  d i f f e r e n t i a l  d e n s i t y  o f  ( 2 . 3 -  
1 .027 )  g / c c .  

T a b l e s  1. 2  and 3  g i v e  t h e  v e r t i c a l  g r a v i t i o n a l  a t t r a c t i o n  
o f  c o n i c a l  s e a m o u n t s  o f  d e n s i t y  2 . 3  g l c c  and  h a v i n g  s l o p e s  o f  
5. 1 0  a n d  15 d e g r e e s  r e s p e c t i v e l y .  T b t  t a b l e s  g i v e  t h e  r a d i a l  
d i s t a n c e  i n  km f r o m  t h e  a x i s  c o r r e s p o n d i n g  t o  a n  e v e n  10 myal 
u n i t .  F o r  c a s e s  whe re  t h e  o n - a x i s  msa l  e f f e c t  is n o t  a n  e v e n  
10 mgal  u n i t ,  t h e  - g a l  e f f e c t  i s  g i v e n  i n  p a r e n t h e s e s  i n  p l a c e  
o f  t h e  zero-km number.  The p u r p o s e  i n  p r e s e n t ' .  . t h e  t a b l e s  i n  
t h i s  fo rm i s  t c  - * r m i t  o t h e r  i n v e s t i g a t o r s  t o  c o n s t r u c t  g r a p h s  
of  t h e i r  own t o  r u y  .tale. D r a m  a s  p l a n  v i e w  c i r c l e s  a t  t h e  
a p p r o p r i a t e  r a d i  .. t h e y  would p e r m i t  t h e  g r a v i t y  c f f z c t  p r o f i l e  
o f  a n  o f f - a x i s  s n i p  t r a c k  t o  be  d e t e r m i n e d .  I f  some a t h e r  
d e n s i t y  p b e s i d e *  2.3 is d e r i r e d . r u l t i p l y  t h e  mgal e f f e c t  by 
(0  - 1 . 0 2 7 ) / ( 2 . 3  . 1 .027 ) .  

The 3 - d i m e n s i o n a l  r e s u l t s  were compared n o t  o c l y  w i t h  
Ta lwan i .  e x .  aJ. (1059)  ZD e q u i v a l e n t s  o f  s h i p  t r a c k s  a c r o s n  o f f -  
a x i s  - 1 l c e s  o f  t h e  cone .  b u t  a l s o  w i t h  1 D  c o r r e s p o n d i n g  a p p r o x i -  
mat a s  a l o n g  e a c h  t r a c k .  The s h i p  t r a c k  d i s t a n c e  i nc r*men t s  
were  5  km. b e c a u s e  t h i s  i s  a b o u t  t h e  d i a t a n c e  a  s h i p  w i l l  t r a v e l  
i n  1 5  m i n u t e s  a t  1 0 . 5  k n o t s .  and  o u r  s h i p  e r a v i t y  r e s u l t s  a r e  
g i v e n  f o r  e v e n  q u a r t e r  h o u r  t ime*  T a b l e  + p r e s e n t s  t h e  corn- 
p a r i s o n -  f o r  t h e  o n - a x i s  s h i p  trick c a s . s .  I n  o r d e r  t o  6 ~ s c u s s  
o f f - a x .  : a a e s ,  i t  seemed b e s t  t o  p i c k  a  few examples  of  r e a s o n -  
a b l e  ~ i t u a t i o n s  e n c o u n * e r e d  a t  s e a .  F i g u r e  1  shows a  h a l f -  
p r o f i l e  o f  t h e  v r r t i c ~  g r a v i t y  e f f e c t  o f  10. a s  w e l l  a s  IS* 
c o n i c a l  s eamoun t s  whe re  t h e  b a s e  d e p t h  is 5 km and  t h e  d e p t h  t o  
t h e  t o p  i s  one  km. F i g u r e  2 shows t h e  mgal e r r o r  i n  u s i r t  a  ID 

FROM POINT OF  CLOSEST APPROACH 
TO A X I S  

F i g u r e  1 .  V e r t i c a l  ( I r a v l t y  e f f e c t  n t  x e a - l e v e l  o f  twc c o n i c a l  
s e a m o u r t s .  Both have a  b s e  d e p t h  of  5 k m  r n J  a  t op  d e p t h  o f  
1  k m .  S o l i d  ' I n e s  a r e  f o t  o n e  w i th  a  10. s l o p e  frnm t h e  h o r i -  
z o n t a ' .  and dashed  l i n e s  a r e  f o r  one  w i t h  a  IS* s l o p e .  c o r r c s -  
ponding b a r e  r a d l i  a r e  ( n d i c a t e d  h y  t h e  open t r i a n r l e s .  E f f e c t s  
a r e  shown a l o n ~  s h i p  t r a c k s  c r o s s i n g  o n - a x i s .  a s  w e l l  4s f l a n k  
e r o s s i n 8 s  a t  5 k m  ~ u c r e s s i v e  o f f a e t r  f rom t h e  a x i s .  





T U U  2. M -1 m g U  offoat .nd C O ~ ~ ~ S p a t d h g  di.t.nee frm U d s  l x i  kllmatem - for swmomtr with a rlcue of 10 C. 
' ? D - ~ l Q F ' ( 1 * ) 0  D m  OF BASE (1011 1 Z 6 3  4 5 0  1 2 3  5 0 3 1 2 0 P 1 0  1 
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Table 3. Sea level 4rl effect  aad correapoadiae dietsllob frcm axis in kllcamtece 
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f l a t - s l a b  a s s u m p t i o n  ( u p p e r  g r a p h )  i n  c o r r e c t i n g  t o  t h e  5  km base  
l e v e l .  a s  w e l l  a s  t h e  mgal e r r o r  u s i n g  a  2D T a l w a n i  method a l o n g  
t h e  t r a c k .  I t  is a p p a r e n t  t h a t ,  on t h e  a x i s ,  t h e  1 D  e r r o r  is  
enormous,  b e i n g  48% t o o  l a r g e ,  w h i l e  t h e  2D i s  much more r e a s o n -  
a b l e  st  16% too  l a r g e .  On a x i s .  t h e  1D a s  w e l l  a s  2D methods 
a r e  b l i n d  t o  t h e  d e f i c i e n c y  o f  mass l a t e r a l l y .  Por  t h e  10' s e a -  
mount and  ID a s s u m p t i o n ,  a c o n v e n t i o n a l  m a r i n e  Bouguer anomaly.  
i n  which t h e  s e a  w a t e r  i s  r e p l a c e d  by rocn.  would o v e r - c o r r e c t  
t h e  145 mgal f r e e - a i r  anomaly by 69 mgal and a p p e a r  a s  a  l a r g e  
n e g a t i v e  s p i k e  o f  a l m o s t  h a l t  t h e  a m p l i t u d e  o f  t h e  o r i g i n a l  
anomaly. C l e a r l y ,  t h e n ,  t h e  2D a s s u m p t i o n  i s  much b e t t e r  because  
i n  t h e  w o r s t  c a s e  ( o n - a x i s ) ,  t h e  145  mgal t r e e - a i r  anomaly would 
be r educed  t o  o n l y - 2 3  mea l .  and  a t  1 0  km o f f - a x i s ,  t o - 8  mgal.  
The 2D-3D g r a p h s  f o r  c a s e s  o t h e r  t h a n  t h a t  shown i n  P i g u r e  2 a r e  
q u i t e  s i m i l a r  i n  shape .  and a l l  e x h i b i t  t h e  e q u a l i t y  of 25 wiLh 
3D methods  when t h e  o f f - a x i s  t r a c k l i n e  d i s t a n c e  i s  a b o u t  60 t o  
70 p e r c e n t  o f  t h e  b a s e  r a d i u s .  T h i s  p e r c e n t a g e  is g i v e n  i n  t h a  
X RAD 2D - 3D column i n  T a b l e  4 .  Of c o u r s e .  t h e  2D a s s u m p t i o n  
u n d e r - c o r r e c t s  f o r  t opography  when t h e  o f f - a x i s  d i s t a n c e  i s  t o o  
g r e a t .  

0 
N -2 I , I , I I 1 ,  

10 26 30 40 
DISTANCE ALONG SHIP TRACK (%MI 

F i g u r e  2. Mgsl e r r o r s  o f  ID ( u p p e r )  and Z D  ( l o v e r )  a a s u m p t i o n s  
r e l a t i v e  t o  t h e  c u r v e s  shown i n  F i g .  1 .  Only t h e  10. c a s e  is 
shown i n  t h e  2D-3D g r a p h .  I n s e r t  numbers g i v e  km o f f s e t s  frqm 
t h e  a x i s .  

EFFECT OF FEATURES OPF THE TRACKLINE 

I t  i s  i m p o r t a n t  t o  know t h  magn i tude  of t h e  g r a v i t y  e f f e c t  
of f e a t u r e s  o f f  t o  t h e  r i d e  o f  t h e  t r a c k l i n e  and no1 seen  
d i r e c t l y  by the  e c h o - s o u n d i n g  d e v i c e  on t h e  s h i p .  The h a l f -  
a n g l e  o f  a  c o n v e n t i o n a l  e c h o - s o u n d e r  cone  of e n e r g y  16 30' 
r e l a t i v e  t o  t h e  v e r t i c a l .  T h i s  means t h a t  t h e  e c h o - s o u n d e r ' s  
l a t e r a l  e f f e c t i v e n e r s  ranpen from 3 . 5  km i n  6 km of v r t e r  t o  
1 . 7  km in  3 km o f  w a t e r .  From t h e  baqe r a d i i  g iven  i n  T a b l e  h 
i t  i s  s e e n  t h a t  'or a l l  c a s r s  g i v e n  i n  T a b l e s  1  2 and 3. t h e  
wors t  e r r o r  e n c o u n t e r e d  i n  i g n o r i n g  nearnounto o f f  t o  t h e  r i d e  o f  
t h e  t r a c k  i s  13 mgal f o r  a  IS* s l o p e  a t  z e r o  km t o  t h e  t o p  and 
6 km b a s e  d e p t h .  Almost a l l  o t h e r  c a s e s  a r e  10 mgal o r  l e s s .  
The v a l i d i t y  of i g ~ o o r l n g  l a t e r a l  t opography  would no: be t r u e .  
however. i f  t h e r e  were a  l a r g e  Z D  b a t h y m e t r i c  F e a t u r e  p a r a l l e l  t o  
t n e  t r a c k l i n e  b u t  f u r t  o u t  of r ange  t h e  e c h o - s o u n d e r .  Thus 
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s c r a p s .  t r e n c h e s ,  r i d g e s ,  i s l a n d  c h a i n s  and  c o n t i n e n t a l  s l o p e s .  
f o r  example  c o u l d  n o r  b e  i g n o r e d .  However, s u c h  s i t u a t i o n s  v o u l d  
b e  t r e a t e d  a s  s p e c i a l  c a s e s .  

MOVING WINDOW TOPOGRAPHY CORRECTION 

We h a v e  d e v e l o p e d  a  compute r  program which we c a l l  TCFAA 
(Topography C o r r e c t e d  F ree  A i r  Anomaly).  I t s  p u r p o s e  is t o  be 
a  r e l a t i v e l y  i n e x p e n s i v e  mathod o f  c o r r e c t i n g  t h e  m a r i n e  o b s e r v e d  
f r e e - a i r  a n o m a l i e s  f o r  t h e  e f f e c t  o f  b o t t o m  topography  a l o n g  t h a  
t r a c k .  A "boxca r  windov" i s  c e n t e r e d  on t h e  o b a e r v a t i c a  p o i n t .  
The !wan v a t e r  d e p t h ,  maximum v a t a r  depcb .  and mean f r e e - a i r  
anomaly a r e  c a l c u l a t e d  f o r  o n l y  t h e  sequence  o f  t r a c k  d a t a  v i t h i n  
t h o  v i adov .  The T a l w a n i  2D e f f e c t  o f  t h e  topography  r e l a t i v e  t o  
t h o  mean d e p t h  is  c a l c u l a t e d  and  s u b t r a c t e d  f rom t h e  f r e e - a i r  
anomaly.  Excep t  f o r  d i s c r e p a n c i e s  b e t v e e n  t h e  2D a s s u m p t i o n  and 
3D c o n f i g u r a t i o n s .  t h e  r e s u l t  a p p r o x i m a t e s  a  "comple t s "  f r e e  a i r  
anomaly r e l a t i v e  t o  t h e  mean d e p t h  f o r  t h e  v indov .  The v indov  
i s  advanced a l o n g  t h e  t r a r k  a l o n g  v i t h  each  new o b s e r v a t i o n  
p o i n t .  

