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Combinations of Earth orientaGion measurements:

SPACE94, COMB94, and P0).1:94

Richard S. Gross

Jet Propulsion Laboratory, California Institute of Technology, Lavnt

Abstract, A Kalman filter has been used (o combine inepond ntmeasurements of the Larth's
orientation taken by the space-geodetic observing technigacs of [onar Jaser ranging. satellite laser
ranging, very long baseline interferometry, and the Gilobo ) Positioning System. Pror to thei
combination, the data serics were adjusted 1o hive the sane hias -drate, the stated uncataintios of
the measurements were adjusted, and data points constdere Fio be aatlions were delened, the
resulting combination, SPACEY4, consists of sioothed . mbpe cted polar motion and UL U1C

valucs spanning October 6.0, 1976, (o January 070, 1495 01

sy Intervals, The Kalman bl

was then used to combine the space-geodetic scrics comp oty 8 UACEHD D with two different,
independent series of Barth orientation measurcinenis tabo by il techinique of optical astrometry,
Prior to their combination with SPACEY4, the bias, va s en ol tans of the opucal
astrometric sertes were corrected, the stated unce taintics o the o asurenments were adjusted . and
data points considered to be outliers were deleted. The sdpsred ¢ lical svrometis series were then
combined with SPACEY94 in two steps: (1) the Burcue tvinsno b de 'Hewe (BIH Y optical
astrometric series was combined with SPACEHES4 1o Tor COMIB 2 a combined series of
smoothed, interpolated polar motion and UTT- UTC vidues speeiing Janaary 20.0, 1962 (o
January 27.0, 1995, at 5-day intervals, and (2) the: Titernatin sl b ocitude Seiviee (11.8) optival

astrometric serics was combined with COMBY4 (o forn P 1O
interpolated polar motion values spanning January 200 1910 o o nuary 2

intervals.

Introduction

optical astromelry and the modemn, spac e pow it
measu rement techniques of tuna tlaser ranging, saiciite 1
rang ing, very long baschne interferometry, and € ilob 1
Positioning Systeminterferomietry are each able te dvier 11111
the Barth orientation param clers. However, cach tec bonn gue
its own unique stre ngths and weaknesses in (this e pand - N
only arc they sensitive to different subsets andion 11,
combinations of the Fa rth orientation paramcter \, boith
averaging times for the determination of these parimete oy,
different, as are the interval s between observations o th
precisions with which (hey can be determined. By connitiing
the individual Farthorientationseries determined by o
technique, a polar motion and universal lime (U)) saices ¢
obtained that is based upon more data and spims 4 ¢ cai
length of time than does any individual series.

Such combined Ear (1] orientation series arcuscful il i pa
series indatareduction procedures and for s vy o
scientific studics. Since the observing stations wiv Yool
upon t he Earth's crust, successive Earth o 1vent oo
observations measure changes in the orientation of the 1w h
crustrelative to a space-JixL4, celestial reference froms b
general, the orientation of the solid Earth, and heiwo ol th
crust, changes (tar to (1) the action on the Foaith o,
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Secitation: lorees of celestial bodies such as the Sun, Moon,
ar boplancte i2) chinges in the sertia tensor of the solid, but
vaeaeid, Band duc o sedisiibetions ol its mass, and (3) the
il ctof surface strosses on the so'iud Barth due to the actons of
1 Barth's armosphere, hvdiosplbere, cryosphere, and, at the
lo- 1 boundiry ol the sond Far, the action of the FHarth's
Foowd ot con Tl anelysis of Bath orientation
ob rvanoas thercfore allows dnvestigations  into, for
ey onple, e exclange of enpola momentum between the
osphere, occans, and salid Earth, the response of the solid
Foohoto dneposed ~adaee and gravitstional body forees, and
et -mantle boundary processes, Since changes in the Earth's
¢ rtation heve been under observation by the technique of
conal asttometry stnee the date 19 century, the optical
a- oanetnie observiebions we @ valuable resource for (1)
i stigating Farth orientation chonges that occurred prior to
the sttt of the more accurate spuce-peodetic measurements,
e {2) bnvestigatng decadal-seate changes in the Barth's
ore atation (for reviews of ot rotation studies, see, ¢.g.,
Mo and MacDoouadd 11500 T ambeck 11980, 1988], Hide
an Dicker 11991 bubanks [1993] and Rosen [1993]).
Coooined Farth onentation senes, like those  whose
ot alioo are desceribed in thes teport (an abbreviated version
ol hich s given by Gross 19950 b))y or those generated at
e baternotion sl Bath Rotation Sevice (IERS) Central Bureau
(17801995 section H- 1] or at the JERS Subbureau for Rapid
Soroce and Poedictions (MeCarthny and Luzum, 19915 RS,
16C U section HI-1]0 cnable such mvestigations by providing
oy tigators with ebseoved Toath onentation series that have
hoher date density and/os spanc s ereater length of time than
Joc oy dndividaal, single-techrdiae series,
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Genceration of SPACEY4

The approach taken in generating SPACEYD 4y« v id
that employed previously at the Jet Propolsion 1 st o)
APL)Y when combining Barth orientation sciyes [/ o e v b
1988, Gross and Steppe, 1991; Gross, 1 992, 110 4149 Lang
is based upon a Ka man filter that was developed at 1o
such a purpose (K ban ks, 1988, Morabiio | 1 af 1 Uk
Freedman et al., 1994). JPL's Kalman Barth Onone mo i
(K EOIY) is a sequential estimation technigue that v, b
observations of the Barth's orientation in 1 1igo ousy . .11
consistentmanner producing smoothed, interpolatod cinnt,
of Ul and the aand y components or polarino o ¢ PRI e
PMY, respectively).

