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My talk will outline some of the time and fl.ctlur.nc~~ rrcluirer-nents wc have for the Eartli 
and Ocrarl Physics Applications Program ('EC)I'AP). I will divide Iny talk into two  rnajnr 
parts, since many of you r-nay no t  know what this program is about .  First I will explain 
what the  program is and wt~ilt  it consists of, and thtw 1 will try t o  answer the question: 
"Why do we need certain requiret-nents in time and fret1uenc.y to ;iccornplish thcsc rnetric 
tasks we h:tve given oursclvcs?" 

I have to mention at  t h ~ s  time that EOPAP is riot yet fully ~pprovc . J  by NASA, altllough wc 
arc: l u ~ k y  t o  have gottcn our  first spauccralt a t  least to tile Bureau o f  the Budget. As you 
nidy know, it 1s difficult at  thls tlrnc to start dnytlrlng ncw,  so 1 cannot  c o ~ n p l a ~ n .  

First, 1 will talk about  thc progrim itself, and the  accuracic.~ needed as far as SI-equency and 
timc arc conccr~lcd.  Then  I will try t o  translate these requirements, which come from ultra-. 
precision orbital requirements, into those of t imc and frctlucncy. Actually thcru are three 
parts t o  this, as you can see in Figure I .  

'The Earth and Ocean Physics AppllCatlons Program has speciflc goals, and we need to per- 
form specific experiments to achieve thcsc goals Wc must  also fly certain spauecraf't t o  
reach these goals. We also havc certain accuracy requirements which relate directly to  time- 
frequency requ~remcnts .  
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Figure 1 .  The Earth arid Occsn Physics Applications Prtlgranl. 

*Thtb i s  the edited transcript of thc recorded oral presentation. 



The program consists of two major parts (Figure 2), namely earth dynamics and ocean 
dynamics. I'll explain a little bit later on what I mean by that, and, as I mentioned before, 
1 will talk about the goals and the spacecraft, including the launch schedule. 

MAJOR GOALS AND EXPERIMENTS 

EARTH DYNAMICS 
OCEAN DYNAMICS 

SPACECRAFT AND LAUNCH SCHEDULE 

Figure 2. Thc main parts of the program. 

The major goals in earth dynamics are shown in Figure 3 and include earthquake hazard 
assessment and alleviation. Can we do  something with present spacecraft or  future space- 
craft? What have we learned over the last tcn years on space techniques which we can apply 
to problems we have on the ground? 'That is the driving force, really, for that program. 

To give you an example, we are presently performing an experiment in the San Andrcas 
Fault area to measure the motion between the American plate and the Pacific plate, utilizing 
laser techniques, laser-ranging techniques to be more accurate, with the BEC spacecraft 
equipped with laser comer reflectors. 

Some time ago -- I think about a ycar ago -- we finished a polar motion experiment. We 
determined the motion of the pole t o  an accuracy of about one meter, utilizing only one 
single laser station and the BEC spacecraft. We could d o  this within six hours t o  the accu- 
racy of one meter. 

On global surveying and mapping, we are trying to  determine the gravity field, particularly 
for the ocean dynamics program. We have considerably improved our station locations, 
particularly for the laser station. We have also improved the magnetic field for surveying 
and mapping. 

EARTHQUAKE HAZARD ASSESSMENT AND ALLEVIATION 

SAN ANDREAS FAULT EXPERIMENT (SAFE, LASER, VLBI) 
PLATE MOTION EXPERIMENT (VLBI, LASER) (U.S., JAPAN) 
SOLID EARTH TIDES (LASER, ATS-G) 
POLAR MOTION (LASER, VLBI) 
UT-1 (VLBI, LASER) 

GLOBAL SURVEYING AND MAPPING 

GRAVITY FIELD DETERMINATION, R, k, LASER, GEMI-4 (SST, ALTIMETER) 
GEOID AND GRAVITY FINE STRUCTURE (ALTIMETER, R, h, ($ST) 
MAGNETIC FIELD DETERMINATION, MAGNETOM, ORBIT 
INTERNATIONAL SATELLITE GEODESY EXPERIMENT,& ISAGEX, R ,  R, LASER 

Figure 3. Major goals and experiments in the earth dynamics area of EOPAP. 