The r e s u l t s  o f  a  t e s t  o f  t h e  p rog ram a r e  shown i n  F i p u r e  3. 
The t r a c k  van t a k e n  f rom Leg 8  o f  KANA REOKI i n  1973  and  g o e s  
f rom 5.5'5 168.W ( l e f t )  t o  3.5 175.5.W ( r i g h t ) .  A11 bachymecr i c  
"bumps" a r e  c r o a s i n g e  o f  e s s e n t i a l l y  c o n i c a l  s eamoun t s .  The 
c e n t e r  of t h e  t r a c k  is  a b o u t  120  km s o u t h  o f  Can ton  I s l a n d  and 
t h e  b a t h y m e t r f c  d e p r e s s i o n  p a s t  800 km i s  a  v e s t e r n  e x t e n a t o n  
o f  t h e  Nova Canton Trough and  is t h e r e f o r e  t v o - d i m e n a i ~ n a l .  
F i g u r e  3.9 s h o v s  o r i g i n a l  d a t a .  P igu ru  3b shovm t h e  r e s u l t s  
o f  u s i n g  a  v i n d o v  w i d t h  o f  110 km c o r r e s p o n d i n g  t o  l o ,  and 
F i g u r e  3c s h o v s  t h e  r e s u l t s  of u s i n g  a  windov v i d t h  of 330 km 
c o r r e s p o n d i n g  t o  3. g e o g r a p h i c a l l y .  

DISCUSSION OF RESULTS 

F i g u r e  3b shows a  v e r y  c l o s e  c o r r e s p o n d e n c e  b e t v e e n  t h e  
mean f r e e - a i r  anomaly a n d  TCPAA. T h i s  v o u l d  b e  e x p e c t a d  b e c a u s e  
TCQAA i s  done r e l a t i v e  t o  t h e  mean v a t e r  d e p t h .  Over 1' o r  110 
km t h e  a r e a  s h o u l d  b e  o n l y  SO p e r c e n t  i s o s t a t i c a l l y  compeneaced. 
a s  h a s  been p o i n t e d  o u t  by Wool lard  (1962) .  Because  t h e  l a t e r a l  
e f f e c t  of searnounto n o t  s e e n b g e c h o - s o u n d e r  c a n  be e f f e c -  
t i v e l y  i g n o r e d ,  we f e e l  t h a t  t h e  w a n  topography  and f r e e - a i r  
a n o m a l i e s  o b t a i n e d  v i t h  a  1 1 0  km v i n d o v  and  a  s i n g l e  s h i p  t r a c k  
s h o u l d  p r o v i d e  power fu l  i n f o r m s t i o n  f o r  d e t e r m i n i n g  a  l o c a l  a r e a  
b a s i c  predictor. T h i s  i n  t u r n ,  can  b e  used  t o  d e t e r m i n e  t h e  
l o c a l  1 .~1.  mean anomaly.  The TCPAA p r o f i l e  f o r  a  110 km window 
p r o b a b l y  c a n n u t  be used  p r o f i t a b l y  f o r  g e o l o g i c a l  s t r u c t u r e  
i n t e r p r e t a t i o n .  T h i s  i s  b e c a u s e  t h e  mean v a c e r  d e p t h  d o e s  n o t  
t r u l y  r e p r e s e n t  t h o  moat commonly o c c u r r i n g  w a t e r  d e p t b  f o r  t h e  
whole  r e g i o n  i n  g e n e r a l .  The most  common d e p t h  vou ld  be  g i v e n  
by t h e  "mode." which mipht  n o t  b e  posmib le  t o  f i n d  :n c a s e s  o f  a  
monoc l ine  o r  s a v t o o t h  topography ,  f o r  example .  The re  i s  a  way 
o u t  of t h i s  problem,  h o v e v e r .  Wool l a rd  (1962)  m a i n t a i n e d  t h a t  
t o p o g r a p h i c  f e a t u r e s  must be  a b o u t  3 .~3.  o r  l a r g e r  i n  o r d e r  t o  
be compensated more t h a n  80%. T h i s  i e  t h e  r e a s o n  we a l s o  ahov  
r e s u l t s  o b t a i n e d  w i t h  a  330 km windov.  

F i g u r e  3c s h o v s  t b a t  t h e  TCFAA from a  330 km v i n d o v  s h o u l d  
be  v e r y  u s e f u l  f o r  l o c a l  c r u s t a l  s t r u c t u r e  i n t e r p r e t a t ' a n a .  In 
p a r t i c u l a r ,  t h e  d e p a r t u r e a  o f  TCFAA from t h e  330 km mean f r e e -  
a r e a  anomaly i n d i c a t e  a r e a s  o f  p r o b a b l y  r t r u c t u r a l  o r  t e c t o n i c  
i n t e r e s t .  The mean f r e e - s i r  anomaly am v e l l  a a  mean topopraphy  
change ve ry  s l o w l y  and would be q u i t e  u s e f u l  f o r  a  r e e i o n a l  b a a i c  
p r e d t c t o r .  
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F i g u r e  3. P r o f i l e .  o f  t h e  f r e e - a i r  a n o m a l y  a n d  b o t t o m  t o p o g r a p h y  
u a e d  f o r  a  t e s t  o f  TCFAA. O r l g l n a l  d a t a  a r e  shown i n  ( a ) .  TCPAA 
( b o l d  l i n e )  mean PAA ( f i n e  l i n e ) .  a n d  mean b o t t o m  t o p o g r e p h y  f o r  
a  1 1 0  km window a r e  shown i n  ( b ) .  T h e  same q u a n t i t i e s  am i n  ( b )  
a r e  shown i n  ( c )  f o r  t h e  c a s e  o f  a  3 3 0  km window. 
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CONCLLSIONS 

1. Even i n  t h e  w o r s t  c a s e  where a  s h i p  t r a c k  c r o r s e s  t h e  
a x i s  o f  a  submerged r eamoun t ,  t h e  ZD a p p r o x i m a t i o n  f o r  
removal  of bo t tom topography  g r a v i t y  e f f e c t s  i a  c o n s i d -  
e r a b l y  b e t t e r  t h a n  uee  o f  a  ID f l a t - s l a b  a p p r o x i m a t i o n .  

2. Seamounts o f f  t o  t h e  s i d e  o f  t h e  s h i p  t r a c k l i n e  and n o t  
s e e n  by t h e  echo- sounde r  can  be e f f e c t i v e l y  i g n o r e d  a s  
r e g a r d s  t h e  c o r r e c t i o n  o f  t h e  f r e e - a i r  anomaly f o r  t h e i r  
t o p o g r a p h i c  e f f e c t .  

3. The moving window TCQAA computer  program w i t h  a  110 km 
window can be used  ve ry  e f f e c t i v e l y  f o r  l o n g  s h i p  t r a c k s  
t o  g i v e  good l o x l *  f r e e  a i r  anomaly a p p r o x i r n a t l o n s .  In 
a d d i t i o n .  t h e  program i s  v e r y  u s e f u l  f o r  s t u d y i n g  
c r u s t a l  s t r u c t u r e  p rob lems  when a s e d  w i t h  a  330 km win-  
dow br:*uae t h e  moan topography  and 
mean f r e e - a i r  a n o m s l i e a  r e p r e s e n t  r e g i o n a l  o r  " s t e a d y  
a t a t e "  c o n d i t i o n s  w h i l e  t h e  TCQAA r e a u l t a  r e p r e s e n t  
l o c a l  d e e p e r  s t r u c t u r a l  g r a v i t y  e f f e c t s  which a r e  n o t  
c o n t a m i n a t e d  o r  s c r e e n e d  by t h e  l o c a l  t o p o g r a p h i c ' h o i s e -  
l e v e l . "  

4 .  The 330 km means s h o u l d  be v e r y  u s e f u l  f o r  s e t t i n 8  up 
r e g i o n a l  b a s i c  p r e d i c t o r s .  

5. The TCFAA program u s e s  o n l y  what i t  can s e e .  and s u f f e r s  
o n l y  f rom u s e  o f  a  2D e s ~ u m p t i o n .  T h e r e f o r e ,  i t  i s  i n  
r e a s o n a b l e  harmony w i t h  t h e  p r i n c i p l e s  o f  minimum 
a s t o n i s h m e n t .  

OmGm& PAGE IS 
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Zke m r t i o r l  g r 8 r i u t i o a . l  8terrcLloa el 8 wew chLn 
h o r i r a t r l  c i rco ta r  4i.k wo h c o g o t d  tror ck eol id . y l m  
oobtadrd tho 4L.k. Thore rn w w o n l  ditferwmt rcbdlr of 
c 8 l c r l r c h g  rhe oolid u g l e .  a d  tbe corpoutiol l r l  0 1 C i r l m ~  
of each r thd - 9 0  r i c h  the k r i s o n t r l  u all u nr t l u l  
d l o c ~ r a  from cbe dlok. 

TIN m r t i c r l  grar iUtiotm1 r t t r r c t l o a .  k, of r b o r i a o a u l  
dtok Lo g imn by the mior i a tegr r l  

&err  y Lo tho g r 8 r L u t l a o l l  eoootu t .  b Lo rh. donoLt7. r i m  
the d l t r o r e  of the f i e l d  polat from the o o r n e  polnt .o tbe 
dlrk. rod 9 Lo tb. .ogle between r u d  tbe n o m l  t o  the diok. 
at. i s  oh- LO P L ~ U ~  AI. 

Poc b << r. (1) reduce. t o  

uhmre 0 rapreoemto the area of tb. dirk. ?be oolid oagl* r e  
fie11 polar P 8abtead.d by the dlok i o  

.bere (I 1s the u a l t  u o t o r  aom8l t o  the ourEreo of the dink 
and bli 1s the o l m a t  of are0 (dA) n o t o r  directed r loag the 
1100 of laagtb t .  l o r  (3) todocoo t o  

(4) 



*Lcb Lo tb uw Loregal  u the ooe Lo (2). Whm (1) t o r  a 
thla  d l rk  can k expmooed u 

?he e r l u e i o p  of tb 1at . t r r l  fo r  a p o t t  o l t  tk exio Lo oocb 
w r e  ceq l ica ted .  S o u  methodo be- cud pwmr oerleo .tpa- 
mima. mod ochers determi& el- E m r  oolotiooo Lo 
tetDS of E l l i p t i c  iOtegN10 of the Eimt. O e 0 d  a d  th i rd  kid.. 

Ja f le  (19%) l l o t o  reoulto o t  t-lt o b t a l o d  by e m -  
diog d e 6 r a d  19 . bimodal oerteo .od tha t  i ee rat to# 
term r a m  sioce tb i o e e s ~  of (6 . codi r? .  f m  l oolr- 
t i eo  3 ~ . ~ l ; c e * o  eqmtior .  oolid angle cam a100 tm 
axpreooed i o  t e r m  of a Legeodre poiyoaria1 oerieo o l  the t o m  

a - 9 r, (35, (co.9). t<. (m) 
*ere coo0 - z/* 
The eoetficiemtr d o  be oolwd for b comparlooo r ich  the 
re- 00 the 2-lt e ~ o i o o  l o r  tha oo4xL.  u o e .  

Refer t o  (1950). p. -31. fo r  M e u r p l e  of tbio 
procedure. The part icular  teool t  moot ouitable t o r  our porpooeo 
LO 

which coanr6es  rapidly for  r >> a. OtLer m e 0  of oerieo 
expaortom rerol to are  a100 8i-a by JaEEey. We daoote ( 8 )  u 
oor Eqoacioo (3-7b) where prefix J roferm t o  Jalfey. 