Data Sets Combined to Form SPAC K44

Table 1 lists the individval data scts that oo ven
combined to form SPACE94, giving their idgenhihe ~0 th,

numberof measurements from each data setthitvo v
incorporated into SPACE94, and the time peiod spone od by
those measurements.  Since it was desirable (o comben s ooy
independent determinations of the Earth's onentunion o0y
one lunar laser ranging (1LILR) data set was e, nocts | ho

determined at 1P [Newhall et al., 1994], and ondy one ¢ oo
laser ranging (S1.R) datic set was used, namely. that deteimne
at the University of Texas Center for Space Rescineh (U TONR
{lanes and Watkins, 1994)). Note that the ST R UL e
were not used in generating SPACE9 duc to ol
associated with sepatating this component of e ) s

Table 1. Data Sets Combined to Forny SPACHOA

Pata Set Name Dat aType A
LLR (JPI9AMOT; VOL  11T()
McDonald Cluster 11IR e Voo ds
Cerga 11.R Joibrop s o |
Halcakala LIR Jer bl

[L1{sI< (('s1<9-11 o)

Lageos Pol ar Motion SLR University of ox o0
DSNUPLOAROT: 1, V)

California-Spain Cluster VI.BI wloy g

California-Austialia Clustet VI.RI Joibopl
NASA SGP (GELBY "/31>

Multibaseline Vi.B1 God 2t s

Westford-Fort Davis VI.BI1 Godlad wp o

Westford- Mojave V1,81 Cooddand mgn

NOAA (UTIMC Jun.19,1995)
IRIS intensive U T VLB

GPS (S1093}'01" ; Polartuotion)
Scripps GPS

GPSJPLY9SPO | Polanmotion)
JPL FLINN analysis GPS

USNO (N9403 tieb. 23, 1995)
IRIS intensive U] VI .BI

National Oceunie pn - A

Serippe fosid e o

LISE NI NS

Uneiteed Sivie Mooyt

oriciiaiion from the eficots of vnmodeled forees acting on the
salcthte causing the nodv o) oty arbit ta drift,

Two difforent das sats derived from Global Positioning
System (GPSY mzasmements were used: (1) that determined at
the  Scripps Institvnon of  Occanography  from  daily
measacmenls spanning Avpost 25, 1991, to May 31, 1992
[Boci o al. 1993] and (?) that determined at the Jet
Propulsron Foboratiny fron daily measurements spanning
June 1, 19920 1o Janay 270 1995 (M. M. Watkins, personal
compundcation, J995) Nete that in both cases only the GPS
polar motion restlts were used ingencrating SPACEY4,

Fovr deffercnt dote seis e ived from independent very long
bascline intesletomet:y (VIR measurements were used: (1)
the approsim rely twice-a weck single basceline measurements
made using the radio whescopes of NASA's Deep Space
Netwerh (DSN {Stepree o0l 1994]; (2) the single baseline
"Intensive™ UV ancssurenents spanning. April 2, 1984, to
Deceriber 3100 1994, nsde under the auspices of the
Inteinational Ruadia Surveying  (IRIS)
commission  for  International
Comdinztion of Space Techneques for Geodesy and Geophysics
(CSTO; o joint comurssion ¢f the International Association of
Geodesy (IAG) and the Comnittee on Space Rescarch
(COSIARY) and analyzed of NOAA's Geosciences Laboratory
[IRES, 1994); (2) the single baschine IRIS "intensive™ UT1
measurc nents <panning Founey 4, 1995, to Januvary 27, 1995,
analyzed at the U S0 Novel Observatory (USNO (7. M.
Fubaonis, person comnunae ation, 1995)); and (4) the Harth
orientwion patameers (HOP dowernmined by the VLB group of

Inteilerometric
subcommission  of  the

atet Bt Span Number
walor, O 51870 o June 27, 1994 208
), 10, v April TN o Dee. 13, 1994 471
wraton Pk 1o 2a8S o Aug, 11, 1990 66
o S esea 1ok Ol 7 1906w Dee, 31, 1993 1901
s orato oy Novo G 179w Jan. B, 1995 533
G NI O L 2% 1978 o dan. 5, 1995 541
it Centet Avy 401979 1o Dee. 28, 1994 1774
Coh Cented June 2SO1oN e Jane 1, 1984 103
Cht Cenle Mardhi 2T TIRS o Aug, 6, 1990 13
Svrie Adiairstration Apnl 2010 o Dee, 31,1994 2355
feancgranhs Avg 250192 1o May 31,1992 263
toratory June 1, 1892 o Jane, 27, 1998 814
hatrvictiny Do 1095 to i, 27, 1995 16

LLR, Tunar laser sanging; VOL, variation of latitude: VCSI T sy o Teais Ccnter for Space Fescandhn SER - satellite Taser ranging; DSN,

Deep Space Network, %, transverse; V, vertical; VIR oy fong bow e
SGP, Space Geodesy Program; NOAA, National Oceanie and Atroos, e

crferome iy, NASA National Acionauatios and Space Administration;
Admirication; RIS, Tetemationa ! Rado Wnterferometric Surveying;

GPS, Global Positioning, Systein; JPL, Jet Propulsion Laboracors . FLIN'Y Ve cial Labors oties B an Intemotion Jf Natural science Network; USNO,

United States Naval Observatory.

