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The two-year mean (1993-1994) Dynamic Ocean Topography (DOT)
field implied by the POCM_4B circulation model was used to develop
normal equations for DOT, in a surface spherical harmonic
representation.  These normal equations were combined with normal
equations from satellite tracking data, surface gravity data, and altimeter
data from TOPEX/Poseidon and ERS-1.  Several least-squares
combination solutions were developed in this fashion, by varying
parameters such as the maximum degree of the estimated DOT and the
relative weights of the different data.  The solutions were evaluated in
terms of orbit fit residuals, GPS/Leveling-derived undulations, and
independent DOT information from in situ WOCE hydrographic data.
An optimal solution was developed in this fashion which was originally
presented at the 1998 EGS meeting in Nice, France.  This model,
designated here PGM2000A, maintains the orbit and land geoid modeling
performance of EGM96, while improving its marine geoid modeling
capability.  In addition, PGM2000A’s error spectrum is considerably
more realistic than those of other contemporary gravitational models and
agrees well with the error spectrum of EGM96.

We will present the development and evaluation of PGM2000A, with
particular emphasis on the weighting of the DOT information implied by
POCM_4B.  We will also present an inter-comparison of PGM2000A
with the GRIM5-C1 and TEG-4 models.  Directions for future work and
problematic areas will be identified.



• DOT implied by the POCM-4B model of Semtner and Chervin.

The time-averaged DOT field over two years (1993 and 1994)
was evaluated, based on 9.9-day “snapshots” of the field
(coincident with TOPEX/POSEIDON repeat cycles).  Normal
equations in spherical harmonics to Lmax=30 were developed
using the POCM_4B DOT as “data”.

• A combination geopotential solution designated PGS7462k, forms
the base field to which the OCM DOT information will be added.

The PGS7462k normal equations contain geopotential terms to
Nmax=70, and DOT terms to Lmax=30.

PGS7462k contains T/P altimeter data covering the same time
period over which the OCM's output was averaged.

• PGM2000A was developed through the combination of
PGS7462k with the POCM_4B DOT normal equations.

Overview
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• Emphasis on marine geoid and orbit performance, without
     complete disregard to land geoid performance

• Focus on the most recent, publicly available models:

      TEG-3 Nmax =   70 [Tapley et al., 1996]
      EGM96 Nmax = 360 [Lemoine et al., 1996]
      GRIM5-C1 Nmax = 120 [Gruber et al., 2000]
     TEG-4 Nmax = 180 [Tapley et al., 2000]
      PGM2000A Nmax = 360 [Pavlis et al., 2000]

Evaluation Tests

1. DOT evaluation using the GSFC00.1 MSS minus geoid model
2. Comparisons with hydrographic estimates (WOCE) of relative

DOT
3. Current velocity comparisons with NOAA drifting buoy data
4. Orbit fit comparisons
5. Comparisons with GPS/Leveling-implied geoid undulations
6. Error spectra inter-comparisons

Gravitational Model Evaluation
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1 Deg. Aver. GSFC00.1 MSS Minus GRIM5C1_EGM96 Geoid (Nmax=360)

Data Range : (-3.39985 , 2.59060)     Color/Contour Range : (-2.00000 , 1.00000)     Contour Interval: 0.0800000     Number of Valid Points : 34499     Number of Excluded Points : 30301�

GSFC00.1_SSH_valid_GMTo-GRIM5C1_min60.dhp.ps�
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1x1 Deg. Aver. of GSFC00.1 MSS Minus TEG-3_EGM96 Geoid (Nmax=360)

Data Range : (-3.37904 , 2.58865)     Color/Contour Range : (-2.00000 , 1.00000)     Contour Interval: 0.0800000     Number of Valid Points : 34481     Number of Excluded Points : 30319�
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Comparison With WOCE Hydrographic Data

∆ = ς
Hydro.

− ς
Model

ς
Model

  is computed from each SH model to a specific Nmax.

σ1  is the weighted (by number of points per section) standard

deviation of ∆ , after removing a bias per section.
σ2  is as σ1 but after removing a bias and a tilt per section.

ρ   is the weighted correlation between ς
Hydro.

 and ς
Model

.

Model (Nmax) σ1 (cm) σ2 (cm) ρ  (%)

GRIM5-C1  (20) 13.8 12.2 76.1

TEG-3  (20) 11.9 10.8 77.9

TEG-4  (36) 10.9 10.0 82.5

EGM96  (20) 11.0 10.2 81.4

PGM2000A  (30) 10.4   9.6 84.7
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Comparison With a 6-Year Mean TOPEX Track

∆ =SSH − POCM _ 4B − NModel

POCM _ 4B  is computed from a SH model to Nmax=30.

NModel   is computed from each SH model to a specific Nmax.

Units are cm.

Model (Nmax) Min. Max. S.Dev.

GRIM5-C1  (120) -766 1140 69.2

GRIM5-C1/EGM96  (360) -549 426 34.1

TEG-4  (180) -497 513 43.7

TEG-4/EGM96  (360) -348 323 26.6

EGM96  (360) -395 296 23.1

PGM2000A  (360) -393 294 22.4
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ORBIT FIT RESULTS

EGM96 tides used in all cases.
RMS of fit in (cm) for range (r), and (mm/s) for range-rate (r-r).

Tracking data residuals from tests estimating 1-CPR accelerations.