Ocher .ppro~cbeo t o  the problem b a n  provided exact rolu- 
u . p a  LO OE the O-~*:O a ~ d  ~ o e ~ a e t e  8 t f i p : i ~  iotest.xa 
One such oolutioa is derived by Paxtoa (19S9). Stor t i08 from 
(4) be obtalao 

6-1 4 
a - 2 1  L a s o  q d q d 6  a ( 9 )  

Pimra AP. We l ine i O t e ~ r 8 i  ow 



a f t e r  e . p r e e a l q  *. and b i n  t e ~  of J and o the r  p a r a m t a r s  t he  
r eao l t l ng  Lotasrela k c -  t b e  complete elliptic i n t e s r a l s  o f  
t ba  P l r s t  a d  t h i r d  ktnda. To simplify the  expression,  the  
B l l i p t i c  i n t e s t a 1  o f  tb. t h t r d  kind 10 expressed i n  tern  of 
8 . u a ~ ' a  1-a L~nctiom. Am. Tke Eo l lw lng  r e s u l t s  were 
obtain& by Partoa: 

where 
2 2 112 

k2 - -1 I-k la 
e2 + ($+a2 (P*) 

a d  K(k) is the  complete B l l l p t l c  i n t e g r a l  of t he  f i r s t  ktnd. 
%be Beeun  lambda Eunction can be expressed Lo a s e r i e s  con- 
t s i o l n g  K(k). E(k) ( the  complete B t l t p t i c  i n t e g r a l  of the 
second kind\.  f, and k. To evaluate  Pantom's r e su l t s ,  r e f e r  t o  

(1965) a s  mill a s  bbramowfts and Stegua (1970). chapter  17. 

Aootber exact  so l e t t on  f o r  i n  t e r m  of B l l l p t i e  i n t e g r a l s  
was obtaiued by t a l l q ~ t a t  and refer red  t o  by Gar re t t  (1954). 
Ta l lqv ia t  a p p r o x t u t e d  the exact  so lu t ion  a s  

in this ca re  k0 - (g2+~2*2-~)  I ( ~ ~ + E ~ + ~ ~ + S ) ,  

8 I(p2+gPJP>2 + bs2B21!'2siu2@ - ( p 2 + 2 2 - - 2 + ~ ) / 2 ~  and 
ease - 2 a ~ / ( s + a ~ - p ~ - e ' ) .  

The so lu t loaa  giveu here. a s  well  a s  s o w  others.  were 
examined t o  determine the  bes t  s e r i e s  t o  nee l o  d i f f e r e n t  
regiomo to aeB1eua a gfren eoraraep with a minimam number of 
c o q u t a t i o a s  involwd.  ?be accuracy of n was a r b i t r a r i l y  s e t  
at0.0001 radian f o r  the  t e a t  care.  Por each solu t ion .  n was 
computed t e r n  by term r a t 1 1  the  term was l e s s  thau the  des i r sd  
acaaracy. The r e s u l t l a g  rum f o r  aach s e r i e s  a r a  then compared 
with t abu la r i r ed  s o l i d  angle valubs -t. 1957, 1962) t o  
confirm t h a t  the  s e r l e s  bad t o  f a c t  coeve r~ed .  For compstar 
epp l l ca t ioas ,  the  regions adopted a r e  shorn t o  Figure A3 aud 
i ad i ca t a  the p a r t i c u l a r  eqnatton used and the  eaaociated numbers 
of t e rns  required t o  achieva an accuracy of 0.6001 radian.  Tba 
aes lea  Lor p and B a r e  not  l i nea r  a s  t he  only purpose i s  t o  show 
the  general  regioue . 

FIG. A 3 .  I e ~ i o n s  of p and 8 adopted f o r  0.0001 radian accuracy. 
Equation used and numbers of terms required a r e  s i w n .  except 
char f o r  the  Paxtoa solu t ion .  l b  r e f e r s  t o  the number of tsrma 
used i n  Betman's lambda fuaet ioa .  



Roee and  B0ul.n 

The seaoeunt  s t u d i e s .  which had many d e t a i l s  n o t  r e p o r t e d  
h e r e ,  a s  -11 as t h e  ii e q u a t i o n  and a s e o c i a t e d  computer  
p r o g r a a  development. a r e  t h e  w r k  o f  Bruce Bowman. The modi f i -  
c a t i o n s  t o  g e t  p a i r s  o f  ( 8 .  a) v a l u e s  a l o n g  an a f f -  
a x i s  f l a n k  c r o s s i n g  o f  a  c o n i c a l  seamount. a s  well a s  t h e  2D-3D 
i n v e s t i g a t i o n s  and TCPM a r e  t h e  work o f  3. C. Roee. The i n v e s -  
t i g a t i o n s  were s u p p o r t e d  i n  p a r t  by O f f i c e  o f  n a v a l  Research 
c o n t r a c t  U00014-704-0016-0001 and i n  p a r t  by U a t i o n a l  S c i e n c e  
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*In 1971, R I V  UtiA tBOKX with LaCoste and Romberg gravimeter 
833 crossed the Uecker Ridge. Putumoto. e t .  81. (1971) had 
es tabl ished a ravereed ref  rac  Zion s e i r m i c ? r i n ~ l o c a t e d  100 km 
e a s t  of t he  a x i s  of the  ridv.  and 100 km nor theas t  of the  gravi ty  
p ro f i l e .  The km thickness and kmlsec eeismic ve loc i ty  value8 of 
the upper three  l aye r s  of the  0.8 f l o o r  (0.1. 2.3; 0.3, 2.9; 1.8, 
3.6) a long witb the l udv i  Ilafe and Drake (1970) corresponding 
d e n s i t i e s  of 2.06, 2 d i  x c m d  a mean dens i ty  of 
2.30 glcc.  A Tal-ni (1959) 2D densi ty  prof l1e  was used. and 
2.30 was conf i- the  bes t  dens i ty  t o  use. This agrees  witb 
conclusions of Woollard (1951) and t o  rome ex ten t  with those OE 
Strange, ._l.m 

Iiavaii I n s t i t u t e  of Geophyr ice  Coatribution 80. 608. 



THE DATA 

1 h r h h ~ m m * b n r a r a o d I r o a , H ~ b a o . p M c O f f t a c b P D u ~ ~ ( 1 : 1 h l i a ~  
t:too,~~o. 1:12P00,l:lO~~)and from 1:25)00 k m y  MmpSdce Porappkdw ofthe 



Fieeher and Wyatt 

T h c ~ m o f c h c . o n i s s l ~ o n c h c ~ ~ t h e 1 . p o o 0 r r f l s n v u y ~  
d u ~ ~ * n , o r c a f r o m t & d r r r e m r ~ & E i p t u c 2 . A t l r p i a l d c p t h  
podPc.aor,rhead(Ptgu.3)hiDuecpd~toaPtdr~anndcp~~ad~thc 
~ o f r h c d e 8 s c i o n r a n d t h i r d i c c r i o l P ~ k . T h i r p * N l c o f a d d d i a s s t c d  
mnqm~osdK-orlarh~cclaBoorapboUt5kr.dcptb,~thca~to 
compute &tleccion dm due to this mprr dhaibution and to sce how close l e y  w o d  come co 
the 0bDFmd Jtls. 

Sincc the@wn nuopddc & f l ~ s r ~ ~ t ~ a I O C . I d D N m w b t h i s n ~ t n a a r P a y  
cmpadbk with chc campred topqsnphic dw. a datum tmdmdm hid be conridacd. 
Iaddlp,a t m d o n w h  toaddmrm.arrgiDn0ywdl&dng&mn,a1oyothcrdPtDmfa 
r p ~ h a d ~  bequnpleot t o m  blanket c m r r c t m n d o n  thus b e a p p l i s d c o t h e d o i f  
needed for intcrprrtjtioa 

The depth m d h p  @a with a deadtp due of 1.027~1nn9 for acean tmta and an adopted 
a n u r ~ n t d ~ ~ f a t B e m c k d n m c o a ~ d ~ o f 5 k m c o ~ t r u D a d C s p l P p C l o f t h e  
"vidbk" topognphy. eula invdgahm (Pbsha. 1974) have m g p d  2.4 M a good dedcnsitp 
namba fm this a m .  

The t-pbic deftsccion at a rodon A b computed v the avn ofthe W d  components 
o f o t ~ o f d ~ c o l t u a n s b J o n g i n ( m t h c p r r n u ~ ~ a b o r r . T h a c S  
Lrmolumru (Fig 4) arc &her M y  warn or mck a ruWiPidrd For simplibtion the nun b 
BgUCdslapOimnr~srintheccntaofthe~uorrockcolomnm+~. 

Comprpdom were made for 16 IcPdoa~ where okcnod .etm+nL deikction mlues pnwided 
a comporhoa Both dam sew were d to determine the effect of the enlugemcnt. Table 1 Itu the 
o b m d  d u e s  md the midub ( O b d  minua computed). The dNerence in the data ms is 
~ u u e d h a i n ~ o f s n m U c r a b o l u c c m i d u n l ~ :  the~Sn6redwrthemiduplr fo lEin  
1 0 o u t o f l 6 ~ n b h n n a ~ o f 1 ' . ' 2 . . n d f o r  q i n 9 o u t o f 1 6 c v c r n h h a n a ~ o f ~ l .  
Por the bc, b e v e r .  the reddumb ur worn, so that on bolrnce the p in  h m  the 
mlstgunenc is quarronnble. 

Hw much of t b m  re mi dud^ b due to udrq the umc ncunguht data area fm aP lurbrv (MtePd 
of ndtlty symmdc indidu~I ueo for each rtntion? Table 2 +ws the midd computed fmm 
the largeat cbc* au within Set 6 m n d  eech starion, and the number and amount of 
improPcmrno compared with Tabk 1. &ah, the grin b questionable. If isostatic cornpensstion a 
appl*d, however, them is prKdullg no din-C, For specific rution, P i  5a rhoan the 
pCCrUpl of the deflection d u e s  with LnncDdng dius.  The vwiu l  line indiate the Lrgat ditu 
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Fkcker adl Wyatt 

d d r a b r ~ ~ S a t 6 ; I b . & ~ b d u a m c L e ~ o f c h c M Q n P  
srro. ~ ~ ~ , F ~ L r h o u I h c ~ ~ c o m p t o d a h b b m a P d c o o m p o c p d r m .  
& #td&cm our m& mmw. 

A c o m ~ n d & ' ~ ~ i . T . W C I I . ~ d 3 ~ t h C J m P l l l D i O l l d  
- 5 :  r h e ~ y r a i u c u l ~ d c r k . r h c b ~ ~ f r o m a m u c b ~  
darota;neirhrcbcwucrnorinbpddedasPb.vea-tctrcdon&e* 
&TbLdcoadmrmdbnn&Bndiag(Qaia. I tdPhchr.19S)duosra~rrFc 
thetopopsby bepad a rodLnofnbour420tmba+k&aona&%eaioa&uDdar 
the opumpdon oftbe ~~ isosadc tbawy (Pig. 6). 