Y
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the NASA Space Geodesy Program (SGP) at Goddurd S
Flight Center (GSFC) from measurements taken under the
auspices of a number of observing programs including the
multibaseline measurcments of the 1IR1S, USNQ, and Cros il
Dynamics Project (CDP) [Ma et al., 1994). Since nt
desirable to combine only independent determinations «
Farth's orientation and since the NASA SGP data sct used 1
includes Earth orientation parameters determined from (he
multibaseline measurements taken by both IRIS and the LANO.
no separate NOAA or USNO multibaseline VILBI date scis v
used in generating SPACI94.

of Rotational Variation
and Ocean Tides

Treatment
Solid Earth

Before combining the Earth orientation serics, leap
were removed, the effect upon UTT of the solid Earth tidvs wa
removed by using the model of Yoder et al. {19811, cnd th
model of Dickman 11993] was used to remove the ¢
UT1 of the ocean tides at the M7, M, Mm, and Ssa da
frequencies (the Dickman |1993) oceanic coniectione
Yoder et al. [1981] results were actually temoved). T
empirical model of Herring [1993] (also see Herring and 11
[1994]) was used to remove the effect of the semidiurn
diurnal ocecan tides from NOAA's IRIS "intensive” U] ve
It was not necessary to remove subdaily ocean tidal 1o
any of the other series used in gencrating SPACEYY sinc
terms had already been removed from them
processing procedures used in their determination.

Made to Serie Prior to  Thui

Adjustments
Combination

Prior to combining the data, serics-specific correciions v
applied for bias and rate, and the stated uncerlaintics oty
measurements were adjusted by multiplying them by sciws
specific scale factors. Values for these bias-rate «
and uncertainty scale factors were determined in an i
round-robin approach whercin cach data set was compurcd. n
turn, to a combination of all other data sets (except {1
GPS polar motion series and the USNO IRIS "intar
serics which were treated separately as deseribed beloy
reference scries, SPACE93 [Gross, 1994], was finst
initially adjust the bias and rate of the individual sciies s
they were all in agreement (in bias and rate) with the re
series. This was donc for the sole purpose of initially 1

the series with each other in an attempt to reduce the e e

number of round-robin iterations. The stated uncel
the series were not adjusted at this time.  Any inconsi
introduced by using a reference series for this initizl biae
alignment should be removed during the subsequent it
round-robin procedure.

After initial bias-rate alignment, the round-robin proce
was performed whetein the bias and rate of each i
serics was ileratively adjusted so as 1o be in agreemaent w
bias and rate exhibited by a combination of all the
series, with rate adjustments being determined only lor
serics whose overlap with all the other scries was gicat
that reliable rate determinations could be made. I
measurement uncertainty of each series was acjustod |
applying a multiplicative factor that made the residigl ol
data, when differenced with a combination of all ot}
have a reduced chi-square of one. Note that the fon
associated with the residual in calculating the 1c¢
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¢accounts for the coor ol 1

rpolation between the time
residunal and the tnes of other data points by using the
o Lastic model on the UTl process
wed i KEOF. The i, cil 1 biasrate conections and
ainty sc s determined for cach of the
Cdual seddes werd then i o the series and the process
eved (convergence being,
Sed by the inore ¢ cotrections approaching
so - and the dncremental uncerisinty scale factors approaching
At the compls
> biasaate o

motion and

~C_A

tors

KW

sed uat] converg,
cntal b

on of tus ientive, round-robin process,

ievtions Lave been determined that make

wr in bias and rate, and
mined that make the
iced with a combination
¢ of one.

fatas sets agree wath cach
sainty sedd

fatois have been
vdate ses (when difiv
Ve dtedeced ohnssa
cthis 1L

avrate tonet

al ol cac
i othais) b

Sohen peiformi
ine bi

tive, 1ound-tobin procedure to
Jouneertainty scale factors,
ts tepotted) in the natural
N, ' single-baseline VILBI

remerts this s the transveose (1), vertical (V) frame
[ Lanks and Steppe, 1UBRTD for single-station LR
e ceremien s this is the vanateen of latitude (VOLY), UTO
I tor GPes, SERC and multbaseline V9EBI
e rements this iy the usaal UEEM (PMX, PMY, UTH) frame.
o the purpose of dowernmarinee binsrate corrections and
Cortainty scale Pactors. the 11RO observing stations  at
Mo hnald clustered, so common bias-rate
cot ection and uncertainty seale foctor was determined for all
the MeDonbd LLE series. Tiis
Id b made to
oth 1, indip.

a type is analyzed (an

tenonee heme for vhee

woeie

as done so that rate
1ies. There is not enough
dert Barth orientation series to
¢ cotrcenen to be determined for any
[.J.R series.  Thus,
tions, it would only be

ments o

cve dapowith

a 1elable
MoDon oved
RV sferinng the MeDonald
pochle to sk e bics conrecnions 1o the MceDonald LLR series,
wotoconseauent dotcicnious ¢lledts on the rate of the UTI
i bo fimal, combined serics.
radhio telescopes in California
Spein and, separately, in
is-tate correction  and
i for all the California-
ion series, as well as for

Sidual station

|

viloos poon teabout 19R2 1
barly.
clusieesd, as were those o
calia. so th
Sttty

sing

i andividoeal SN

voring the tteranve, tovnd i
P owere celeted Betore ddd

procedure, outlying data
i any data points, four
cdinorder to converge on
scale factors.  During
~ of @ given series were
ercater than 3 times their
residual values were those
¢ lo the difference of that
« serics. During the final
ned data points whose
grester ten 3 times their adjusted
Atonl ol 190 dals points, o1 about 2% of those
the dula sels.

cale factors weie
pmined jor the two GES polas notion series and the USNO
T Mintensine " U ately comparing them to a
ninati Jent series after the other
correchions and uncerlainty scale

felrobin B rations wese conng

o for che vnaertaoin

: tainties,
s :Ling frenn Dt
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b Berali

FICS U0l
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1oas dascribed bias corrections
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deteimined and applied to the Scripps GPS polar ane 10w sn
the. USNO RIS "intensive” Ul series since thetr oyve v,
the othes, independent series was nmgrmuwugi [u ilos
reliable rate corrections 10 be determined. Doy b
comparison, outlying data points (i.e., those wh o residua
values were greater than 3 limes (heir adjusteduncesiaintics
were aso deleted.

