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INVESTIGATION OF POLAR MOTION FROM DOPPLER TRACKING OF THE
'NAVY NAVIGATION SATELLITE SYSTEM DURING THE MERIT CAMPAIGN

* WILLIAM H. WOODEN. JOHN A. BANGERT. AND J. MILO"ROBINSON
DEFENSE MAPPING AGENCV

WASHINGTON, DC 20305, USA

SUMMARY

For more than a dozen years. Doppler tracking of the;, ,
Navy Navigation Satellite System (NNSS) has demonstrated the
ability to give solutions for polar motion as a biproduct of
precise ephemerides generation. This paper reviews the
polar motion estimation process at the Defense Mapping
Agency from Doppler measurements of the NNSS and gives
comparisons to polar- motion series from newer observational
techniques and to the Bureau International de I Heure (8IH)
Circular-D series. The different techniques are compared
for the period of the MERIT Main Campaiqn. In addition to
comparing results for the Nova and Oscar NNSS satellites,
comparisons are done uti'lizing the WGS 84 and the NWL 9Z2
gravitational fields in the precise ephemerides generation
prarce-ss.
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Since the late nineteenth century, it has oeen ,*:,'
recognizea thiat the instantaneous spin axis o+ the Earth
moves with respect to the qer)qraphic pole of the Earth's
crust. This "prfer motion" was predicted by Euler in 1752,
but w=. not corclusivel.y observed tinti I Kuenstner s work in

t- ... The 1. n 1v&r 1 tion.-! Lat rude Servi c (IL.S1 was
:,: - -~.J ..i . 1. ' 

1 2::, cirt i c.,U~l 1. V m of i of ~~lc:f-e -Y o-f-tion of
. - n ", 'f , .. ," d l->.: ti] 1 .t o . i -I i I ,,t 1 1. U LL e.

-. ... . it." ' I , t " r ;c, (lvtf *.7 ,. ",' -' i.L..- in;i:.oD tn!,. T,, I:-ri~a.. i. .ra Il-
F') L . i' . r i.i. , .-t -: ( i. i n 1 -0. witr- i e c .r-e - or

der i. 11 r-1 .1+.:l,' ri m -C! w il..l -. ,l,.mite da.%

T *tl- I..I'i .M [r-' Er. *.i' r *t .,. :,.n=.!l dt. I H&L.Er k'. 11 l) W:AS created
, .] . * *- i, , , - * k . n b,! p..tr.:1 . '"I.'n. n ,. t ...L r e -ri s "ion i n

, I .x I ( L - lle a -.- ; .i . ,j , I" :' t.ble Il-,,e d t -,,.) 'rn + r .

1 ~~~~~~~~ ~I <4 1 1C!de c i,.!-,t~~I

. .i" . .Ap' iI t'I y !articipat irig

,.-1 4-1 -l , t" - . 81:,1 u-s-d Cr-,l " :he same data
.. . h,. ["l'<S .:,: : cJ l;l :>¢e ,.) e:-- .I-p 0-i: -'Lkt,"C~i: ti rs wi L tri he [.;:*1its

'o L ir I9S L t i oits b .$sk of
,.," t I - '.. t n , avi,..ta ,.-iar, Sat-el t ito Svsten tNNSS)

1631



sat.ellites have been incorporated into the BIH global
4olution. The methjds used by the 8IH in the treatment of
data are given by Feissel [11.

Research at the Naval Weapons Laboratory now the Naval
Surface Weapons Center) by Anderle and Beuglass E2]
demonstrated that it was possible to use Doppler
observations of NNSS satellites to compute pole positions.
Doppler solutions o+ pole position have been distributed by
tha D- h:lgren Polar Monitoring Service since 1969. The pole
po_ itions are a byproduct of the orbit computation process.
Hence, when the responsibility of computing the NNSS
sa .ellite orbits was transferred to the Defense Mapping
Agency (DMA) in 1975, the derivation of pole position was
continued by DMiA. The DMAHTC Polar Monitoring Service
(DPMS reports are distributed by the Hydrographic/
Topographic Center of DMA to users on a weekly or monthly
basi s.