-551 +3A3 -5.53 +298 4 0 0  -5 
-5 .4  +2l5 -565 *LM -0.17 *all 
*am - U 1  +23l - a 3  4.31 a11 
*1.71 *a66 *1.94 -7 -0.23 
-1.10 -OAa -0.90 -0.28 iam 40.14 
-1.81 -0.63 -1.71 -030 a 1 0  4% 
-1.40 -0.11 -13 4 3 ~  aaa -au 
-291 4 Q M  -283 M i a W  4 1 5  
-2.19 -0B4 -a14 a24 40.05 4 2 0  
-0.19 -259 -0.16 -m w  PI 
-0.95 -4.10 4.94 -3.6l Mol a49  
+a63 %I6 * U 6  40.38 -17 -0.S 
*1.78 -1.13 *I.% 4 4 3  *a22 40.W 
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ABSTRACT 

I n  con junct ion  w l t h  surface-ship g r a v i t y  s tud ies  conducted 
i n  t he  Beaufor t  Sea, an ana lys is  was made o f  s h i p  pos i t i ons  
obtalned w i t h  a convent ional  s a t e l l i t e  nav igat ion  system aboard 
a USC6 icebreaker opera t ing  on tbe con t i nen ta l  mar I n  no r th  o f  
Alaska. Every poss ib le  f i x  was obtained du r i ng  1982 and 1973 
f i e l d  seasons t o  pe rm i t  t he  c a l c u l a t i o n  of accurate co r rec t i ons  
t o  g r a v i t y  measurements. Analyses were made o f  r a v i t y  anomaly 
m is t i es  a t  t r a c k l i n e  i n te rsec t fons  and o f  sate1 l!te f lxes,  
i n d i c a t i n  t h a t  r o u t i n e l y  obtained nav igat ion  data are  s u f f i c i e n t  
t o  determlne anomalies w i t h i n  a one m i l l i g a l  uncer ta tn ty .  

INTRODUCTfON 

A marine g r a v l t y  pro  ram was conducted aboard USC6 i c e -  
breakers on the  continents! margin o f  t he  Beaufor t  Sea, no r th  
o f  t he  Alaskan coast l ine ,  dur ing  the summers o f  1972 and 1973. 
The p r i n c i p a l  purposes o f  the program have been t o  determine 
c r u s t a l  and subcrus ta l  s t ruc tu res  across the con t i nen ta l  mar i n  
and t o  r e l a t e  them t o  the  tec ton i c  h i s t o r y  o f  t he  A r c t i c  Basln. 
Approximately 2000 r e l i a b l e  f r e e - a i r  g r a v l t y  anomalies have been 
determined i n  an area extending eastward from P o i n t  Barrow t o  
Bar ter  I s l and  (near t he  Alaskan-Canadian border)  and from the  
coas t l i ne  northward t o  about t he  2000 m isobath. The program I s  
being cont inued aboard an icebreaker du r i ng  the  summer of  1974. 

Ship p o s i t i o n l n g  was obtained w i t h  a s a t e l l i t e  nav iga t i on  
system and, f o r  p a r t  o f  the operation. w l t h  a sh ip  course 
recorder f o r  p o s i t i o n i n g  between s a t e l l i t e  f ines .  The s a t e l l i t e  
f l nes  were analyzed I n  some d e t a i l  f o r  the urpose o f  makfng as 
accurate g r a v i t y  reduct ions  as possible.  ~ P t h o u g h  the f lnes  
were not obtained f o r  urposes o f  eva luat ing  t he  nav igat lon  
system i t s e l f ,  the  ana!ysir demonstratro the  adequacy o f  r ou t i ne -  
l y  obtained ship-board f i x e s  f o r  deep ocean geophysical studies.  

FIELD PROCEDURES 

Continuous g r a v i t y  measurements were made aboard the USCGC 
6 a c i e r  i n  con junct ion  w l t h  the Coast Guard's program, Western 

eau o r t  Sea Ecologtcal  Cruise (WEBSEC). The purpose o f  YEBSEC 
was t o  es tab l l sh  c e r t a i n  marine environmental besel tnes I n  the  
v i c i n i t y  o f  t he  Alaskan northslope. The scheduled WEBSEC t rack-  
l i n e s  general1 s u i  ted our g r a v i t y  requlrements, p a r t i c u l a r l y  
the  long t r a c k f l n e s  whlch were t o  be run  perpendicular t o  t h e  
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c o a s t l i n e .  F i  u r e  1  shows t r a c k l i n e s  made d u r i n g  1972 and 1973 
a long  which r e f i a b l e  g r a v l  t y  anomal l e s  were c a l c u l a t e d .  The 
t o t a l  number o f  WEBSEC t r a c k l i n e s  a r e  more e x t e n s i v e  than  those  
shown i n  F i g u r e  1. b u t  a r e  l o c a t e d  i n  t h e  same genera l  area.  

The I n s t r u m e n t s  used t o  measure g r a v i t y  were LaCoste and 
Romberg s t a b l e - t a b l e  su r face-sh ip  meter  systems No. 5-42 (1972) 
and No. 5-51 (1973). The s a t e l l i t e  n a v l g a t i o n  system was t h e  
AN/SRN-0 whtch I s  p a r t  o f  t h e  G l a c i e r  r e g u l a r  n a v i g a t i o n  equip-  
ment. D u r i n g  t h e  1973 c r u i s e . a s e  r e c o r d e r  l i n k e d  t o  t h e  
s h i p ' s  g y r o  system was opera ted  t o  a s s i s t  i n  t h e  n a v i g a t i o n  
r e d u c t i o n .  The r e c o r d e r  has a  r e s o l u t i o n  o f  approx imate ly  lo. 

The s h l p  m a i n t a i n e d  g e n e r a l l y  c o n s t a n t  speeds and headings 
i n  open waters; a l o n g  such c o n s t a n t  v e l o c i t y  l i n e s ,  r e l i a b l e  
g r a v i t y  measurements and cor respond ing  Eotvos c o r r e c t i o n s  were 
ob ta ined .  lumerous oceanographic s t a t i o n s  were a l s o  occupied 
as p a r t  o f  WEBSEC, most  o f  them i n  open wate r  and each f o r  
p e r i o d s  o f  f rom a  few hours t o  more than  a  day. G r a v i t y  was . 
measured c o n t i n u o u s l y  w h i l e  on s t a t i o n  and d r i f t  o f  t h e  s h i p  
was determined f rom s a t e l l f t e  f i x e s .  The r e s u l t a n t  g r a v i t y  
measurements p r o v i d e d  e x c e l l e n t  anomaly va lues .  On s e v e r a l  
occas ions  t h e  s h i p  was anchored a t  sea, t h e  l o n g e s t  anchored 
s t a t i o n  b e i n g  occup ied  f o r  about  20 hours. These anchored 
s t a t i o n s  p r o v i d e d  t h e  most r e l f a b l e  g r a v i t y  measurements and t h e  
most  s i g n i f i c a n t  d a t a  f o r  e s t i m a t i n g  t h e  mean e r r o r  o f  s a t e l l i t e  
f i x e s .  On o t h e r  occasions,  t h e  s h i p  was secure i n  d r i f t i n g  i c e  
f o r  more t h a n  two days. Using a  h e l i c o p t e r  t o  t r a n s p o r t  a  
g e o d e t i c  l a n d  mete r  between s t a t f o n s ,  a  b a s e - s t a t i o n  t i e  was 
then  o b t a i n e d  between g r a v l t y  measured on t h e  i c e  a l o n g s i d e  t h e  
s h i p  and t h e  Woo l la rd  base s t a t l o n  a t  Barrow. D u r i n g  these 
t i m e  per iods .  c o n v e n t i o n a l  g r a v l t y  anomalies were a l s o  ob ta ined .  
F requen t l y ,  t h e  s h l p  was underway i n  i ce ,  d u r i n g  which g r a v i t y  
measurements were at tempted.  When b r e a k i n g  t o o  heavy I c e  o r  
when dodging f l o a t i n g  i c e ,  r e s u l t a n t  a c c e l e r a t i o n s  were some- 
t imes  t o o  l a r g e  t o  p r o v i d e  r e l i a b l e  g r a v i t y  measurements. and 
Eotvos c o r r e c t i o n s  were sometimes t o o  u n c e r t a i n  t o  p e r m i t  
r e l i a b l e  anomaly de te rmina t ions .  Whi le  g r a v i t y  anomal ies c o u l d  
n o t  be c a l c u l a t e d  under such severe o p e r a t i n g  c o n d i t i o n s ,  a l l  
a v a i l a b l e  s a t e l l i t e  f i x e s  were none the less  o b t a l n e d  then  as w e l l  
as under more f a v o r a b l e  s h i p  c o n d i t i o n s .  

Because s a t e l l i t e  passes a r e  more numerous a t  h i g h  l a t i -  
t ~ l d e s  than  elsewhere, t h e  f i x e s  o b t a i n e d  d u r i n g  t h e  program 
p r o v i d e  an unusual o p p o r t u n i t y  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  
r e l i a b i l i t y  o f  r o u t i n e  f i x e s .  One o f  o u r  g r a v i t y  personnel  
a s s i s t e d  I n  r e r u n n i n g  t h e  Doppler  da ta  aboard s h i p  i n  an a t t e m p t  
t o  improve t h e  q u a l i t y  o f  t h e  f i x e s  over  o t h e r w i s e  r o u t i n e  
c a l c u l a t e d  values.  thus a s s u r i n g  t h a t  f i x  e r r o r s  were min imized.  
Low-angle s a t e l l i t e  passes were u s u a l l y  n o t  accepted because o f  
t o o  few Doppler  data;  s i m i l a r l y .  some h igh-ang le  passes were 
r e j e c t e d  because o f  too  sma l l  Doppler  s h i f t s .  

S a t e l l i t e  f i x e s  were o b t a i n e d  under t h r e e  d i f f e r e n t  s h l p  
o p e r a t i q g  cond i  t l o n s :  runn ing ,  d r l f t l n g ,  and anchored. The 
l a t t e r  t q o  i n v o l v e d  o n - s t a t i o n  f i x e s  f o r  p e r i o d s  f rom a  few 
hours t o  s e v e r a l  days. 

DATA REDUCTlON AND EVALUATION 

The c r i t s r t a  used f o r  s e l e c t i n g  g r a v i t y  d a t a  f rom t h e  
con t inuous  ana op racords  a r e  ( 1 )  t o  g e n e r a l l y  accep t  a l l  d a t a  
when o p e r a t i n g  $11  i c e - f r e e  c o n d i t i o n s ,  w i t h  anomal ies determined 
f rom t h e  r e c o r d s  a t  about  10 minu te  i n t e r v a l s  and, ( 2 )  t o  accep t  
those data,  when :he s h i p  was b r e a k i n g  o r  dodging i c e .  i n  which 
t h e  r e c o r d i n g s  cou14 r e a d i l y  be smoothed over  i n t e r v a l s  o f  
s e v e r a l  m inu tes  ( s h c r t - p e r i o d  g r a v l t y  v a r i a t i o n s  o f  l e s s  than 
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3-5 mgal).  G r a v t t y  measurements were exc luded  whtch f l u c t u a t e d  
on t h e  o r d e r  o f  tens  o f  m t l l t g a l s ;  these  d a t a  c o u l d  n o t  be 
smoothed because ex t raneous  a c c e l e r a t t o n s  o f  l o n g  d u r a t t o n  were 
i n c l u d e d  i n  t h e  r e c o r d i n g s ,  u s u a l l y  due t o  s u b s t a n t t a l  s h t p  
maneuver ing (back tng ,  r a p i d  course  changes o f  l o n g  d u r a t i o n ,  
s t o p  and s t a r t ,  e tc . ) .  Howeyer. sea s t a t e s  were g e n e r a l l y  so 
ca lm I n  t h e  area t h a t  a l l  measirements. e x c e p t  when a c t u a l l y  
b r e a k i n g  i c e .  were made w t t h t n  acchp tab le  a c c e l e r a t i o n  l t m t t s .  

Sh ip  speeds were o f t e n  l e s s  than  2  k n o t s  when a p e r a t i n g  i n  
i c e  and 6  k n o t s  I n  open wa te rs .  A t  l a t t t u d e s  o f  70 -72 N, t h e  
maxfmum Eotvos c o r r e c t i o n s  ( f o r  e a s t e r l y  o r  w e s t e r l y  headings)  
a r e  5  and 15 mgal. r e s p e c t i v e l y .  Assuming e r r o r s  o f  0.25 km i n  
n a v t g a t t o n  f i x e s  ( a s  d i scussed  l a t e r ) .  e r r o r s  i n  Eotvos c o r r e c -  
t i o n  w i l l  be l e s s  t h a n  0.5 mgal i n  i c e  and 1.5 mgal i n  open 
w a t e r .  A l a r g e r  source  o f  anomaly e r r o r ,  however. I s  due t o  
i n c o r r e c t  p o s t t l o n i n g  i n  areas o f  s teep  g r a v t t y  g r a d t e n t s .  

