Combination of GPS-obseved vertical motion with absolutegravity changes
constrain the tie betweenreferenceframe origin and Earth center of mass
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Intr oduction

It haslong beensuspectedhatthe RefeenceFrameOrigin (RFO) of the International Terrestrial RefeenceFrame(ITRF)
exhibits a seculatrendwith respecto the Centerof Massof the wholeEarth system(CM). Eventhe mostrecentversionsof
ITRF, namelylTRF2000(Altamimi etal., 2002)andITRF2005(Altamini et al., 2006)areexpectedto have a secularmotion
of the RFOwith respecto CM of the orderof 1 mm/yr or more (e.g.Ray et al., 2004; Morel & Willis, 2005; Plag,2006).
Sucha seculatrendwould causeaglobalbiasof verticalrateswith asphericaharmonicdegreeof two. This biashamperghe
interpretatiorof verticalratesin termsof geodynamigrocessesn particular the apparengenerallyupwardvertical motion
of GPSsitesin the Basinand RangeProvince with respecto ITRF2000is contraryto the expectationbasedon a province
extendingowing to gravitationalcollapse.

Whereaggeometricobsenationswith techniquesike the Global Positioning Systen{GPS),SatelliteLaserRanging(SLR),
andVery LongBaselinenterfemmetry(VLBI) determingheheightchangesvith respecto areferencdramede nedthrough
aglobal polyhedronof trackingstations(suchasthe ITRF), gravity obsenationsmeasurehe changesn gravity causecby
changedn masdistributionandstationheight. Thus gravity measurementredirectly relatecto theCM, while thegeometric
RFOmaynotbeperfectlyconnectedo theCM. In fact, thelatteris morelikely to beaCenterof Figure (CF) of thesolid Earth
frame (Blewitt, 2003). The questionhow well the geometricRFO s tied to the CM is very relevantto global andregional
studieg(e.g.,Blewitt etal.,2006).For themostaccurateglobalreferencdrame,the ITRF, the RFOis todayconstrainedo the
CM mainly by useof SLR.

Wahretal. (1995)shavedthatthe combinationof seculamgravity andheightchangesanbe usedto isolatethe contribution
to the vertical motion inducedby present-daymasschanges.Accordingto their results,model predictionsof Postglacial
ReboundPGR)shav a constantratio of gravity to heightchanges.Therefore they concluded that deviations of this ratio
from the predictedvalue canbe assumedo be causecby nearbyconcurrentmasschanges.Herewe shav that combining
absolutegravity measurementsith geometricobsenationsalsohelpsto constrairthetie betweerRFOandCM.

The Data

We have collectedpublishedvaluesof gravity trendsfor a globally distributedstationnetworkof sites,for which alsoGPS
obsenationswere publicly available. The spatialdistribution of thesestationsis far from ideal (Figure 1): moststationsare
foundin North AmericaandEurope.

All the GPS data were homogeneouslyprocessed
9 with the GIPSY-OASIS Il (GIPSY) softwarepack-
age of Jet Propulsion Laboratory (JPL) using the
PrecisePoint Positioning(PPP)methodto determine
daily coordinates.A full descriptionof the analysis
is givenin Plagetal. (2007).All time serieswverede-
terminedin ITRF2000. Thetime seriesof daily sta-
tion coordinatesverethenusedto determinevertical
ratestakinginto accounsemi-annuahndannuahar
monic constituents The uncertaintieof the vertical
rateswereestimatedakinginto accountthe general
presencef colorednoisein additionto white noise
in thesetime series.The colorednoisewasapproxi-
matedas icker noise.

60 90

120 150 180 210 240 270 300 330 360

8

°

8

—————T—T——T——T—T—T—T—-9%
60 90 120 150 180 210 240 270 300 330 360

Figure1: Absolutegravity stationsusedto constrainthe tie between

RFOandCM.
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Theory

Following Wahr et al. (1995), the total gravity anomaly g(t) = g(t)
gravity measuredittimet ; t o : arbitraryreferencedime), canbewritten as
9= du+ dm: 1)
where gy and gm aretheanomaliesiueto the vertical displacementi (t) = h(t) h(tg) of theinstrument
throughthe unperturbedyravity eld andtheactualmasseffect causedby concurrenmassredistritution, respectiely. h is
thevertical positionof thegravimeter gy is relatedto the verticaldisplacemenby gy = 2ug=a = u,(a:
Earthsradius; 3:086 nms 2lmmon(_;lohala/erage).
The masscontribution to the obsened gravity anomalycanbe split up into an elasticpart dueto concurrentmasschanges
(both the Newtonian attractionof the surfacemassbeing redistrituted and the incrementalcontribution causedby load-
inducedmassredistritution in the solid Earth)anda viscouspartresultingfrom pastmasschangegonly the viscousmass
redistritutionin the solid Earth)giving gm = + gy, . Similarly, we canseparates = u® + uV.PGR
modelstudiesshaw that

g(tg) measuredy a gravimeter(g(t):

9m

uV = )

am

with 0:65 mm/(nms 2 ), independentf ice history andmantlerheology(e.g. Wahret al., 1995; Fang& Hager,
2001;Peltier,2004). Noting that
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which, in the absencef otherdisturbingfactors,shoulddependonly on the Earth's elasticresponseausedy present-day
changesn massload. We now considersecularchanges and in gravity andheight,respectiely, denoteshe secular
changen . Inorderto useobsered and tocompute , we rewrite (4) in termsof secularchangesandusing(2) we
et