Project MERIf ".3J was a program o+ international
collaboration to ronitor Earth rotation and intercompare
techniques ofr ooservation and anal ysi s. The MERIT Main
Campaign o+ observations was held during the period
September I , Li _3, to Oc::tober .3* 1 984 anri included a
varieti o-f tezhniques ior determinc.ng polar coordinates.

.,. CC HFIJT__ _. -r _i L E H'.)S OFR __F'-LER D Fr.

The pole determiniation metroci utilize:.-A by DIA is the
method adopted by the Naval Str+acf Weapl.ns Center (NSWC, in
AuquSt 197 1 The brief oescription o+ the method that
folloo-i is taken from thee det.ailed Oes:riptic:n of the
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graNvity perturbations, and solid Earth tidal forces. The
fntegration is done in the true-o--date system.

The accuracy of the orbit determination process is
reflected b/ two statistics: the discontinuity in the
ephemeris at the ends of each 2-day span and the root mean
square of the residuals of the least-squares adjustment
process. The current accuracy of tne ephemerides is
approximately three meters according to Murphy and Fell Lb].
rhis value agrees with the previous values given by Bowman
and Leroy 17] and Wooden (8].

During the MERIf Campaign, four NNSS satellites were
used at DMAHTC.: three "Uscar-type" satellites (DMA
6O=1967.92A, DMA 68=1970-b7A, and DMA 59=1967-48A) and one
"Nova-type' satellite (OM* 105=1981-44A). The Nova
satellite is equipped with sensors and thrusters which
compensate for non-conservative forces in the direction of
the velocity vector. Thus, polar motion results from the
Nova satellite are largely unaffected by variations in solar
acti.-i tv.

30 MLJALYSI~5 OF DOPPLER POLAR MOTION VALUES

The most imp irtart components of polar motion are terms
with a Chandler period (42(J-435 days) and terms with an
annual period. The annual motion is believed to be due to
seasonal variations such as meteoroiogical effects of
chariges in air ma.ses over the Earth and changes in
vegetation and snow loading. The Chandler motion is a
car sequerci o,- the fact that the inertial spin of the Earth
Ls aOULAL a, a:- nthir- than its principal ax is of inertia.
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3. 1. COMP'RISON OF C)SCAR-TrPE AND NOVt4-TvF'E NNPSS SATELLITES

The difierences between the bi--dailv values for each
individual NNSE sateltite and the BIH Circular-D values for
the MERI" period are shown in Fiqure 1. Unfortunately, only
the Nova satellite (DMA 105) has observations for the entire
MER[1 tinespan. Although the x and v curves for this
satellite have di-Fferent biases, they show similar behavior
withi a time of fset of approximately 30 days. Tne x
comportents olf Oscar satallites, DMA 59 and DMA o0, tend to
follow the Nova satellite curvewhile DMA b8 appears to have
periodic oscillations about a constant offset. The y
components of the Oscar satellites show less variation than
the ;. components. The scatter associated with the Nova
satellite values is much smaller than the scatter in the
Os.-ar satellite values. The statistics associated with
those comparisons are given in Table 1. The means and
standard deviations in the table are in arc seconds. The
number of observations is given in the column labeled n.
The seco:nd set o+ means and standard deviations in Table I

taken from tLhe study by Colquitt, Stein, and Anderle E93.