Finally, cach data set was placed withinm, Intoranoen.
Barth Rotation Sex vice (JERS) reference frame by sy b \ 1yt
itan additional bias-rate correction that is commontenith
data sets. This additional correction was detetmined by 1.
combining al the data (includ ding the two GP'Sanc il Uit
IRIS “intensive"” series, and after applying o ol the s the
relative ttias-[ale coriec tions and uncertaintyscaleiiion
determined above). This intermediate combination w, < hi )
compared to the IERS combination BOPJIERS) (© (1 {11 KS,
1995, p H-58] fortheyecars 1984 1994in ondcatoobtin the
additional bias-rate cotrec tion required tomaba  (and
Illclc-fore each individual data set) agreeinbinsandat\ il
the IERS combination. This additional biastatccornenion
was then applied to each dataset, along with thoreta b

Table 2. Adjustments to Space-Geodetic Series Prinita 11 cn

Bius, 1s
Data Sct Name

VOI, SRR
LLR(IPL9AMOI)
McDonald Clustes 229640237 ON03d ez
Cerga 02844 0179 (L3AR S e
Lialeakala 142140275 - 06274 1755

Bias, ma-
Data Sct Name

DSN (JP1 ,941<01 )
California-Spain Cluster
California-Australia Clustes

0.9425 0.072 0.3 01y
0.3s61 0.050 () 71018

NASA SGP (G1.B9730)
Westford-Fort Davis
Westlord-Mojave

4.6641 1.839
0.4434.0217

03304 3183
Q72354 0 asn

Bias, mas
Data Set Name

PMX 'MY tr
NASA SGP (9730)

Moltibaseline 04354 0.027 -1.6905 0.023 @/ [4044
UTCSR (941,0 1)

1.agcos 0.116:1().0?3 0.58240.019 .
NOAA

IRIS intensives - 103 000y
USNO

IRIS intensives B, 02300 ) nix
GPS (51093101 )

Scripps -0.81840.035 -1 .508+ 0.040
GPS(IPLISPOY)

JPLELINN -0.2464 0.144  ().45540.130

Reference date for rate adjustment is 1988.0. Scc Table | 1oy,

[ONRRA
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rate conrections detenmined above, in order to make the data
sets agree with cach othcrand bein that TERS reference frame
defmed by the 1 oarthoricut: o sceries BEOP(JERS) C 04,

The total bias rate coned tions (the sum of the relative and
THRS cortecnons) that have been determined for the data sets
ate givenin Table 2 Pae pt forthe two GPS and the USNO
RIS "intens\ ¢ scrivs (se o helow), thevalues for the bias-rate
cotrechions gaven in Fable 2 are the sum of all the incremental
cortechions, the corr (11(111 applied (o initially align the
sertes woith cach other, and the additional, common correction
applicdin ordet 10 Pl CCese) series within the 1IERS reference
fratee.  Thesvalvesforthouncertainty scale factors give.n in
‘1’able 2 arc the prouvucts of dl the ineremental scale factors
detcrmin ed during the reratsve, tound-robin procedure, The
crrors inthebiasrate corrections (given in parentheses in
T'ab le 2 varce the fo vnal cirorsan the determination of th e
incremental biss rate conrections during the last iteration o f
the itciative, tound-tobin procedure. Thete arc no bias-rate
cntrics w Table 2 1 1 connpronients that were either not used
(c.g., the SLRUL 1 componeint) ornot available {e.g., the IRIS
“intensive PMXand PMY components). Note thatthe same

smbination

Ritte oy Uncertainty Scale Factor
VOI. Lo VOI. UTO
S07244 0040 -0 0110 005y 1.3'79 1.189
01223 G037 -00602 0020 1.799 1.301
SO T0R A 01RO OGS O 16D 1.530 1.788
Rate, vy Unceriainty Scale Factor
1 v 1 \Y
Q0 L aal6 0203 003y 1.417 186
Q0501 0012 QO7EA 003s 1.465 219
OI23 0371 D906 0.363 0.769
0037 0004 2.586 0.998
Fate, s /yy Uncertainty Scale Factor
PMY Ly PMX PMY uTl
PR - 0060 0005 01I 00, 214 1,974 2043
06l 000 0701 0602
QO75 1 0.947
R Holo 1.578
O 002 1.899 1915 ...
O T -0 1AS: 0020 3487 2952 ...
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1ERS rate correction is applicd to all the data sets, incinding
those (such as the USN() IRIS "intensive"” series) forwhichio
relative rate correction muii be determined. Therefore the rate
correction given in Table 2 for those data sets forwhicnno
relative rate correction could be determined is simply thel 1k S
rate correction but given, of course, N the naturaltefeicn. e

frame for that data set, In these cases, no errors foithetete
corrections are given.

