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Introduction

• Best available global models of the ocean tides use satellite 
altimeter measurements of sea surface height.
– Used to predict ocean tide contribution to various geodetic 

parameters.
• E.g., geocenter motion, surface loading displacements, Earth orientation 

parameters, geopotential

• Tidal geocenter motion previously (25 years) ignored in 
altimetric ocean tide solutions.
– Geosat, e.g., Cartwright and Ray (1990)
– Topex/Poseidon, Jason-1, Jason-2, e.g., Shum et al. (1997), Stammer et 

al. (2014).
• Geocenter motion contributes to ocean tide height observed 

by satellite altimeters.
– Precise orbit determination solutions of satellites.
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Geocenter Motion

• Geocenter motion: Relative motion between center of mass of total Earth 
system (rCM) and solid Earth (rCE) (or center of figure).
– Center of figure (CF) is measurable from station positions.
– CM-CF motion is 2% larger than CM-CE motion.

• Geocenter motion results from redistribution of surface loading mass 
(e.g., oceans, atmosphere, hydrology).
– Center of mass of solid Earth compensates for surface mass redistribution to 

maintain center of mass of total Earth system in inertial space.
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Mass:
MS

Total Mass:
ME=MS+ML

Solid Earth
(no surface load)

Total Earth System
(including surface loading mass, ML)

MErCM = MSrCE + MLrL

rCM=(ML/ME) rL

rCE=0 (Origin of frame)



Predicted Tidal Geocenter Motion

• 3-D tidal geocenter motion as large as 16 mm, RMS < 6 mm.
– Largest effect is along along Earth’s spin axis (Z).
– Largest contribution from diurnal tides, especially K1 (once per sidereal 

day) and O1.
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15-min samples
for 18.6 years



Satellite Altimeter Sea Surface Observations

• Frame of altimeter sea surface height 
measurements is provided by precise orbit 
determination (POD) solutions.

• Governing equations of satellite orbital 
motion implicitly tied to center of mass of 
total Earth system (CM).
– By necessity in inertial frame.
– Degree 1 terms of geopotential do not exist 

in CM frame, and typically ignored in orbit 
propagation/POD.

• Consistency with tracking stations 
especially important for tidal effects.
– Potential for aliasing of diurnal/semi-diurnal 

tidal geocenter motion.
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GPS-Based POD for Jason-2

• Jason-2 POD: < 1 cm radial RMS orbit accuracy.
– High accuracies reveal subtle effects from geocenter motion.

• Perform GPS-based Jason-2 POD.
– 4.5 years spanning July 2008 to December 2012.
– Aim for consistency with equations of motion (CM).

• E.g., Degree 1 terms of tidal geopotential are zero (as usual).

• Use JPL’s IGS08-based orbit/clock products for GPS 
constellation.
– Aim for consistency with equations of motion (CM).

• Degree 1 terms of tidal geopotential are zero (as usual).
• Load tide displacement at stations referenced to CM.
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Three Jason-2 POD Solutions

• Use two GPS orbit/clock products:
1. Exactly as computed (relative to CM): RCM 

• As provided to JPL’s GIPSY users.
2. Apply geometric “center of mass correction”, RCM+rcm: 

• As delivered to IGS according to IERS/IGS conventions.

• Consider three different Jason-2 orbit 
ephemerides.
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Name of 
Jason-2 

Ephemeris

GPS Orbit
Positions

and Clocks

Jason-2 Orbit Positions

CM RCM POD solution as computed.

CE RCM + rcm POD solution as computed.

Adjusted-CE RCM + rcm Geometrically adjust CE POD solution by “center of mass 
correction”: e.g., CE POD solution – rcm

rcm

RCM

RCM+rcm

CMCE



Differences of Dynamic Jason-2 Orbit Solutions 
over 4.5 years

• Dynamic POD solutions favor motion about CM – as expected.
– “center of mass” correction to GPS satellite orbits reflected in higher post-

fit residuals. 
• Adjusted-CE vs. CM orbit differences reflect geometric “center of 

mass” correction.
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CE - CM: Scaled by x5 Adjusted-CE – CM



Differences of Reduced-Dynamic Orbit Solutions 
over 4.5 years

• Reduced-dynamic POD contaminated by inconsistent treatment of 
tidal geocenter motion.
– Data (ie. Geometric range) has stronger influence on solution via 

stochastic accelerations.
– Fraction of “center of mass” correction contaminates both CE and 

Adjusted-CE Jason-2 orbit solutions.
June 28, 2014 UAW Workshop, Pasadena, CA, U.S.A. SD-8

CE – CM Adjusted-CE – CM



Relative Accuracy of POD Solutions

• Sea surface height (SSH) crossover variance provides powerful unbiased 
measure of relative accuracy of orbit solutions/models.

• Best POD solutions achieved when pseudo-tracking stations (GPS satellites) 
and equations of motion consistently referenced to CM.

• Dynamic POD solutions mitigate inconsistent treatment of tidal geocenter
variations.
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Descending Ground Track

Crossover Point

Ascending Ground Track

SSH Crossover Difference =
SSH (Ascending Track)

– SSH (Descending Track)

Crossovers < 3 days apart

Decreasing Accuracy



Satellite Altimeter Observations of Ocean Tides

• Body tide known to ≤ 1 mm.