'I'hc rnajor cxpcrirncnts and go;~ls in  tlic arc;! ol'occ:in  dynamic*^ (1:igilrc 3 )  arc twofuld. Wc 
t r y  to detr.rmi11r~ t h r  currcnts and tilt, ~ i ruu la t ion  by measuring t l ~ c  gcostrophjc. ilplift i n  the 
o c c ; i ~ ~ .  1:or- this wc would need an altinlutcr wi(h a t  Icast ;I Iligh resolution to, s ay ,  10 ccnti- 
~nc tc r s .  

As  yo^^ may know, i l l  1074, we arc l'lyil-1:: thc GFOS-C' spaceurat't, which will be crluippcd 
wit11 an altimeter with an accuracy o t  ~l l )out  a ~ n r t c r  or two. In sddition, this sljaccrraft 

will be t r a ~ k c d  f rom tllc Al'S-F spaccc.raf't by Incans 01- sstcllitc-to-satdlite tracking (SS'T') 
t o  help us i n  the orbit dctcrmination. 

This will h r  t l ~ c  l'irst satcllitc cquippcci with a n  altirnctcr' which may givc LIS a ~ n o r c  dutailccl 
vjcw o f  the occan. p:trtic.irlarlq thy oucarl surl';rzi, or. morv sl)cc.ific.ally, tllc variation 01' the 

mcall oucan s ~ ~ r l ' ~ i c c .  Wc. will evaluarr thc oc.i.:in 5lirfact. corlclition from tltc ultirnctcr data. 
Wc 1ilay f i ~ r t h c r  gct thc  sea sta t? ,  thc wind dircsi.tion. and  s to rm scarchcs, all irnport;~nt 
factors, fo r  instance, for shipping. 

OCEAN CURRENTS AND CIRCULATION 

OCEAN SURFACE CONDITIONS, GEOID, SLOPES, (ALT., SST, OTHERS) 
GENERAL CURRENTS AND CIRCULATION (ALT., TRACERS, SST, O T H E R S )  
OPEN OCEAN TIDES, TSUNAMIES (ALT., SST, OTHERS) 

OCEAN SURFACE CONDITION MONITORING 

SEA STATE, WAVE DIRECTION (ALT., SCATT., SST, OTHERS) 
SURFACE WINDS, MAGNITUDE, DIRECTION (ALT., SCATT., SST, OTHERS) 
STORM SURGES (ALT., SST. OTHERS) 

Fiqlrc 4. Major goals a n d  experl~rlcnts In the 0 ~ ~ 3 1 1  ~ ~ I I ~ I I ~ I C S  area of EOPAP 

Now let me give you a n  icica (1:igure 5 )  of rncasuroments we're trying to make in order to 
accolnplish thc tlisks outlined. Wr havc to dr.tcrlliinc. for instance, the crust;ll motion, say 

to within one ~ c n t i m e t e r  3 year, i f  we w a n t  to  detcrn-ii~lc what crlergy is stored in fault lines. 

MEASUREMENT ACCURACY 

CRUSTAL MOTION 
@ POLAR MOTION, EARTH ROTATION 

SATELLITE ORBITS 
GRAVITY FIELDIGEOID 
SEA SURFACE TOPOGRAPHY 
SEA STATEIWAVE HEIGHT 
SURFACE WINDS 
MAGNETIC FIELD 

1 CM/YEAR 
2 CM10.5 DAY 
10 CM 
10 CM 
10 CM 
1 + 3 M  
2 + 5 MIS, < 20° 
2 GAMMA, 0.5 ARCMlN 

Fik~~r t :  5.  Measurumcnts I equirements s ~ l m m a r y .  



We would like to determine polar motion to two centimeters' accuracy in a half a day's 
time. There seems to  exist a corrclation between polar motion and earthquakes. T o  d o  all 
this we need extremely precise satellite orhits (gravity ficld). Further, we need to  have the 
sea state and wave height deterruined between, say, one and three meters. The surface 
winds we would like t o  determilie to five meters a second, with a directional angle of at  
least 20 degrees; less if we can. Wc will further try t o  determine the magnetic field of the 
earth to  about + two gamma and a half-minute of arc. Right now we know the magnetic 
field to a few gammas but only the magnitude, not the direction. 

In order t o  d o  this we have colne up with a couple of flight missions, shown in Figure 6. 
And as I mentioned before, the first spacecraft, which is a large geodetic satellite, is at  the 
Bureau of the Budget. This satellite is just a sirnplc, heavy hall equipped with laser corner 
reflectors, which will have a polar orbit of roughly 3000 to 5000 kilometers and will act as 
a reflecting reference station in space. We hope to determine the orbit very accurately, say 
in the 10-centimeter range, so that we can determine motion of the poles, UT-1, and tec- 
tronic plate motions. 