Since the GPS and USNO IRIS “intensive” secrics woicnol
included in the iterative, round-robinprocedure, the biasiate

A COMBINED t OF
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. fons given in labie 2 fo thow ate just the sum of the
relety e conechons that were sepitately determined for them
~ee bove) and the additionsl, conmon correction needed Lo

T shem within the 11 s et e e e ha e, The errors in the
aesale cotrechions piven in Fable 2 forthese series (shown
mopo !l oenthesesy are the formet crors in determining the
b ove correchionms,
lah
et

‘1 heuncarsinty scale faders given in
2 forthesosenesare ust tilt” sea I (actots determined for
as desenbedabovewhenseparalely comparing, themto

cotonations of all the othe | e ir ndent geries.
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Figure 1. Plots of (a) the x component of polar oo f
UTC from the combined Earth orientation scncs .\’I’“ AC
Earth orientation paramecters spanning October 6.0

it

P9760 1o Jatanay 27.00 1995, at daily intervals,

(t the ¥ cotponent of poar motion, and (¢) url-
SPACTHUA is a serics of sioanthed, interpolated

The

occurrence of leap seconds in the UTT- UTC compon it vhyg e 1¢) isreadily appatei t
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All of the dala sets (including the (PS8t SNOIRIS
"intensive" set its) were then combincd after g us nine thedt
biases, rates, and mecasurement UNCCHRIT s by by nts
givenin Table 2. Theresulting combninitio 1, o sning
October 6.0, 1976, to January 27.0,1995 1 ¢vipmted
SPACL94 and consists of daily value\ atindnizhtori™VX,

Y ANALYSIS NOTH

PMY,an U1 U T C (L ypuie 1), their To formal uncertaintics
(Figure ?), i ndconrelstions. 1.eap seconds have been re.stored,
thamodtolYoderctal [1981 ) was used to add back the effect
of the solid Fanth ndesupon UTT (the full amplitude of inc tidal
«fleetal the cpoch of the time tag was added back), and the
modelofDichman] 1 9){).{\ was used 1o add back the ocean tidal
conectivas o the Yodor et al | 1981] 1model at the Mf, Mf,

A COMBITIEDL - O SERIES: SEACE94
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Figure 2. Plots of the 1o formil wnee cntic i the determiention of i thorcornponentof polar motion,

(b) the ¥ component of polat wmation . st U UTC from SPAC W I <1 wmsertwithin each panel shows
that component’s post- 1984 wncericin w00 o spanded seale with e somcnts (mill jarcseconds (mas) for
PMX and PMY, milliscconds (meifer 111 1 1 FCY Inproveneais 1o 111, serving systems have ledto
increasingly precise determinations of UL | ol . orent iy, 1 he eficcis oitheseimprovements are reflected
here bythe reduction inthe fotm oot from about 2 s neeobermenon and 0.5 ms in UTT - UTC

during the late 1970s to their, v a1 0 soul(

L2t as i polar motion and 0.02ms in U1 - UTC
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Table 3. Adjustments to Bias, Rate, and Unceriney of O

Bias, mas

1 data Set
'MmX PMY L PMX
BIH 7,99-3 44280 (,.035 41.893350042 " ¥ 1 w40
.S . 49,54022.177 7.3894 1.747 0 ()
Reference date for rate adjustment of BIH serics b bt o by once

Mnm, and Ssatidal fiequencies. No diurnal o1 senndunromn
tidal terms were added hack, however.

Generation of COMB94

The particular optical astrometric polar 1nehon ard U1
series used in gencrating COMB94 was that determie for s
Burcau International de 'Heure (B from an eraly-isof t s
and latitude obscrvations [Li, 1985; Li and Foos ! b
This BIH optical astromeltric series, consisting o va cv v
PMX, PMY, and UTI spanning 1962.0 19820 & 5 fiy
intervals, was combined with the space-peodieic seoos

comprising SPACEY4 after first (1) conrevting the T o g
to have the same bias, rate, and annual (e as SPACT U4, )
applying a constant multiplicative scale faclin b
measurement uncertaintics of the BII 5

residual, when differenced with SPACEOA, had 6o
square of one, and (3) deleting those data points wix

values were greater than 3 times their adjusted uneerairhes

T

series thi

b e

UNTRNTY

of Rotational Variations Cansed by

and Occan Tides

Treatment
Solid Karth

Before combining the BIH optical astrorsctyic ~ 1 os v ih
the previously adjusted space-geodcetic setics ¢
SPACE94, Teap seconds were removed, and tie olfe tef s 0d
Earth tides upon the B UT1 measuremonis wis noneoved hy
using the model of Yoder et al. [1981]). Also, th o]
Dickman 11993} was used to remove the eticct upon T: ol e
ocean tides at the M7, Mf', Mm, and Ssa tdal oqu aoes ihe
Dickman [1993] occanic corrections to the Yoo ef af 101
results  were actually removed).  Since the BIHE U1
measurements represent an average value over o Sy by
obscrvation window, and since 5 days is w sehstant b ha o
of the period of the fortnightly and wmonihly

g

frodd

e

T,
amplitudes of these tidal terms were attenuatod poon v G
removal from the BIH UT1 measurements. e fheausion
factor that was applicd to the amplitude of cach fortoip Ly d

ANALYSIS NOTE

JAstometne Seiies

Rate  nanfye Uncertainty Scale Factor
[RShY v PMX PMY ull
A%5 0 ()41 0ls0 Soa1 b 316 1.830 1.601 |.865
AL BTG 0380 1.90) 1.599
dute Lo tate adjastioent of 1S senes is 1970.0. See Table 1 footnotes.