• Ocean tide as spherical harmonic 
expansion.
– H = Σn Hn

• Last 25 years of altimetry:
– Effectively assumed observations 

relative to CE:
– HA = H + H’CE

= Σn(1 + h’nKn) Hn

– h’n = load Love number.
• Typically defined relative to CE.

– Iterative approaches used to 
separate loading mass (H) from 
crust’s response to load (H’CE).
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CE

Ocean Tide
Height, H

Radial Load
Tide, H’CE

HA



Satellite Altimeter Observations of Ocean Tides

• True mass of load is of interest to 
geodesy.

• Ocean tide as spherical harmonic 
expansion.
– H = Σn Hn

• Recognize altimeter observations 
relative to CM:
– HA = H + H’CM

= H + H’CE - rcm
= Σn(1 + h’nKn) Hn– h’1K1H1

– h’n = load Love number.
– Effective degree 1 load Love 

number of (h’1 – 1) can be used to 
separate loading mass from crust’s 
response to load.
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rcm CMCE

Ocean Tide
Height, H

H’CE
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Ocean Tide Heights from GOT4.8 Altimetric Model  
w.r.t. In-Situ Bottom Pressure Recorder Observations

• GOT4.8 ocean tide model with/without consideration of geocenter
variations.
– Mostly empirical model based upon altimetry.
– Sea surface heights derived from dynamic POD solution.

• Very likely have frame origin of CM.
• Improves comparisons between altimeter and in-situ observations.
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Ray (2013): 151 deep-ocean 
bottom-pressure stations 

31%

43%



Tidal Geocenter Variations: Predicted from 
GOT4.8 Altimeter Model w.r.t. SLR Observations

• Comparison to SLR observations (Watkins and Eanes (1997)) improves for 5 of 
6 primary tidal components.

• Degree-1 components of GOT4.8 ocean tide height model amplified by 15-
22% when accounting for geocenter motion in altimeter observations.

– Phase changes by < 3 degrees.
– Degree-1 terms of loading mass linearly correlated with predicted contribution to 

geocenter motion.
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43%



Impact on Ocean Tide Load Tide Displacement

• Load tide model computed for ~3800 global GPS stations 
using GOT4.8 ocean tide model.
– Differenced models with and without geocenter variations considered.
– More than 20% have RMS of vertical differences > 1 mm.
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Conclusion

• Self-consistent treatment of tidal geocenter variations provides 
detectable improvements to:
– Comparison of ocean tide height models with bottom pressure recorder 

observations.
– Predicted tidal geocenter motion.
– Precise orbit determination of Earth orbiters.

• Improvements primarily in:
– Diurnal tidal components.

• Especially K1 and O1.
– Degree 1 spherical harmonic components of ocean tide models amplified 

by 15-22%.
• Similar amplification of predicted geocenter motion
• Impacts predicted surface loading displacements of stations on crust. (< 1.5 

mm)
• No impact on ocean circulation users of altimetry.
• Impact on gravity recovery from space (e.g., GRACE) and EOP 

predictions likely negligible.
– Very small impact on other spherical harmonic components of ocean tide 

model.
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Center-of-mass correction for Space Geodesy?

• IERS2010 Conventions (adopted by IGS) state:
The center-of-mass “correction should be applied, for 
instance, in the transformation of GPS orbits from the center-
of-mass to the crust-fixed frame expected in the sp3 orbit 
format”

• Do space geodesy (especially POD) users endorse this 
recommendation?
– No impact for station positioning as long as load tide model is 

consistent with frame of orbit solution there is no impact, (e.g., Fu et 
al., (2012), Desai et al., (2014)).
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Back-Up Slides
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Sea Surface Height Crossovers

• Crossover points - Where ascending and descending ground tracks cross.
• Generate “corrected” sea surface height (SSH) by subtracting high frequency (<20 days) 

effects from observed SSH. 
– Use models, e.g., tides, inverse barometer, etc.

• Form differences of corrected sea surface height (SSH) at crossovers (< 3 days apart).
• Compute variance of sea surface height crossover differences.
• Provides powerful unbiased measure of relative accuracy of orbit solutions/models.

– Assumes corrected SSH (.ie. Ocean circulation) has no appreciable change in 3 
days.

– Assumes the orbit solutions/models are independent of the crossover differences.

June 28, 2014 UAW Workshop, Pasadena, CA, U.S.A. SD-18

Descending Ground Track

Crossover Point SSH Crossover Difference = SSH (Ascending Track)
– SSH (Descending Track)

Ascending Ground Track (SSH = Sea Surface Height)



Sample Day of Radial Orbit Differences
(Reduced-dynamic Orbit Solutions)

• CF-Adjusted CF = Geocenter motion.
• Fraction of inconsistency in CF POD solution contaminates reduced-

dynamic orbit solution.

June 28, 2014 UAW Workshop, Pasadena, CA, U.S.A. SD-19



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