TAi L-E I. STTISTICS FOR THE OSCAR - NOVA COMF'ARISONS

SERIES X-MEAN SIGMA-X V-MEAN SIGMA-Y N X-MEAN SIGMA--X Y-MEAN SIGMA-NV

105-SIH - (1109 .4.15 .007 .015 217

59-BiH .005 .01b .007 .013 65
60-8IH -. (,,10 .)25 .002 .016 103
60-8IH -. 01u .4)16 .012 .015 14
be-bd) -. 007 .031 olOu .022 -. Q08 .037 .015 k031
59-6) . 008 .024 . 01)4 . 021 -. Q07 . Q29 .O01 .023

105-60 -. 006 023 .005 .022 -. 09 .026 .010 .024

lo c--,Jd I. on : :-. . .Ti. ,1 n tile raw obser vat tons oi the
" v .'j,::, . . e .. o... - ..cc:.La i oata sa.t- o- 5-day means y, eA.e were_
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FIGURE 1. DIFFER.NCES BETiWEEN NNSS AND BIH POLE VALUES
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to c, ovu the anrnual and Chandler i of rmati on. The f ve
'1*,,F. part-m'eters of the i t werF. the mearv posit ion of the

pole and the amplitudes Of the sine and cosine terms of the
anrittal and Chardler motions. Table 2 gives the results o
these- f2ts f-or each dat:a type. ]he entries of Table 2 are
expressed in arc seconds. The EIH series is the Circul ar-
final values. SLR is the satellite laser ranging series o+
the University of Texas. VLBI is the Very Long Baseline
Interferometry series of the National Geodetic Survey. 7he
SLR and VLBI data were taken +rom a magnetic tape provided
by the UA Naval Observatory.- DMA is the normal combined
solution o+ weighted means of individual satellites
published by DMA on 5-day intervals in the DPMS reports.
NOVA and OSCAR are the special 5-day means discussed

previouslyv.

TABLE 2. AMF:LITUDES OF THE FITTED FARAMETERS .

x - component y - component
Dat.r Set bias cos A sin A cos C sin C sigma bias cos A sin A cos C sin C sigma

iDIH .04b .059 -.008 .206 -. 093 .008 .282 .014 -.057 -.115 -. 178 .006
SLR .046 .062 -.016 .206 -.083 .010 .272 .012 -.050 -.115 -.185 .007

VL0I .046 .073 .008 .178 -.107 .006 .277 .004 -.059 -.114 -.180 .006
LM) .039 .064 .002 .193 -.105 .009 .289 .017 -.059 -.120 -.178 .007

NOVA .036 .060 .004 .192 -. 114 .009 .287 .021 -.051 -.133 -. 178 .007
OSCAR .039 .074 .008 .182 -.108 .013 .289 .019 -.060 -.125 -.179 .010 A

Figure 3 shows the residuals of the fits whose fitted
parameters are given in Table 2. The smooth line in each
plot represents a 7-point moving average of the quantity
being plotted. As is evident from the figure, the
geophysical information is similar for all data types, i.e.,
the major peaks agree. All the plots of the Y value
residuals exhibit a semiannual period although the OSCAR
residuals show an extra hump at 200 days. The X component
does not exhibit a semiannual period, but has a distinct
signature. The differences in the plots occur between 200
and :300 days. DlH and VLBI are relatively flat in that
intervals whereas all the other data sets have a small peak.
SLR has its peak at 275 days and NOVA has its peak at 230.
days. Again the OSCAR residuals are most different with a
large peak at 215 days. F'aquet, Djurovic, and Techy [10]
also note the similarity of the geophysical information in
their residual plots.

f'o further differentiate subtle differences between the
Earth orientation parameter series shown. in Figure 3. the
residuals of the fits were differenced. The results of this
process are shown in Figures 4 through 9. Note that Figure
2 presents results of this process +or the NOVA and OSCAR
ser i es.
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FIGURE 3.* RESIDUALS OF THE FIVE-PARAMETER FITS FOR THE EOP SERIES

x - component y -component

-4- N-.0

OSCAROSCAR

1A.