The next satellite we are planning is a SEASAT-1 - which stands for sea satellite 
- and which is, in essence, an oceanographic spacecraft equipped with a very accurate, per- 
haps a 30- t o  50-centimeter-type altimeter, to determine ocean surface variation. Obviously 
other instruments will bc carried, not of interest as far as time and frequency are concerned. 

The next spacecraft is the Gcopause, like "rnagnetupause." I t  means the satellite is so far 
away that it is out  uf the "noisc ficld" of the gravity of the earth. At 30,000 kilometers, 
only six o r  sevcxi of the gravity coefficients of the earth play a role; for a near-earth space- 
craft at say 300-kilometer height, oric needs perhaps 600 to 900 coefficients t o  determine 
a very accurate orbit. This is why wc arc going far out ,  and using that spacecraft as an 
"anchor" station t o  measure range rate using SST techniques. By doing so we can detcr- 
mine the exact variation of that low-orbiting satellite. SEASAT-2 is thought of as an oper- 
ational sea satellite. 

1 

SEASAT-2 S A 

CALYEAR 72 73 74 75 76 77 78 79 80 81 82 
+. 

S = START 
A = LAUNCH 

Figure 6. EOPAP spacecraft. 



As you can set., the program plan covcrs the  years u p  to  1982, b ~ l t  a t  thc present tlrnc we 
are just talkrng about  thc first IC173 sp:~cccraft, LAGEOS, and SLJASAT-1. 

This s l i o ~ ~ l d  g ~ v c  you :in Idea w11~1t we w,int t o  d o ,  and the Icason wliy apply what wc' know 
and  1 1 3 ~ ~  1~,1rticd 111 thc past to problems wc liavc on t-arth. 

Let me try now to translate orbitd! accura~ ios  into  tliosr. ol ti~rlc and frequency. 'I'nkc 
tlie orbit ,  say, ol' the LAGEOS, and we arc talking about  a two-cent i~neter  rangc, wll~cll  
r-rlcans we nccd 3 timing accuracy on thc orclcr of two  ur t11rt.c microseconrls (Figurc 7). 

What i s  the tirllc s y n c h r o n i ~ a t i o l ~  nc,edcci if we pcrforrn rangc ; ~ n l i  rangc rate tracking from a 
satellite which is in a ncsrly synclirotious orbit? Again we go through solilt: basic arithrnctic 
and we come u p  with rouglily a miuroseco~ld. :IS tlic ia1cul:itions shown in t;igurc 8 dorno~l- 
strate.  I n  order to  scnso tllc gravity v;~r ia t io~l  of th r  rartli's f'icld b y  obselving variations in 
thu height 01' thc low-orbiting satc.llitt. we nccd this kind of- :ic.uuracy. and wc Iiupu with thc 
(;eopausc spacccraft in  orhit  we can achievc this goal. 

We h;ivc 31rrddy planned - and hardwarc 1s bcillg built -- an AX'S/Nimbus satcllite-to- 
\a tc l l~tc  tracking cxpc*r~mcnt ,  and hopc t o  get 0.07 ccntinlctcr pcr second. A n d  thcsc 
spaccur:ift will bo in orbit  by 1074. Thu< we w ~ l l  11,ivc. some idea of wliiit hi, can d o  and 
cannot d o  in thc ne,ir futuru 

6s SAME ORDER OF 

M A G N I T U D E  AS hr 

fit - -  1 '>:, 

// f,r - 2ctn. ;. . 6.10~ cmls 

LASER STATION 

REQUIRED: 

h t  - lywc (SAFFTY FACTOR - 3) 

Figure 7 .  Time synchronization f-or 01-bital rnrige tracking with I.AGEOS 



ORBIT 

\ f i r  st  FINALLY: gt:_ 1, 
+ + -+ 

STATION \ 
I p -R i  Ipl 

EARTH u + 
fir = 0.003 cmls, IpI = l o 3  cmls2 

3.10.~ cmls 
dc=-- -3.10-~wc 

lo3 cm1s2 

REOUIRED: bt  A 1 psec (SAFETY FACTOR = 3) 

Figure 8. Time synchronization for orbital range-rate tracking with Geopause. 