=}

=@+ ) : ©)
With oy = +  weintroduceabias of theverticalratesdeterminedrom GPScausedy aseculattranslationwith
rated of theRFOwith respecto the CM. AssumingasphericalEarth,

= <ar> (6)

= dx sin cos + dy sin sin + dz cos

wheret is theunit radialvector < :; : > denoteghescalarvectorproductand and arethegeographicalongitude

andco-latitude respectiely. Replacen (5) by + gives

=@+ X+ ) @)
In theabsencef ongoingmassrelocation, = 0, andwe canwrite

= @@= + ) + ) (®)

Here, , , ,and dependonthegeographicalocationof theobservingpoint. In principle,both
and(8) togethemwith (6) canbe usedto determineboth

andd areunknawn,
andthethreecomponentsf & in a t of the obseredheightand

gravity rates.For regionalstudies, canbeconsideredisconstantThenfor = m + d,we nd (bycomparisorto (8))
m= 1=+ ) (©)]
d = =+ )

ie. = 1=(m ) and = d=m ,whichcanbeusedtodetermine and oncem andd have beendetermined
for anumberof pointsin theregion with obseredseculamgravity andheightchanges.

Conclusions

The collocationof absolutegravity andgeometricsitescan provide a valuableconstrainton the tie betweenRFO and CM.
Despitea poorgeographicastationdistribution, publishedgravity trendscombinedwith homogeneouslgeterminedvertical
ratesindicateatranslatiorof ITRF2000with respecto theCM alongtheZ axisof theorderof -2 mm/year Thisis comparable
to thedifferencebetween TRF2000andITRF2005 indicatingthatITRF2005is betterconstrainedo the CM. Consequently
thereferencdrameof choicefor studiesof verticalmotionis ITRF2005.

Applying thetranslationto seculartrendsdeterminedor a networkof North AmericanGPSsites, the vertical trendsin that
region in both ITRF2005andin the absolutegravity frameareon averageincreaseccomparedo the ITRF2000trendsby
approximatelyl.1 mm/yr. For the BasinandRangeprovince,a generaluplift with respecto theCM is con rmed, consistent
with a gainin gravitational enegy of the lithosphere contraryto the expectationthat the province is collapsingowing to
excessgravitational potential.
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Global Results

Sinceall points with reliable vertical ratesare at rela:

tively high latitude on the northernhemispherethe sta:

tion distribution doesnot allow to determinesigni cant
translationsn the X andY components.For a transla
tion in the Z componentnly, the biasis a function of
cos( ). As azeroorderapproachwe consideredhe
bias as constant,and perform a regressionof the grav-

ity andvertical rates(Figure 2). For this regressionwe
have eliminatedfour stationswith either large  (in-
dicating present-daymasschanges)or uncertaingrav-

ity or vertical rates. For the remaining26 datapoints

the correlationcoefcient betweengravity and vertica

ratesis  0:92 < 0:83 < 0:65 with

the lower anduppervaluesbeingthe 99% uncertaintie:

Theunweightedregressionlineis = :

0:469 1:226 0:168 (for innms 2 lyear
and in mm/year). Fromthe regressioncoefcient and
offsetwe deduce = 0:538 mm/(nms 2) and
translationin the Z componentdz = 1:78 mm/yr.

Thevaluefor s about20% lower thanthe value de-
ducedfrom PGRmodelstudies. Thetranslationin the Z

componenis very closeto the value for the translation
from ITRF2000to ITRF20050f 1:8 mm/year(Figure
3).

Basinand Range

The extensionaltectonics contemporanarealgrowth andgenerallyhigh gravitational potentialenegy (GPE) (Jonesetal.,
1996; Fleschet al., 2000; Humphre's & Coblentz,2007) of the Basin and RangeProvince suggesthat gravity playsan
active role in driving and/orguiding the modernPaci c/North Americaplate boundarydeformation. However, the degree
to which intraplateforces, for examplethoseattributableto GPE variations,in the lithosphererule over plate boundaryor
sub-lithospheridorcesis still in dispute.

If active extensionis drivenby GPEvariations thenpotentialenegy mustbe corvertedinto work associateavith continental
deformation. Thus GPEmustbe reducedduring the extensionprocess.However, after correctionfor drift of the RFO with
respecto the CM, theobseredverticalratesareon averagepositive acrosshe Province (Figure4). This seemdo contradict
thetheorythat GPEis driving extension.

Resolvingthis puzzlewill requiremakingacarefulcomparisorbetweert) thespatialvariationsin verticalratesto 2) present
variationsin GPE,and3) ratesof contemporaryextension(asobseredwith GPSat mary new PBO andotherGPSsitesin
the Province) andextensionhistory of the recentgeologicpast. If the obseration holds,thentheremaybe anunrecognized
processhatis increasinghe GPEavailableto deformthe BasinandRangeProvince. However, we mustrule out contributions
from otherlong wavelengthgeophysicaprocessege.g. PGR)beforewe canmakesuchanassertion.

Figure2: Resultof a
regressionof gravity
onverticalrates.
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Figure3: Verticalratedifferencegor ITRF2005- ITRF2000(left)
andabsolutegravity frame- ITRF2000(right). Differencesarein
mm/yr.
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Figure4: Verticalseculamotionin theWesterrlJ.S.A. Left: ForthewholeWesterrlJ.S. right: theBasinandRangeProvince.
Ratesarein mm/yrandin theabsolutegravity frame.
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