* CAl

.0VLBI C.VLBI

Ii Ann

TIME (days)



FIGURE 4 xI

y

'-4

A . A--J

X TIME (days)

-AS

FIGURE 5 X909 - SIN PCAI.IL
ftOC N o f 4

* ~ pA

II

y C12

x TIME (days)



FIGURE 6 .0

mCMS - ILA PCSW.5Ft.
PCMO fEOVt

04.,~'i V... ,,

TIME (days)

FIGURE 7 .0V

tarn A AL Ali.u r

I.

y

-.

i TIME (days)



FIGURE 8
080f3 - Ym:LWLt

ca

I A

I0 N4

x~ ~~ TIE.das

y w

x TIME (days)

FIGURE 9!



• 4.0 F*RELIMINARY EVALUATION OF POLE POSITIONS COMPUTED USING
WORLD GEODETIC SYSTEM 1984

Biases between polar motion solutions using different
NNSS satellites have been shown to result from uncertainties
in Inowledqe of the Earth's gravity field [l]. The
question arises as to whether the development of the World
Geodetic System 1V84 (WGS 84) and its associated Earth
Gravitational Model (EGM), as discussed by Decker [12] and
White [13], car, improve the pole position solutions. As
part of jtest~sL ephemeris enerationusing WGS 84 (see, for
example, [141). a number of NNSS ephemerides based on WGS 84
have been compLuted at DMAHTC using the CELEST program. Of
particular interest was an interval~beginning in late May
and ending in early July 1985, within which WGS 84 precise
ephtmer ides for 5 NNSS satellites were produced on a regular
basis. At the same time, analogous precise ephemerides in
the NWL 9Z2 system using the NWL 1OE-1 EGM were produced as
part of DMAHTC routine production. This situation permitted
a preliminary comparison of the pole position solutions
computed in the two systems.

4. " FP.OCEURE' FOR GI:.-NERAFING WGS S BASED SOLUTIONS

WCS3 84 versaicrns of CEL.ST input fijes were utilized to
.- od c p:-ecise ephemerides of 5 tNNASS satellitesfrom day
149 ;o day 154 and -from day 161 to day 17,, l 1985. The
program input included the WGS 84 EGM truncated to degree
(n ,.nd order (m 41 as well as the WGS 64 ellipsoid
parameters. The program also utilized a tile ot WGS E4
tracki-ig statio. coordinates which were obtained by applying
A.. qeonetri : ;r . s-iormA.tj.on to the "producticn" NWL 9Z2
zor-Ji .e. Ea-i0 cirnit" fit for satellites LDMr-) 59, DMi, 77,

L .:., and 1 tV5 1 ,-/ ) v w s b_.:._d o. .' vs o tracking
. -- -' .t ±.o," = e . tc Mt Ji,5 was based on I

'.. Irl'U l -- e-, e.-t ,:.ero il i;.4 Lso pred,.ced precise
!.ireide ot tr'e s..n S rIN~3 satel 1 ites for rc:,uiine

:r,0Ci,.I ,: ion purpose-s. fh .se fits utilized the mW . ')E-1 EGN
=: m=22 , ani th NWL 9 2 t.ra::k:ingl station coordinata

set. Oata edoc. ',g 0:c,rred independen.lv in the analogious
C:L.E3i saol utt i. l: in 'h two systems .. e., no attenrt was

tO 6):brttf c :r C u lr i. betwer hh so].. Ut n-s .

"1 he roi e ,. ;¢'~r .i I:. S ol .I:J !I. n rhi tLwo systems were
IH :D.-,,, rU .. va i 0. + ;-: and . ',ai l v values

r:. * 'e -:r',, '. .. ) .. 5-1dV values bV cuil soline e
, .t o .a, ,i.- f-:r e r:l wete f ormed between the

L 1: l ,at.:e.: , .. L a 1i - &of..)p I er -,r i vtd val ues. 1 hese
d t. -t i:r:;r ' t.-I e ,.:'put -, i ri the 5erse Drpn er mi nus DI H.