The u n c e r t a i n t y  I n  c a l c u l a t e d  g r a v t t y  anomal ies was d e t e r -  
mtned from an a n a l y s t s  o f  m t s t t e s  a t  a l l  a v a i l a b l e  t r a c k l i n e  
t n t e r s e c t t o n s .  t o t a l t n g  86. F t g u r e  2  shows t h e  r e s u l t s  o f  the  
m i s t i e  a n a l y s t s .  The m t s t f e s  range f rom 0.0 t o  5.0 mgal, t h e  
mean m f s t t e  b e i n g  1.5 mgal. By d i s t r i b u t i n g  t h e  m i s t t e  e q u a l l y  
between two t n t e r s e c t t n g  l t n e s .  the  u n c e r t a t n t y  I n  anomaly 
d e t e r m t n a t i o n  i s  1.1 mgal, wh ich  tnc ludes  t h e  e f f e c t s  o f  m e t e r  
r e l t a b t l t t y  and o f  e r r o r s  i n  n a v i g a t i o n .  

The mode o f  t h e  m t s t t e s  I s  seen t o  be 1.0 mgal ( l t g .  2 ) ;  
t h e  9 0 t h  p e r c e n t t l e  0.3 mgal (10% o f  t h e  m t s t t e s  a r e  ess than  
0.3 mgal) ;  t he  5 0 t h  p e r c e n t t l e  o r  median m i s t t e  1.3 mgal; and 
t h e  l o t h  p e r c e n t i l e  3.3 mgal (90% o f  t h e  m t s t t e s  a r e  l e s s  than  
3.3 mgal) .  The m t s t t e s  a r e  seen t o  be s m a l l .  w t t h o u t  excep t ton ,  
d e s p t t e  t h e  f a c t  t h a t  some o f  t h e  f n t e r s e c t i o n s  a r e  l o c a t e d  over  
s t e e p  g r a v t t y  g r a d i e n t s  (as l a r g e  as 10 mgal lkm I n  some a r e a s ) .  
The n a v t g a t t o n  da ta  a r e  thus  concluded t o  be q u i t e  r e l i a b l e .  

An e s t t m a t e  o f  t h e  accuracy  o f  r o u t i n e l y  o b t a i n e d  s a t e l l t t e  
f t x e s  1s t n d t c a t e d  i n  F t g .  3, where a l l  17 a v a t l a b l e  f i x e s  a r e  
p l o t t e d  about  t h e  mean f i x  p o s i t i o n  f o r  one anchored s h i p  
s t a t t o n .  The mean e r r o r  o f  t h e  f t x e s  i s  0.25 km (800 f t ) .  w i t h  
a  s t a n d a r d  d e v t a t t o n  abou t  t h e  mean p o s i t t o n  o f  0.31 km. These 
e r r o r s  t n d t c a t e  what can be expected f rom r o u t t n e  n a v i g a t t o n a l  
d a t a  as a v a t l a b l e  f rom t h e  b r i d g e  l o g s .  I t  s h o u l d  be p o t n t e d  
ou t .  however, t h a t  t h e  p r e c i s i o n  o f  f t x e s  c o u l d  u s u a l l y  be 
improved when our  g r a v t t y  pe rsonne l  reduced t h e  recorded  Dopp le r  
da ta .  Uhether  t h e  tmproved p r e c l s t o n  amounted t o  a  s t g n i f i c a n t  
i n c r e a s e  t n  accuracy would have t o  be s e p a r a t e l y  eva lua ted .  

Y h t l e  the  s h t p  was on s t a t t o n .  t h e  u s u a l l y  h i g h  d r i f t  r a t e s  
due t o  wa te r  c u r r e n t s  o r  wtnd r e q u i r e d  t h a t  g r a v i t y  da ta  be 
Eo tvos  c o r r e c t e d .  F i g .  4 t s  an example o f  f o u r  s e l e c t e d  d r t f t  
~ r o f t l e s , , o b t a t n e d  w i t h  m u l t t p l e  f t x e s  w h t l e  t h e  s h i p  was 

s topped  . For  cornpartson, t h e  e s t i m a t e d  mean n a v t g a t t o n  e r r o r  
i s  a l s o  shown on t h e  f i g u r e .  The observed d r i f t  t s  c l e a r l y  
much l a r g e r  than  t h e  e s t i m a t e d  p o s t t t o n  e r r o r .  G r a v t t y  
anomal ies o b t a t n e d  a t  d r i f t t n g  p o s t t i o n s  thus  I n c l u d e  Eotvos 
c o r r e c t t o n s  based on d r t f t  de te rm ined  f rom t h e  s a t e l l t t e  Fcxes. 

The m a j o r t t y  o f  f t x e s  were o b t a i n e d  w h i l e  t h e  s h t p  was 
underway; these  runn tng  f i x e s  shou ld  i n v o l v e  s l t g h t l y  l a r g e r  
e r r o r s  than  t h e  anchored f t x e s  as a  r e s u l t  o f  s h l p  speed. 
However. a t  s h t p  speeds o f  l e s s  than the  6 knGtS I n  open wa te r ,  
and l e s s  than  t h e  2  k n o t s  i n  i c e ,  the  i n c r e a s e d  f f x  e r r o r s  
s h o u l d  be s m a l l .  I f  t h e  observed u n c e r t a t n t y  f n  g r a v i t y  a n m a l y  
were due e n t i r e l y  t o  e r r o r s  I n  Eotvos c o r r e c t i n n .  ?kc maxtmum 
e r r o r  f n  s h t p  speed can be c a l c u l a t e d  f r ~ m  t h e  wel l -known 
equa t t  on 
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Ag ' 7.5 ( A V ~ )  COS @ 

where Ag i s  i n  mgal. Av I n  k n o t s ,  and @ i s  t h e  l a t i t u d e .  Fo r  a  
mean anomaly u n c e r t a i n t t  o f  1.1 mgal and a  l a t i t u d e  o f  71'. 

AvE = 0.45 k n o t  = 0.83 kmlh r  
/ 

I f  f i x e s  ar'e o b t a l n e d  a t  h a l f  hour  i n t e r v a l s .  t h e  t o t a l  p o s i t i o n  
e r r o r  i n  t h e  two a d j a c e n t  f i x e s  becomes 0.4 km. As n o t  a l l  o f  
t h e  u n c e r t a i n t y  can be a t t r i b u t e d  t o  p o s i t i o n  e r r o r s .  t h e  
maximum e r r o r  i n  r u n n f n g  f i x e s  would be l e s s  t h a n  0.4 kin, and I t  
may be n e a r l y  as s m a l l  as t h a t  o b t a i n e d  a t  anchor  (0.25 km). 

E r r o r s  i n  g r a v i t y  anomaly i n c l u d e  t h e  e r r o r  due t o  t h e  
per formance o f  the  mete r  system, e r r o r  i n  Eotvos c o r r e c t i o n ,  and 
e r r o r  i n  assumed s t a t i o n  l o c a t i o n .  The l a t t e r  e f f e c t  i n t r o d u c e s  
two t ypes  o f  e r r o r s .  The f i r s t  I s  t h e  e f f e c t  o f  assuming an 
l n c o r r e c t  l a t i t u d e  ( i n  a  f i e l d  o f  u n i f o r m  g r a v i t a t i o n a l  po ten -  
t i a l )  i n  t h e  normal g r a v i t y  f o r m u l a  used t o  c a l c u l a t e  t h e  g r a v i t y  
anomaly. T h i s  i n v o l v e s  an e r r o r  o f  0.4 mgal lkm i n  a  n o r t h - s o u t h  
d i r e c t f o n  a t  h i g h  l a t i t u d e s .  The second a p p l i e s  t o  a reas  e x h i b -  
i t i n g  g r a v i t y  g r a d i e n t s  where g r a v i t y  a t  t h e  apparen t  s t a t i o n  
i s  d i f f e r e n t  f rom t h a t  a t  t h e  p l a c e  o f  a c t u a l  measurement. Of 
these  two sources o f  e r r o r ,  t h e  f i r s t  i s  due t o  u s i n g  an i n -  
c o r r e c t  v a l u e  o f  notmal  g r a v i t y  and t h e  second t o  u s i n g  b o t h  an 
i n c o r r e c t  "observed v a l u e  and an i n c o r r e c t  normal  g r a v i t y  v a l u e .  

The anomaly e r r o r  due t o  i n c o r r e c t  p o s i t i o n i n g  i n  a  f i e l d  
w i t h  a  g r a v i t y  g r a d i e n t  can be es t ima ted .  Fo r  reasonab le  va lues  
o f  0.5 mgal i n  u n c e r t a i n t y  i n  t h e  mete r  system. 0.1 mgal as t h e  
e r r o r  i n  t h e  normal g r a v i t y  f o r m u l a  f o r  a  n o r t h - s o u t h  p o s i t i o n  
e r r o r  o f  0.25 ka. and 0.5 mgal as t h e  u n c e r t a i n t y  I n  Eotvos 
c o r r e c t i o n  ( i n  i c e  a r e a s ) ,  t h e  mean anomaly e r r o r  Ad a s s o c i a t e d  
w i t h  i n c o r r e c t  p o s i t i o n i n g  a l o n g  a  g r a v i t y  g r a d i e n t  can be 
o b t a l n e d  from. 

~ g  = l ( 0 . 5 ) '  + (0 .1 )2  + (0.5) '  + (bd)'] ' = l . l  q a l  uncertainty 

f rom which 

Ad a 0.84 mgal 

An e r r o r  o f  0.84 mgal, due t o  an i n c o r r e c t l y  assumed p o s i -  
t i m  a l o n g  a  g r a v i t y  g r a d i e n t  where o s i t i o n  e r r o r s  between 
a d i a c e n t  f i x e s  a r e  taken  as 0.4 km (f(0.2552+ (0.25)~]'), i m p l i e s  
measurements i n  a  g r a v i t y  f i e l d  w i t h  g r a d i e n t s  o f  a p p r o x i m a t e l y  
2  mgrl/km. The l a r g e s t  g r a v i t y  g r a d i e n t s  i n  t h e  area exceed 
10 mgallkm. The maximum observed g r a v i t y  m i s t i e  (5 .0  mgal) .  
assumrng a  n a v i g a t i o n  u n c e r t a i n t y  o f  0.25 km, c o r r e s p o r d s  t o  a  
g r a v l t , ~  g r a d i e n t  o f  8.5 mgallkm. 

Observed f i x e s  o b t a i n e d  w i t h  an ANISRN-9 s a t e l l i t e  nav iga -  
t i o n  system under  r o u t i n e  o p e r a t i n g  condi:io-.; aboard a  s u r f a i e  
s h i  f n  the  B e a u f o r t  Sea have a  mean e r r o r  o f  0.25 km. as 
de te rm ined  f rom 17 success ive  f i x e s  a t  an anchored p o s i t i o n .  The 
co r respond ing  s t a n d a r d  d e v i a t i o n  abou t  t h e  mean p o s i t i o n  i s  0.31 
km. T h i s  accuracy i s  s u f f i c i e n t  t o  p r o v i d e  g r a v i t y  anomaly 
d e t e r m i n a t i o n s .  excep t  f o r  t h e  e f f e c t  o f  meter  per for r .ance.  
w i t h i n  an u n c e r t a i n t y  of one m l l l i g a l .  
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and a t  i n t e r m e d i a t e  s h i p  p o s i t t o n s  n o t  shown. 
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mistie, mgol 

Number of misties: 86 
Meon mistie: 1.5 mgol 
Distributed uncertainty 
of mistie: 1.1 mgol 
90thpercentile: O.3mgal 

F igure  2 .  O l s c r e t e  and cumula t ive  d l s t r l b u t l o n  o f  f ree -aSr  
g r a v i t y  anomaly m l s t i e s  a t  t r a c k l l n e  i n t e r s e c t i o n s .  O l s c r e t e  
i n t e r v a l .  0 .4  mgal; cumulative I n t e r v a l ,  0 . 1  mgal. 
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F!;lr? 3 .  M u l t i p l e  s a t e l l i t e  f i x e s  from a  s i n g l e  anchored 
p o s i t i o n .  P o s i t l o n s  p l o t t e d  r e l a t i v e  t o  t h e  mean. V e r t i c a l  
and h o r i z o n t a l  d is tances  a r e  t o  same sca le .  
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Figure 4. M u l t i p l e  s a t e l l i t e  f l x e s  from four selected ocean- 
ographlc s t a t i o n  positions showing d i r e c t l o n r  and durations of 
d r i f t .  Shown t o  scale a r e  observed mean l a t l t u d l n a l  and longl-  
tudlna l  navlgatlon errors  o f  0.25 km. 
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ABSTRACT 

An investigation is made of the problem encountered in 
evaluating ocean gravity data received from various 
organizations. Statistical and graphical representations 
are developed to show problem cauaed by the divergence of 
the surveyed gravity data. Discrepancier noted are most 
pronounced when a vessel's track consistr of a sequence of 
intersecting segments and particularly when different verselle 
tracks intersect. Present techniques of evaluation and 
adjustment of ocean gravity surveys to unify the data into 
a compatible system are diecussed. 