monthly tidd term is o function of both the averaging interval
(5 davs) as well as the period of the individual tidal term [e.g.,
Cuinot, Y0 and was obout 0.80 for a fortnightly tidal term
of period 11 days and ehout 0095 for a monthly tidal term of
penied 28 days. The amplitades of the longer period
(semrannu ! wd Tongen tidally induced rotational variations
were not sltenueted proor to their temoval from the BIH UTI

measaremeats

Adjustments Made to the RBIIE Series

Pror to combining the BI optical astrometric serics with
the space-yeodetic series comprising SPACEY4, corrections
and annual term, and the stated
vuecitaintics of the BHH ancasurements were adjusted by
mltiplying them by soale First, the measurement
unetiaintivs were adjusted by determining and applying scale
factors that mede cach component of the residual series,
ebhvained upen hiting o bias, rate and annual term to the
dgifterence of the B sevics with SPACEY4, have a reduced chi-
INTREEN Dunng this comparison for determining the
measuremont uncetlaely seale factors, five outlying data
pomts (those whose 1esidagl values were greater than 3 times
their adjused uncertainties) were deleted. The measurement
unceainty seale foctors thus determined for the BIH series are
given in ‘table 3.

were made to s bias, rare,

factors,

of one.

Atter aidjusting the mcssurcment uncertainties, corrections
to the bins, rote, and snnual term of the BIH series were
determined by conmsparing the BIH series to two different
peicience sonies: (1) the edjusted MeDonald lunar laser ranging
series thet was mcorporaed into SPACE94, consisting of
UT0 and the vaniation of latitude (VOL) at the
MieDonald stition, was veed as a reference series to determine
corrections for these two
camponents of the BI series (f.e., the McDonald UTO and
VYOI conponents), anii 17 SPACEYY was used as a reference
seiies 1o detenming the boas-tate and annual term corrections to
the third orthogonal BT commponent that is not determinable

values for ¢

bias tate  and sunual W

Table 4. Adjustment to Annua! Ferm 1000w Astrancinie Setics

Cocefficicnt of S 1o e Cocllcaent ol Cosine ‘Term, ias
Data Set
PMX PATY I} IR B PRy uTt
Bitl -56274 1017 651G « 078 27900 LY R 068 - 09224 0832
.S -0.406 43.059 8055 1 D4y IO 5008 - LR 1 2 AST s
Reference date for rate adjusturng <jsp. . 19860, and refercne date fos 1ot adjustinent of 118 series is

1970.0 Sce Table 1 footnotes
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Figure 3. Plots of (a) the x compuse b,
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GROSS: DATA AND ANALYSISNOTE

O SERIFS: COMBY4

LR e T e e e At Ry

| SV WO R W

14990 1995

R b s g '-v--v—jj

[ L1 ! IISVFI VO R S
1980 1e5¢ 1990 1995
-y - , R e e e i

oe=de oL L .o U WA S SN W

198 josnr 1980 1995

mot ¢ (b oy they componcit o pola moltion, and (©) UTl-

COMBLT, COMBUA v w saesofsmoothed, interpolated

2001952 wodenuan?7.0, 1995, al 5-day intervals,
" co e onebtebipureso) <t adhly apparent, Prior (o the

tiUnvesss s Tinc (U7 ¢0was aiusted by inttoducing step and

UTC from the combined Earth 0 , ot 1.

polar motion and UTI1-UTC veli o~ SPiangy nnary

The occurrence of leap secomdanithe: 211 1 1

inttoduction of leap second s i 197, € o

rate changes designed to keep st el 11 Ly,

apparent in (Figure 3c¢).
from single-station lunar laser ranging aburivinns I he
advantape of using the adjusted MeDonald 11 K, vl cthe
purpose of deter mining corrections to thi B 1 oo, w01 the
McDonald LLR scries spans 1970- 1991 w hiow o SPAY 1 94
spans only 1976 1994, Thus more rclisble detcinivition s of
the needed BIH corrections can be made uvene b ad 1 e d

DAi, 1995 1ihle 1 s thettectof which is also readily

Ve Donald LR senes as ateference than can be d o n e using
SPACI 1 bevase thointer val of overlap between the BIH
seaesandihe Mcbonali 1.1 R series is greater than it is with
SPACEHY 1 Theformunceriaintics of the fit for the bias-rate
anl annbtermeeonedionstothe BIH series are found to be of
comparible sizelotboththe UT0 and V ()], components butare
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A COMBINE 3 1O SERIES: COMBSO4
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Figure 4. Plots of the 1o formal et~ ot determitation of v the « component of polar motion,

(h) the y component of polar motio 1, anta o from COMB L
much larger (hy afactor of 2 104 depend ngttponthep i ool I ne Bdas, tat, stiiannen tenm corrections to the BIH series
term being fit) for the indeterminable conponcn I ware dctemuoacs by (3) censfonming the B polai motion and
supporls the approach of using the McDonald FHRwe e U 1 compondintsto tle MeDonald UT0, VOL, and
reference for deter mining the corrections to both t R ince cominable component | (2) colpat ing, these transformed
VOI. components of the BIH series andonlyusingthe il BIF 1 compononts to the admcted MeDonald LLR series (for the
duration SPACEY4 sc 1 jes for determining, the co oty ot U0 aud VO] componant < anel tothe simitarly transformed
indetet minable component. Note that an annue! o o0 g SPACIHV orics deniirictonminable component), and  (3)
BIH series was cortected, inadditionto a biaw and e e, ooan tra i< forming i coneetygng thus determined b ack 1o the U sual
optical astrometric obscrvations are known (o b sy eoitd U EM (PMX, PMY U fanie. The niss, rate, and annual

to seasonally varying systemalic ertots. tenmCotectons thus doterained forthe BIN - series arc given in
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Tables 3 and 4 in the UTPM frame. The errors inihe bhowopee

and annual term corrections are the formal o sus 0
determining these corrections in the MeDenald 1H1E V0!
indeterminable frame but are piven in Tables 3 and 4l o the

transformation back to the usual UTPM frame,

COMB94

The BIH series was then combined with the st |
geodelic series comprising SPACEY4 alter applvia g0l

corrections for bias, rate, annual terin, anmi e g
uncertainty given in Tables 3 and 4 The e b
combination, spanning, January 20.0, 1967, to b 1y