S.: , e p.: i.E L orl " o L , lt r'": ' j ch .esul ted trm the

'~ *%* R~%~-- *,.-, . ~ . . ,



* Table 3: S-mW1sUC or Oe Differences Detveu Me Doppler-DeriVed
Pole Coordimes adi fts BIH Pole Coordimais

xx (elcie) AY (ersec)
SAT. H 92W08S84 NWL 9Z2 Wf0384

59 + .0020 +.0147 +.0218 +.02A2
or ±.0239 ±.0264 *.0180 *.0195

77 .01 +.0120 + .0191 + .0195
a a.0215 a .0189 ±.0193 * .0182

n- 13

93 +.0304 +.0342 +.0269 +.0256
*.0123 * .0155 *.0094 *.0154

105 A .0138 -.0053 -. 0032 +.0048
*.0162 a.0l0i a.0113 *.0107

n-21

L15 E .0160 +.0068 +.0374 +.018

* ~n-13 a

Table 4: Satiu*s of Pole Coordimmie Differemes Grouped By
_______M lS r Ypes

Cllel yeA x (arcsoc) A Y (on=ie)
___NWL 9Z2 WOS 84 NWL 9Z2 WOS 84

OSCAR, + .0096 +.0198 *.0224 +.0229
(59,77,93) a .024i *.0224 *.0163 *.0175
n-35

N OVAS A .0147 .. 0007 e.0123 4.0099
(105,115) a ±0170 a.0129 .0250 *.0112

Hows: n-inendffernce
ca - siderd 4efialon
n - numaber of orbit ftb

13



s-. tellite DMA 105 fits (in both Svstems) on day 175 were
6utliers and were rejected from further study.

4.2 PRELIMINARY RESULTS OF WGS 84 - BASED POLE SOLUTIONS

Table 3 presents statistics of the differences between
the BIH and the Doppler-derived pole coordinates on a
satellite-by-satellites basis. An examination of this table
gave no conclusive evidence that use of WGS 84
systematically improved the agreement between the
Doppler-derived values and the BIH values. However, when
the satellites were grouped by type (i.e., Nova and Oscar),
as in Table 4, a possible correlation emerged. While the
pole positions determined using the Oscar satellites and WGS
84 showed no improvement in agreement with the BIH values,
pole positions determined using the Nova satellites and WGS
84 did show better agreement with BIH. Additionally, there
was less scatter in the Nova differences when WGS 84 was
utilized, as evidenced by the smaller standard deviations.

5.0 CONCL.USI0SN4S

The polar motion derived from Doppler tracking of the
NNSS satel 1 ites has provided and continues to provide
vc duable Earth orientat'ion informa-ion. When the annual and
C.handler compQnents of pal -r motion are removed from the
observatlional data of each Earth orientation series, the
same geophysical in.iormation remains. Nova-tylpe NNSS
satellites provide more precise estimates of pole position
than Oscar-type NNSS satellites. Preliminary analysis shows
that the use of WGS 84 may improve the accuracy of the pole
Positic.:.n; derived from thl-? Nova satel1:Lte orbit -fits but
th .I -

1 s use -or .Oscazr sate.:. i iteo does not lead to improved *

acii:a,; :. -'-.ee morei- d at.a need to te processed to

li . pleasure to rthan vrs, .. i1cLartnv .and A.
1j bcofzI.. or provi dinq a tape 0 SL; and Vi.b1 po .r motion

,i,ta used for thes. comprr o is with Dopol er-ueri ved data.
;ht:( i .LI:.(rse .. o. .. '... r o <~ .-- m:F r.wl edgi... '- : h : e ,:u',,tr .I:; t 1 ,or~s O-._ y r - .- . . o plA',ed r..-, I'GS &4 le-l: a remer i ldes,

" ,: Mr, .I .(.- I " r ,r 'o .:m.t : i i.e, th-.t , , s I i . :ars a.n a

r, i.~)I " h ;. Cin 4 or i: n i n r
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