INTRODUCTION 

The Department of Defense (DOD) Oravity Library is 
located at the Defense Mapping Agenc:r Aerospace Crntcr (WAAC! 
in St. Louis, Mirrouri. Established i ~ .  h l y  1964, the Library 
is the official depository for all gravity information held 
by the Department of Defense. Complete library services are 
provided, including teci.nioa1 knowledge and guidance on 
f ravine try and evaluated gravity data. 

The Ornvity Llbrary has a c q u i ~ d  over 9,000,000 unique 
worldwide gravity observations and maintains an automated 
master file of over 4,000,000 selected evaluated gravity 
stations. As of Pebruar 1974, the Oravity Library had 
totally automated 4,304,t60 gravity stations. Of these 651 
or over 2,800,000 of these automated gravity stations are 
within the oceans. Figure 1 illustrates the growth of the 
gravity data on file at the DOD Oravity Library. 

The eourcer of the gravity information the Oravity Library 
receiver covers a broad rpectrum of the rcientific ~ommunlty, 
both national and international and governmental and private. 
Usual sources are US !ia./al Oceanographic Office, Defense 
Happing Agency Topograp1:ic Center, National Oceanic and 
Atmospher:~ Administration (NOAA), geophyrical companies 
engaged In oil and ~Aning activities, univerritier and 
instituter involved in geodetic or geophyrical research, rtate 
agencies, national geological or geodetic comairsions, and 
foreign governments w:th whom we have formal exchange agree- 
ments. 

Aa can be seen u.1 the gravity data graphic, the holding8 
have increased by approximately 1,000,000 etations a year. 
This ir the largest known single collection of gravity data in 
the world. 



The basic problem with this enormous and diverse 
collection is the adjustment and evaluation of a large mass of 
heterogeneous gravity anomaly data. As was indicated earlier, 
the data is collected from a variety of sources, surveyed 
over a number of years, surveyed for different purposes, 
using a multitude of ships and equipment, and performed under 
ever-changing sea and weather conditions. 

The evaluation of gravity data in the oceans presents 
many unique problems not encountered in evaluating land gravit" 
data. On land, the systematic errors are primarilv datum 
and scale differences which can generally be eliminated by 
semi-automatic or automatic methods. Because of the density 
and proximity of reference base stations, the errors present 
in land gravity data are generally easily identified. In 
ocean surveys even these systematic errors become difficult to 
identify and to eliminate primarily because of lack of control - 
both gravity and geodetic. Random errors are difficult to 
identify on land surveys and are even more difficult to isolate 
in ocean gravity surveys. On land extensive use of the 
B o ~ g u e r  anomaly and trenj analysis aids greatly in the evalu- 
ation of land gravity data. However, the use of the Bouguer 
anomaly in evaluating ocean data has proven to be cf minlmum 
value. It is considered by many auCiors that the introddction 
of the Bouguer reducti~; for the ocean conceals or masks the 
natural pattern of the gravity anomaly field. 

The evaluation of diverse and large amounts of ocean 
gravity presents additional difPiculties not realized in 
land gravity data. Principal of these is the probable error 
contribution resulting from inaccurate E B ~VBS correct ions. 
The ~ B t v g s  correction (dg), accounts for the effect of the 
ship's course and speed and is generally computed by the 
formula: 

dg - 7 . 9  sin A C L J  0 

where V is the speed of the ship in knots, A is the ship's 
course or azimuth, and 0 is the latitude. In middle latitude. 
an east-west velocity of 1 mile per hour corresponds to a 
change in observed gravity of 5 milllgals. With the develop- 
ment of modern sophisticated na..:gation systems, it is now 
possible to obtain the EStv8s correction within 1 or 2 milligal. 
Powever, most of the ocean data available was surveyed prior to 
development of improved navigation systems and contains larue 
errors due to inaccurate E6tv8s corrections. 

Another source of error in ocean gravity is the inability 
to effectively eliminate cross-c~upling. This cross-couplin~ 
error is caused by a coupling between the horizontal and 
vertical accelerations incident upon the gravimeter creatlnE a 
bcas in the recording of measured gravity. This error 1s 
removed by continuous computation during the actual survea and 
is difficult, if not impossible, to correct once the data is 
reduced and placed in tbe library system. 

The Gravity Library does not receive all the measured 
1n7ut to calculate these corrections, therefore, the depth of 
investigations and analysis of their error contr!bution is 
hsr.pcred. However, with improved naviaation and &ravi:leter 
syttems, reliability and accuracy of later date surveys are 
b e i ? ~  realized and the selection of preferred or control source 
data 1s considerably enhanced. 

Still che task of developing a mifled set of ~ravity 
values from various sets of gravity sources must be scconrl!sht=d. 
Since gravity data, primarily in the form of gravity anozsl'es, 



are used in lany MID scientific prognru, the evaluation and 
unification process must elllainate arj blunders and reduce the 
errors to a minimum. 

ANALYSIS OP GRAVITY DISCREPANCIES AT TRACK INTERSECTIONS 

ht accuracy or at least the reliability cf ocean gravity 
measurepents can most easily 5e deteinlned by comparing fret 
air gravity anomaly values a: track Intersections. These 
coaparisons made for individual surveys and between dlffcrent 
surveys p?OVide for analysis that guide selection of meshods 
tllat will eliminate or reduce errors to a niniaum. 

Th:s is a formidable task because of the large mount 
of survey track intersections in swae areas and fen or no 
survey track intersections in other areas. 

As a sample of the track intersection discre~ancies 
found, an analysis of the gravity d:screpanc:es at track 
intersections in 848 - lo x lo areas in the Pacific Ocean is 
s h o m  by the histogran in Figure 2. A total of 280 ship track 
intersections urn analyzed. Track intersection discrepancies 
ranged from 9 to 150 milligals. The mean mis-tie of the 280 
intersections is 13.6 mllligals. The root mean square (?WE) 
discrepancy for a11 intersections was +2@.3 mllligals. A 
RIG of this magnitude is lndicatlve of-the presence of large 
systerstic and/or random errors. These intersection analyses 
provide an exasple of the divergence of surface shlp cavity 
measurements that have been surveyed over a number of years. 
Large unaccountable errors are identified and because it is 
impossible to attrib~te these errors tn any siwle factor, 
some of the gravity data is initially unusable *en evaluated 
in conjunction with later date surveys. 

However, every effort is made to evaluate and adjust the 
maximum amount of gravity data. Various techniques and 
p ~ o ~ e d ~ e s  are employed by the Gravity Library to achieve this 
goal. 

Because of the quantity of data and the large number of 
sources, maximum use of automated processes is a necessity. 
As related earlier, all gravity data received by the Gravity 
Library is completely automated and coded to indicate the 
organization that performed the actual shlp survey. This is 
extremely useful in the evaluation of data as it is received 
and in subsequent evaluation of new gravity survey data. 

EVALUATION OP GRAVITY DATA IN A SELECTED AREA 

In the initial stage cf evaluating the caobtned surveyed 
gravity data in a selected arca, a source plot is prepared 
using an automatic plotter. In addition to the source plot, 
all pertinent information including the organization that 
performed the survey, date, number cf stations provided, and 
extent of the survey is furnished by the computer from a 
completely autorrated file reference library. This inforaatlon 
can be furnished on an nwea by area basfs. The source plot. 
which can be provided at any scale, shows all ship tracts w 1  
an individual code which represents the different s0urcc.s 11 
the selected area. Por more recent surveys the trap'. r.w.ber 
when furnished by the SurveFing organizatlon, are ' l l g  
included and can be annotated on the sorrrce plot. Fl-re 3 
Is an example of the nource plot for a selected area. 

The source plot shom in Pigure 3 indicates four different 
surveys have been performed in the area with a total of 19 
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diffennrt tracks. These tracks pmduced 26 intersactions and 
about 1228 riles of continuous data. Using this source plot 
annotated with track intemectim discrepancies, a good 
exaple of the status of several ship gravity measurements is 
sham. The average unadjusted difference between tracks 
for all 26 intersection8 is 30.3 lilligals. M these, 54% are 
over 10 ~illigals. The uuison obsemed difference 1s 55 
milligals. The buhest intersection differences o c c u m d  
along a single northeast by southuest line. It 1s readily 
seen that large unaccountable errors are present; however. the 
magnitude of the errors contributed by any specific survey 
cannot be definitely specified. 

Since the Gravity Library does not noraally receive 
navt~ation logs, ship logs, or sea state cMdltions at the 
time ot the survey, it is difficult if not impossible to 
detedne lf the discrepancies are due to errors in naviptlon 
or Cavity meter instrument or to inaccurate removal of 
coaputational errors such as the mtv6s effect. 

Continuing the erahation with the limited information 
relatlve to all thc surveys in the area, the tracks afe first 
inspected for systenatic errors. Next, all unadjusted tree 
air anomalies are contoured. Pigure 4 Is a contowed free 
air anomaly map of all sources for the selected area which 
shows unlikely gravity gradients. This initial contour rap 
will show certain tracks to deviate signlfieantly from the 
gravity trend or regional gravity field. Using this contour 
map inforaatfon and source plot infonnstlon, a preferred or 
control data source can generally be selected. 

Feu techniques are presently available to identify the 
exact mgnitude of error; themfore, the most favordl approach 
1s to develop a smoothed free air gravity anomaly map after 
blunders are removed and lnconslstencles and 4isczepancies 
between ship tracks are ninirized. Care must be taken in 
using a smoothed *ee air contour map as the only criteria 
in detenining the acctugcy and reliability of a survey or a 
system of surveys. The insulating effect of the layer of 
rater smoths out short nave length features and results in 
making It more difficult to identify low-amplitude anoaalies 
along gravity sumey lines. 

The computer approach in which purely statistical analysis 
form the basis for ewaluatlon and adjustment does not ellminate 
the need for geophysical investigations and decisions, but it 
does reduce the problem considerably. 

All available information is used in developing the 
smoothed grav~ty contour rap. Principal data in this evaluation 
is water depth and ocean bottola topography information. 
Additionally, the use of free air gravity anomaly profiles 
has proven to be useful in the evaluation process. Pigure 5 
show the conparison of the fPee air gravity anomalies profiles 
for two adjacent tracks. The two nearly coincident tracks 
also represent different surveys. It can be seen that the 
amplitude of the two gravity tracks is significantly grer:ar 
and slightly broader. Although the gradient differs in 
magnitude, the trend of the anomlies are similar. Since the 
two tracks are not exactly coincident some of the differences 
in measured gravity are real. In this sample as in most of 
the ocean areas geophysical information is for the most 
part to general and regional in nature for fine detail 
adjustfacnt of individual tracks. However, geophysical infor- 
mation can be and is used to evaluate the relative accuracy 



of gravity profiles. As an example, gravity correlation 
analysis with available geophysical information can be used in 
identifying subtle chaages in the gravity fleld due to the 
effect of local geologic variations in density or structure. 
Pbe trained geophysicists should be prepared to lmow wbat to 
expect of the gravity field variatlotm in areas of local 
irregularities such as seamounts, trenches. and the edge of 
the con*inental shelf. In these geophysically significant 
areas. abrupt changes in the gravity field my at fimt Ee 
interpreted as erroneous measurements In gravity. Conversely, 
the gaaphysicists should be aware of the form of the gravity 
field in the more regional geological and broad tectonic 
features such as an abyssal plain where m o t h ,  rum-varying 
gravity neasureinents along the profile should be expected. 