1995, is designated COMB94 and consists of vibies ar 50,
intervals of PMX, PMY, and UT1- UYC (Figae 5) 11 o ta
formal uncertainties (Iigure 4), and correlations T oo
were restored to the U'F] component, and the noodotar Yoo,
al. 11981] was used to add back the effect of ile s Bt i
tides upon UTI1 (the full amplitude, with vo e by
attenuated, of the tidal effect at the epoch of Uty > i
added back), and the model of Dickman [1053 vooov 0w
back the occan tidal corrections to the Yodor i
modcl at the Mf, Mf, Mm, and Ssa Gdd hegoes o 0o
diurnal or semidiurnal occan tidal terms we-c el b
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GROSS DA TA ATD ANATYSIS NOTE

Generation of POLLYA

Neooptical asirometiic oervations made at the stations of
the Internatiena! §atitade Service were used in crealing the
pasticetae BV series ot was used above in generating
COMBYA i, Y85 10 and Feissel, 1986). The 11.S polar
metior measurcmerds which are based solely upon latitude
obsetyvatiors the 118 stations, arc therefore
independent of these corprising COMBI4 and have been
subseauently comboacd it them to form POLES4. Being
based solely upon latitnde observations, the 118 series
comains no Ul measncraents but consists solely of polar
wolion messiromnents spanning 1899.8- 1979.0 at monthly
intervals. Arhough o uncertainties are given with the
ind vidual poler motion valoes, the precision with which they
Tenve been Jetrmined . estiomted to be 10020 mas | Yumi and
Yohovania, 1CR0,p 27 Ananitial uncertainty of 1S mas was
therefore vesensd tooeoh of the LS polar motion values.
Since this asopncd mcesaienent uncertainty will be adjusted
Vatet, its indiied value oo tary. so Jong as it is not zero, and
o1 estimate for the series adjustment

mede ot

SCIVOS ICTcly as el o g
procedure desoribod bt

Toe 1S seqes v conhined with COMB94 to form POLES4
atter fast b coneating the 118 series to have the same bias,
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the v cotnponent of polar motion from the
mterpolated polar motion values
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rate, and annual termas COMB94, (2) apphyinga ol
multiplicative scal ¢ factor to the measurementur ¢tinin s«
the I1.S series so thatits residual, whendifiavnedvit
COMB94, had arcduced c-hi-square of onc,and( ety
those data points whose residual values were greatenthiog
times their adjusted uncertainties. These sdjuston . w
determined separately for the x and y compoyicnts oftind)
polar motion scrics by fitting a bias, rate, andennodicuus
ene difference o f the ILS serics with COMBY 1 I
measurement uncerlaintics of the 11,S polarnutionv oy . weie
adjusted by de termining and applying a scale fuctonthi

> the residual of this fit have areduce.d chi-squate ofong g
this procedure to determine uncertainty scale faciars ahi b,
rate, anti annual term corrections, three outlying 1< 1,
points (thosc whose residual values were gicatesthurtines
times their adjusted uncertainties) were deleted ‘1 abli< 2and s
give the values of the corrections thus determined auia p'ied
to [he. 11.S series along with (heir 1o formalun:ctizimic,

The result of combining the corrected 11N optial
astrometric polar motion measurements with (“( N 2
designated 101 1} X)4, spans January 20, 1900, (o lunas, W1,
1995, and consists of values at 30,4375-day inteivals of PRIX
and PMY (Figure 5), their Jo formal uncertainics (g,
and correlations.

A COMBINED EARTI

4

RS

20 R Y T T e [
8
£ it
A
|
<)
t
[
> 10
<
.0
S
<]
>
5
- 5
o
Jo-l-L e e )
100 1910 1920 1930 1@40
20, v ey o - f '
f ¥ -
£ 15
|-
i e
~ ©
> 10
[«
.©
S
[}
=
S
° 5
a
cl i eedo g ORI RPE N G T )
1900 1910 1920 1930 1640

ORENIAHON SERIES:

R

8739

Discussion and Availability

Since a Kaloan filtes hue been used in generating SPACHY4,
COMBY4, zud POLEUA, e resulting polar motion and UT)
values (higmes 1, 3, aud S)wie smoothed to a degree depending
upoen both the spuaving between the measurements being
combined and the unccitnnties that have been assigned to
theme Sinee smprovements o the observing systems (both in
the hisdware and sofiware amd in the number of systems) have
led 1o increusingly precise determinations of the BEarth's
oricutation ard since the o resolution of the measurements
has pencrally dncicased in concert with the measurement
preciston, the degree of simoothing applied to the SPACEY4,
COMBOL, and POLEOA yulues is a function of time, with the
carlict values being moie Leavily smoothed than the more
recent velues. Generally speaking, this change in the degree
of applicd smoothing honld be taken into account when
malyzing these duta sets. However, the degree of smoothing
applicd to the SPACER pola: motion and UT1 values since
1984 can be capocled to by orelatively uniform since the
measurernent cnceria oty sivee 1984 has been relatively
uniform (Figuie 2), Thus for applications requiring a
casonahly homogencous Foothe oniciitation series based solely
Lpon spate-geadene messurements, it is suggested that only
e post 1984 SPPACESS values be used.
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Figure 6. 'lots of thelo formal uncertainties tu the s -wrpmation of (1) thi a component of polar motion

and (b) the y component of polar motion frotm PO 9
assigned to the ILS polar motion measurcine nts resilmy
motion values prior to the incorporation into POITG L of ihe