JGM-3 TEG-3 EGM96 PGM2000A GRIM5-C1 TEG-4
LAGEOS 3.72 3.69 3.46 3.42 3.55 4.24
LAGEOS-2 3.05 3.03 3.05 3.05 3.15 4.08
Stella 12.36 11.24 6.99 7.34 5.58 6.20
Westpac 10.24 6.54 6.91 7.00 7.42 6.72
GFZ-1 138.01 274.19 96.00 89.01 86.92 91.73
Starlette 7.48 7.14 7.17 7.07 6.65 7.31
ERS-1 (SLR) 9.56 13.21 6.21 6.82 6.97 6.18
ERS-1 (Alt.) 22.11 20.49 14.28 15.84 25.29 19.65

RED: Worst BLUE: Best



ORBIT FIT RESULTS

EGM96 tides used in all cases.
RMS of fit in (cm) for range (r), and (mm/s) for range-rate (r-r).

Tracking data residuals from tests NOT estimating 1-CPR accelerations.

JGM-3 TEG-3 EGM96 PGM2000A GRIM5-C1 TEG-4
LAGEOS 4.81 4.94 4.36 4.30 8.38 5.28
LAGEOS-2 3.87 3.87 3.89 3.86 5.26 4.68
Stella 18.14 16.03 9.42 9.34 8.94 9.03
Westpac 12.92 9.35 11.48 9.84 8.19 10.39
GFZ-1 160.56 340.09 100.45 109.84 127.74 138.72
Starlette 11.26 10.13 9.96 9.93 8.99 10.09
Ajisai 5.37 5.42 5.08 5.11 5.26 5.13
TRMM (r) 303.16 360.73 177.71 173.20 243.66 176.36
TRMM (r-r) 6.23 7.30 3.91 3.77 5.21 3.83

RED: Worst BLUE: Best



TOPEX/POSEIDON Orbit Comparisons With JPL Reduced-Dynamic Solutions

With 1-Cycle Per Revolution Empirical Accelerations

Model
SLR
RMS

DORIS
RMS

RMS Difference wrt JPL
Reduced Dynamic (cm)

(cm) (cm/s) Radial Cross Along Total
JGM3 3.42 0.0552 2.4 4.1 6.3 8.0

TEG3 3.44 0.0551 2.5 4.3 6.4 8.2

EGM96 3.49 0.0552 2.5 4.7 6.6 8.5

PGM2000A 3.38 0.0552 2.5 4.3 6.6 8.4

GRIM5C1 3.30 0.0552 2.5 4.2 6.7 8.3

TEG4 3.39 0.0552 2.6 4.4 7.2 8.9

Average result for T/P cycles 10, 19, 21, 46, weighted by number of observations per solution



TOPEX/POSEIDON Orbit Comparisons With JPL Reduced-Dynamic Solutions

Without 1-Cycle Per Revolution Empirical Accelerations

Model
SLR
RMS

DORIS
RMS

RMS Difference wrt JPL
Reduced Dynamic (cm)

(cm) (cm/s) Radial Cross Along Total
JGM3 33.5 0.0759 18.4 67.2 46.2 84.4
TEG3 25.0 0.0652 11.0 54.8 33.2 65.7
EGM96 9.6 0.0583 7.0 14.5 19.5 25.8
PGM2000A 11.5 0.0615 9.8 14.4 25.2 30.9
GRIM5C1 34.6 0.1205 38.8 23.3 98.2 108.7
TEG4 15.8 0.0593 7.1 30.3 21.2 39.4

Average result for T/P cycles 10, 19, 21, 46, weighted by number of observations per solution
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Comparison With GPS/Leveling Geoid Undulations

∆ = NGeometric −NModel

NModel   is computed from each SH model to a specific Nmax.

S.Dev. is the weighted (by number of points per region) mean
standard deviation of ∆ , after removing a bias per region.

Model (Nmax) S.Dev. (cm)

GRIM5-C1  (120) 69.4

GRIM5-C1/EGM96  (360) 40.8

TEG-4  (180) 68.9

TEG-4/EGM96  (360) 61.2

EGM96  (360) 37.2

PGM2000A  (360) 37.7
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Geoid Undulation Difference: EGM96 - GRIM5-C1 (Nmax=120)

Data Range : (-8.12104 , 5.18864)     Color/Contour Range : (-0.500000 , 0.500000)     Contour Interval: 0.0800000     Number of Valid Points : 64800     Number of Excluded Points : 0�

iundm60.f002t120.egm96-grim5c1.ps1�
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Geoid Undulation Difference: EGM96 - TEG-4 (Nmax=180)

Data Range : (-11.0682 , 11.7240)     Color/Contour Range : (-0.500000 , 0.500000)     Contour Interval: 0.0800000     Number of Valid Points : 64800     Number of Excluded Points : 0�

iundm60.f002t180.egm96-teg4.ps1�
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Geoid Undulation Difference: EGM96 - PGM2000A (Nmax=180)

Data Range : (-0.454935 , 0.323812)     Color/Contour Range : (-0.500000 , 0.500000)     Contour Interval: 0.0800000     Number of Valid Points : 64800     Number of Excluded Points : 0
iundm60.f002t180.egm96-n23.ps1
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• Of the gravitational models considered here, EGM96 and
PGM2000A support the best overall (marine and land) geoid
modeling capability, at the highest globally available resolution.

• EGM96 and PGM2000A have comparable orbit modeling
capabilities with the other models considered here.

• GRIM5-C1 and TEG-4 result in track pattern artifacts when
subtracted from the GSFC00.1 Mean Sea Surface.  These
artifacts disappear when the TEG-3, EGM96, and PGM2000A
geoid models are used.

• GRIM5-C1 and especially TEG-4 perform very poorly in geoid
determination over land.

• The error spectrum of TEG-4 makes little (if any) sense.

• At present, we recommend the PGM2000A geoid model, to
Nmax=360, to be used for the Jason-1 GDR preparation.

Summary