For the two profiles in Pigure 5, correlation wlth water 
depth does not aid in the rtsolution of the large gravity 
differences. The maximum difference between the two profiles 
is 77 mllligals at a distance of 50-55 riles along the two 
tracks. The depth is approximately 4,600 meters throughout 
the length of the two tracks as determined *or the only 
available bathymetric chart in the area. However, rcliable 
depth information 1s extremely useful for detecting local 
irregularities such as seamounts, trenches, ridges and the 
edges of the continental shelf. Correlatlm of point or 
continuous gravity peasumants wlth other surveyed geophysical 
parameters such as magnetic and heat flow have not been used 
successfully in evaluating and adjusting ocean gravity surveys. 
However. the local correlation between the ocean bottoa 
topography and the free air anomalies permlts a reliable 
estiration of the statistical characteristics and m i t u d e  
of the gravity fleld. 

The results of the track intersection analysis and 
subsequent adJustmts are shown on the contoured gravity 
anomaly map in Figure 6. The contours are smoothed out and 
indicate there is a good correlation with the ocean bottom 
topography. The high positive areas indicate anomalies which 
In fact consists of two prominent near surface features. 

Before the data was adjusted in this sarple area track 
intersection discrepancies ranged froa 3 to 85 milligals. 
The RIlS for all 26 intersections was +46.3 mllligals wlth a 
r a n  Pis-tie of 30.3 mllligals. Aftei; elimlnatlng the unusable 
portion of the data and making adjustment to the remaining 
tracks. the RNS for the track intersection disc~penciet was 
reduced to e.0 milligals. 

Other procedures and methods have been developed to 
evaluate and adjust gravity data held by the DOD Oravity 
Library. Computer programs have been written for these 
methods that can process large quantities of data. However, 
these programs have not proved to be as valuable for ocean 
survey data as for land gravity data. One of these computer 
programs is the Co-n Station Compariron Program which 
generates a cross reference file of gravity stations Prom 
different sources that lie wlthin a specified interval of each 
other. By comparing gravity anoaalles at comnon and near 
coumon stations, the datum and scale differences between the 
various sources of data can be determined. Another computer 
program available is the Least Squares Adjustment of Gravity 
Sources which adjusts one gravity survey to the scale and 
datum of another. Common stations between two sources are 
analyzed and if a systematic relationship is evident, these 
values are used as input for the adJustment. 



In developing these methods of evaluation, it is seen 
that these statistlcs computed in the computer programs 
describe the repeatability of the measured gravity, ~articu- 
luly during an individual survey, but not always the actual 
gravity or gravlty anomalies. 

Other authors have developed additional statistical 
methods to correct for systematic errors by making cqarisons 
at line crossings; however, these methods have essentially 
treated data of a homogeneous surrey and did not consleer 
track data from several different surveys. Other lieitations 
such as the requirement for evenly spaced data have further 
hampered the use of these statistical methods in our evaluation 
processes. 

CONCLUSION 

Although analyses of track intersections and subsequent 
adjustments does not guarantee complete elimination of errors, 
it does provide a means to unify large quantities of data 
with a limited amount of information. New and iaproved 
methods are being sought tnat will give greater reliability 
to this problem. In the last few years, emphasis has been on 
improvement and development of ocean poimeters and stable 
platforms. Recent improvements and future development of 
improved navigation systems will make it possible to measure 
gravity with repeatability and accuracy of that presently 
achieved near shove. Until significant amounts of better 
quality gravity become available in the world's oceans. 
methods as previousiy described will continue to be required. 



Figure 1. DOD Oravlty Library Gravlty Statlon Holdings 





Figure 4. Contoured R e e  Air Anomaly Map of Sample Area 
Before Adjuetment 
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Figure 5. Comparison of Free Air Gravity Anomly Profiles 
for Two Adjacent Tracks 



Figure 6 .  Contoured Free Air Anomaly Map o f  Sample Area After 
Adjustment 
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Abstract 

This paper deseribee the analysis and dwelopment of a filter for 
estimating the heave dieplacement of a survey ehlp ueing measuremente ob- 
tained from an on-board gravity meter. The gravity meter 1.8 dealgned to 
meamre the magnitude of gravity which changee slowly at the low speed of 
the ehip. Vertical accelerations whlch occur at higher frequenciee are  also 
sensed but are  mppreesed by a low-pase filter, which is an integral part of 
the gravity meter. Using thie instrument for ~ n e i n g  heave motion, there- 
fore, runs counter to its design oblectivee. The heave acceleratione and the 
aesoclated diqacement can, however, be recovered and separated from the 
gravity meamrement by appropriate filterhg of the gravity meter signal. 
Two filter deeigne are considered, i. e., a fixed gain Kalman type filter and 
a filter designed on the baeis of frequency response. These designs are  
analyzed using etatietical heave proceee modele, which are used to simulate 
the heave acceleration to obtain the correel;onding gravity meter meamre- 
mente. The modele are  based on analyeis of at-sea gravity meter data which 
were collected for thiepupose. Statistics of the filter performances are 
included. 

Introduction 

The U. S. Navy hae been actively engaged in developing inatrumentation 
for use in oceanographic research. One such instrument ie a heave dis- 
placement proceaeor which can be ueed to correct errore in ocean depth 
measuremente introduced by the vertical heave motion of the ehip. 

The heave displacement proceeeor, developed for installation in late 
1974 aboard the USNS Wyman, TAGS 34, will be used to provide on-line 
heave motion data In digital format. An onboard gravity meter located near 
the metacenter of the veaeel provides a very accurate measure of the ship'e 
vertical acceleratione. Thue, it ie not neeeeaary to develop a sp*clal sensor 
a s  a part of the heave processor. The combined effects of acceleration and 
gravity are eeneed by a temperature controlled accelerometer whlch is  

Thle work was performed in part under U. S. Navy Contract No. N00140-73- 
C-0842. 
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mounted on a gyro stabilized platform. The heave acceleration meamre- 
ments, with 4 to 20 second periods, a r e  attenuated by a simple low pass 
active filter, since the gravity meter i s  primarily designed to measure low 
frequerrcy gravity anomalies. The filter i s  an integral part of the gravity 
meter, however, and must be accounted for In the design of the heave pro- 
cessor. The variations in the gravity measurements depend only on the 
ship's speed and can be regarded a s  a dc inplt in comparison with the heave 
acceleration frequencies. 

The heave processor must therefore be capable d separating the heave 
acceleration from the effects of gravity in addition to compenssting for the 
dynamic effects of the gravity meter filter. The required accuracy of the 
estimate i s  about 0.1 fathoms (0.6 ft) with a sampling interval of 0.1 seconds. 
Hardware s+cificationsfor the heave processor have been written a s  a re- 
sult of the studies performed and a contract for i t s  manufacture let by the 
Naval Air Development Center. The heave processor will consist of an ana- 
log active filter with a digital output signal. 

The Heave Proccse Model 

The heave motion of a ship ie  caused by buoyant forces due to ocean 
waves of varying amplitudes and frequencies acting on the ship's hll. It 
has been found that this motion can be described a s  a stationary random 
process whose characteristics depend on the sea state and the dynamic 
characteristics of the ship (Ref. 1). This means that the heave process can 
be mathematically modeled a s  a linear time invariant system (shaping filter) 
which i s  driven by uncorrelated noise. In the approach taken here the ocean 
dynamics and the ship's dynamics are  considered a s  a single system, elnce 
the ship's dynamics are expected to be similar b r  a class of oceanographic 
vessels. In any event, i t  would probably be difficult to separateiy determlor. 
the ship's transfer function. 

The shaping filter which was chosen to represent the heave acceleration 
dynamics consists of two cascaded second order systems given by the trans- 
fer function: 

This transfer function has been used previously to model vertical ship motion 
and has the appropriate property of being band limited. Thus, the nhtuml 
frequencies of the traneier function, whose input is wideband noise, deter- 
mine the bandwidth of the acceleration dynamics. The damping ratios can 
then be used to adjust the general shape of the frequency response a s  des- 
cribed later in this p p e r .  

The transfer function of the gravity mewr can be modeled a s  a first 
order lag: 

where rg i s  the time constant of the filter which is uaed to attenuate the 
heave acceleration signal. The force of gravity, which i s  the primary input 
quantity to the gravity meter, can be modeled a s  a constant in comparison 
with the high frequency acceleration effects. Only the gravity anomaly 
reeidual must be considered if the nomlnal value of the gravity field i s  sub- 
tracted from the output of the gravity meter. 

The total outplt of the gravity meter can then be realized in a state 
space configuration ae  shown in Fig. 1 by using the transfer functions of 



PARAMETERS 

Figure 1. Realization of Heave Praeesr and Gravity Meter Models 

Eqr. (1) 11ld Q). The corn- resLQll mvity in@ Is modeled or a mn&m 
initial caadltion of an integrator. In tM8 formulation. the h v e  accelerntlon, 
velocity and diqhcement appear as atate PoriPbler a s  con be reen from 
Fig. 1. This form of the atate equations is therefore very convenient for the 
analyds and Stmulation of the eyetem. 

The power spectral b d t y  d tbe gravity meter output due to the heave 
acceleratiolr i8 easlly obtained from the transfer functions of Eqa. (1) and 
(8) in  the form: 

where Q denoter the power spectral dendty d tbe white d o e  input. Ws 
fuoctlaa 18 plotted in Fig. 2 for the de- model valuer given in Rble I, 
which were ured before the at-- have  data beerrme available. The input 
noise atrewtb d Q = 0.9 ftg/secs ms chosen to give a heave displacement 
amplitude of 2.5 ft. 

Heave Dph Analyois 

A number of rune d gravity meter data were recorded at ma in May of 
1071) aboard the USNS Wpam in nrlaur rtotes. Tbe Wjman i r  a 2400 
ton (265 feet) mrwy h i p  with a cruidng q e d  of abnut 11 knots. Thr data 
conder of gravity meter output which m a  mmfled at 0.1 see Lntenrls and 
recorded on magnetic tape with each nm looting about 40 minutes. The teat 
conditions were recorded for each run in terms d windopeed sad dlmcthm, 
and ahtpepeed and heading, a8 well as obmned wave b- and direction. 
TLr colldltlonr during the data collection were a m  to moderate with a 
mudmum recorded windopeed of 42 knots and up to 7 ft wave helghts. 



Figure 2. Power Spectral Density of Gravity Meter (ktput 
for Deem Model 

TABLE 1 

PARAMETER VALUES OF HEAVE PROCESS MODELS . 

3 r e e  data runr were selected for procerelng and compprim with the 
mathematic.) model. Segments of thin data are shown In Fig. 3. Runr No. 1 
and O conEIin relatively high frequenciee whereas Run No. 3 is of mmewhat 
lower freauencv. Them m e  are re~resentative of the swctrum of heave 
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Deeign Model 

High Frequency 
Model 

Low Frequency 
Model 

condition;enc&tered during the dak collection and appkr  to have relatively 
stationary ntatiotkal properties. Each ma was p r o c e e d  by FOst Fourier 
~ ~ n d o r & t i o n  techniques In order to obtain itspower upectrum. 
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The remltlng power spectral denritier are shown In Flg. 4, whlch 8180 
giver the adjusted power spectra of the mathematical procesr model. The 
spectra ol Runr No. 1 and 2 are dmllar In appe8mnce with peak energy In 
the nebhborhood of 1.2 rad/ree and practically s:l 'he energp contained be- 
tween 0.3 to 1.0 rad/mc, or periedm from 3 to A9 . .... The spectrum for 
Run No. 3 i s  la the name general frequency band A' .no& of the energy is 
at  t k  lower end d the qectrum with peak energy at.aund 0.8 r ~ d / m c .  It 
rhatld be noted that tbese remltr include the effect of the gravity meter, 
i.e., the low p a r  prefilter. However, the heave acceleration power ge- 
trum can be obtained if desired, rlnce the t n n d e r  functlon ol the prefUter 
is accurately unknown. Them power epertra are a100 dependent on the 
dynamic churacteri6tlcs of the ship ae noted above and would consequently 
have to be mmodliied for a ship of a different class. 