What time synchronization do  we need, for instance, if we fly an altimeter (Figure 9)? And 
here we see it is a rather relaxed one. For an altimeter spacecraft experiment wc nccd only 
one-third of a millisecond time synchronization bctwccn thc stations, because it is really 
not too important where the spacecraft is in a horizontal direction. A millisecond cor- 
responds to about onc meter, yet the footprint is l o4  times larger. This results from the 
variation of the height of thc spacecraft, since one always has a n  orbit with a finite 
eccentricity. 

HEIGHT VARIATION: I; t u. e sin q for eGO.1 

S h  
AND: S t  +- 

FOR: v = 8.105 cm/s, ez0.0125, h = 100 m/s 

USING: Fh = 10cm 

6t = sec = I msec 

REQUIRED: Ft 1/3 msec (SAFETY FACTOR = 3) 

Figure 9. Time synchronization for a radar altimetcr. 

What frequency stability d o  we need if we have a two-way ranging system as we have right 
now on the Goddard network? We need a frequency stability Svlv,  as in Figure 10, of 
lo9, say over one second. again with the safety factor of three, if we want to determine 
a range rate to,  say, 0.003 centimeter per second. 



FROM GEOPAUSE 

ORBIT 

/-- 

6 t  = 0.003 cmls, t = 8.10~ cmlr 

Figure 10. Frequency stability for a two-way range-rate system. 

The frequency synchronization for a three-way ranging system is more stringent, as 
Figure 11 indicates. If  one sends a signal up and receives it someplace else, any time bias 
error would introduce a range rate error. If 1 don't know the other stations' frequency, 1 
would interpret the error as a doppler shift. In this case, we would need one part in 1 013, 
again with a safety factor of three. 

1. FREQUENCY STABILITY PROBLEM SAME AS BEFORE 

2. FREQUENCY OFFSET BETWEEN STATION 1 AND 2 WILL NOW 
BE INTERPRETED AS RANGE RATE' THUS INTRODUCING AN ERROR: 

Figure 11. Frequency synchronizatior: for a three-way range-rate system 



Figure 12 summarizes what 1 just said and tells what time synchronization wc nccd for 
range and rangc-rate stations, as well as for satellite-to-satcllitc tracking. We're looking 
forward to, say, :i onc microsecond time synchronization betwcen tracking stations. The 
frcqucncy stability for a two-way range-rate system ncccls t o  be one part in lo9, and a 
frequency synchronization for  a three-way system needs t o  be one part in 1 013. 

I hope I have given you some idca what we need for tlrc ncw program both in frequcncy ancl 
in tirnc synchronization. 

TIME SYNCHRONIZATION: b t  A I psec 

(FOR RANGE AND RANGE-RATE STATIONS, SATELLITE- 
TO-SATELLITE TRACKING) 

FREQUENCY STABILITY: 

(FOR TWO-WAY RANGE RATE) 

FREQUENCY SYNCHRONIZATION: 

(FOR THREE-WAY RANGE RATE) "0 

Figure 12. Summary of EOPAP rcquircrnents. 

DR. WINKLEI-?: 

1 think I have t o  ask a q ~ ~ e s t i o n  hcrc. If we understand your  last requirernrnt, onc part t o  

l O I 3 ,  is that  absolute accuracy? O r  is i t  frequency stability, o r  synchronization o f .  . . ? 

DR VON BUh;. 

It's really a frequency offset, and not  an absol i~tc  accuracy. 

DR. WINKLER: 

So  that  would be frequency difference in the oscillators, and it  has to be maintained to be 
within that? 

DR. VON RUN: 

Yes. 

DR. WINKLER; 

I see. Over what pcriod of t ime? 

DR. VON BUN: 

Over the interval in which you make thc rneasurrmcnts (minutes t o  hours, for example). 

DR. WINKLEK 

Over seconds? 



DK VIIN H IJA: 

No, ovor  tllis m c : ~ s ~ i t - i ~ ~ g  i n t ~ r v a l .  

!lK. WlNAI,L,'I<: 

i u~icicrst ; i~id.  13ul t ha t  means  yoir will h a v e  to  11su hyi1rugc.n Inasrrs a t  thesc stations'! 

LlH. v0,v H I J h ' :  

' f l~a t ' s  right. Wc have :ict~rally uscJ llkrlrogcn r-nasers a t  our  tracking stations. 