Pderiving POLY D4, a constant unceitainly was
aconstattum crisinhy for thc PO Y4 polar
BT srh orient onsenesstatng in 1962,
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$740 (31<oss: DATAANDANAL YSISNOLL
Daily polar motion and UT'1 values are reporicd in SPACT 21 Orentation, Referense §rae o and Amiospheric Excitation Functions
since the NOAA and USNO IRIS "intensive' U] viloos o Subitied for the 1997 1105 Annal Report, IERS Tech. Note 19,
: P . . o , 3 ) hited by PoChand e s de Paris, Paris, 1995a
iven at daily intervals, as are the Scripps and JPE GPL polis edited by P Claniot, pp €1 C9L Obs ¢ » LATIS, '
B tio . ; { (all N S ’ ans exist Ici ,(” e ; = I . Gross, 1. S, Corchinations of YO neasurements: COMB94 & POLEY4,
motion valucs (a ]m_'{') gaps existin cach o "‘ S e i nile Oricntetion Keference Prames and Atmospheric Excitation
sets).  However, prior to the start of these duta seoa the Functions Sebncited o the 1994 RS Annnal Report, IERS Tech.
measurements combined to form SPACHIA arc piven foss Nowe 19: edied by 1 Chadon pp. €5 C10O, Obs. de Paris, Paris,
frequently, and so the Kalman filter vsed to combin these 190 0 ¢ \ combination of Jianth orientation d
measurements (KEOD) also interpolates them in b 1 Gross, RO, JA Steppe. A combination of Baith orientation data-
R § e } o AT D SPACLIO0, o Tarih (hicntarion  and  Reference Frame
produce a series of equally spaced values. Thus SEACEST Deietednatiovts Atoesphuris Dxcitotion Fuictions, up to 1990 (Annex
arc COMB94 and POLYEY4, is an equally spaced s ios o 10 the VERS fowioal R pand for 1990), [ERS Tech. Note 8, pp. 145-153,
smoothed, intcipolated Barth orientation pataaelers,  Obsde Par, Potis, 1921 , '
SPACHO4, COMBY4, and POLYOM arc avaituble upor o G“f:” I, S,h"‘“i’»'” s et universal ime, Astron. Astrophys., 8,
ither from the author or from NASA's Crusta! Dy b, AR
citnet ’O_m the author or from SA's Crastar Dynwes DA Heang 1o AL Dunal gt s adivnual variations in Barth rotation, in
Information System (CDDIS). ASCH versions ¢f i o ik Ol rvations of farih Eron Space, edited by R, P, Singh, M. Feissel,
can be obtained from the CDDIS either by (1) avonyi s 7 B.D Tapley, and COX Stom, Adv, Space Res., 13(11), 281-290,
to  the internet  address CDDIS.GSTC NASA GO N s , . o ¢ divenal and semidiarnal
, here il e , ) L Gio camy T A ard D Done Measuiement of diurpat and seimidiurna
(128.‘183'10'14]) w ])(‘)(‘. it can be fovnd oyt : sutationad satwtions and tle' parancters of Barth, J. Geophys. Res.,
subdircctory of the JPL directory, or (2) sendiny peanosds o g LE0S) 180D, Tud
Carey Noll, Manager, CDDIS, NASA/Goddard Spe e 1 0 Thde, Boand )00 Didy s variable rotation, Science, 253, 629
Center, Code 920.1, Greenbelt, Marylond 07700 U8 W G37199] ' _ |
telephone: (301) 286-9283; facsimile: (X3l 2o 027w )'A“":n’*\un:\(‘): ,zm‘l. I)‘l(r!u!nlm \u;())\;; (1BRS), 1994 IERS Annual Keport,
. 7 . Sipp., Obs de s P G5,
- D < oefe Nss . . . . .
internet: noll@cddis.psfe.nasa.gov. fetenatanal Ro o ntefctometric Surveying (RIS), Farth Orientation
Beldeting, wo 130 G pp, NOAA Geosel. Lab,, Sitver Spring, Md., Dec.
Acknowledgaients, J would fike (o thank alb thess oty i o o PO
and reducing the Barth orientation measwements thot oo b baabeck, B Pie Ladin's Vaciable Rotation: Geophysical Causes and
combined here to form SPACES4, COMBIA, and POL Y1 Thos iy Cpenvequer nees, A4 pp Caabtidge Univ, Press, New York, 1980.
would not have been possible without theit considen®h ¢ b o e Lanbock, 1 Gooplivae ! Geodssy: The Stow Deformations of the
work described in this paper was performed of 1o Jer oo Feoih, TV ppe Onfoid Ui, Press, New York, 1988,
Laboratory, California Institute of TYechnology. und v oot i vt e 170 Farth coldion fnon cptwal astrometry, 1962.0 1982.0, in Bureau
National Acronautics and Space Administration Broecrnetso ! de D ileare o anad Report for 1984, pp. D31- D63, Obs.
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