C1 

0.1 

0.1 

0.15 

;a 

0.1 

0.075 

0.25 

Y 
(rad/mc, 

0.44 

0.9 

"a 
(rad/rec) 

1 

1 .M 

1 .a5 

0.1 I 1.0 



Pal reon 
Melllng 

O'Halloran 

SECONDS 

a) Run No. 1 
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Figure 3. Segments of Gravity Meter Output Data Taken At-Sea 

Comprimn of the PW's  of the design process model and the d.ta in 
Figs. 2 and 4 respectively, lndlcates that the orlghal design model pnra- 
meters should be changed in order to obtain better agreement between the 
&-a and the mathematical model. For this purpose the natural frequencies 
and dnmplng ratios of the model were adjuded by trial and error  untU a 
reasonably good agreement between the data and model s p c t r r  was achieved. 
Two w t s  of parameter values were obtained corresponding to the high fre- 
quency p e r  8pecti.a of Runs No. 1 and 2 on the one hand and the l o r  fre- 
quency spectra of IlunNo. 3 on the other hand. The power spectra of the two 
resulting models have the mme general shape a s  the corresponding PSD'r 
of the data a s  can be seen from Fig. 4. The relatively Low order of the 
model, however, limits the extent to whirh the variations of the doC. r p c -  
trum can be reproduced. The amplitude of the model power spectrum de- 
pendr on the amplitude ol the whlte noioe input and can be adjusted to obtain 
any desired heave acceleration or  dimplacement amplitude. The p r r m c t e r s  
of the three process models corresponding to Eq. (1) a r e  mmmarhed in 
Table I. 
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Fllter Design 

'Ibt dcdred a A p t  d t k  bave filter is an estimate of the k v e  
d&phcement, wMch h a doubIe Integ.l d the bnve acceleration. In the 
.brarcdamydWwbhghpltsUd.obJectheeaddberrMeted, Intbeory, 
b for the dymmks d the gravity meter filter aad htegnllag 
tbcred~outp t t r l ce .  T h e i n l t i a l c d U a ~ d t & ~ b r s .  l e . ,  
Initial di@8cement and veloclt)., e;llraot be determined aceomtely, however, 
ndtiog In uoshble compdations d dis@acement. The Lallnlte dc gab d 
tlw sy- wat ld  also n n l t  in a d h r g b g  ba.e displacement eomphtiw 
Qe to tbt oearlj cooa&nt gravity Inpt. 

A more rdisttc appwcb caudds d de- a trurder hmctloll 
wbich bos the c ~ c t e r l s t i c s  of a d d e  Iotegrator b the f r e p u c n r ~  bud 
d ht-, t e., bchmn 0.3 and 2.0 rad/scc, where heave acceleration I s  
taken as the inpt mdable. Tbc break f w  d the par i ty  meter filter 
is 0.044 &/see whSch is a b d w h l l y  lower t h  the laed f- 
txpcted b the accderatim input. Its tronder fmrtioo, therefore, Ins the 
c b u r c t e ~ s  of a w e  integrator io the fnquescy M of interest. 7hc 
dealred filter clmacteri#ics can then be obgined by adding a s e e d  Lntegra- 
~ I n ~ f ~ c g M r a d ~ n Q e ~ t h e d e @ i n t o a v e q ( O I P l l . . l o e  
tn order to elkalmte tbc eflect of tbc gravity re-. A transfer luartioa 
wMcb acMeves this goal m mggested (be maaufacturer of the m v i t y  
meter, Rell Aerospnce Corn- 

wbere rg is the gravity meter mler time constant pZ.5 sec: and: 

Any cnnsbDt fnplt 1s blocked by the mmerator zero which in conJunetion 
rfth the grrvity meter filter aad the damped s e e d  order mode provides the 
aececlarg double integratim in the frequency band of the heave accelemtlan 
td@al. The Mgh frequency pole is added to otteauate noise but t a ~  cseeatlrllg 
no effect on the slgml. 

The tecbiques of LCPLmoD filtering offer another approach to the problem 
of t a U m 8 ~  the kave &@cement, as weU as other states d tho process, 
from tbe gravity meter output. The equation govern& the estimate of the 
process states is then given by: 

where z is the gravity meter measurement: 
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i = estimate of the (5 x1) state vector x containing - 
the heave process states and the gravity meter 
mtpl t  

= estimate of the gravity meter m t w t  % 
g 

v = uneorrelated measurement noise 

k = (5 x 1) computed gain vector - 

The system matrix, F, can be obtained directly from the system realization 
in Fig. 1  as: 

y o  1 0  0 0 1  

The gravig bias was not included a s  a state in the filter assuming that i t s  
effect could be subtracted separately. Addition of this state to the filter does 
not present any problem, hoawer,  but incrmses i t s  order by one. 

The gin vector was computed using the standard Kalman filter formula- 
tion by determining the steady-state solution of the Riccati equation (Ref. 2). 
because the filter i s  required to be time invariant. The parameter values 
aod process noise variance of the design process model of h b l e  I were used, 
s h e  the at-sea heave data was umvailabl- at  that time. The measurement 
noise intwsity was varied resulting in seven1 sets of gains. h b l e  11 gives 
three sets of gains and the corresponding measurement noise variances of 
which case No. 2 was chosen for further analysis. The performances of the 
two filter designs, i. e., the Bell filter and the Kalman filter, were then 
evaluated by simulation using the modified process models. 
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Simulation and Evaluation - 
The output of the heave filter i s  an estimate of the vertical displacement 

of the ship. It i s  therefore nee-ry to obtain an accunte  reference h a v e  
displacement in order to be able to evaluate the e r ro r  in the estimate of the 
filters. Cnlortunately, no such reference exists for the gravity meter data 
clescrlbed above since no independent displacement measurement was available. 
The only alternative is to use a digital computer simulation based on the heave 
process models of n b l e  I and the dynamic filter equations. This makes it 
possible to geoRnte both the filter outputs and the correspoading true heave 
displacement which i s  available a s  a state in the process model of Fig. I .  
The driving noise was W i n e d  by using a random number generator tlnt 
gives a sequence of uncorrelated numbers with a normal distributim. The 
dynamic equations were then solved by using the system state transition 
matrix to propagate the system state forward in time. 

The Bell and Kalman filters were compred by simulating their outputs 
using the design process model parameters of h b l e  I. The r m s  e r ro r  of 
the heave estimate was computed directly from the simulated results after 
initial transients in the system response had decayed. The simulation re- 
sults showed that the steady-state Kalman filter could be expected to give 
about 30°C better performance t b  the Bell filter, a s  can be seen from 
Table III. However, the Bell filter i s  simpler in design, since it only re- 
quires a third order transfer function (in addition to the dynamics of the 
gravity meter) whereas the Kalman filter is of fifth order. The Bell filter 
was tkrefore  chosen for further development in view of the fact that i t s  
accuracy satisfies the design objectives. 

The Bell filter was also tested by using the high and low frequency pro- 
cess  models given by Table I with the results given by l)rble m. The l o r  
frequency model gives approximately the same percentage error  r e l v l t a s  the 
design model but the performance improves somewhat when the high frequency 
model is used. 

A qualitative comparison of the mathematical heave model and the 
observed heave motion a n  be made by considering the two heave filter 
responses in Fig. 5. These represent the ou tp t  (i.e., the estimated heave 
displacement) of the Bell filter using simulated and real gravity meter 
input data respectively. The time histories exhibit very similar dynamic 
chlncterist ics,  givingstrong support to the validity of using the random 
process model to simulate the heave motion. 

TABLE m 
HEAVE FILTER SMULATION RESULTS 



SECONDS 

a) §bulated Gravity Meter Inplt Data 

SECONDS 

b) Real Gravity Meter Inpat Z)Ih 

Figure 5. Heave Filter Chtplts Using Simulated and Real 
Gravity Meter Lhta 

The abUlty of the heave proceesor to estimate the heave amplitude with 
less thnn 0.1 fathom rms errnr clearly depends on the total heave displace- 
ment ~mpl i t~de .  Thus the Ceu@ chosen for deVelopm!nt a n  be expected to 
gtve =tiefactory performance up to an ampiltude of 3 ft (1. e., wave hcfeM 
of 6 ft) with some rorlation according to the frequency content of the heave 
motion. Thur, larger estimation errors bpve been observed at the lower end 
of the signal spectrum due to phase shtft errors in the filter. 



It brs been f d  tlnt a &@bard gravity meter can be used 8s a sensor 
for edindbg tbe nrtlal disphcemcat d a mmey vesrel. A rclatinlg 
8lmple filter an be wed b tbe reqdred conthuous ao-line procee 
w o i  the grarity meterdata withan rmseshmtioo e r r o r d a W 2 5 8 d  
the total rms beave dlqdacement .mpUbde. A more ehborate lCnlmrn type 
filter caald be rued to Improve this performance bg abmt Jdb at the cold of 
intremtd complexity ia the filter d e s l g ~ ~  Tbc uee d staUauy random 
process models b elmulate the hern dgo.mies of the rrsstl g8ve excellent 
agreemeat witb data taken at-- after 8djudment of the male1 power 
specM d M t y  to approximate the power spectrum compllted from the dab. 
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Ihe participants of the 1974 International Symposium on Applications 
of Marine Geodesy 

reviewing the resolutims pertaining to marine geodesy m d e  by UPSO 
at its General Asaeubly in Bern. Svftzerland, in 1967 and by UC at its 
General haeably in WDscou. USSR. in 1971. m d  

considerin4 the contents of the scientific progran held at Battelle 
C o l d u s  Laboratories. C o l d u a .  Ohio. in 1974. 

rec-nd encourageawnt of the follovfng: 

(1) (a) Establishant of marine test sites or marine geodetic 
ranges suitable for the calibration and verification 
of precise geodetic and navigation nethoda. 

(b) Conduct of "controlled-condition" experiments to 
deternine the best accuracy attainable. 

(c) Publication of results of such experiments. 

(2) Continued studies on methods of determining the form of the 
geoid by satellite altimetry, taking oceanographic parameters 
into account 

(3) Design and conduct of specific marine geodetic experiments 
and development of improved data-analysis techniques, to 
permit determination of tides, mean sea level, ocean surface 
heights above mean sea level, and sea floor spreading 

(4) Developnent of astronomic instruments useable at sea to 
fMke possible geotd determination by astrogravimetric and 
astro-satel lice techniques 

(5) Establirhment of gemetric geodetic syrtem for determining 
omrine bnundaries and for poritioning based upon existing 
technology, with the carroility for improvement in accuracy 
with increasing need ;nd improved technology 

(6) Use of SI units in all reports. at least parenthetically 

(7) Establishment of comunicatlon with users relative to their 
needs and accuracy requirements 

(8) Development of apace system that would make possible better 
position determination at sea 

(9) Continuation of efforts to increase the accuracy of position 
determination at sea by the optimum integration of different 
navigational aids, 

and extend their appreciaclon to Battelle Columbus Lebrratories for 
ita hoepitality and to the co-sponsors and associate sponaora, the 
organizing conmittee, and ochers who contributed to the success of the 
1974 Symposium, and 

sunnest that another International Symposium be arranged in a feu 
yearm (possibly 1977) to provide m opportunity for ~eodesista and marine 
scientists to diacusa new developments in pertinent areas. 
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